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ABSTRACT
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Chair: Liv M. Haselbach

Highway embankments can provide an ideal location for integrimimgmpact
development (LIDstormwater best management practices (BMPs) into a highway setting,
specifically sheet flow BMPs such as vegetated filter strips (VFS) and dispétsivever, he
design criteriorat Washington State Department of Transportation (WSDOT) limits the
embankment slope to 15% maximum. A possible justification for this limit is steeper slopes
could concentrate flow, reducing the effectiveness of the BKidPeacouraginghannelized

flow that caneradethe embankment.

This design criterion can present a challenge to WSDOT since highway embankments
can be constructed, withouthicle safetyparriers, onslopesas steep a33%and when VFS or
dispersion areequired on slopegreater thari5%,embankments need to be flattened and the
roadway footprint expanded@his may result in the additional right of way (ROA)quisitionas

well as additional construction and ecological costs from the expanded embankment



While studies have shown that VFS and dispersion areas can successfully meet runoff
treatmentnd flow controlgoals or33% slopeslimited research was fourttiatevaluate the

sitecharacteristicghat support stable embankmesthout erosion)ocatedat steeper slopes

In an effort to evaluate a design criteria, for both VFSdispersion, that aligns with the
33% highway embankment limit, &ites in Eastern Washington were inventoteéedetermine
the specific siteharacteristicshat contributdo concentration of highway runofin slopes
steeper than 15%Baseda statisticahnalysisthe embankment slo@done was not considered
statistically significant to erosion severity compared to other site charactefisttead, low
vegetation coveragenda highpercentage of sartthdthe strongest correlation &wosion
severity In addition, empirical observations at the sites noted conditions at the edge of pavement

(EOP) can also encourage channelized flows.

Based on these findings,modified degn criteria forVFS anddispersionBMPsis
recommended allowingmbankment slogeup toof 33% when vegetation can be established,
taking into consideration the soil characteristinsaddition, level spreaders may allow for

dispersed flows regardlesstbe conditions at the EOP.
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CHAPTER 1: INTRODUCTION

1.1  Stormwater Policy History

Managing stormwater runoff from highways, to protect the environment, became a
priority for Washington State Department of Transportation (WSDOT) sinckESgié
amendment to th€lean Water Act which expded the National Point Discharge Elimination
System (NPDES) permit program to include stormwater discharges from highways. This
amendment required the usestifuctural devices or managerimst management practices
(BMPs) to the maximum exteptacticabé to meet stormwatananagementequirementsin
response to thesand stateequirementsWSDOT developed the Highway Runoff Manual
(HRM) which contains the desigimmd maintenance guidelinfss BMPs that meet theunoff
treatmen{reduce pollutant loadsnd concentrationgnd flow contro{maintain natural runoff
volumes and flow ratesequirements of the NPDES perr\iVAC173-270; WSDOT, 1995;
WSDOT, 2008a)The term BMPs quickly became a catch all term to describe epenational
and structural praice for stormwater managemehbwever they do not equally compensate for
the various aspects of the altetedirologyand use of the many BMPsdspendenbn site

conditions and local or regional standard pract{bE&3HRP, 2006)

In response to thesemeernsthe concept ol.ow Impact Developmen(LID) was
formalized by a set of standards develope®blyi nce Georgeds Counti es
Environmental Resourcést h e | a twith tHe gdal®Gproviding an innovative approach
to stormwater managemnt thatminimize impacts to the environment by considering the
individual site characteristics and integrating practicego the landscape (DER, 199%hile

many techniques support LID, approackesed fora highway setting can includesing the

D€



benefits of all the hydrological processesgnaging the increasstbrmwater discharges as close

to the source gsossible, and maintain natusagetatiorby limiting the areas of disturbance
(Haselbach, 2011Agencies such a#/ashington State DepartmesftEcology (Ecologyhave
recognized the benefitsbfDandi n r esponse to the Pollution
will likely require LID to the maximum extent feasible when some stat@icipalNPDES
stormwatempermits areenewed WSDOE, 2009)While many of the recognized BMPs have
various levels of LID characteristics, with future regulations anticipétede isa priority on

using themost appropriatB MPsfor a project site

1.2  Vegetated Filter Strips and Dispersion Defined

Highway embanients can provide an ideal location for integratowg impact
development (LIDstormwater best management practices (BMPs) into a highway setting,
specifically sheet flow BMPs such as vegetated filter strips (VFS) and dispersion. These BMPs
are considerk LID approacksto stormwater management by being locatechediatdy
adjacent to thaighway (pollution sourcegndmaximize the hydrological cycle rgdudng or
dispersingunoff over a contiguous sloped vegetated d8hooler, 2010; Winston, 2010)
Figure 1.1 shows a picture of the two BMPs, followed by a brief description, and summary of the

BMPs design criteria in Table 1.1

Co



Figurel.1 Typical Vegetated Filter Strip and Dispersion Area
Source(WSDOT, 2008a)

Vegetatd Filter Strip(VFS), also known afilter Strip, Riparian Bufferand Vegetated

Buffer, are effective at providing runoff treatment of total suspended solids {@&H) highway
runoff sheet flows through vegetation where velocities are slowed, in tppirtgasedment and

other pollutants. While some flow control is provided throagaporation, vegetation uptake

and transpiration, and infiltratiosincethese BMPs are generally located at sites with limited

area or low saturated hydraulic conductiviigd), it is assumed that most of the volume of
stormwater will be conveyed to the downstream end of the BMP and if required another BMP is

used for flow contro(WSDOT, 2008a)

Dispersion is an abbreviated term that will be used in this paper to repiesgnNatural
or Engineering Dispersion. The difference between the two is engineered dispersion represents
an area that has been modified to meet the design criteria and natural dispersion represents sites
that meet the design criteria without modifioati Dispersion is located at sites with a large areas

compared to VFS or where,is high, either of these site conditions allow all the stormwater to



disperse within the limits of the BMP area and meet flow control requirengnte runoff

infiltratesinto the existing soils and through vegetation root zodispersion is effective at

pollutantremoval of TSS, metals, oils, and phosph@W/SDOT, 2008a)

Tablel.1 Summary of VFS and Dispersion Design Criteria

HRM (WSDOT, 20®a)

BMP

Vegetative Filter Strip
(VES)

Natural and Engineered
Dispersion

Effectiveness

Runoff Treatmerit

Runoff Treatment and Flow
Control

Target Pollutants

TSS

TSS, Metals, Phosphorus,
Oil Control

Pollutant Removal
Mechanism

Vegetation bws runoff
velocities, traps sediment
and other pollutantsoil
provides some infiltration
and biologic uptake.

Infiltration into the existing
soils, through vegetation
root zones; evaporation;
uptake and transpiration
from vegetation.

Infiltration Considered

No

Yes

Max. Contributing Flow
Path Length

150' sheet flow

Level Spreader

1' flow spreader

Engineer Dispersion

Roadway Grade(G) 2% 5%
Super Elevation (e) 5% 8%
Max. Slope Limit (Sg) 15% max 15% max

1. While some VFS design criterions allow credit for the irdiion capacity of the
soil, the current WSDOT design criterion does not.

1.3

Currently, roadway embankments constructed as aor@&persiorare constrained to a

Problem Statement

15% slope or flatteper the WSDOT HRMThis design criteriocanpresent a challenge to

WSDOT since highway embankmeien be constructed, without vehicle satedyrier, on

slopesas steep a33%, which would otherwise be adeal location foMFS anddispersion

(WSDOT, 2009b)But currentlywhen the standard highway bamkment slope designs are

steepethan a 15%, in order to fit these BMRse embankments would need to be flattened and



the roadway footprint expanded. Thigy result in additional right of way (ROVEEquisition
andconstructiorcosts as well as additial ecologicalimpactsto established native vegetation or
environmentally sensitive ared® keep highway construction cost doamd ecologicaimpacts
to a minimumit is desirable to have the design criteria for \é&feldispersioralign with the
rangeof slopes for highway embankmentisat may not requireehicle safetyarriers In

addition, this modificationvould allow VFS anddispersionto be used in more locations and
provideadditionaloptions for WSDOT to meet the anticipatd® NPDESstormwatepermit

requirements.

Maximizing theconstructiodocationsfor VFS anddispersion, can also support current
maintenancenanagement and safgiyacticesof the roadside area whidonsists othe area
outside the highway travel lanekhis aread maintaired to for many reasons, but specific to this
researchincludes maintain a clear visual area (sight distance) and to support recovery of an
errant vehicle, enhancing the natural scenic quality, and reducing the spread of noxious weeds.
Various practiceare used to support thegmals particularlythe establishing desirable species of
vegetation along the embankment to prevent the seeding of noxious weeds and inhibit the
establishment of woody shrubs that can interfere with the required sight did&BDeT,

1997; WSDOT, 2009bDesirable species of vegetation includes indigenous grasses, also an
approved material for both VFS and dispergd¢SDOT, 2008a; WSDOT, 2009b; Lucey,

2011) With many state DOTSs required to trim their budghie to a reductiom income
generated from fuel taxes amid an economic recession and a shift toward more fuel efficient
vehicles it is necessary to develop more strategidartiberreduce cosfLucey, 2011)One way

to achieve this goal is to maximizing the use of VFSdisgersion on highway embankments in

areas that may already be vegetated as part of the roadside maintenance plan.



