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Executive Summary

Vegetaion iswiddy used to stabilize earth (hill) dopes and protect againgt soil eroson. Theinteractions
between vegetation and the processes responsible for particle detachment are not well understood,
particularly, the relationship between the vegetation and the shear tress acting on soil particles.
Vegetation partitions the total shear into one component acting on the large-scale roughness of the
vegetation (form shear) and the remainder on the intervening soil particles (particle shear). Erosonis
caused by soil particle detachment. The particle shear is responsible for particle detachment and,
therefore, errors in determination of erosion can occur if total shear is used to predict particle

detachment.

This study quantifies the shear partition (ratio of particle shear to tota shear) for idealized vegetation.
Instrumentation were designed and constructed to measure the components of the partition. A unique
flume and hot-film anemometry were used to measure detailed spatid and tempord variations of particle
shear. Instrumentation was developed to measure drag force on ideslized shapes representative of
vegetd dements.

For idedlized vegetation, the shear partition is shown to decrease with increasing vegetative density. For
the densities investigated, particle shear accounts for 13 to 89% of the total shear. Shear partitioning
theories developed for wind erosin by Raupach (1992) and Wooding et d. (1973) are shown to
adequately represent the observed data for water flows. The application of shear partitionsto field
design is possible using the theory of Raupach (1992). For example, the vegetation densty (the ratio of
plant upstream projected area to surface area) can be determined for a given threshold particle shear.






CHAPTER 1
INTRODUCTION

BACKGROUND

Soil isamong humanity’s most vauable natura resources. It isessentia for adequate crop production,
sugtaining forested areas and plant communities, and plays an important role in the hydrologic cyde
through infiltration and water sorage. The problem of land degradation by soil erosion is worldwide
with the primary driving force of either wind or water. In arid environments like the southwest United
States where desert areas are sparsely covered by vegetation, wind is the primary erosive agent for soil
detachment and trangport (Wolfe and Nickling, 1996). In addition to land degradation in these aresas,
wind produces dust, which can be detrimenta to the hedth of humans aswell asanimas. Water, in the
form of raindrop splash, sheet flow, streamflow, rill, and gully flow isthe driving erosive force in other
aress (Fogter, 1982). In the United States approximately three-fifths of estimated eroson isdueto
water moving over the soil surface (Gray and Sotir, 1996).

Totd eroson in the United States was estimated at 6.91 billion tons (3.6 tong/acre) in 1992 (Magleby et
a., 1996). Economic lossesfrom eroson are both direct, including property damage from sediment
accretion or loss, and indirect, including flooding, drainage disruption, and gullying (Gray and Sotir,
1996). Loss of fertile topsoil reduces crop productivity and increases the need for fertilization.
Trangported sediment and adsorbed polluting chemicals and nutrients degrade water quaity of lakes,
streams, rivers, oceans, and reservoirs (Foster, 1982). Migration of streams and rivers as aresult of
sreambank and gully erosion leads to areduction in usable land. Clear-cutting in forested aress,
particularly in mountainous areas with steep dopes, weakens soils and destabilizes dopes which can
result in mass eroson from debrisdides. Approximately one-fourth to one-third of the total amount of
eroded sediment reaches the oceans (Gray and Sotir, 1996). The remainder is deposited in streams,
lakes, and reservairs. In the United State' s waterway's, eroded sediment is the number one pollutant in
terms of both quantity and adverse effects (Gray and Sotir, 1996).



Significant research has been done to sudy erosion from agriculturd areas. Soil eroson asaresult of
urbanization is a mgjor source of sediment and non-point source pollutants. Soil eroson from a
congtruction Site without proper soil erosion and sediment control practices can average 20 to 200
tong/acrelyear, which is 10 to 20 times greater than typical soil loss on agriculturd lands (USDA, 1999).
Egtablishment of vegetation isawiddy used soil eroson practice a congruction Stes. Little information
is available on the interactions between vegetation and processes responsible for particle detachment.

The soil erosion process consists of three components: detachment, transport, and deposition of soil
particles. Detachment of soil by water is viaraindrop impact or viathe shear force of flowing water
exerted on soil particles. Sediment is trangported down dope primarily by flowing water and minimally
by raindrop splash (Haan et d., 1994). Aswind or water moves across a surface, it exerts a shear
force on the surface. Figure 1.1 is a schemétic of the forces acting on a soil particle. The drag (Fy) and
lift (F.) forces are opposed by the resstive forces which include the weight of the particle (Ws) and the
cohesive/contact forces with adjacent soil particles (Fc; and Fcp). The point at which the moment
resulting from the drag and lift forces equals the moment resulting from the resstive forces, is referred to
as the point of incipient motion (Lavelle and Mofjeld, 1987). Particle detachment occurs when the drag
force on asoil particle overcomes the resistive forces of the particle (Wilson, 1993; Gray and Sotir,
1996).
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......

Figure 1.1. Forces Acting on a Soil Particle (Wilson, 1993a).

V egetation increases hydraulic resstance to flow, thereby increasing flow depths and reducing flow
velocities. For wind eroson vegetation plays a stahilizing role by covering the soil surface, trapping soil
particles, and extracting momentum from the air (Wolfe and Nickling, 1993). Similarly, for water,
vegetation protects the soil surface from raindrop impact, retards flow, and enhances deposition

(Foster, 1982). Vegetation stabilizes hilldopes by reinforcement of the soil matrix through the root
structure. Vegetation also reduces the shear stress on the soil surface (Wyatt and Nickling, 1997).
Ultimately, vegetation influences the soil erosion process by dtering the shear gpplied to the soil particles
and changing soil erodibility. Figure 1.2 shows sparse vegetd semsin a partidly eroded roadside ditch
and understanding the role of vegetation is necessary to properly design the channdl.

Vegetation partitions the shear force from overland flow into one component acting on the vegetation
(form shear) and the remainder on the intervening soil particles (particle shear). Particle shear is
responsible for detachment in the erosion process. Theratio of particle shear to tota shear is commonly
referred to as the shear dress patition. Currently, little information is available on the fraction of the
total shear that acts on the soil surface when vegetation is used to control erosion. The reationship
among vegetation, overland flow and the fundamenta processes influencing soil eroson is not well

understood. It isimportant to understand these interactions to gain ingght into the eroson process and



to improve prediction accuracy. In addition, errors can be expected if the total shear is used to predict
potentid soil erosion.

Figure 1.2. Partialy Eroded Highway Roadside Ditch with Sparse Vegetation.

Anintuitively appesaling gpproach for this study isto use naturaly occurring vegetd dements. The
geometric form of naturd vegetation is, however, complex and highly varigble. This complexity makes it
difficult to design an experiment to isolate the physica characteristics of plants that are important in
determining drag force. Furthermore, inherent variability among and within plant species requires alarge
number of tests to quantify the results. Because of these limitations, this study will use ideslized shapes
to represent the physica characterigtics of vegetation.

Extensonsto naturd vegetation are likely from reliable drag force measurements obtained from the
idedlized shapes. For example, assume that upstream projected surface area with depthis an important
physical characterigtic influencing the drag coefficient. Application of the drag force results to natura
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vegetation would Smply reguire the determination of the surface- area- depth relationship for the plant of
interest. These relationships and parameters are much easier to obtain than measuring drag force
directly for individuad plantsin the flume. Complexities associated with leaf and stem spatia didtribution
can conceptudly be tied to variability in the surface area- depth rel ationship, avoiding time-consuming
measurements. This second- step hypothesis needs to be evauated with a systematic set of experiments
and needs only to be undertaken if the first step is successful.

OVERVIEW OF RELATED WORK

Hydraulic Resistance

Large-scale roughness in the form of micro-relief, soil particles and aggregates, or vegetation increases
resstance to flow, reduces flow velocity and increases flow depth. Common relationships used to
determine flow capacity or velocity as afunction of the resistance to flow in conduits are the Chezy,
Darcy-Weishach, and Manning equations (Streeter and Wiley, 1985). Each contains empirica
roughness coefficients. Vaues for roughness coefficients are well established for a number of different
materids (i.e., concrete, stedl) but are not as easily applied to vegetation.

Vegetation is used in the design of waterways to stabilize channds and reduce eroson. Theuseof a
sngle roughness coefficient (n) to describe resistance to flow for vegetation poses two problems. The
firgt isthat different types of vegetation provide different resstance to flow (Kouwen and Li, 1980), and
second, the resistance changes as the depth of flow changes (Pamer, 1945). The relationship between
roughness coefficient and depth of flow is highly variable and nonlinear for vegetated channds (Pamer,
1945). How through vegetative waterways is generdly characterized by three regimes (Pamer, 1945;
Temple, 1982, Kouwen and Unny, 1973). The regimes are low flows that do not bend or submerge
the plants or gems, intermediate flows that bend and submerge the vegetation, and high flows that result
in the vegetation deflecting in the direction of flow. Therefore, the roughness provided by the vegetation
isafunction of flow depth. Methods that account for the effects of the bending of vegetation on



resstance to flow are given by Pamer (1945), Kouwen and Li (1980), Temple (1982), Thompson and
Roberson (1976), and Chen (1976).

Another relationship commonly used to describe resstance to flow is the friction factor versus Reynolds
number (-Re). Thisiswell established for pipe flow as described by the Moody diagram (Streeter and
Wylie, 1985) and amilar rdationships exist for shdlow flow over a smooth or rough plane bed surface
(Abrahamset d., 1986). Abrahams and Parsons (1991) provide aregression equation for predicting f

from Re, percent gravel, and a measure of roughness.

Chen (1976) studied resistance to shalow flow over naturd turf surfaces usng both Kentucky Blue
Grass and Bermuda Grass. Chen found the friction factor decreased with Reynolds number in the
laminar flow range. Using flexible pladtic srips, Kouwan and Unny (1973) studied the effect of
roughness in alaboratory flume. For the erect and waving positions, the friction factor was primarily a
function of relative roughness. For the prone position, friction factor was a function of Reynold's
number. They dso found the friction factor was reduced by more than afactor of five when the strips
became prone.

In addition to increasing hydraulic roughness, large- scd e surface roughness affects sediment yield.
Using fiberglass dectrica deeving to smulate sraw mulch, Kramer and Meyer (1969) found rill
development decreased as mulch increased. Kramer and Meyer found mulch rates of 0.5 to 1 ton/acre
greatly reduced erosion rate and runoff velocity compared to no mulch. Benik et d. (1999) examined
the impact of blankets on controlling erosion and vegetative growth for a congtruction site. They found
straw mulch reduced erosion by about afactor of 10 compared to bare soil plots for asmulated rainfall
event. The use of erosion control blankets is shown to significantly reduce soil 1oss when compared to
bare soil plots by Gharabaghi et a. (2000a). Li and Shen (1973) found staggered patterns of tall
vegetation (as opposed to pardld patterns) were most effective a reducing flow rates and sediment
yields from watersheds.



Vegetative filter strips (VFS) provide localized erosion control and trest nonpoint source pollution by
providing an opportunity to filter sediment, nutrients, and other pollutants from runoff (Dillaha et d.,
1989). VFS reduce sediment loads by retarding the flow velocity and decreasing the transport capacity
of flow (Tollner et d., 1982). Through field experiments, Gharabaghi et d. (2000b) show that sediment
remova efficiency of VFSis between 80 and 95%. Gharabaghi et a. (2000b) aso discusses that
addition of a geosynthetic can improve the runoff trestment performance of VFS.

Although these studies provide useful information on hydraulic roughness and sediment yield for
vegetated conditions and eroson control blankets, they do not give information on the interactions
between large- sca e surface roughness, overland flow, and the resulting shear force gpplied to the soil
asurface. Soil erogon is the result of surface drag forces overcoming the resistive forces acting on soil
particles (Wilson, 1993). The forces ressting motion for coarse sediment are mainly due to the weight
of the particles while cohesion is the main resstive force for fine sediments (Task Committee, 1966).
As shown by Lane and Nearing (1989), shear stressis criticd for predicting soil eroson. Ina
laboratory study, Ghebreiyessu et d. (1994) found detachment increased with increasing shear stress.
In alab study, Govers (1990) found a primarily linear relationship between solid discharge and shear
dress. A sharp risein the volumetric sediment concentration was observed at a shear velocity of
approximately 3 cm/stha implies athreshold for rill erosion (Govers, 1990).

Movement of water across arough surface generates aresistive force on the surface. A fraction of the
total resistive force acts on the roughness (form shear) and the remainder acts on the intervening soil
surface (particle shear). Vegetation increases the totd resistive force while decreasing the fraction of the
total acting on the soil surface. Theratio of particle shear to total shear is generdly referred to as shear
stress partitioning.

Shear Stress Partitioning

A sheet of sand paper is used by Eingtein and Banks (1950) to illustrate the concept of shear
partitioning:



If this sand paper islaid flat on a flat bottom it gives a roughness
according toitsgrain. This same sand paper, on the other hand,
may be arranged in the shape of a corrugated sheet. In this casethe
corrugation and the grain represent two different types of roughness

which are superimposed over one another.

Schlichting (1936) first proposed thet the total drag force (F) applied to arough surface be divided into
that exerted on the roughness eements (form drag, Fr) and that on the intervening surface (particle
drag, Fs):

F=F+F (1.1)
Dividing by the ground area (A), leads to the basic shear stress partition equation:

_F A
=Rt 1.2
A S A 1.2)

wheret and t s are the total shear stress and the shear stress exerted on the surface, respectively, and

A’ isthe ground area not occupied by roughness eements.

The pioneering laboratory study of Eingtein and Banks (1950) used combinations of blocks with and
without pegs, and with and without offsets to model vegetation and sandbars. Eingtein and Banks
postulated that the total res stance was the superposition or sum of the individua resistance of the
vegetation, the sand bars, and the particles composing the river bed.

The shear partition has been investigated for dluvia streams where tota hydraulic roughnessisfrom
grain roughness and form roughness (van Rijn, 1984; Griffiths, 1989; Li, 1994). Here, high discharges
cause aflattening of the stream bed and antidune formation, while low discharges result in the formation
of ripples and dunes. The bed configuration impacts the flow resstance which in turn affects the
discharge. One of the centrd problems of flow resstance in mobile channelsis an estimation of the
roughness coefficient. Due to the dynamics of this system, stage-discharge rdaionships are highly
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variable and estimation of form resstance is very difficult. Depth-discharge relationships are important
in caculating sediment transport rates, flow routing, channe tability, and waterway design (Griffiths,
1989).

Alam and Kennedy (1969), considering sand bed channels, and Griffiths (1989), considering gravel bed
channels, divided the energy dope into form and particle components. Einstein and Banks (1950) and
Engelund (1966) suggested a smilar divison of the total hydraulic radius for dluvia streams. The
sediment trangport cgpacity in dluvid streamsis controlled by the grain shear stress (Li, 1994). This
fact isimportant because the grain shear stress can be considerably smdler than the total shear stress
resulting in errorsin predicting sediment trangport if the total stressis used.

Concepts identified for dluvid streams are aso applicable to hilldope runoff. Govers and Rauws
(1986) examined data from two individua experimenta setups. On a plane bed they observed a clear
relationship between totd shear velocity of flow and transported sediment concentration. However, no
good correlation was apparent for an irregular bed. Thisled to the hypothesis that sediment transport is
not afunction of total shear but rather only of particle shear. Foster et d. (1982) divided the total shear
dressinto grain and form components when studying the hydraulics of mulch failure for determining

critica dopesfor erason control.

Dividing the depth of flow into the form and grain components Prosser et d. (1995) found cumulative
sediment yield was shown to lie on asingle curve when plotted againg grain shear. On undisturbed
plots, mean boundary shear stresses of at least 1000 to 1800 dynes/cn? were required to transport
sediment. After complete remova of plant sems, the shear stress required to transport sediment was
11 to 38% of that required on the undisturbed plots. Prosser et a. (1995) show that on adensely

grassed surface over 90% of flow resstanceis exerted on plant ssems using the concept of shear stress

patitioning.



Rauws (1988) calculated the grain and form friction factors from measured hydraulic parameters to
investigate flow friction due to composite roughness. Govers (1987) uses Savat’s (1980) dgorithm to
determine the bed friction factor, from unit discharge and depth, which was then used to determine the
bed shear stress. Abrahams and Parsons (1991) explain that large errors can be expected when using
the total shear as opposed to the grain shear in sediment trangport formulas because form roughness
plays adgnificant role.

A theoreticd framework for evauating the shear partition is important for erasion prediction for a
variety of vegetated conditions. Raupach (1992) proposed atheoretica framework for predicting the
shear partition. Raupach’stheory isageometrica approach that uses representative areas and volumes
to account for the reduction in surface shear stress and drag force as a result of roughness e ements.
The predictive equetion is

t_S_ 1
t 1+ bl

(1.3)

wheret s isthe particle shear, t isthetotd shear, b istheratio of eement drag to surfacedrag, and | is
the roughness density. Raupach et d. (1993) andyzed the effect of roughness density (ratio of fronta
areato ground surface) on the threshold friction velocity ratio. They were able to adequately describe
the ratio in terms of the roughness density parameter and the basdl/frontal arearatio of the element.
Additiond theoretical work on partitioning includes evauation of the movement of arctic pack ice (Arya,
1975), the dynamics of mobile sand ripples (Li, 1994), and processes of wind eroson (Wooding et dl.,
1973).

Although the theory of Raupach (1992) was developed for wind erosion, the theory should be
gpplicable to water with modifications. As given by Equation 1.3, the theory is dependent on the
geometric characterigtics of the vegetation and the drag coefficient for individua vegeta dements.
Previous work on evauating the shear partition has focused in two main arees. As previoudy

discussed, the firg, for water, is the division of energy dope or hydraulic radiusinto that corresponding
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to form shear and that corresponding to particle shear. For wind, it includes both field and laboratory
studies in which both components have been measured.

Marshdl (1971) investigated variations of roughness el ement density, Size, shape, form, horizontal
digtribution, and orientation in awind tunne to evauate the role of vegetation in reducing wind eroson
on agriculturd fidds. Herethetotd drag force on the surface was determined with the momentum
integral and by measurement (replaced part of floor with balance) and the drag on individua e ements
was aso measured. Marshdl found that an area of ground does not have to have complete cover for
the average surface shear diress to be negligible. Marshdl determined that at an element spacing ratio
(diameter/neight, d/h) of 5 to 6 and that d/h ratios between 1 and 3 are common to many woody
perennia plants. Marshdl aso found that arrays of randomly distributed € ements exert less drag than
the equivaent arrays of regularly distributed eements. However, this difference issmdl.

Lower vegetation dengty resultsin alowering of the threshold friction velocity which isthefriction
velocity required to initiate motion of soil particles (Stockton and Gillette, 1990). To determine the
sheltering effect of vegetation on soil erodibility, Stockton and Gillette (1990) followed up on Marshdl’s
(1971) andysis on shear stress partitioning by using theratio of threshold friction velocity for bare soil to
that for vegetated soil. The threshold friction velocity for bare soil was measured in awind tunnel by
increasing wind speed until continuous movement of soil particles wasfirg visble. Wind profile
measurements were made and fitted to the log-velocity profile. Threshold friction velocity for vegetated
gtes were made in the field by measuring the velocity profile and a‘ Sendit’ erodible mass monitor which
detects impacting particles. Wolfe and Nickling (1996) aso investigated a shear velocity ratios.