A change in the slope limit for VRS dispersionmequires a modification to the HRM,
which defines how WSDOT meeteme of itdNPDESstormwader permitrequirementsandany
changeo the HRM requireapproval from thgermittingauthority, Washington State
Department of Eology(WSDOT, 2008a)In order for Ecology to approve modifications to the
VFES design criteriat is necessary to demoratesteeper slopes can maintain sheet flaw
critical function of both VFS and dispersidn.an effort to evaluate the stability afsteeper
slope limit Ecology has recommended an inventory of existing vegetated embardtopest
and site characteris8 be conducted ikasternWashingtorto determine if gatterncan be
observed that suppamheet flow on steeper slop&nce a current justification for the 15% slope
is based on concerns that concentrated flow could cause erosion, it has been pinaptdsed
effectiveness odn embankmertb maintain sheet flow be characterized based on the presence or
lack of erosioralong the slopas well as any observationsrahoff pooling or sediment buildup

at the bottonor toeof the embankmer{©O'Brien, 206).



CHAPTER 2: LITERATURE SEARCH

Theliterature search first focuses understanding thastory ofthe existingdesign
guidance foNFS andjustification for the 15% slope limitescribed irBection 2.1.Then
Section 2.2 presents a summaryatkgoundresearch and indicates the starting placehisr
study Next, researchhat suppo” VFS anddispersionslopes as steep at 33M| be considered
in Section 2.3Thepractices and research that sup@ebleEmbankmenbDesignwill be

reviewed in sction2.4. Finally, Section 2.5 providgan overview of the research objectives.

2.1  History of Design Guidance

First used for treatment of runoff from agricultural applicatjorisS quickly evolved
into BMPs for urban developme(EPA, 2010) Since themultiple research documents have
been pubished and used as the basis to define design requirements fleoMFSDOT
applications, bsed on aeview of correspondence between Ecology and WSDOT along with
generaliterature reviewit appears the origin8FS design guidance was based on a
biofiltration swale research project conducted for EcologthlbyformemMunicipality of
Metropditan Seattle Water Pollution (MM&pw known as th&ing CountyDepartment of
Natural Resources and Pafkddham, 2006) The MMS study was performed to determine
pollutant removal effectiveness of swales with the goal of providing design guidance for both
biofiltration swales and VFEVMMS, 1992) The only recommendatisfrom the MMS study
currently in the HRMs a 9 minute esidence time, that is 9 minutes of stormwater contact time
traveling through the length of the VFS to allow removal of ;T&8 recommendations for a

Ma nni n g 06.3he MMY stublywdie not included any final recommendation for VFS



maximum slope limitsHowever when WSDOT published the first HRM in 1995, the design
guidance included a 15% slope liraitdis still referencecs support for technical guidance

includingin the FHWA Fact Sheet for Filter StrigsHWA, 2007)

The currentl5% maximum slope lirit in the 2008 HRMs the same limit used kpther
NorthwestGovernmentafgencies, with the justification that steep slopes could encourage
concentrated flowEcology, 2005; ODOT, 2008; WSDOT, 2008a; King County, 20D8}kpite
a detailed literatureeart for the source ahis limit, none werdound, however some literature
has indicate@afety concerns asother possiblgistification A 2002 swale study performed in
Texas, monitored biofiltration swales located in the highwagliamefor 4years with he goal of
recommending design guidance for VFSs and swales. In the final recommendation, embankment
slopes used as part of a biofiltration swale were limited to 45@¢he justification wasafety
(Barrett, 2005)The Federal Highway Adminstration (FHWAso notesafetyas the
justification for a 25% slope limit wharsingembankments as part of roadside or median
channel as defined idydraulic Engineering Circular (HEC) 22 (HEC 22. 2009). In both the
Texas study and the HEC, the embankment functimmsames VFSand dispersioim that

highway runoffsheet flows from the edge of pavement through vegetation.

The 15%to 25% embankment limis within the range of slope limits alleedfor
WSDOT roadways and which is basedtbeamaximum allowable rea@rable slope for an
errant vehicleGenerally, slopes 25% or flatter are considered recovedaplending on site
factors such as speddaffic volumes, and the roadside geoméWiSDOT, 2009h)
Recoverable slopes are defined as a slope that a motagigafely retain or regain control of a
errant vehicle by slowing or stopping. Slopes between-23%,areconsideredraversabldut

non recoverable meaning the errant vehicle could continue to the toe of the embankment and

8



further recover on a slope flar than 25%at the botton{FHWA, 2007) Slopessteepethan
33% mayrequire some type of trafficarrier to safely redirect errant vehickesay from the
embankmenfWSDOT, 2009b)The TexasRoadway Design Manual has the same 13B%
range of slope limgas WSDOT however 15% is listedsgreferred which may account for the

Texas study recommending 1586 safety

2.2  Background of Research

If the currentVFS anddispersionslope limitwas based on safety concerns and not BMP
performanceit is possibé that the limit could be modified to align with the highwagdside
design standard®revious research which may also support this modicatiapresented in a
Natural Disperion studgonducted in Washington by Washington State University (WSU) in
2004 Theintent of the WSU studwas toevaluate the relationship between site characteristics
and the length afispersion necessary to meet flow control (infiltration) requirements on
highway embankment. The study recommended an equation that could Prspiéeton length
based on measureable site specific factors including the roadway width, saturated hydraulic
conductivity, and rain fall intensityzurther recommendations were baseabsenations during
the researchnd included; increasintfe slopeimit from 15% to 33%andtestingthe saturated
hydraulic conductivity of an existing embankment using a direct measurement reetioas

the the Guelph Permametatonge, 2005)

While Ecology did approve modification to the dispersion design criteriadimg use of
the equation to predidispersion length and direct measure ofkhgwith the Guelph
Permeameter, increasing the slope limit waspaot of those modificationgnstead, Ecology

requested an detailed study of the effect of runoff orouarembankment slopes, soil types, and



rainfall intensity was warranted prior to approving an increase in the 15% slopgdibrien,

2006) This request is the starting place for the research described in this paper.

2.3 Current Similar Research

The baly of research found onR§, that supportslopes steeper than 15%6cuseson
meetng the stormwateiobiligations of the NPDE®wunicipal stormwatepermitfor runof
treatment and/or flow control. One thie large studies wasonducted byYCALTrans on
Vegetative BuffersThe studyhad a similar approach and objees to this research project
including devoloping an inventory of site characteristics from mulitple locations in the state to
support modification to the design criteria. The study was cordlostr two years at 23 sites
and focused on the effectiveness of existing vegetated embankments designed following
roadway standard3 hese results wemmpared to studies performed on sites designed as
Vegetative Bufferand foundsimilar runoff treatmeinperformance between the vegetated
embankments and Vegetative Buffdrsaddition, a mimnum 65% vegetation coverage was
observed to prevent flows from channeling and causing erdsirevera decrease impollutant
removal (.e.,runoff treatment) wasoted when vegetation coverage dropped below 80%
(CALTRANS, 2003) Thesefindingsare similar tca Kansas VFStudythat noted aecline in

pollutant removal when vegetation coverageppedbelow 70%(Ebihara, 2009)

The embankment slope did not appedre a factorn the CALTrans study as sites with
33%and50% slopes weraseffectiveat runoff treatmenas sites with flatter slopeshe
CALTrans findings were combined with a similar study performed in Austin Texas on vegetated
medians, and based drettwo studies a 30% slope limit was recommended for Vegetated Buffer

Strips. The Texas study indicated that while steeper slopes were effectigetatgrunoff

10



treatment goals, the 30% limit was to prevent concentrated flowsdhlatlead to erosion

(Barrett, 2005)

CALTrans and Texas had consisténtingsto a study performed b@hio University
thatinvestigated pollutant removaffectivenes$rom artificial highway runoff on a 4 foot by 14
foot prototype vegetated biofilter designed at 12.5% 2&nd 45% slopes. The pollutatested
were typical of NPDE®nunicipal stormwaterequirements at WSDOT including; total and
dissolved metals, TSS and oil and grease. The study found the vegetated biofilter had consistent
runoff treatmenperformance adll three slopes for both medium and high concentrated flows,
except oil removal for 45% slopes which was approximately 8@kehell, 2011) A summary
of the design criteria and research sites in the aforementioned studies is given in Table 1.2.

Table 1.2 Comparison of Literature Review Research and DeSigni t er i a0 s

HRM HRM MMS HEC | Barrett| Young | CALTrans| Mitchell
1995 | 2008 1992 22 2005 2005 2003 2011

Slope Limit 15% 15% None 25% 15% 33% 25% 45%

Slope Limit Sheet | Sheet

Justification Flow Elow N/A Safdy | Safety | Research| Research| Research

9 min 9 min

Width N Equation | 5 min Res.