Wyatt and Nickling (1997) evaduated Raupach et d. (1993) shear stress partitioning theory in the field.
Thetota shear stress was determined by measuring the wind profile upwind of the vegetation and
surface shear was measured using an Irwin sensor which isatype of skin friction meter. The authors

found the model of Raupach et d. (1993) to accurately represent the shear velocity ratio over surfaces
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of varying roughness concentrations. Wyatt and Nickling (1997) were able to smultaneoudy measure

the total shear stress and surface shear sressin thefidd.

Investigation of the shear partition requires measurement of individual drag components. To date,
attempts to measure the individual components have, in general, been for wind eroson where the
dement istotadly immersed in the wind profile. A sgnificant difference for water eroson isthat the

roughness e ements can be partidly or completely submerged.

M easurement of Form and Particle Shear

As shown by the previoudy mentioned wind studies and given by Equation 1.1, accurate evauation of
the shear partition involves measurement of two of the three components. More specificaly, the drag
on large-scale roughness e ements and/or the drag on the intervening soil particles, and/or total shear
directly.

The measurement of drag forces on vegetation in overland flow is complicated by the effects of the
boundaries (fixed and free) and aso the variations in plant frontal areawith depth of flow. Few studies
exist that account for these variations over arange of flow conditions. Petryk (1969) measured drag
forces on cylindersin open channel flow over arange of diameters and depths using adrag balance.
Drag coefficient was found to be a function of Froude Number based on depth of flow and diameter of
cylinder. Bokaian and Geoola (1984) studied wake interference for two circular cylinders at various
orientations to each other. Theoretica approaches to drag on vegetation are presented by Petryk and
Bosmijian (1975), Jadhav and Buchberger (1995), and Li and Shen (1973).

Downwind of aroughness dement, awake develops within which the velocity of the flow is reduced.
Accderated flow occurs on the sides of the dement as air isforced around the lement. An area of
decderated flow exigs behind the ement (Wolfe and Nickling, 1993). With increase in dement

density, the surface area protected by the reduced flow velocities increases.
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Usng aformulation for the spread and decay of acircular cylinder, Li and Shen (1973) determined the
effects of cylinder spacings and patterns on mean drag coefficients. The addition of cylinders causes
increased interactions with the wakes of other cylinders and therefore the drag coefficient does not

remain the samefor dl cylinders.

Using rigid meta pegs as vegetd media, Tollner et d. (1976) studied sediment filtration capacity of
vegetation for arange of eement spacings. The use of well-defined objects alows accurate
accountability of geometric characterigics. Experiments can then effectively study the impacts of these
characterigtics on flow properties. Rigid cylinders have been used to represent vegetation (Jadhav and
Buchberger, 1995; Lopez et d., 1995; Li and Shen, 1973; Nepf et a., 1999; and Tollner et d., 1982).
Uniform rectangular plagtic strips have been used by Kouwen and Li (1980), Kouwen and Unny
(1973) and Kao and Barfield (1978).

The velocity profile for steady turbulent flow near aflat surface is described by the “law of the wall”

u_lpy (1.4)
u k Yy

where u isthe velocity a adistance y from the surface; u- isthe shear velocity at the wall defined as
Jts/T wheretsisthe shear stressat the surface and r isthe density of water; k isvon Karman's
congtant; and y’ isthedisancesuchthat u=0aty = y' (Garde and RangaRgu, 1985). Thisequation
is used to describe both wind and water flow. Kouwan and Unny (1973) found the log-velocity profile
to suit the conditions of flow through artificid plastic strips and observed alayer of dmost congtant low
veocity within the grass near the bed. Thislow velocity was proportiona to the overadl shear velocity.
Prosser et d. (1995) aso observed alayer of dow flow at the boundary that scales with the Sze of the
roughness elements. However, Prosser et d. (1995) explain that large roughness e ements have been

shown to limit the development of the log-ve ocity profile.
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The average shear sressin a steedy uniform flow in awide open channe is determined by measuring
the depth of flow and the dope of the water surface and is determined as (Garde and Ranga Rgu,
1985)

t,=0gRS (1.5)
Variables have been previoudy defined. However, uniform flow does not exist when vegetation is
present, therefore another method is needed. Other instrumentation developed for direct measurement
of bed shear stress are discussed by Vakili (1986), Tanner (1979), Preston (1945), and Reda et al.
(1994).

Hot-wire or hot-film anemometry (HWA, HFA) is based on the principles of convective hegt transfer
from a hested sensang dement. The heat trandfer from the film in fluid flow is dependent on both the
properties of the fluid (dengty, viscosity, thermal conductivity, specific heet) and the parameters of the
flow (velocity, temperature, pressure) (Bruun, 1995). Asthefluid flows past the sensor, the rate of
cooling of the sensor isrelated to the velocity of the flow over it. A congtant temperature thermdl

anemometer supplies additiond voltage to the sensor to maintain it a a constant temperature.

Hot-film sensors can be mounted flush with an indde wall to minimize flow disturbance. Hot-film
sensors are athin layer of platinum or nickel, deposited on athermaly insulated substrate. This
subgtrate isusudly quartz. Calibration should be carried out under well-defined experimental
conditions. Examples of measurements of surface shear tressin water flows using hot- film

anemometry are given by Li (1994), Garciaet d. (1998), and Robinson (1989).

OBJECTIVES

The overdl god of this research isto quantify the fraction of the total shear, resulting from overland
flow, that acts on the soil particlesin the presence of vegetation. Thisis accomplished through the
following objectives
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1) To develop methodology and instrumentation for measuring particle shear for channd flows
with and without vegetd dements;

2) To deveop methodology and instrumentation for measuring form shear of idedized vegetd
elements and for determining their drag coefficients;

3) To determine shear partitioning for idedlized vegetd eements using measured particle shear
and element drag forces,

4) To modify and evduate exigting shear partitioning theory for flow with vegeta dements.

ORGANIZATION OF REPORT

This report congsts of two main chapters each containing an overview of activities, experimenta
equipment and procedures, results, and summaries. Chapter 2 details the instrumentation and
methodology used to measure form shear on idedlized vegetal e ements. Chapter 3 detailsthe
ingrumentation and methodology used to evauate the shear partition for idedlized vegetation. Chapter

4 isan overdl summary and the conclusons of our research.
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CHAPTER 2

FORM DRAG ON IDEALIZED VEGETAL ELEMENTSIN
OVERLAND FLOW

INTRODUCTION
Information on the drag of vegetative eementsis necessary to understand the effects of vegetation on
partitioning the tota shear into particle and form components. Estimating the drag force for vegetation
under arange of flow conditions is important in assessng the vegetation densty and height required for
eroson control prediction under different flow conditions. This chapter details the insrumentation
designed and constructed to measure drag forces on rigid elements representative of vegetation in

overland flow. Results are presented in terms of drag force and dimensionless drag coefficients.

INSTRUMENTATION

Laboratory Flume

Figure 2.1 shows a picture of the hydraulic flume used to carry out the experiments. Water is supplied
to the flume inlet tank by two parald pipes (7.62 cm pipe diameter for low flows and 15.24 cm pipe
diameter for high flows) connected to a pump and 2.84 nt’ reservoir. Therate of dischargeis controlled
by valves and is measured by calibrated orifice plates connected to differentidd manometers. Thetota
length of the flumeis 7.32 m and consgts of a 3.66 m development section followed by a 0.61 m test
section and a 3.05 m outlet section. The width of the flume is 0.38 m and the height of the Sdewadlsis
0.38 m. The dope of the flume is adjustable via screw jacks positioned lengthwise dong the flume.
Velocity measurements were made dong atransect in the test section using a static-pitot tube to
determine the velocity region of the flume influenced by the Sdewadls. These measurements show that
flow veocities are uniform for al measured points. Thefirg and last values are 7.6 cm from either

Sdewdl.
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Figure 2.1. Laboratory Flume.

Drag Force Instrumentation

The drag force on vegetd dementsis investigated using a unique ingrumentation system developed for
this project. The device conssts of aload cdl (oriented such that the load is gpplied in the horizontal
direction) connected to alow friction linear dide. A threaded rod isrigidly connected to the dide and
the cylinder is threaded onto the free end of therod. As shown in Figure 2.2, the load cdll and dide are
rigidly connected to a support structure that is mounted to the top of the flume. The object is positioned
such that a smal space exists between the bottom of the object and the floor of the flume. Thisisto
eliminate friction forces between the object and the flume floor. How under the dement is very small
and therefore its contribution to the total drag force is neglected.

Drag force causes linear movement in the dide. This movement is atendle force for the load cell and is
measured as voltage. A Strawberry Tree data acquisition system (Strawberry Tree, Inc., 1993) and
Macintosh 7100/80AV computer convert the voltages to forces using a cdibration curve. Although the
dide asaures linear mation, frictiona forces exigt within the dide and are likely complex. To avoid
possible errors caused by frictiond forces, the load cell readings are calibrated for the conditions of this
Sudy. The detalls are described in the following section.
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EXPERIMENTAL PROCEDURE

Aninitid st of drag force measurements were made with a horizontd flume. These preiminary
messurements are not the main focus of the study, but are nonetheless still useful and will be presented.
Gresater interest lies with the measurements gathered with the flume a a 1% dope. The 1% dope
corresponds to the experimenta conditions for measuring the shear partition in Chapter 3. The drag
force ingrumentation was cdibrated at each dope prior to running the experiments. A schematic of the
drag force instrumentation is shown in Figure 2.2. The cdibration procedure is described below.

Mounting Structure Attached to Sidewalls of Flume

Load Cell Linear Motion Slide | ¥3 -3~ "3 "5~ w
> | ) 5.08 cm Iz
3.18 cm
\V/ |
Flow N —
- - — — - ‘3h
0.16 cm Y >
ume Floor

Figure 2.2. Drag Force Ingrumentation (not to scale). Cdibration Locations are 1-4, 2, and 3.
Digtances are 1-2) 3.8 cm; 1-3) 7.8 cm; 1-4) 13.7 cm; 1-2,) 8.9 cm; 1-3;) 14.6 cm.