Analysis 100 Res. Res. NC NC Developed| Time NC
Time Time

Vegetation Dense | Dense| Dense NC 80% NC 80% Dense

Coverage

Erosion

Observed N/A N/A NC N/A NC NC Yes NC

NC7T No Comment N/A T Not Applicable.

2.4  Stable Embankment Design

Only studies performed by CalTrans and Texas incldigddl observations and/or

recommended preventative actionseduce the occurrence odncentrated rungfspecifically
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usinga minimum 65% vegetatimocoverand limiting the slope to 3094 XDOT, 2009; WSDOT,
2003) A common stable embankment design practice usgstation coveand root system®
protect soils fronerosionby; reducing the impact of raindrogssipaing energy fromhighway
runoff, andincreasing the structural integrity of the sad the root syster(Forman, 2003; FAO,
1986; Lucey, 2011; OMAFRA, 2010 addition to using vegetation to prevent flows from
concentrating, some VFS adspersiondesigns includa level spreaddp dsperse flows along
the embankment and dissipate energy from highway r(ybdféha, 1986; Ecology, 2005;

IDEQ, 2005; ODOT, 2008; King County, 2009; Winston, 2010; CALTrans, 20@Xel
spreader designs vafyut a majority of the roadside designs cansisa gravel area between the
highway pavement and vegetated area to slow runoff velocities and allow for the required

contact time and pollutant removal effectiven@&ag County, 2009)

While little research was found on thpecificsite factors thatould contribute to
concentrated flowen VFS anddispersion, extensive research has been performed on the cause
and prevention of erosion. This study does not seek to prove what causes erosion, but rather
consider howspecificsite characteristicselated to thedesigncriteriafor VFS anddispersion
couldcontribute tcerosion specificallpn slopes steeper than 15%.€elurpose of this section is
to consider erosion research and principles for s&lbfgedesign to assist in generatings of

sitecharacteristics that can be use@valuating and validatingpe final recommendations

The current design and construction standards for highway embankments are based on
research that focused on designing and constructing a stablé\818§p©T, 2009b; VBDOT,
2010e; WSDOT, 2011A primary concern with stable embankments is preventing erosion,
which is essentially the weariregwayof soil particles or aggregates and can cause the collapse
of the stream bankgollute receiving watergr compromise thatructuralintegrity of the

12



highway pavement due to slopestability (Carlton, 1991; Wynn, 20075tudies have shown that
erosioncan be predicted when the shear stress from runoff exceeds the critical shear of the soil
material. Where the critical shedress of the soil is the stress at which soil detachment begins

or the condition that initiates soil detachment and is a function of geotechnical properties and the

site characteristicgliggins, 1988; Conduto, 2001; Hilldale, 2001; Smith, 2005)

2.5 Resarch Objectives

Based on the literature reviewed, it appehesurrent15% slope limit foMFS and
dispersiormay have beehased on safety concerns and BMP research specific with respect
to specific site characteristics that could contribute douieito concentrated flow€onsidering
recent studies have demonstrated slopes up to 33% can be effeoteeing the obligations of
the NPDES municipal stormwatepermit forsheet flow dependent BMPsis possible the
embankment slope limit couldebncreased if the site characteristics thatrnamtainsheet flow

are identifiedIn seeking @ justify embankment slopes steeper than 16f6 study wilt

1. Develop an inventory aheasured and empiricsite characteristics on embankment
slopes steepdhan 15%at multiple locations in Eastern Washington

2. Determine a pattern of sitbaracteristicshatmaintainsheet flow.

3. Perform a shear stress analysisvaluate the significancef thesesite characteristic
to support stable embankment designs

4. If warranted, ecommend anodifications to thelesign criteria thawill justify
embankment slopes steeper than 15% and possibly, when applicable, up3#hthe

highway design limit for traversable slopes.
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CHAPTER 3: RESEARCH METHODS

The methods used to &uate the siteharacteristicshat contibute to or prevent erosion
hadthreeparts:1) developing an inventory of site characterist®)sa statistcal analysisand3)
a shear stresmalysis An inventory of site characteristics, both measured asdrobd, was
created by collecting and analyzing field data from fdtg sites across Eastern Washingéasn
described irBection 3.1. Once the inventory was completed, a statistical analysis was performed
to evaluatevhich measuredite characteristicbavethe strongestorrelaton to erosion severity
asdescribed irBection 32. Finally, thesignificance oboththe statistical analysis resylés
well asempiricalobservationsto support stable embankments, will be evaluated using a shear

stress angkis. The Shear Stress Analysis is described in Sectign 3.

3.1 Inventory of Site Characteristics

SiteSelection and Description

Site characteristics were collectaiForty-five sites across Eastern Washingturing
the summer of 200Bite selectiowasbased orevaluatingembankment slopes steeper than
15%, both with and without the presence of erosforather consideration in site selection was
to develop a inventory that included i@nge of site characteristiospresentative of those found
in eastern Washingtosuchas:mean annual precipitatioM@AP), soil types, and vegetation
coverageSafety of the field crew was als@#ority specifically ensuring available tuoff area
to park a vehicle and accessible highwagditions; as such most thfe sitesevaluatedvere
located at sites in rural aredmt experiencéess traffic Because o$afetyconcernsat a few
sites some site characteristics were nollected The locations of test sitesd their erosive

classificationare noted in Figw 3.1 Erosion classification is further described in Appendix B.
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Figure 31 Location of Test Sites in eastern Washington

Given that thecurrentdesign criter for VFS and dispersiowasfirst published in 1995

andrevised as recently as 2Q06ostof the highway embankmenits Washingtorwere

constructed prior to tlemorestringent requirements. Accordingly, the majoritysités

inventoried represemixisting vegetatedmbankmentsonstructed in support of highwagsign

standards and rdaide maitenanceracticesSince the currerdesign limits and requirements

for VFS anddispersionrwhere exceeded or not required, these existing vegetative embankments

represent applications that might support the proposed design modifications for steeper slopes
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Measure Site Characteristics

A list of the 1dmeasuredaite characteristicsventoried is summarized imable 3.1

along with the representative nomenclature, definitions, and the range of valuesvetihe

forty-five sitesevaluatedFigure 3.2 ilustrates the typical location of thaseasured site

characteristics and@mplete inventory if the siteharacteristics for each sitelizated in

Appendix A.Thirteen of thaneasured site characteristics represent most andependent

variables necssary to design VFS amlispersion BMPs and design a stable embankm@aent

described below:

VESis designed to provide runoff treatment of highway ruoe#r the length of the
embankmenand is calculatedssuming dense vegetation along the embankment
usng; width of pavement sloped toward the embankment, super elevation of the
pavement, roadway gradend precipitation depths.

Dispersim is designed to provide both runoff treatment and flow control of highway
runoff over the length of the embankment @dalculatechssuming dense

vegetation along the embankmesing: width of pavement sloped toward the
embankment, precipitation depths, aadurated hydraulic conductivity of the
embankmensoils

StableEmbankmenDesign is described in detail in sééon 3.2, and generally

includes verifying the critical shear stress of the embankment is greater tishedne
stressappliedfrom highway runoff The site characteristics necessary to perform this
analysis includgthewidth of pavement sloped towattte embankment, super
elevation of the pavement, roadway grade, precipitation depthgggetation
conditions along the embankment, ahe embankment slop¥egetation conditions

16



along the embankment were measured based on the approximate area tbmegeta
coverage as well as the distance from the edge of pavement (EOP) to the start of the
consistent vegetation are@eotechnical propertiggpresent anothessential

variable necessatyp determine the critical shear stress of the embankamehtor

this study were based oailsclassification However sincea numerical value is
requiredto perform astatistical analysighe soils at each site were broken down into

three groups by mass percentage of: gravel, sand, and fines.

The fourteenth site chacteristic measuredaserosionwhich was classifiednto one of
four categorieat each sitenone, low, moderate and higbince erosion measures the
effectiveness of an embankment to maintain sheet flow, this variable is considered a dependant
to the oher thirteen site characteristiche actuamethods followed to measure all the site

characteristics amescribed iPAppendix B.
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Table 3.1 Summary of Inventoryor Measuredite Characteristics

Site Characteristics

Symbol

Definition

Tested Sites

embankment.