Calibration of Drag For ce | nstrumentation
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The drag force instrumentation was calibrated by applying arange of known forces with aspring
balance. Separate cdlibrations were performed for the horizontal and 1% flume dope. The forces were
applied at locations 1, 2, and 3;, for the horizonta flume and at locations 1, 2, 3, and 4 for the 1% flume
dope. Thelocations are shown in Figure 2.2. The spring was supported by asmall jack stand that
could be manualy adjusted to assure that the force was in line with the load cell. The other end of the
balance was attached to avice. The vice assured that the force was held constant. The voltage from
the load cell was recorded a 20 Hz for 2 minutes. A consistent reading was obtained for each load.
The coefficient of varigtion defined as

_S,
G, =% (21)

where X isthe average voltage and Sy is the standard deviation of the voltage, was typically 0.002.
This low vaue indicates the stability of the voltage reading. An average voltage for each force was
cdculated. A linear relationship between voltage and force was developed as

V=mF+b (2.2
whereV isthe measured voltage, F (N) isthe applied horizonta force, m and b are the dope and
intercept, respectively. The cdibration was performed at different locations to evauate the impact of the
location of the resultant force. The regresson dopes are fortunately smilar for dl locations. Because
the veocity digtribution is non-uniform, determining the location of the resultant drag force is difficult,
requiring a detailed velocity digtribution. It istherefore desirable to use asingle calibration rather than a
different equation dependent on location. At each flume dope, the average cdibration from al height
locations is used to determine drag forces. The cdibration data and regression equations are shown in

Figure 2.3.
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Figure 2.3. Drag Instrumentation Calibrations.

An eror andyss to determine the magnitude of the error in the drag coefficient usng an average
regression dopeis presented in the Results Section. Approximately 6 months was between cdibrations
of the horizonta and 1% dopes. During this time the instrumentation was not used. Thislikely accounts
for the shift in calibration congtants.

| dealized Shapes of Roughness Elements
Four idedlized shapes were investigated: cylindrical (C), rectangular (R), trapezoida with large base
oriented a the flume floor (TL), and trapezoida with smal base oriented at the flume floor (TS). The
shapes and their dimengions are shown in Figure 2.4. The cylinders were congtructed from PV C rod
and the remaining shapes from solid PVC, 0.95 cm thick. In addition to modding plant gems, the
cylinders were used to compare the measured drag forces to previoudy reported values. The
trapezoids account for decreases and increases in upstream fronta areawith depth of flow. Thewidths
of the cylinder and rectangle are 2.54 cm and the bases of the trgpezoids are 4.13 cm and 0.95 cm.
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For each element shape, four heights were investigated: 2.54 cm, 5.08 cm, 7.62 cm, and 10.16 cm,
resulting in atotal of 16 dements. The dements were designed to ensure that at submergence, dements
of the same height have equa upstream wetted area. Only the 7.62 cm height eements were
investigated for the horizontal flume.

0.95cm 413 cm
Y - _
h
\4 (-‘\
2.54cm 2.54 cm 4.13 cm 0.95 cm
C R TL TS

Figure 2.4. Idedlized Shapes (not to scale), h=2.54, 5.08, 7.62, and 10.16 cm.

M easur ements of Drag Force

The dope of the flumewasfirs set. The distance from the linear dide to the bottom of the e ement was
held congtant. For the experiments, it was important to have the bottom of the eemert as close to the
bottom of the flume as possible without touching the flume to more accurately represent the connection
between plants and ground. By not touching the flume, any frictiond forces between the dement and
the floor could be neglected. A screw jack mounted on the top of the flat plate dlowed for adjusting
the height of the measurement sysem. A metd plate (0.16 cm) was placed on the floor of the flume and
the dement position adjusted so thet it just rested on the plate. The plate was removed leaving asmdl
Space between the element and the flume. A zero reading was first obtained by recording the voltage

from the load for no gpplied force. The pump was then turned on and water was alowed to recirculate
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through the flume. Once steady state conditions were reached (as measured by a constant flow depth),
the flow rate was recorded, the upstream flow depth was measured, and the force on the dement was
measured by recording the voltage from the load cell. The flow rate was increased and the procedure
repeated. Four flow conditions were investigated, resulting in a combination of partial and complete
submergence of the dements. Tables 2.1 and 2.2 show the average flow rate, flow depth, and velocity
(obtained by dividing the flow rate by the cross sectiond area) for the four experimental conditions for
the horizonta and 1% flume dopes, respectively.

Table 2.1. Experimental FHow Conditions (Horizonta).

How Condition Average How Rate  Average How Depth Average Ve ocity

(s’ (cm) (ms’)
| 0.005 2.84 0.41
[ 0.008 4.47 0.48
I 0.019 7.49 0.66
IV 0.028 9.75 0.75

Table 2.2. Experimenta Flow Conditions (1% Flume Sope).

Flow Condition Average Flow Rate  Average Flow Depth Average Ve ocity

(s’ (cm) (ms’)
| 0.004 1.93 0.59
[ 0.008 2.83 0.74
I 0.010 332 0.81
W 0.020 5.06 1.02

Uncertainty in Drag Coefficient
Uncertainty in the cdculated drag coefficient is determined using the methodology described by
Beckwith et d. (1982). For agiven function, Taylor's theorem can be expressed as

F0q +Dx,). (x, + Dx )+ (x, + Dx, )| =

f (%, %y, X, )+ Dxli+ szi+---Dxn i+higher _order _terms (23)

dx, dx, dx,
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where the x,’s are variables and the D X, s are uncertainties in the respective x,'s. By neglecting the

higher order terms and rewriting terms, the uncertainty associated with measurement errorsis defined as

£+ fug) bl +fu ) Gl +Jug )- 7 bl x))=

df df
= |u, +
tdx,

u RE—
where u isthe overdl maximum uncertainty in the function. A more reasonable estimate of uncertainty

of (2.9)

u_

° dx, o dx

corresponds to the Pythagorean summation of the discrete uncertainties (Beckwith et d., 1982), or

-+ 25
gu dxnz 9

U aedfo aeig P2 ) 2
f dexlﬂ dB

RESULTSAND DISCUSSION
Drag measurements are presented as actual drag forces and as drag coefficients. The drag forceisa
function of upstream projected area and flow velocity. Drag coefficient is adimensionless

representation of the drag force and corresponding flow parameters.

Drag Force
Drag force isafunction of upstream projected area and velocity. In genera, drag force increases with
upstream projected areaand flow velocity. Standard fluid mechanics relationships predict adirect linear
relationship between drag force and projected wetted area (for the same velocity squared) (Streeter
and Wylie, 1985). A linear regression of the following form wasfitted to the data

F o ma+b 26)
where F (N) isthe drag force, A () is the upstream projected area, and m and b are regression
parameters. Figure 2.5 shows the relationship described by Equation 2.6 and the corresponding linear
regression equations. The results from both the horizonta and 1% flume dope experiments are lumped
together. Due to the smooth shape of the cylinders, they are separate from the remaining shapes.  For
constant upstream projected area, the ratio F/U? is larger for the square-edged elements. Although not
shown separately, the horizontal flume corresponds to dightly larger F/U? values. Thisimpliesthat
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Equation 2.6 may not be perfectly linear. Separate straight lines for cylinders and square-edged

elements represent the data reasonably well.

2.0
187
Rectangles,
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Trapezoids TS et
147 L,
127 F/U® = 934.69A - 0.1249 = .
= 2_ .’
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047 F/U? = 494.19A - 0.0276
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° 1 1 1
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¢*CALL ®*R,TL, TS, ALL

Figure 2.5. F/U? Versus A.

The average drag force increases with flow velocity and flow depth, as do the magnitude of the

ingantaneous fluctuations about the mean. Thisis demondrated by the coefficient of variation as

defined by Equation 2.1, where X is now the average drag force and Sy is the standard deviation of

the drag force. The average coefficient of variation incresses with increasing flow velocity asshown in

Figure 2.6 for the cylinders and al other shapes. The coefficient of

vaiation islarger for the rectangles

and trapezoids, than for the cylinders. As expected, the square-edged shapes generate more turbulence

leading to larger fluctuations in instantaneous drag forces.
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Figure 2.6. Average Coefficient of Variation for Each Flow Condition.
Drag Coefficients
The drag coefficients (Cy) were caculated as
2F
= 2.7
d r U 2A ( )

where F (N) isthe drag force, r (kgwi®)is the density of the fluid, U (ms™) is the mean flow velocity,
and A (n) isthe upsiream projected area of the object (Streeter and Wylie, 1985). The drag
coefficient istypicaly represented as afunction of Reynolds number, or

Re = LlJJ—d (2.8

where U isthe average velocity (ms™); d isthe diameter of the cylinder, the width of the rectangle, or
the average width of the trgpezoid (m) based on the flow depth; and n isthe kinematic viscodity of
water (nPs7).
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The observed drag coefficients are shown in Figure 2.7. Also shown in Figure 2.7, for comparison, are
the drag coefficients for a sphere (Morg, 1972) and the congtant value of 1.2 for an infinitely long
cylinder (Streeter and Wylie, 1985). As expected, the drag coefficients for the cylinders, rectangles and
trgpezoids differ from those of spheres. The measured drag coefficients for the cylinders arein close
agreement with the reported vaues of Petryk (1969) which range from 0.7 to 2.0 in asimilar range of
Froude numbers based on both depth of flow and diameter of ement.

Figure 2.8 shows the drag coefficient as afunction of flow depth. Separate regression equations were
fitted to each type of dement. The regression coefficients are givenin Table 2.3.

10
Cylinder (Streeter and Wylie, 1985) 1|
\
A
oo A . \
S |-
- » od &\?‘ R A‘
g * > |o Q“qﬂ '?E ﬁ A \
T 1 — g;'& %
O Sphere (Morsi, 1972) . s
g *F °
° 4 T o
0.1
LEROS 1.E+04 LEvo8

Reynolds Number (diameter) Ud/n
C*CERATL ¢TS°C OR'ATL' ¢ TS
Figure 2.7. Drag Coefficient as a Function of Reynolds Number (All Data).
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Figure 2.8. Drag Coefficient as a Function of Flow Depth. 1% Flume Slope, Non- Submerged
Conditions.

Table 2.3. Regression Parameters Corresponding to Figures 2.8.

Object Slope | ntercept R?
C -0.016 0.8497 0.022
R 0.0066 1.5241 0.004
TL -0.0613 1.54 0.071
TS 0.1074 1.2632 0.143

In Chapter 3, adrag coefficient for each of the e ements is needed to eva uate the shear partitioning
theory. Possible trends with flow depth are therefore important. As shown in Figure 2.8, the drag
coefficient is rdatively constant with flow depth. However, thereisadight increasing trend for the TS

vaues and adight decreasing trend for the TL values.

27



In order to determine if the drag coefficient can be represented by an average value in this range of flow
conditions, hypothesistesting is used to determine whether the dope of the drag coefficient versus
Reynolds number (depth) is sgnificantly different from zero. A two-talled t-test isused. Thetest
datigtic for the t-distribution is

t= —bls'blkl (2.9)

where b, isthe dope of the regression, k; isthe dope of the null hypothesis (zero), and Sy, isthe

standard error of by or

S, =4S, =

(2.10)

The null hypothesisis rejected if [ty >t .../, For n=12and the 95% confidence interva,
t21a2 = 2.228. Thisandyssisonly for the 1% flume Sope and non-submerged values since these

are the experimenta conditions for the shear siress partitioning presented in Chapter 3. Since, in all

cases |tstat| <1142 thenull hypothesisisnot rgjected. Thereisinsufficient evidence of atrend with

depth, and therefore, the data will be represented by an average drag coefficient for each object. The
results of the t-test and average drag coefficient for each object isgiven in Table 2.4.

Table 2.4. T-test Results and Average Drag Coefficients.

Cylinders Rectangles TrapLb Trap Sb
tea -0.471 0.187 -0.871 1.227
Cp Average 0.80 1.55 1.34 1.63

Error Analyss

The error associated with the drag coefficient is a function of the errorsin each variable used to
determine the coefficient that is, drag force, upstream projected area, velocity, and fluid dengity. This
section detalls the analysis used to determine uncertainty in the drag coefficient.
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Determining the drag coefficient as Equation 2.7 and subgtituting

_Q_Q
=== (2.11)

yields

_ 2Fd?*b?

v (212)

Errors in measuring width and dengty are negligible. The resulting relative uncertainty in the drag
coefficient isthen

2 2 2 .2
e, _ gTJ_FQ @5%9 +@2 +§2U~QF (2.13
Co \é&Flg d dlg &Alg Qlg

That is, the rdlative uncertainty is related to the rlative error for each term. The error in measured drag

force (u/F) isacombination of the error associated with using a single calibration equation (described
below), and the measurement error associated with the load cell. The error in drag force resulting from
the use of asingle calibration versus separate cdibrations at different locations was determined as

DFd — FdALL - Fdj —

Error = £ = : i
F F/ F,

(2.14)

where Bt

is the drag force computed using the calibration equation from al the data (Figure 2.3) and
F4 isthe drag force using the cdlibration at location j (locations shown in Figure 2.2). Error (Equation
2.14) ranged from -3.5% to 4.4%. Error associated with theload cdll is given by the manufacturer as
2.5%. Tota error in measuring drag force is 6.9% (2.5% + 4.4%). Error in the measuring the depth of
flow, upstream projected area, and the flow rate are each estimated as 1%. The resulting cumulative

uncertainty from Equation 2.13is 7.3%.

SUMMARY
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An important component in understanding shear stress partitioning of vegetated surfacesis the drag
force on individua vegetd dements. Instrumentation were devel oped to measure drag forces on
idedlized shapes that represent varying geometric properties of vegetation. Four shapes were used to
idedlize vegetation and to represent variaions in upstream frontal area with flow depth. Cylinders were
used to represent isolated vertical plant tems and as a comparison to existing data. Rectangles and
trapezoids were used to account for constant, increasing and decreasing plant frontd areawith flow
depth, respectively. Four element heights were considered resulting in atotal of 16 €lement shapes.
Drag forces were measured on each shape for flow rates ranging from 0.004 to 0.028 nPs™. This
resulted in atotal of 80 test scenarios. The flume was horizonta and & a 1% dope. The flow
conditions resulted in partid and complete submergence of the dements.

The ingrumentation adequately measures drag force on rigid dements. The cylinder drag coefficients
arein close agreement with reported val ues, adding confidence to the measurements. Drag forces are
greater on the square-edged, non-cylindricd dements. Theratio of drag force to velocity squared
(FIU?) iswell represented by a linear relationship with upstream projected area. The drag coefficients
for the square-edged shapes are higher than for the cylinders. The smooth shape of the cylinders
providesless resstance to the flow. Thisresultsin lower drag force and consequently, lower drag
coefficients. Drag coefficients for individud shapes are adequatdly represented by an average vaue
over the range flow depths investigated. Uncertainty in drag coefficient is 7.3%.
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CHAPTER 3
SHEAR STRESS PARTITIONING FOR IDEALIZED
VEGETATED SURFACES

INTRODUCTION

This chapter describes the instrumentation system designed and constructed to measure particle shear.
It details the methodology and procedures used to measure both components (form and particle) of the
shear partition. Thetotal shear is determined by summing these two components. The components of
the shear partition are measured over arange of eement dengties and flow conditions. Findly, the

observed partition vaues are used to evauate existing shear partitioning theory.

EXPERIMENTAL EQUIPM ENT

Hot-Film Anemometry

A congtant temperature anemometer (TSI, Inc. Modd 1750) and flush-mounted sensor (TSI, Inc.
Modd 1237W) with immersible probe support (TSI, Inc. Model 1159) were used to measure the
boundary shear stress. Feedback circuitry maintains the sensor a a constant temperature. Since a
higher flow velocity, and corresponding larger bed shear, cools the sensor more repidly, alarger voltage
is required to maintain the constant temperature of the sensor (Bruun, 1995). The change in voltage can
then be related to bed shear by a calibration equation.

Voltage from the anemometer was recorded via a Data Trandation DT9804 data acquisition board,
SCOPE Version 2.0 Software (Data Trandation, 2000) and PC. Voltage was recorded at each

messurement location at 200 Hz for 60 seconds.

Laboratory Flume

To collect detailed spatid shear stress measurements, a unique laboratory flume was designed and

congructed. This system alowed shear measurements to be made using a single sensor, easily moved

to any location within the test array of elements. Because different densities are investigated, it was

important to be able to change the measurement locations within test arrays. Alternative designs were
32



consdered, including multiple sensors and manualy moving a single sensor to fixed locations within the
test aray. The significant cost (~$1000 per sensor) of the hot-film sensors and probe support (~$600),
economicaly prevented the use of multiple sensors. In addition to the high cost, considerable time and
effort is necessary to cdibrate multiple sensors. Manudly moving a single sensor to a set of fixed
positions was eliminated because of the sengtivity and fragile nature of the sensor.

The designed flume used in this experiment includes a single sensor mounted in a movable section of
flume floor over the test section. The inner PV C channdl is 7.32 m long and 0.38 m wide, with 0.38 m
gdewdls. A 0.91 m length of the origind channd floor was removed garting 3.7 m from the channd
inlet. Slits between the flume floor and the Sdewadls exist both upstream and downstream of the test
section. A 3.2 mm thick movable auminum sheet covered with uniform sand (1 mm diameter) glued to
its surface provide afloor for the opening. When centered, the movable floor extends 0.17 m upstream
and downstream of the opening and 0.25 m to either Sde of the Sdewalls. This distance varieswith
movement of the floor. The floor dides over the bottoms of the upstream and downstream sections to
place the sensor in the pecified location. Support columns connect the movable floor to linear motion
guide rails above the flume (Braas Company; Eden Prairie, Minnesota). Precise motion of the guide
ralsinthe X and Y direction is through a separate motor drive and gearbox for each axis (Braas
Company; Eden Prairie, Minnesota). The motors are driven by MD-2 Dua Stepper Motor Controls
(Arrick Robotics; Hurgt, Texas) and MD2 software (Arrick Robotics, Hurst, Texas). A schematic of
the inner channd, movable floor, and support columnsis shown in Figure 3.1. To contain leskage from
the dits, a sealed box was congtructed around and below the movable floor. The sensor is mounted in a
angle location in the center of the movable test section floor. By moving the floor, multiple spatid shear
measurements are attainable. The total measurement area is 0.078 n¥ (0.28 m by 0.28 m). Accessto
the sensor mount was obtained via a hole in the bottom of the outside box, sealed with aremovable

drain plug.

33



0.38m

/).38 m

Sensor Mount °

A
A\

125m

Figure 3.1 Schematic of Flume; Inner Channel, Movable Floor, and Support Columns (Not to Scale).

Water was supplied to the flume inlet tank by two pardld pipes (7.62 cm pipe diameter for low flows
and 15.24 cm pipe diameter for high flows) connected in series to a pump and water reservoir (2.8 nt)
located a the flume outlet. Therate of discharge was controlled manualy by vaves and measured by
cdibrated orifice plates connected to differential manometers. The dope of the flume was adjusted via
screw jacks postioned lengthwise dong the flume,

Dueto smdl deflections in the movable floor, and the smdl step (3.2 mm) upstream and downstream of
the test section, there are dight variations in flow depth within the test section. The depth varies
gpproximately 0.5 cm from the upstream edge of the measurement area to the downstream edge. This

vaiation is generdly smal compared to the non-uniform flow caused by roughness dements.