Ranges
The horizontal width of
Width of Pavement (ft) W+ pavement sloped toward the 12 - 56ft
embankment.
% Roadway Grade (%) G The longitudinal |ncI|ne. of the 0.1%- 7%
= pavement from the horizontal
o
< , The lateral incline ofhe
0 04- Q0
O | Super Elevation (%) € pavement from the horizontal 0.5%- 9%
The incline of the embankme
0 0/ - 0
Embankment Slope (%) Se from the horizontal. 20%- 90%
The approximate area of
_5 Vegetation Coverage (%4 Pyc | vegetation coverage along th 0-95%
& embankment.
G.) .
o> . The distance from the edge g
@ | Distance fom EOP to
> Vegetation (ft) Deorv pavement (EOP) to the start 0-20 ft
vegetation.
< | Sites withErosion N/A | Erosion was classified as 22
9o High, Moderate, or Low.
3 Sites without the observed
W | Sites withoutErosion N/A | presence of erosion were 24
classified as None.
c . .
S : Mean Annual Precipitation Can
& MAP (in) NIA recorded for the siti inches 7.4-631In
o
g 100 year 3 hour P Precipitation depth for the
& | Precipitation (in) 100yr3h" | short duration storm 1.1-1.45 in
. The saturated hydraulic
0 Saturateq _Hydraullc Ksat | conductivity measured for the 0.02- 152" in/hr
.2 | Conductivity(in/hr)
£ embankment.
08’. The percentage of fines in the
5 | Percent Fines N/A | soil sample from the 3.9-84.8%
T embankment.
‘;E’ The percentage of sand in thg
5 | Pecent Sand N/A | soil sample from the 15.3-71.3%
o) embankment.
o ;
8 The percentage of gravel in ti
Percent Gravel N/A | soil sample from the 0-75%

1. The saturated hydraulic conductivil{ss) measured at 152 in/hr regentsa single test
performedon well graded gravetoilsandmost likely an outlier since typical values for
this soil classification arur timessmaller(Lindeburg, 2006)
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Figure 32 Locations ofMeasuredSite Characteristics

Empirical Observatins

Empirical observations represevisual observations documentaddor photographed at
each site. The photographs have been included throughout this report to illustrate various site
conditions.This section summarizémmeasurable site characteristibat visually appeared to

encourageoncentration of runofindAppendix D contains a compldist organizedoy site.

e Pooling or Sediment Buildup These observations were included in this study since

the effectiveness of an embankment to maintaintgltoee was measured not only on

evidencéabsencef erosion but also on the presenégoolingor sediment buildup
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at the bottom or toe of the embankmétdwever, hese conditions were nfitund to

existat any of the sites.

Condition of the EOP Cracksor other imperfections at the E@atappeared to

encourage runoff to concentrate and in some cases may be causingweosion
recorded Figure 32 showsa crack at the EORt site 19821.3 LT (left) and
imperfections at the EO#t site 15570.8 RT (ridnt). Conditionslike thesewere noted

at 5 of the 25 sites with erosion and only 2 of the sites without erosion.

Figure 3.2Cracks at EOP at (Ie) and Iperfectlons at E(t)

EOP and Embankment Interfaic&vidence of flow channelizing in stredats

between the EOP and embankment interface is shown in FiuaeSites 23
52.1RT (left) and 29BD.8-RT (right). These conditions wem@bserved at 10 of the 25

sites with erosion and only 1 site without erosion.

Figure 3.3EOP and Embankmet Brfacehns §
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Level Spreaders A one foot gravel level spreadis required between the EOP and

VFS and/or Engineered Disperse aréasvever since these requirements aredate

than most of the highways, none were present at the sites tested. Hawmeview

erosion site and one no erosion site had features that appeared to function as a level
spreaders including; a tapered EOP from multiple pavement overlays and rumble
strips at the edge of shoulder. The multiple overlays along thene@#hot visble

in photograph&iowever;these conditions are similar to a rolled shoulder used on
WSDOT highwaysas depictedn Figure 3.4. Tie rumble strip were located at site

2EB-304.7 RTas depictedh Figure 34.

Figre 34 Ruml trip:{left) and A RolledShoulder (righ) B

Guard Raili Site conditions that required guard rail to redirect an errant vehicle away
from the embankment can also encourage highway runoff to erode the embankment
(WSDOT, 2010b)This condition can occur when runoff flows behind goardrail

or along a curb installed in conjunction with the guardrail creating concentrated flows
that can cause erosias depicted ifrigure 35 shown at site 2389.1 RT (left) and
15570.8 RT (right) Of the 45 sites testefl had guard railOf thosesites only 4

showed evidence @rosion.
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Figure 35 Erosion from Channelized Flow at Guard Rails

Embankment Age

Soil eosionrepresenta natural procedhat progresses over time aewhluation of the
embankment age along with the erosion sevengyindicatewhich site characteristiczan
accelerate the proce@8/SDOT, 2003; NRCS, 2010)owever, acurate determationof each
embankmenagewas not possible. While WSDQdocuments highway construction work on
Right of Way (ROW)and As Builtplan $eets database recorasay not reflect current
conditions or clearly indicate embankment construction activinesddition,standard
maintenance practices may also affect embankment conditions howemgeds of specific
locations and details of thepeactices typically only include work performed under an
Emergency DeclaratiofBlegen, 2011)

Insteadthe age ofhreerandomly selectedites without erosiowasestimate usingboth
the statewide and eastern region detse Based on the informaticewvailable, the age dfhese
embankmentappears to range frofnto 10years at the time of testing as indicaited able 3.2.
While this small samplsizedoesnot necessarily provide a confident statisticgreserdtion of
the sitesit appearsheno eosionembankments included in this stuahayrepresent both new

and established conditions.
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Table 3.2Estimated Age of Embankments

Site Identification | Estimated Age
2062.6 LT +10
20-:412.8 RT +1
20-356.7 RT +5

3.2  Statistical Analysis

Statisticd correlatiors wereperformedon the site characteristics listed in Table 3.1 using
Minitab® Software version 16The results othe analysis willindicatewhich of the measured
site characteristics most closely correlate with erosion sewssiitg both aorrelation

coefficient and a {value

The Pearson Correlation CoefficieneiMod was used tmeasure thetrength and
direction of dinear relationshifgpetween erosion severity aadite characteristicThe
correlation coefficient (also known ascen rangebetweenl1 and 1 The closer @orrelation
coefficientis to-1 or 1,thestronger thelinearrelationship between a site characteristic and
erosion severityConversely the closer a correlation coefficient i€ the weaker the
relationship A negativecorrektion coefficientindicatesthatas a site characteristiends to
increaseerosion severityends tadecreases. Conversely, a positive correlation coefficient

indicateswhen a site characteristic increases erosion severity has a teno@mrgase as well

A p-valuewas also calculated and indicatesich site characterist(g) is statistically
most significant terosion severitgompared to other site characterist&gp-valueof 5% or
alpha = 0.05s used to determine the level ofjsificance.Site characteristigvith a pvalue less

than 0.05 is considered statistically significant anevalpe above 0.0mdicates naelationship
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betweererosion severity and a site characteristic. prsalues less thar0.01 isconsidered
highly significant, with the smallst p-valueidentified as the most statistically significasite

characteristicompared to other site characteris{iofts, 2004)

3.3 Shear StressAnalysis

The purpose of the shear stress analysis is to evaluattatistica significance as well
as any empirical observations, to support sheet flow along the embardtrskaies steeper than
15% This will be done bypplyingthe principles to design a stable embankment at the 45 sites
in an attempt to predict when erosionynweccur given the site conditions. A stable embankment
requires the critical shear stress be greater than the applied highway runoff to prevent erosion
from occurringwhere the criticathear stresss the stress at which soil detachment begins or the
condition that initiates soil detachmeand can lead to erosigWynn, 2007) The critical shear
stress of the embankment is a function of the soil properties, vegetation coverage, and the
embankment slop&.o represent the slope of the embankment, a dritama rate will be
calculatedwhich is the flow rate at which erosion can begin. Embankments will be considered

stable when the applied highway flow rate is less than the critical flow rate.

This type of analysigenerally assumes uniform distributiohtioe applied highway
runoff fromthe contributing pavement area, which may not accurately reptasegotesence of
EOP imperfectioror guardrail flowwhich cancontribute toconcentrateunoff. Instead, worst
case highway geometry and embankment comditwill be considered in aattempt to predict
erosion The shear stress analyaisd equationdescribed in this sectioneseperformed

assuming the embankment was a very wide channel and following the process outlined in The
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Design of Roadside ChannelghvFlexible Linings(FHWA, 2005) A summary of the analysis

is located in Appendix F for each site and was performed using the follgteps;

1. Calculate thedpplied Highway Runoff Flow Rate (Rr)

2. Determine theCritical Shear Stress of Ba@round( ddg) based on the soil
classifications.

3. Using both soil classification and the vegetation coverage along the embankment,
calculatingtheCr i t i c al Shear Stress forcedxisting

4. Determine the Critical Flow Rate @are GroundQcgc) considering the
embankment slope and the critical shear stress of the bare ground.

5. Determine the Critical Flow Rate on tR&isting EmbankmenConditions(Qcec)
considering the embankment slope and the critical shear stress of the existing
embankment contons.

6. Assuming a VFS was designed for #rabankmentgetermine the Criticabhear
Stress {rs) and CriticalFlow Ratefor VFS (Qcvrs).

7. Performing &Stability Checkfor bare ground conditions, existing vegetated

embankment condition, and assuming a VFS was designed for the embankment.