Elements and Mounting Structure

In order to obtain measurements within the array of eements, the e ements were mounted from the top
of theflume. The flume floor and sensor move benegth the dements. Figure 3.2 shows a picture of the
mounting structure with cylinders attached and mounted in the flume. The cylinders were screwed onto

bolts on the underside of the mounting structure. Multiple locations alow for avariety of eement
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densties. The mounting structures were positioned in the flume and clamped to the sdewalls, such that
elements were as close to the flume floor (within 0.32 cm) as possible without interfering with the
movement of the floor undernegth the dements.  Although this does not precisdly modd vegetation
connected to the ground, it gives a close gpproximation and reasonable first step a investigating the
process. The overdl layout shown in Figure 3.3 illudtrates the entire system.

Figure 3.2. Element Mounting Structure in Flume.
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Figure. 3.3. Layout of Flume and Instrumentation System

EXPERIMENTAL PROCEDURE

Overview of Tests

The four idealized shapes shown in Figure 2.4 were used to represent geometric characteristics of
vegetation. The height of the dements was 7.62 cm. Two cylinder diameters were used: 0.95 cm and
2.54 cm. Again, the width of the rectangle was 2.54 cm and the bases of the trapezoids were 0.95 and
4.13 cm. A rigid rod was used to connect the element to the mounting structure. Letters are used to
designate element shape and the notation is as follows: 0.95 and 2.54 cm diameter cylinders are SC and
C, respectively; rectangles, trapezoids with large base oriented at the bottom, and trapezoids with smdll
base oriented at the bottom, are R, TL, and TS, respectively.

Three d ement densities were investigated using cylinders: 1, 4, and 9 dements per 0.145 nt. The
notation used to describe element dengity isanumber (1, 4, or 9) which corresponds to the number of
elements per 0.145 nt. These density scenarios correspond to diameter/spacing ratios ranging from
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0.039t0 0.20. Hayeset a. (1979) reports diameter/spacing ratios of 0.05 to 0.09 for grassfilters.
The effect of variationsin upstream fronta areawith depth (rectangular and trapezoida shapes) was
investigated for asingle density of 1 eement per 0.145 n¥. A schematic of the test arraysis shown in
Fgure 3.4.

A
\
A
\
A
\/

@] ® @] @] ® @] @] ® @] 0.38m

® 1 dement per 0.145 n?
O 4 dements per 0.145 m2
O 9 dements per 0.145 m2

Figure 3.4. Element Densities; Measurementsin Center Section.

For each test scenario, two flow rates were used: 0.0045 ns* and 0.0105 m*s™, which correspond to
flow conditions A and B, respectively. This combination of eement shape, density, and flow conditions
corresponds to atota of sixteen test scenarios. Each test scenario is designated by a letter
(corresponding to eement shape), followed by a number (corresponding to eement dendity), and ends
with aletter (corresponding to the flow condition). For example, for the 2.54 cm cylinders a an
element density of 1 element per 0.145 n?, and flow rate of 0.0045 nts?, is designated as C1A. A
summary of the test scenariosisgivenin Table 3.1.
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Table 3.1. Test Scenarios and Experimentd Flow Conditions.

Scenario Description How Rate Average Diameter/

Reference  (Number of elements/ Q Depth Ave. Width
0.145m) () (m) (om)
C1A 1 Cylinder 0.0045 0.025 2.54
Ci1B 1 Cylinder 0.0105 0.035 2.54
R1A 1 Rectangle 0.0045 0.024 2.54
R1B 1 Rectangle 0.0105 0.038 2.54
TL1A 1 Trapezoid (Large) 0.0045 0.025 3.61
TL1B 1 Trapezoid (Large) 0.0105 0.038 3.33
TS1A 1 Trapezoid (Smdl) 0.0045 0.025 1.47
TS1B 1 Trapezoid (Smadl) 0.0105 0.036 1.69
C4A 4 Cylinders 0.0045 0.026 2.54
C4B 4 Cylinders 0.0105 0.046 2.54
SC4A 4 Cylinders 0.0045 0.022 0.95
SC4B 4 Cylinders 0.0105 0.036 0.95
C9A 9 Cylinders 0.0045 0.030 2.54
CoB 9 Cylinders 0.0105 0.058 2.54
SC9A 9 Cylinders 0.0045 0.024 0.95
SC9B 9 Cylinders 0.0105 0.041 0.95

For each test run, the dements were atached to the mounting structures and positioned in the flume.
Elements extended 0.381 m upstream and downstream of the measurement area. Due to changesin
element placement, each element density required a separate sampling scheme for the collection of
spatialy varied shear stress.

Calibration of Hot-Film Sensor

Dueto errors that can result from sensor contamination and changes in water temperature (Bruun,
1995), frequent calibration is required to ensure accurate measurements. The sensor was calibrated by
varying the flow rate through the cdibration pipe. A schematic of the hot-film sensor cdlibration set-up is
shown in Figure 3.5. Ten flow rates were used. For each flow rate, the piezometric gradient was

measured and the voltage from the anemometer and water temperature were recorded. Voltage was
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sampled for at 200 Hz for 60 seconds. The average boundary shear stress for fully developed turbulent
pipe flow was calculated as

t =rgRS (3.7)
wheret (Pa) isthe average boundary shear stress, r (kgxni®) is the density of the fluid, g (ms?) is
accdleration due to gravity, R (m) isthe hydraulic radius, and S (mni?) is the piezometric gradient. The
following nonlinear cdibration equation was fitted to the data

V2
(Ts - T)

whereV isthetime-averaged voltage, t (Pa) isthe average boundary shear stress from Equation 3.7,

=A% +C (3.8)

DT (°C) isthe operating temperature of the sensor minus the water temperature, and A, B, and C are
fitted parameters. Similar cdibration procedures were used by Robinson (1989) and Garciaet d.
(1998).

1.16m|

Inflow q]
—_—

shear stress
sensor

Figure 3.5. Hot-film Sensor Cdibration Pipe.

The sensor was cdibrated prior to the experiments as well as three additiond times throughout the
period of data collection. The results of the calibrations are shown in Figure 3.6. In generd the
cdibrationswere smilar. Table 3.2 shows the chronologica order of cdibrations and experiments, as
wel| asthe cdlibration parameters. The cdibration parameter, B, is normaly assumed congtant for
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individua probes (Bruun, 1995). Thisvaue was afitted parameter for thisstudy. It remained relatively
congtant throughout the span of data collection, adding confidence to the reliability of the measurements

and the probe working properly.

Uncertainty in the calibration curve was assessed using the 95% confidence intervals. Based on this
andys's, the measurement resolution of bed shear measurements was estimated as 0.06 Pafor small
shear vaues (1 Pa) and 0.35 Pafor large shear vaues (6 Pa). The measurement resolution of theratio
of shear to average bed shear was estimated as 0.012 and 0.074 for small and large shear values,

respectively.
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Figure 3.6. Hot-FIm Anemometer Cdibrations.



Table 3.2. Chronologica Order of Cdibrations and Test Runs

Cdibration Test Runs Date Cdibration Parameter
A B C R
Cdibration 1 6/27/01 0400 0.264 0.445 0.999
C1A, Ci1B, TS1A, 6/28/01
TSI1B, R1A, R1B, to
TL1A,TL1B 7/2/01
Cdibration 2 7/3/01 0413 0.268 0.386 0.999
C9A, C9B 7/11/01
Cdlibration 3 7/11/01 0408 0.267 0.417 0.999
C4A, C4B, 7/16/04
SC4A, SC4B, to
SC9A, SC9B 7/18/01
Cdibration 4 7/19/01 0425 0275 0.363 0.999

Sampling L ocations and Frequency

A sampling scheme was sdlected on the assumption that more locations are needed closer to the
element because of agreater change in bed shear in thisregion. Due to condraints in the lifetime of the
sensor, it was important to keep the tota number of measurements at a maximum of gpproximately 35-
45 per test scenario to ensure that al data could be collected within the life of the sensor. For the single
dengities, the sampling was determined such that the spacing between measurement |ocations doubles

with distance from the dement.

The first measurement was set a a distance of 1.5 cm from the edge of the cylinder (2.54 cm diameter).
The distance over which the remaining measurements were taken, L (m), is defined as

L =Dx, + DX, +...Dx, (3.9
where the DX’ s are the spacings between measurement locations. The second distance is twice the first
distance, or

Dx, = 2Dx, (3.10)

Likewise for the third location
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Dx, = 2Dx, = 2x2xDx, = 2*'Dx, (3.12)
and therefore conclude that

Dx, =2Dx, ., =2"""Dx, (3.12)
By subdtituting these rdationships into Equation 6.9,

L=Dx, (1+2%1 +2%1 4+ +2% 1) =Dy, (3.13)
where Sy isthe summeation term defined as

S =([L+22 425+ +2m 1) (3.14)
The summation term can be smplified by subtracting Sr/2 from both sides and rearranging terms to
obtain

S =-1+20mt)=2m . 1 (3.15)
Subgtituting this into Equation 6.13 yidlds

L
Dx, =——— 3.16
1 2nM _ 1 ( )

where, again L (m) isthetota distance from the first measurement location to the furthest measurement
location and ny isthe total number of measurements over thedistance L. L was sdected as 11.2 cm

for the Sngle dengity design.

Similar methodology was used to determine the sampling schemes for the 4 and 9 dements per 0.145
nt. Here the methodology was applied to the perpendicul ar distances between cylinders. Fewer
locations were used on the diagona s between elements so as not to exceed the maximum number of
measurement locations (35-45). The measurement and element locations are shown for the 3 dengities

inFigure 3.7.