Determine theé\pplied Highway RunoffFlow Rate(Qaur)

Theappliedhighway runoff flow rateepresents thdesignflow ratefrom highway
runoff and is a function of thieasin areand precipitation for a project sit€he basin area
analysis is describad the paragrapthat follows Theflow rate was determindaly performing
ahydrologic analysisising the program StormShed 3G to generate a single event hydrograph

usingthe Santa Barbafdrban Hydrograph (SBUH) method and vesgected since it is the
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requiredmethod used to design most eastern Washington BMRs&ling VFS(WSDOT,
2008a) Since the contributing basin aread the precipitation varies depending on locatzon
hydrograph was generated at etestsite to compute the flow rate of highway runoesing the

100 year 3 hour duration stornasd the redts are summarized iAppendix B

Calculate the Basin Area

The contributing basin areaused toestimate the flow rate of runoff and was calculated

based on the width and length of the contributing pavementiaireg equation 3.

A=L pxl(ft) Egn3.1

Runoff generally travelperpendicular to the contours from the crown or high point of
the road to the EOP anlbwn the embankment. Since the pavement surface and the embankment
run parallel, iwasassumed that-fioot of highway runoff will travel ovefl-foot of embankment
area The contributing area was computed on a per foot basepresent this leng(hwSDOT,
2008a; CALTRANS, 2003)The width of the basiarea was calculatdzhsed on thiongest
contributing flow path, which for sites with flattewsadway grades is about the saasehe
pavement widthHowever br sites with steeper grades, runoff travels more at a diagonal along
the pavement as shown in Figuré.3.he termcontributing flow lengths a hypothetical
representation of the longestasght distance runoff could travel along the pavemdatvever
thisis difficult to determine accurately from this research. For exanfiehe flow path to be
straight, the highway geometry would havedmaina consistentlong the flow pathHowe\er,
field data was collected atsingle location along the highway atiek highway geometrjpeyond
that is unknown. In additiothe super elevatiom thisresearch represents tweighted average

of the shoulder and travel lanasd if the two differthe actual flow path would not be straight as
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shown in Figure &. Finally, a runoff sheet flows across the pavement the roughened surface of
the pavement could cause runoff to be redireatetispread~or the shear stress analysis the
longesthypothetichcontributing flow paths andependantariable based oimdependent

highway geometry variables argicalculated using equationZ3.

Lopp (fE)= — Eqgn32

o AN
gin | arctan| gl

- Contributing
I Flow Length (ft)

\

i p Contributing Flow
Pavement Roadway Slope (%)
Width(ft) Grade (%)

Plan View Super
NTS Elevation (%)

Figure 36 Contributing Flow Length and Slope

The slope of the contributing flow line ameasure of the pavement incline from the
horizontal assumed to be straight as shown in Figure 3.15. This is also considered hypothetical
for the same reason as described for the contributing flow path. The slope is caltasatdn
the super elevatiomd the roadway gradesing equation 3.and also used to determine flav

rate

Sers = (G7 +7)°% Egn3.3
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Determine theCritical Shear Stressf BareGround(QBG)

The critical shear stress of bare soil represents the maximum shear stress that the
embanknent soils camacceptefore erosion occufEHWA, 2005) Thecritical shear stress or
erodibiity is a function ofthe particle size, cohesive strength, and soil density. Focoloesive
soils,such as gravelly or sandy soils, the erodibilitg fsincton primarily of the particle size.

For cohesive soilssuch as fine grained silts and clay® erodibility isgenerallya function of

the cohesive strength and soil densétgcurately predicting the critical shear stress on an
embankment requires knowlige of specific soil properties. As noteddppendix B only the
distribution of soil size was collecteBurthermorebecause of limited data, assumptiorese
made abouthe cohesive strengtif fine grainpropertiedo selecta representative value for
critical shear stres3he values shown in Table33are based on recommendation from HEC 15
and assumkpw compressibilityfor fine grain soilgas assumed in the soil classifications section

(FHWA, 2005)

Table 33 Critical Shear Stress of Bare Grouhe[;]e)

Critical
Saoll Shear Stress

Soil Description Classification (Ib/sqft)
Well Graded Sand SW 0.0
Silty Sands SM 0.072
Inorganics Silts ML 0.083
Clayey Silts ML-CL 0.089
Sandy Clays CL 0.095
Fine Gravel GM 0.120
Gravel GW 0.240
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Calculate the Critical ShearStresgor ExistingEmbankmenConditions((ed)

The critical sheafor vegeta¢d areas along the embankmisra function of both the
shear stressf the bare groundas well as theegetated conditions. Vegetation c@rve as an
energy dissipater, slowhhighwayrunoff velocities and increasing the critical shear stre$iseof

embankmen(calculated using Equation 3.(HHWA, 2005; Library Index, 2011)

= _"LBG ["—f) Eqn34

N (1—Cgg)

Teec rog
The Mannings coefficierst used in Equation 8are summariz¢in Table 34. The bare
ground coefficien{ngc) was selected baséiyhest percent of soil content (fines, sand, or
gravel).Then acomposite coefficient was caletied to represent the vegetation coverayéhe
embankmentonsidering th@ercentage dbare ground and the percentage of vegetation
coverageas shown in equation3(Sturm, 2010)The vegetation on most embankments was

native grasses and weeisd is represented byefticient forshortprairie grasses.

Table 34 Mannings n Coefficients

Ground Cover Mannings n
Pavement 0.011
Bare Ground

Fines 0.016
Sand 0.02
Gravel 0.025
Short Prairie Grass 0.15
Composite for embankment| Varies Betweer
with both bare ground and 0.0160.15
vegetation coverage
Dense Vegetation 0.20

Source(WSDOT, 208a)
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n, = [P:-[:ﬂ-_.-—ﬂbg}” —(l—P,.,.]lﬂi,g“jD ' Eqgn35

Determine theCritical Flow Rate orthe EmbankmenQcsc, Qcec, Qcvrs)

The critical flow rate on the embankmeapresentshe maximumapplied highway
runoff flow rate the embankmenan accepwithout erodingand is a functin of thecritical
shear stressalculatedrom Table 3.3 an@quation 34 and is proportional to the slope of the
embankment as shown in Equatiof. 3.0 consider the affect of the embankm&opes, which
ranged from 200%, a relationshigelaing the citical sheaistresfrom Equation 3.&o the
embankmenslopewas developed usingannings Equatiorshown as Equation 3.The
resulting Equation 8.was used to determine thatical flow ratefor a 1-foot wide aredbased
onthebasin area analysishhe criiical flow rate was calculatedifbare ground conditiato
represent the sites that had a distance from the EOP to vegetadibienwith consideration for
the vegetation along the embankm@ite process was repeated assuming the embankment was

designed as a VE8singthe Mannings coefficient fordense vegetatiomotedin Table 3.4

T = :-,-'dSE Eqn36
= 167

Q= % Eqn3.7
1495, fropec\ 187

Qcec = ' (ﬂ] Eqn38

n; i L
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Stability Check

Thestability of theembankmentan bepredictedby compaing the Applied Highway
Flow Rateto theapplicableCritical Flow Ratefor the Embankment.When theappliedflow rate
is greater than theritical flow rate theembankment isonsidered ustableindicating that the
applied flow ratecould initiate the motion of soil pactes and cause erosiofhe sthility check
was completethree timesfirst considering the critical flow rate of the bare soil pslgcond
considering the critical flow rate of the vegetated area on the embankamnédrihird assuming
the embankment watesigned as a VFS using the HRM design guidelimesach casd the
design flow rate was greater than the critical flow rate, the embankmers not ed as OFa
indicate a possiblenstablecondition fromercsion The stability criterion is summaed as

follows:

If Qanr> Qcsa embankment could fail in the bare ground areas

If Qanr> Qcec, embankment couliil in existingvegetated areas

If Qanr> Qcvrs embankment could fail designed as a VFS using dense vegetation
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CHAPTER 4: RESULTS AND DISCUSSION

This section providea summary of the resulend discussiofor the StatisticalAnalysis
in Section 4.1Empirical Observations in Sectioh2, and theShear Analysis in Section 4.3
Finally, verification ofthe results of this study will bevaluate by applyng the observations to
embankment slopes less than 40% to determine if erosion can be praditisdiescribenh

Section 4.4.

4.1  Statistical Analysis Resultsand Discussion

The primary objective of this study was to evaluate the speddickaracteristics that
contribute to erosion with the objective of developing modified design criteria for VFS and
dispersion that supports stable slopes steeper than 15% and possibly, when applicable, up to the
33%highway design limit. In support of thobjective a statistical analysis was perfed to
determine which of the 13 indendant site characteristics, summerized in Table 3.1, had the
strongest correlation the dependant variabé&rosion severityTheresults of the statistical
analysis arsummarizedn Table 4.1with the correlation coefficier(r) on top and thepalue
on the bottomA discussiorof results for the embankment slopéong with the site
characteristics that had a strong correlation to erosion seve#yeerncluded inthis section
along withbox plots and tables the basic statistic3 he lox plots provide a visual
representation of the spread of data by erosion classificaticararidrther describeid
Appendix G Other #e characteristicthatwere not considetestatistically significanarealso

summaizedin Appendix G
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Table 4.1 Summary of Statistical Analysis

c _‘2\ ~ g E E :\O\ ;\O\
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Sz | €] =] | o 8| 2 |82 & |8s| 5
W N = ) O] ) o & S o= [ O N
0.012

W (ft

T (1) 0.940

e (%) 0.064| 0.540
0.676| 0.000

G %) 0.258| -0.025| -0.024
0.088| 0.869| 0.877

S (%) 0.207| -0.320| -0.103| 0.194
0.172| 0032| 0499 0.201
.0.559| -0.001| -0.111| -0.182| -0.263

Pvc (%) 0.000] 0997| 0469 0231 0.081
0.189| -0.031| -0.080| -0.088| -0.069| -0.343
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0.215| 0.839| 0.602| 0567| 0651 0021
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0.728| 0.050| 0.004| 0.822| 0473| 0358 0.120

. 0.213| 0220] 0374] 0138 0.105| -0505| -0.001| 0.652

I:)100yr3hr ('n)
0.160| 0.147| 0011 0.364| 0492| 0000 0996 0.000
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sat 0.470| 0292| 0324| 0.404| 0741 0003 0136 0854| 0.180| 0.007| 0.001| 0.236




Embankment Slope

The results for the embankment slope will be evaluated first since this site characteristic
is the measure of the effectivenessifembankmertb maintan sheet flow based on the
presence or lack of erosion along the slémeshown in Table 4.1 the embankment slbas a
correlation coefficient of 0.20fvhere an r =1 or 1 is the most lineamdicating a weak
positive relationship to erosion severiys the embankment slope increasbsre is a tendency
for erosion severity to increaggeeFigure 4.). However, the embankment slope had the fifth
largestcorrelation coefficienand ap-value of 0.172 indicassthat the relationship between
embankmenslope and erosion severity is not statistically significantgfipe > 0.05) compared
to other sitecharacteristicswWhile siteswith noerosion overall had lower embankment slopes,
therangeof data(noted in Table 4 Yat these sitewith no erosion rared from 206 to anoutlier
at 90% which is similar to the 30980% range for sites with high erosion. This range of
embankment slopesiggestslopes steeper than the current 15% design limit can support sheet
flow and embankment slope alone is not an icof erosion severityConsidering eéference
lines drawn on Figure 4, htthe desired slope limit range for VFS atislpersion of 25%
(recoverable slopes) and 33% (traversable slpfias)apparenthe majority of sites without
erosion were located aites with slopes steeper than 258 shown in Table 4.2, on average
the embankment slopegere nearly 40% at these sitedich is steeper than tipeeferred33%
limit. These observations atensistent with other studighatconcludecembankment sjoes
30% and steep@ouldsuccessfullymeet runoff treatment and flow control requirements

(Yonge, 2005; CALTrans, 2003; Barrett, 2005)
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Table 4.2Basic Statistics for Embankment Slopes

Erosion .

Class N | N | Mean | StDev| Min. | Max. | IQR Q1 | Median Q3
None 200 O 398 182 20 90 20.0 25 35 45.0
Low 9, 0 517 19.0 30 90 27.5 35 45 63.5
Moderate 9 0 450 18.0 25 75 32.5 30 40 63.5
High 71 0 50.7 19.9 30 80 35.0 30 50 65.0

90 - %
80
:—5 60 -
é 50 - & @
E @
g 40 23
i 33%
30~
25%
20
Nolne Lc;w Mod(lerate Hi&;h
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Figure 4.1 Embankment Slope sorted by Erosion Severity Classification

Vegetation covarge had thetrongestorrelation coefficient of r .559 which indicates
a moderately strong negative relationship to erosion severity meaning as vegetation coverage
decreases erosion sewg has a tendency to increaseeFigure 4.2. The pvalue wa
indicating the percentage of vegetation was highly significamlpe < 0.01) compared to other
site characteristicStandard practicet® stabilizedsoils andorevent erosiomypically includes
vegetationwhich further supports tthe statisticalrelationshipnotedbetween vegtation
coverageand erosion severiyf XDOT, 2009; WSDOT, 2003)rable 4.3 shows that all the sites
with no erosion had a minimum of 20% vegetattover, and an average66.75%, which is
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consistentvith the 65% minimum valueecommendedly the CALTrans study to prevent flows

from channelizindCALTrans, 2003)

Table 4.3Basic Statistics for Percent Vegetation Coverage

Erosion .

Class N | N | Mean | StDev| Min. | Max. | IQR Q1 | Median Q3
None 201 O 668 21.8 20 95 33.8 50.0 70 83.8
Low 9 0 55.6 39.4 0 90 80.0 10.0 70 90.0
Moderate 9/ 0 211 21.0 0 60 35.0 2.5 10 37.5
High 7 0 25.7 28.2 0 70 60.0 0.0 20 60.0
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Figure 42 Percent Vegetation Coveragg Erosion Severity Classification

The percentage of sagdmpositionin the embankmersoilshad thesecondstrongest
correlationcoefficient at 0.363 indicating a moderately low positelationship to erosion
severity. In other wordas the percentage of sand incregsession severity also has a tendency
to increasdseeFigure 4.3. This relationship can also be observed in Table 4.3 where the mean
percentage of sand is lower at the sites with no or low erosion compared to sites with moderate to
high erosion. Thepalue for percentage sand was 0.015 indicating there was a strong
significance (pvalue < 0.05) compared to other site factors.
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Table 4.4Basic Statistics for Percent Sand

Erosion .
Class N | N | Mean | StDev| Min. | Max. | IQR Q1 | Median Q3
None 20| 1 356 146 186 66.0/ 15.1| 257 32.2 408
Low 9, 0 37.9| 187 179, 674 319 22.5 255 544
Moderate 9, 0 53.0 18.0/ 153 71.3| 26.5| 424 57.1 689
High 7, 0 49.8] 165 20.8] 67.5] 299 364 52.1 66.2
704
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Figure 4.3Percent Sanlly Erosion Severity Classification

Considering erosion severity has a positive correlation to sand content conopidued

negative correlation with vegetation coverage, suggests an obvious correlation between high

sand content and low vegetation coverage which is shown in statistical analysis results in Table

4.1.This relationship is consistent witteadard practiceto establish and sustain vegetation

which generally require top soils characteristics with a balance of organic matter,

microorganisms, and water absorption capabil¥@SDOT, 2003)Since and is a coarse grain

soil material that is primarily composeilsmall rock fragmeniglone sandenerally does not

have the characteristics necesgarsuppat desirable vegetation growtholWever these
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components can provide an ideal environmenséonenoxious weeds which can result in costly
maintenance praces(WSDOT, 1997) Considering the benefit to the structural integrity of the
road, many embankments drequentlyconstructed with coarse grain soils amdresponsg
practiceshave been developed to enhance vegetation growth and establishmengfepthes
conditiors includingintegrating amendments into the soil composition along the top layers of the
embankmentSoil amendments are accepted prac@té¥SDOTand used to mestormwater

requirementandsupportroadside maintenangeracticeyWSDOT,2008b; WSDOT, 1997)

4.2  Empirical Observations

Themost significanempirical observation notedaschannelized flow in streamlets
between the EOP and embankment interface which was documefteof #te 25 sites with
erosion ananly onesite withou erosion. This may indicate that the conditions at the interface
location between the EOP and the embankroaumid be contributing to erosion leyncouramg
highway runoff toconcentrateAlthough observed less frequently, other sharacteristics
whichmay also encourage runoff to concentrate included guardrail and cracks or imperfections
at the EOP. The worsaseobservedsite 155.70.8 RTappearedo becaused by aombination
of thesesite characteristicsvhere thenighesterosion severityvas docmented As shown in
Figure 4.16at Site 15570.8 RT, it appears flows concentrated along the guard rail ogirbin
travelin thechannel along the EOP interface, to imperfection in the EOP where the embankment

eroded.
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Figure 44 Evidence of Concentraldlows anngGuar Railjn Streamletat EO
Interface, androm Imperfections at EOP