To investigate the impact of sampling dengity on average shear stress, 24 additionad measurement
locations were added to the scheme for the rectangle (scenario R1B). This sampling schemeis shown
in Figure 3.7B. These additiond locations were used to estimate the magnitude of the error in

determining the average bed shear based on only 32 measurement Sites as normaly done and is shown
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in Figure 3.7A. The rectangular shape was used because it had a higher form drag, thereby increasing
the expected variability within measurements. Using 32 measurements resulted in an average bed shear
of 1.82 Pawhile 56 locations resulted in an average bed shear of 1.84 Pa. These averages were
determined over the measurement areaonly and result in an error of 1%. From this evauation, the 32

Ste locations appear adequate to determine average bed shear, a least for the Sngle dengity tests.
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Figure 3.7. Sampling Schemes. A) 1 dement per 0.145n¥, B) 1 element per 0.145n with 24
additiona sampling locations, C) 4 elements per 0.145n7 , D) 9 elements per 0.145n7.

In addition to spatia sampling, an appropriate sampling frequency is needed to evauate the turbulent
characterigtics of shear stress. Richardson and McQuivey (1968) measured turbulent velocitiesin an
open channel and found that approximately 60% of the energy is concentrated in frequencies less than
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10 Hz with very little power in frequencies grester than 100 Hz. Thistrend was smilar for both smooth
and rough boundaries. In astudy of hydraulic stresses on overfal boundaries, Robinson (1989)
sampled at 200 Hz and found the observed flow frequencies were generdly less than 50 Hz.

The Nyquist criterion requires the sampling rate be at |east twice the rate of the highest frequency of
interest. The Nyquist frequency is that frequency that can adequately be represented with the chosen
sampling frequency. The frequency response of the TSI, Inc. congtant temperature therma anemometer
(Modd 1750) is 100 kHz, whichis more than adequate for measuring turbulent characteristics for this
Study. Based on previous studies of open channd flow, the sampling frequency for this study was
selected as 200 Hz.

M easurement of Form and Particle Shear

In order to determine the shear partition, both the particle shear and the form shear were measured for
each of the Sxteen test scenarios. The eements were positioned in the flume and the flume floor was
positioned such that the sensor was at the first measurement location. The pump was then turned on
and water was alowed to recirculate through the flume. Once steady state conditions were reached (as
messured by a constant flow depth), the flow rate was recorded, and voltage from the anemometer was
sampled at 200 Hz for 60 seconds. The flume floor and sensor were moved to the next measurement
location, Steady state conditions were reached, and the voltage sampled from the anemometer. This
procedure was repeated until the voltage had been sampled at al measurement locations.

After measuring the shear sress for each test scenario, the drag force on individuad dements within the
test array was measured for the same flow conditions. Please refer to Chapter 2 for details on the
instrumentation and procedure for mesasuring drag force on individua vegeta dements. In order to do
this, the e ements (with the exception of the element whaose drag force was being measured) were
mounted to the test section floor. A separate drag force measurement was made on each e ement
within thetest array. Totd form drag was determined by summing the individua drag on each ement



within the array. Figure 3.8 shows the tota form drag as afunction of eement dengty. As expected,
drag force increases with increasing density.  All shapes are included which explains some of the scatter.

Finaly, the flow depth was measured using a pointgage a 3 or 4 cross-sections within the array,
depending on element density. The entire procedure was repeated for the second flow rate. The 16
test scenarios resulted in atotd of 604 particle shear measurement locations (each containing 12,000

shear measurements) and 60 individua eement drag force measurements.
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Figure 3.8. Tota Element Drag as a Function of Element Density.

RESULTSAND DISCUSSION

Particle and Form Shear

The average particle shear was determined by estimating the contour intervals and obtaining the average
surface shear using the software SURFER 5.0 (Golden Software, Inc. 1993). Visua inspection
indicated that the contour lines were representative of the observed values. Contours were extended

beyond the measurement areato the flumewalls. A visua check of the contour lines showed that
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extending the contour area to the flume walls did not change the locations of the contours. Also, on
average, the difference in computed average bed shear was within 4.5%, with this percentage

decreasing as ement dengity increased.

Figure 3.9 and 3.10 show the contours of actua shear measurements for test scenarios C1A and C1B.
How isin the direction of increesing X. Upstream of the cylinder, flow velocity decreases as it
gpproaches the cylinder. FHow velocity is aso reduced downstream of the cylinder. Thisresultsin
aress of low shear upstream and downstream of the cylinder. Areas of higher shear exist on either Sde
of the cylinder asthe flow accelerates around the cylinder. Figures 3.11 and 3.12 show the contours
for test scenarios SC4A and SC4B. Again, shown particularly for the high flow condition in Figure
3.12, low shear exigts upstream and downstream of the cylinders with areas of higher shear as the flow
accelerates between the cylinders. The contours for the remaining scenarios are given in the Appendix

A.

How
Direction
®

T
0.05

Figure 3.9. C1A Shear Stress (Pa) Contours. Q = 0.0045nm™s™,
Average Shear = 0.8 Pa, Minimum Measured = 0.1 Pa, Maximum Measured = 1.76 Pa.
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Figure 3.10. C1B Shear Stress (Pa) Contours. Q = 0.010m™s™,
Average Shear = 2.27 Pa, Minimum Measured = 1 Pa, Maximum Measured = 2.9 Pa.
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Figure 3.11. SCAA Shear Stress (Pa) Contours. Q = 0.0045ns?,
Average Shear = 0.73 Pa, Minimum Measured = 0.16 Pa, Maximum Measured = 1.3 Pa.
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Figure 3.12. SC4B Shear Stress (Pa) Contours. Q = 0.010 ™,
Average Shear = 1.24 Pa, Minimum Measured = 0.5 Pa, Maximum Measured = 1.6 Pa.

The totd form shear was determined by summing individua eement drag within the tet array and
dividing by the area of the test array (0.145 ). Tota shear is the sum of particle shear and form

shear. Theresultsaregivenin Table 3.3.
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Table 3.3. Reaults: Scenario, | , b, tg, tg, tgft.

Scenario I b ts tr t s/t
Cl1A 0.0043 147 0.80 0.40 0.664
CliB 0.0062 178 2.27 1.27 0.642
R1A 0.0042 285 0.96 0.31 0.757
R1B 0.0066 345 1.80 2.01 0.472

TL1A 0.0061 246 0.99 0.12 0.889
TL1B 0.0088 298 1.72 2.61 0.397
TS1A 0.0025 279 125 0.16 0.888
TS1B 0.0042 338 2.07 1.49 0.582
C4A 0.0181 147 0.83 121 0.407
C4B 0.0319 178 0.99 4.52 0.179
SC4A 0.0058 147 0.73 0.64 0.535
SC4B 0.0095 178 124 2.35 0.346
CoA 0.0476 147 0.78 1.99 0.282
CoB 0.0912 178 1.19 7.94 0.130
SCOA 0.0143 147 0.76 1.84 0.293
SCoB 0.0244 178 0.97 5.22 0.156

Shear Stress Partition Theory
The shear stress partitioning theory described by Raupach (1992) provides a predictive relationship for
edimating the fraction of tota shear stress acting on the surface. A significant advantage of Raupach’s
approach in comparison to other partitioning theories (Arya, 1975; Wooding et d., 1973) isthat it is
free of adjustable congtants. The theory was developed for wind erosion and is gpplied to water with
modifications. Theratio of surface shear to tota shear predicted by Raupach (1992) is

t 1

t_ 1+ bl

(3.17)

wheret s is the surface shear stress, t isthetotal shear stress, b istheratio of ement drag coefficient to
particle drag coefficient without elements, and | is the roughness density, or

b= % (3.19)
S
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Nbh
; ( )

where Cx isthe drag coefficient for asingle dement, Cs is the particle drag coefficient without eements,
N is the number of elements, b and h are the height and width of the eement, respectively, and A isthe

total ground surface area.

As an dlternative theoretical approach, Wooding et a. (1973) suggest that (t r/t )2 varies linearly with
log(/1) or

aédv

9" = AlogZ 0+ B (3.20)
e| @

Application of Equation 3.20 requires that two parameters be fitted to the experimentaly observed
data

The mean squared error is used to eva uate the predictive theories and is defined as

N
é. (XOi - Xpi )2
ME== (3.22)
N
where X0 and Xp; are defined as the observed and predicted values of theratio of particle shear velocity

(u-s) to total shear velocity (u-), or

us ST _at o (3.22)
u, 4ﬁ/r et g

Evaluation of Shear Partition Theories

In Raupach’s origind development, the parameter b (Equation 6.17) is assumed constant. For the
open channd flow conditions of this study, the value was adjusted for flow conditions. Details of this
adjustment are given first. The theories of Raupach (1992) and Wooding et a. (1973) are then
evaluated with the observed vaues.
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Let's condder the particle drag coefficient without eements defined as

ts

CS:rU2

(3.23)

where U (ms?) is the average velocity (Raupach, 1992). The vaue of Cs was determined indirectly
from measurements of bed shear and velocity for flow conditions without form elements. For open
channel flow, the average boundary shear stressis

ts=rgRS (3.24)
wherer (kg isthe density of water, g (ms?) is acceleration due to gravity, R (m) isthe hydraulic
radius, and S (mxni?) isthe dope. For aconstant Sope of 1%, the flow rate was varied from 0.003 to
0.027 ms™. Flow depth was measured with a pointgage equal distance upstream and downstream of
the midpoint of the test section (Spanning a distance of 0.94 m). Average boundary shear was
calculated from Equation 3.24. Average velocity (mvs™) was determined as

-~ (3.25)

where Q isflow rate (nts?) and A is cross-sectiond area of flow (nf). Particle drag coefficient
without €lements was then calculated using Equation 3.23. Theresults are shown in Figure 3.13. The
best-fit nonlinear equetion is

C, = 0.0016Q 2 (3.26)
where Cs and Q are previoudy defined, and RZ = 0.95.

Although observed vaues in Figure 3.13 are used in this study, an estimate of Cs using widely reported
Manning'snisdesrablefor fidd gpplication. By usng Manning's equation

U =% RS/ (3.27)

where n is the dimensionless roughness coefficient and the constant (1) has units of m”*s™ (Streeter and
Wylie, 1985) to determine average flow velocity and by using Equation 3.24 for bed shear, Cs can be
defined directly from Equation 3.23 as
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_n?gr/:

C
s 1

(3.28)

and Cs isnow defined for known n and R vaues. Manning's roughness coefficient was determined
experimentally by measuring the flow depth across the test section for various flow rates. A vaue of
n=0.012 was caculated from Equation 3.24. The Cs vaues computed by Equation 3.28 for n=0.012

are compared to actual measurementsin Figure 3.13.
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Figure 3.13. Particle Drag Coefficient as Function of Flow Rate.

At low flow rates where the rough floor contributes the mgority of the overdl shear, the valuesarein
close agreement. Asflow rate (and depth) increases and the smooth side walls contribute more to the

average boundary shear, the actud vaues are, in generd, dightly less than theoretica vaues.

Asthe particle drag coefficient varies with flow depth and velocity, so does the parameter b (assuming
acongtant Cg vaue). Asdetermined in Chapter 2, the average drag coefficient varies with eement
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shape and isrelatively independent of flow depth. The average drag coefficients reported in Chapter 2
for cylinders, rectangles, trapezoids-large base, and trapezoids-small base are 0.8, 1.55, 1.34, and
1.63; respectively. The resulting relationship for b isafunction of flow depth as shown in Figure 3.14.
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Figure 3.14. b Versus Flow Depth, Cg = 0.8, 1.34, 1.55, and 1.63.

According to Raupach (1992), the shear stress partition given in Equation 3.17 varies with roughness
densty (I ) and b which is dependent on the flow depth. The solution of Raupach’s equation, defined
using shear velocities, is shown in Figure 3.15, asafunction of | and for four vauesof b.
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For wind erosion field conditions, b is often assumed constant (Wyait and Nickling, 1997) and the
patitionisthen afunctionof I only. However, as previoudy described, b varies with flow depth.
Therefore, a unique function is obtained for the product of b and | .

The prediction of shear partition using the theory of Raupach (1992) for the conditions of the
experimentd runsis shown in Figure 3.16. The observed vadues for the sxteen runs are dso shownin
Figure 3.16. These values have accounted for differencesin Cr based on element shape. The
messured results are reasonably represented by the theory of Raupach (1992).
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Figure 3.16. Shear Partition Theory (Raupach, 1992) and Measured Vaues.

According to Raupach (1992), the shear partition isinggnificant (t s/t very smdl) when | isgreater than
0.03t00.1. Marshdl (1971) found | ranged from 0.0209 to 0.0417 when surface shear became
negligible. The observed partition (t s/t) reaches values of 0.1 to 0.2 for roughness dengtiesin the

range of 0.03 to 0.09, which issmilar to those studies.
The prediction of the shear partition using the theory of Wooding et al. (1973), as described in

Equation 3.20, for the conditions of the experimenta runsis shown in Figure 3.17. Also shownin

Figure 3.17 are the observed values for the sixteen runs.
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The M SE as determined from Equation 3.21 is 0.018 and 0.017 for the theories of Raupach (1992)
and Wooding et d., (1973), respectively. The MSE for the theory of Wooding et d. (1973) issmdler
than the M SE of Raupach (1992)' stheory. Thisis expected because the equation isfitted to the data
directly. Although both provide smilar MSE, a sgnificant advantage of the Raupach (1992) theory is
that it isfree of adjustable congtants. Another limitation of Wooding et d., (1973) isthat it predicts
vaues of (tr/t)Y? > 1, whichisphysicaly impossble

SUMMARY

Vegetation is an important eroson control measure that protects the soil surface from raindrop impact.

V egetation dso partitions the total shear of the flow into one component acting on the vegetation (form
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shear) and the remainder acting on the intervening soil surface (particle shear). It isthe portion acting on
the soil surface that is responsible for particle detachment by surface runoff. Theratio of particle shear
to total shear isreferred to as the shear stress partition.

This study evauated the partition for idedlized vegetation in overland flow. |1deslized shapes were used
to model the geometric characterigtics of vegetation. A unique laboratory flume with amovable test
section floor was designed and used in conjunction with hot-film anemometry to measure the spatiad and
tempora variations in particle shear over arange of dement dengties. Form shear was measured on
individual dementswithin thetest aray. Tota form shear was then determined by summing the drag on
dl dementswithin the array. Totd shear was then determined by summing particle shear and form

shear.

Element densitieswere 1, 4, and 9 elements per 0.145 n. Flow rates were 0.0045 ns™ and 0.0105
mes™. This combination resulted in sixteen test scenarios and arange of roughness dengty from 0.0025
t0 0.0912. The observed partition reaches a value of 0.1-0.2 at roughness dengties in the range of
0.03 to 0.09.

Shear dtress partitioning theories of Raupach (1992) and Wooding et d. (1973) were eva uated for their
effectiveness at predicting the ratio of average particle shear to total shear. Both adequately represent
the experimentally determined partition. A significant advantage of Raupach’s (1992) theory isthat it is
free of adjustable congtants. Future work is needed to investigate a wider range of test scenarios and to
link the results from idedlized shapes to actud vegetd dements.
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CHAPTER 4
SUMMARY AND CONCLUSIONS

The primary focus of research activities is an experimenta evauation of the concept of shear stress
partitioning. Water movement across a rough surface exerts a shear force on the surface. Part of the
tota force is exerted on the large-scal e surface roughness (form shear) and the remainder is on the soil
particles (particle shear). The sgnificance for eroson prediction isthat it is the fraction acting on the ol
particles that is respongible for particle detachment. This concept is gpplied to idealized vegeta
dementsfor overland flow. Vegetation iswidely used at congruction Sites to sabilize earth (hill) dopes

and protect againgt soil eroson. Severa objectives were achieved through this research.

Methodology was developed for measuring the shear partition for overland flow. This conssted of the
design and congtruction of |aboratory scae instrumentation to measure the individua components of the
partition. Unique insrumentation systems were developed to measure both the drag forces on individua
rigid eementsin overland flow, as well as detailed measurements of particle shear.

The ingrumentation to measure drag force conssts of aload cdl in linewith alow friction linear dide. A
threaded rod isrigidly connected to the dide and the eement is threaded onto the free end of the rod.
Drag force on the element causes linear movement in the dide, resulting in atensle force for the load

cdl. The force was measured as voltage from the load cell.

The instrumentation to developed to measure particle shear conssts of a unique laboratory flume
combined with hot-film anemometry. The designed and congtructed flume conssts of amovable test
section floor with asingle hot-film sensor mounted in the center. The movable floor is connected to
computer driven, linear motion guide rails. This system dlows precise movement inthe X and Y
direction such that the sensor can be placed at any location within a0.28 m by 0.28 m measurement

area. A flush-mounted hot-film sensor and constant temperature therma anemometer were used to
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measure high-frequency fluctuations in shear stress. This combination of instrumentation systemsis
capable of measuring detailed spatia and tempord variaionsin shear stress.

To determine the shear partition for idedlized vegetation, three element dengties were sudied: one, four
and nine dements per 0.145 n?. Four idedlized shapes were used to represent geometric
characterigtics of vegetation: cylinders, rectangles, trapezoids with large base a bottom, and trapezoids
with small base at bottom. Flow rates were 0.0045 and 0.0105 n’s™, resulting in arange of flow
depths from 0.022 m to 0.058 m, and average flow velocities from 0.39 to 0.78 ms™. These densities
correspond to depth/spacing ratios of 0.039 to 0.20. For each test scenario (16 total), atime series of
particle shear was measured at between 32 and 41 |ocations (dependent on eement density). Drag
force was measured on al dements within the test array. From these measurements, total form shear
and average particle shear were determined. Tota shear was the sum of the form and particle shear.
Particle shear ranged from 13 to 89% of the total shear. This range indicates the importance of
partitioning in understanding detachment processes.

Two shear partitioning theories were evaluated (Raupach, 1992 and Wooding et al., 1973). Both were
originaly developed for wind eroson and modifications were made to account for overland flow. In
addition to measuring the partition, a separate experiment was conducted to determine the
dimensionless drag coefficient for each of the idedlized shapes. The theory of Raupach (1992) is
dependent on this coefficient. In the range of flow conditions investigated, average drag coefficients for
non-submerged cylinders, rectangles, trapezoids with large base at bottom, and trapezoids with small
base at bottom, are 0.8, 1.55, 1.34, and 1.63, respectively. Based on the observed values for the
partition, both theories adequately represent the data. A significant advantage of Raupach’ stheory is
that it isfree of adjustable parameters.
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APPENDIX A

SHEAR STRESS CONTOURSFOR DIFFERENT
TEST SCENARIOS
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Figure A.1. Shear Stress Contours. A) Test Scenarios C1A and B) Test Scenario C1B
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Figure A.2. Shear Stress Contours. A) Test Scenarios R1A and B) Test Scenario R1B.
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Figure A.3. Shear Stress Contours. A) Test Scenarios TL1A and B) Test Scenario TL1B.
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Figure A.4. Shear Stress Contours. A) Test Scenarios TS1A and B) Test Scenario TS1B.
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Figure A.5. Shear Stress Contours. A) Test Scenarios C4A and B) Test Scenario
C4B.
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Figure A.6. Shear Stress Contours. A) Test Scenarios SC4A and B) Test Scenario

SCA4B.
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Figure A.7. Shear Stress Contours. A) Test Scenarios COA and B) Test Scenario C9B.
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Figure A.8. Shear Stress Contours. A) Test Scenarios SC9A and B) Test Scenario SCOB.
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