While this research project did not exam how the streamletsfarened,the soll
classification at sites where channels at the EOP interfaceolyeeeved werenostly sandy soils
(SW or SM)with a few gravelly soils (GW or GMJites This isalsoconsistent with the
correlation of erosion severity to a high percentage of sand. Beyond this observetion
difficult to predict when channels at the EOP can forraramperfections in the pavement may
develop thatould contribute to erosion. However, a level speeatstalled at the EOP may
have prevented flows from concentrating regardless of the EOP condriEsearchtadies
evaluated the lonterm effectivenessf VFS and noted that a level spreader can enhance the
performance by preventing concentrated fl@illaha, 1986; Winston, 2010).evel spreadet
generally constructed offbot of gravel, cano be installed at the EQP uniformly distribute
the flow dongthewidth of vegetation and prevent highway runoff from concentrahiegv
VFS and Engineered Dispgan BMPs at WSDOT and well as other agencezgpiire a level
spreader at the EQEcology, 2004; Ecology, 2005; IDEQ, 2005; ODOT, 2008; WSDOT,
2008a;King County, 2009)As previously mentionedhe requiremertfor level spreaders is
more recenthan the age of most of the highway testawinone of the sitetestechadagravel

level spreader designed per the current HRM guidelines.
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However,2 of the45 sites had features thegipeared tact as level spreadeasd
distributed flows. One was located at a site 286 LT andhad aroughed, tapered EOP from
multiple pavement overlays and the other was located &EBe&304.7RT andrumble strips at
the edge of shoulder. The observation that these site feature may be acting as level spreaders was
based on the site characteristics of each site. At sit BIZT, the embankment was sloped
90%, had a high percentage of sand, and no vegetation. As @lgwioted in the statistical
analysis sites with no vegetation and a high percentage of sand most closely correlated with sites
that had erosion. While the site was classified as low erosion, the flows appeared to be
distributed and as evident by the shiémv erosion observed. Site 2@76 LT had no evidence
of erosion and had an embankment slope of 20%, 70% vegetation located just 2 feet from the
EOP. The only site factor that correlated with erosion was the soils had pehtgintage of
sand (60%). 3% vegetation is the highest coverage noted for sites with greater than 41% sand
and may indicate the rumble strip distriédithe flow whichcontributed to establishing and

maintainingvegetatiorcoverage

4.3  Shear Stress AnalysisResults

As previouslynoted in section 3, the purpose of thehear stress analysiss to
evaluategheimportanceof the statistical analysigsultsas well as any empirical observations, to
supportsheet flow along the embankmexislopes steeper than 15%his wasdone ly applying
theconcepts presented in Sectio@ at each of théorty-five sitesincluding astability checko

assesshe conditions whererosioncouldbe predicted
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Evaluate Statistical Analysis, Embankment Slope,Emgirical Observations

The critial shear stress of an embankment is a function of the soil properties, vegetation
coverage, and slop&he two site characteristics that had the strongest correlation to erosion
severity also play a significant role inglanalysis.Sandy soilsare the srallest norcohesive soll
and since the critical shear stress is based primarily on size for coarse grain soilsawands h
lowest critical shear stress of all the soil properties present at the sitesatestenivn in Table
3.5(FHWA, 2005) Since the ctical shear stress is lowesites with sandy soilsanfail at lower
highway runoff fow rates compared to other soil typd$e critical sheastress can be
increased whewegetateds present along thembankmenby dissipating the energy from
highwayrunoff (FHWA, 2005) The use ofregetation to stabilize soils is common practice since
the root system acts aseil stabilizer providing erosion control and slope stability. In addition
root systems can increase infiltration by providing a channel forwapenetrate especially
native grasses that have deepart systenallowing water penetration more effently and
reduce highway runoff volumg¢®NREC; HarpeilLore, Winter 1998; Lewisky, Spring 2002;

Lucey, 2011)

Sinceembankment slope is proportidria the shear strespplied to the embankmerats
the slope increases thatical shear stress will decreaseder the same site conditiofifie
embankment slope only had a weak positive relationship to erssuamity;indicatingslope
alone is not th most significant siteharacteristi¢hatcontributes to erosion severityOther site
characteristics thahayaffect embankment stability wedescribed in thempirical
observationsSpecifically,conditions at the EOfhat cannot be measured or eveedicted,can

createlonger contributing flow pathand/or encourage highway runoff to concentratach
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increass theapplied sheastress along the embankmefhese EOP conditions can cause an

embankment to erode that might otherwise have been stable.

Stability Check

As previously mentioneghredicing embankmenérosion ionly as good asthen al ysi s 0
assumptions anodnecannot predicEOP conditionghat could lead tehannelized flow as
shown in Section 4.2. However assuming the worst case higjeagetry using the
hypotheticalcontributingflow path,the sites testedereevaluated by comparing the critical
flow rate the embankment could toleratehte appliechighway runoff flow rate. Considering
slope is proportional to the shear stress, thpesbf the embankments was represented in the
analysisby deriving a relationship to flow rate using the critical shear stgites were predicted
to fail when theapplied highway runofflow rate was greater than the critical flow rate the

embankment add tolerate.

Using the stability check describedSection 3.7erosion was gdicted on bared ground
conditionsat52% of the sites that had erosion a2@bo of the sitesvhere erosiomlid notoccur.
The bare ground condition was considéiiest to representdistancerom the EOPto vegetation
coverage whiclon averages 3.2 feet for sites with no erosion compared fied for sites with
erosion.This bare ground condition provides an area for possible erosion before the start of

consistent vegetatiocoverage

Next, the critical shear flow rate wascalculatedwith consideration ofhe percentage of
vegetation along the embankmenhestability check was repeatenid eosion waonly
predicted at 2% of the sites with erosion anashoneof thesiteswithouterosion.The second

stability check demonstrates how vegetation can stabilize the embankment, however with partial
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vegetation coverage flows can still channelize and travel around vegetdteamalysis was
again repeatedssuming each sitgasdesigned as a VFS following the HRM design criteria
with an effective level spreader and demsgetation coverage and a Manr@goefficient of
0.2.Using the &ability check none of the sites failethdicating that if vegetation can be
establishe@ndsheet flow can be maintaingtie range of embankmesibpesrepresenteth

this study mayll have been stahl&@he results of the stability check are summarized in Table

4.14and a complete list is located in Appen#ix

Table 45 Number of Sites Prected Unstable

Erosion Bare Vegetated VFS
Classification | Ground Condition Design
High 6/7 3/7 0/7
Moderate 5/9 1/9 0/9
Low 2/9 2/9 0/9
None 4/20 0/20 0/20

Some of the erosion sites that were predicted stdbddrad a condition at the EOP or
guardrail present that may have caused flows to concentrate beyond what the model predicted.
This occurred at 3 of the sites using bare ground conditions and 9 of the sites using vegetated
conditions This may ndicate thesgypes ofEOP conditions are contribog to erosion on

embankment slopes that would otherwise have been stable

A comparison of theritical flow rate based oshear stresses is shown in Figure 4.17 at
the high erosion siteSince the range of critical flow rates was so largegthph isshownat a
reversdogarithmicscaleso all values could be visibl&he black bar represents the applied flow
rate along the embankment amndth the exception of site 1956.6 LT, all of the sites are
predicted to fail since the critical flow rates &eer for both bare ground (gray bar) and

existing vegetated embankment conditions (white bEnge one site that/as not predicted to
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fail was at site 1996.6 LT which haglayey soilsand a higher critical flow rate based the
cohesivesoil propertias. At this site there was no obvious site factor affecting the stability of the
embankmentNext the VFS conditiorwasassessetb determine if a densely vegetated
embankment prevent erosions Bhownthe critical flow ratdor VFS condition is higher #n

the applied flow rate for all sites indicating if these siféss indicates that if these sites were
constructed as VE&ll would have had a critical flow rate high enough to prevent erosion along

the embankment.

BQCVFS 0QCVC EQCBG mEQAHR
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Figure 45 High Erosion Sites Coparison of Critical Flow Rates (cfs)
(Shownon a Reversé.ogarithmicScale)
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4.5 Lower Slope(<40%) Stability

Based on théndingspresented in this report, it appears highway runoff can concentrate
and cause erosiagiventhe followingconditions: low vegetation coverage, high sand content,
whencertainEOP conditiongxistor guard rail may be present, and in some cases witheut
presence odn effective level spreaddssing these factors, all embankment slopes less than 40%

were evauated andat sites where erosion was present, one of the following was noted:

e More than 50% sanid the embankment soils.
e Less thar65% vegetatiorcoverage along the embankment.
e A distance oB or morefeet from the EOP teegetation

e EOP conditions aridr guardrail that couldontribute to concentratednoff.

A 40% embankment slope was selected to provide a factor of safety above the preferred
33% slope limit for VFS andispersion designg.he 65% vegetation limit was based
recommendation from the CAltans study that 65% vegetation coverages necessary
prevent highway runoff flows from channelizi@@ALTrans, 2003) The 8foot limit for the
distance from the EOP to vegetation was selected since this represents the longest observed
distance at std sites with slope <40% (see Appendix I). However, any distance from EOP to
vegetation where bare ground is presents, represents an area where erosion could occur prior to
the start of vegetation due to the lower critical shear stiesmmplete list ofall sites with
embankment slopes <40% is located in Appendix | and a summary of the sites with erosion is

located in Table 4.6.
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Table 46 Summary of Erosion Sites with Embankment Slopes < 40%

a
§ g, _ §
g g |8 |g||g| &
0n_ OOl o @] o Q n n o
19521.3LT Y 60 | 12 | 84.8] 0.0 [ 15.3| ML-CL
231-57.6LT Y 35 6 8.4 1345|571 SW
20-356.7RT N 20 I 11.4| 37 | 51.7| SM
395196.7LT N 70 8 7.3 ]126.5(66.2| SW
19576.6LT N 20 5 |79.2( 0.0 | 20.8 CL
97-247.ELT N 0 N/A| 4.4 |144.0|51.6| SW
15514 4RT Y 0 N/A| 4.6 | 52.0| 43.4| GW
90WB-229.3LT Y 90 8 |1694| 9.0]|21.6(ML-CL
90WB-291.0LT N 70 15 | 17.4)157.5( 25.2| GM
20-163LT Y 40 0 7.3 1215 71.3| SW
2-82.8LT Y 30 2 |18.2(21.0|1 60.9( SM
17-66.7-RT N O [NA| 76 |425]50.0] SW
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Highway embankments provide an ideal location for integratwgmpact development
(LID) stormwater bst management practices (BMPs) into a highway setting, specifically sheet
flow BMPs such as vegetated filter strips (VFS) and disperkmeating VFS andlispersion
along the embankment can also suppuapportecpracticesalong the roadsidehich, includes
reducing the spread of noxious weedtsl promotingndigenous grasse@lso considered an
approved vegetation material for both VFS and disper$ii$DOT, 2008a; WSDOT, 2009b;

Lucey, 2011)

Current HRM standards limit théess wherghese BMPs cabe locatedo 15% which
reduces thapplicabilityuse of these LID BMPsr may require the roadway footprint flattened
to meet tis limit. This in turn, nay result in theneed tgpurchaseadditionalROW. Based on a
literature searcht appears the cumé design criteria fo FS was based on a biofiltration swale
researcltand may be conservativehen applied to VFS dadispersionThis is evident byesearch
that demonstratestormwater requirements for flow control and runoff treatment can be
effectivdy achievedon slopes greater than 33%mother justification for the slope limit may be
safety of the traveling publiwhich specifieamaximum allowable recoverable slope for an
errant vehicldased orhighway design standardgenerally 33% beforeequring traffic safety

barrier)

The objective of this study was évaluate whethegmbankment slopesteepethan 15%
slopes can maintain sheet fléar VFS anddispersion BMPslesignsIn pursuitof this

objective, a inventory of existing vegetated emkarent slopes and site characteristrcen 45
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sites in eastern Washingtarasevaluatedo determinavhatsite characteristicsupport sheet
flow on steeper slopes. The effectivenesaroEmbankmertb maintain sheet flow was
characterized based on thegnce or lack of erosion along the slope as well as any
observations of runoff pooling or sediment buildup at the bottom or toe of the embankment.
While no observations of runoff pooling or sediment build up the bottom of the embankment

were noted, erosin was present al0df the 45 sitesncluded in the inventory

The sites inventoried included embankment sldpasrangedrom 20-90% andslopes
greater than 33% were observed without erosion, indicating slope alone wassui¢ tiaeise of
erosion. Tis observation was supported by aistatal analysis that determinedosion severity
and embankment slopeerenot statistically significant compared to other site characteristics.
The most statistically significant site characteristics when erosioprgasnt were low
vegetation coverage and a high percentage of sand in the embankmemt sbisr stress
analysis was used to validate these observations and indicated sand had the lowest critical shear
stress, compared to other soils. Ti@duced thdélow rates fromhighwayrunoff that could be
applied to the embankment before erosion occurred. Vegetedsi®the most significafiéctor
and is commoly used tostabilize the embankmeandto allow for higher applied flow rates

along the embankment o€ erosion occurs.

Further visual observations indicated that site character{secevidence of
channelized flow at the EOP interface and imperfections at thg l&@pPcause highway runoff
to concentrate and erode the embankment. Winiblematic EOPcharacteristics cannot be
predicted or modeled, a level spreader at the EOPmmitegate EOP problems by distributing
runoff and preveimg erosion. None of the 45 sites had a level spreader designed per the

WSDOT designequirements in the HRM. ddvever two site features appeared to be providing
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the same function. These site features were a roughened EOP from multiple pavement overlays
and a rumble strip at the EOP. The observations that these features were acting as a level
spreader were based on siteservations consistent with the findings in this study. Further
research ofhese twasite features magffirm them as additional option for level spreaders for

stormwater sheet flow designs betEOP.

The relationship between erosion severity, vegatatoverage, the percentage of sand,
and EOP conditions was validated by evaluasinglysites with embankment slopes less than
40%. Using these factors, erosion was justified at allsBesedon t hi s stthaly ds f i n
following modification to tle VFS andlispersiondesign criteria along with future research

studies areecommended:

1. Increase the embankment slope lifoit VFS anddispersionfrom 15% to 33%at sites
wherevegetation can be established.

2. Require additional methods to establish vatyen (i.e., such as soil amendmehtt sites
with a high percentage of sand along the embankment.

3. Conduct furtheresearctio evaluatéhe effectiveness of other site featuttestfunction

aslevel spreader§.e.,rumble stripsor roughened EOP).

The proposeddesignmodification wouldallow for increasd use of these LID BMPs
supporting emergeMPDESstormwater managemegoals and current roadside maintenance
practices They would also reduce the need for additid®@M acquisition and there asso@at

costs and impacts to adjacent vegetation and environmentally sensitive areas.
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6.0 NOMENCLATURE

U* soil texture structure coefficient
(coarse grain 0.36ine grain 0.12

A - Basin Area (fi)

ArcT Area of reservoir (double head
35.22 single head 25n cnv)

C- Dimensionless shape factor

(0.7 coarse grain d.77 fine grain)
Cec- Cover Factor for uniform grass.
CF- 2 year 2 hour Conversion factor
C.- HazenUniformity Coefficient

d- Depth of runoffonthe embankment
(ft)
Dig- diameter at which 10% soil material

by mass is finer

diameter at which @ soil material
by mass idiner

Deoryv Distance from edge of pavement to
vegetation(ft)

el Super elevation rate (%)

esT  Shoulder super elevation rate (%)

er. T Travel lane super elevation rate (%)

Gi  The longitudinal incline of the
pavement from the horizontal (%)

9 - Specific gravity of wate(62.4 Ibft>)

Dso -

Ksati- Saturated hydraulic conductivity
(in/hr)
H-  Height of water in reservoir

(double head 10, single headrh)

IQR - Interquartile range of data or the
middle 50%

Lcrpl  hypotheticalength ofcontribiting
flow length (ft)

LW 1 Lower Whisker

MAP - Mean Annual Precipitation (in)
Nnc- composite Mannings coefficient
ny - vegetation Mannings coefficient
Ngg - bare ground Mannings coefficient
N7  Number of sitesnalyzed

N* - Number of sites missing from
analysis

Poyron -2 year 2 hour precipitation depth (in)

Psnr- 3 hour precipitate on depth (in)

Py1  Percentage of Vegetation Coverage
(%)

p-valueri statistical significance compared to
other site characteristic

Q1- Median value of the data below the
median

Q3- Median value of the data above the
median

Qanr - Applied Highway Runoff Flow Rate
(cfs)

Qcgc - Critical Flow Ratefor Bare Ground
(cfs)

Qcec - Critical flow ratefor existing
embankment condition(gfs)

Qcvrs -Critical Flow Ratefor VFS (cfs)

Qcec - Critical flow ratefor existing
embankmentonditions(cfs)

r- Correlation coefficient
R-  Radius of well hole (3 cm)

R1- average steady state infiltration rate
for single head (in/hr).

R2i average steady state infiltration rate
for double fead (in/hr).

Scrp-  Slopeof contributing flow pat(Po)

S.-  Slope of embankment in ft/ft

(se- Critical Shear Stress of Bare Soils
(Ib/in?)

(ec- Critical Shear Stress for Existing
Embankment Conditionsb{in?)

Ues- Critical Shear Stress fofFS (Ib/in?)

UW'i Upper Whisker

Wsi Horizontal width ofshouldersloped
toward the embankment (ft)

W+ 1 Total horizontal width of pavement
sloped toward the embankment (ft)

W T Horizontal width ofthe travel lane
sloped toward the embankment (ft)
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7.0 ACRONYMS

AASHTO - American Association of State
Highway& Transportation Officials

BMP - Best Management Practices

CALTransi California Department of

Transportation

CL- Clays

Ecologyi Washington State Department of
Ecology

EOP- Edge of pavement

Eqn- Equation

FHWA'1 Federal Highway Administration

GM - Silty Sand

GW - Well Graded Gravel

HEC - Hydraulic Engineering Circular

HRM -Highway Runoff Manual

NPDESI National Pollutant Discharge
Elimination System

LID - Low Impact Development

LT - Left side of highvay

ML - Silts

ML-CL - Mixture of Silt and Clay

N/A T Not Applicable

NCi1 No Comment

ROW!1 Right of Way

RT- Right side of highway

SM- Silty Sands

SW- Well Graded Sands

TSS- Total Suspended Solids

VFS- Vegetated Filter Strip

WSDOT1 Washington Stat Department of
Transportation

WSU - Washington State University

USGSI United States Geological Survey
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