ABSTRACT
Streambank Erosion Assessment in Non-cohesive Channels Using Erosion Pins
and Submerged Jet Testing, Dallas/Fort Worth, Texas
David K. Coffman, M.S.
Mentor: Peter M. Allen, Ph.D.
The objective of this research was to determine if a submerged jet test could be
used to predict the erodibility of non-cohesive streambank materials. The study area was
the Dallas-Fort Worth Metroplex located within the Blackland Prairie, Texas.
Streambank erosion rates were monitored for an eight month period in a 90 sq. km.
watershed using erosion pins and water level data loggers. Five study sites, with drainage
areas ranging from 3-41 sq. km, were monitored, and submerged jet tests were performed
on six samples of original, undisturbed bank material.
Field monitoring produced cumulative erosion losses of 27-150 mm over the
study period. Submerged jet test erodibility coefficient values ranged from 0.00190.0345 cm/hr/Pa for field saturated and field dried samples. The submerged jet test
results, adjusted for flow duration and associated applied shear stress, were within 38-47
percent of the field erosion. This corresponds to an overall error of plus or minus one
centimeter over an eight month period. This study is the first to compare submerged jet
test results to monitored field erosion rates in non-cohesive streambank materials.
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CHAPTER ONE
Introduction
Streambank erosion is a dynamic, natural process that occurs as streams and
rivers meander across the landscape.

Urbanization and increases in runoff from

impervious surfaces decrease time of concentration, increase peak discharges, and thus,
promote increases in bank erosion, channel scour, and sediment loads (Morisawa and
LaFlure, 1979; Simon and Rinaldi, 2000; Staley et al., 2006). In the United States (US),
575,000 miles of streambanks are actively eroding, with an estimated 142,000 miles of
those stream banks experiencing severe erosion problems (USACE, 1981). The annual
costs associated with repairing erosion problems is estimated at $1.1 billion (USACE,
1981) with a cost of $55 to $75 million spent annually in the Dallas, TX area (Allen et
al., 1999).
Streambank erosion is a dominant source of sediment in river systems with
contributions to total sediment load as high as 37 to 92 percent worldwide (Jha et al.,
2005). Sedimentation is the fourth leading cause of water quality impairment (USEPA,
2005), and reclamation costs upwards of $16 billion annually have been reported in the
US (ARS, 2003).

Sediment transports pollutants such as heavy metals, nutrients,

bacteria, and viruses that decrease water quality and can generate algal blooms
downstream (Price and Lovett, 2002; Staley et al., 2006).
Streambank erosion has been associated with stream channels shifting distances
of 14-100 meters per year in the US and up to 824 meters per year worldwide (Jha et al.,
2005). These shifts endanger infrastructure, such as bridges and pipelines, floodplain
1

residents, and riparian ecosystems (ASCE, 1998; Jha et al., 2005; Wynn and Mostaghimi,
2006).

A quantitative understanding of streambank erosion is necessary to predict

channel migration rates and sediment loads to water supply reservoirs, determine
structural set-back requirements, and for stream restoration channel design.
Processes of Streambank Erosion
There are three primary processes that contribute to streambank erosion:
subaerial processes (SAP), fluvial erosion, and mass failures (Wolman, 1959; Thorne,
1982; Lawler, 1992 and 1995; Jha et al., 2005). SAP are climate-controlled, weathering
phenomena that serve to weaken bank material and decrease stability (Thorne, 1982).
The severity of SAP on streambanks depends on bank size, geometry, structure, the
physical and chemical properties of the bank material, and climate conditions. SAP
include climate induced frost heave, soil desiccation, and soil swelling.

SAP are

considered prepatory processes that weaken bank material and make it more susceptible
to erosion by flowing water (Wolman, 1959; Thorne, 1990; Lawler, 1993; Green et al.,
1999; Couper and Maddock, 2001).
Fluvial erosion is the process by which flowing water directly entrains and
transports bank material downstream, or scours the base of the bank (Thorne, 1982).
Flowing water generates a shear stress on the streambank, and the stream bank material
produces an opposing shear stress (Thorne, 1982; Thorne et al., 1997; Hanson and Cook,
1997; Knapen et al., 2007). Streambanks erode when the stress produced by the bank is
overcome by the stress produced by the flowing water (Briaud et al., 2001). SAP and
mass failure both reduce the strength of bank material and make is more prone to fluvial
erosion.
2

Mass failure in stream banks can be caused by a number of phenomena. As
fluvial erosion removes material from the base of the bank, the bank becomes
oversteepened and unstable as the slope angle exceeds the friction angle, which can
initiate gravitational failure of the intact bank (Thorne, 1982). SAP can form vertical
tension cracks at the tops of banks. Upon wetting, disproportionate swelling of clays in
the bank material and increased pore water pressure due to increased pore water pressure
can induce failure and (Thorne, 1982; Greenway, 1987; Davidson et al., 1991). Positive
pore water pressures, created by rapid draw-down of water from the face of the bank, can
induce failures (Simon, 1989). Other processes inducing failure can include removal of
basal material by groundwater piping, hydrostatic uplift of lower bank materials, or
liquefaction (Thorne, 1982). In all cases, material introduced into the channel by mass
failures will either be removed by fluvial erosion or help to stabilize the toe of the bank
by decreasing the bank angle (Price and Lovett, 2002).
Non-cohesive materials erode differently than cohesive materials, and different
bank material properties have been shown to influence the erosion of non-cohesive and
cohesive materials (Grissinger, 1982). In many cases, non-cohesive materials have been
shown to erode through the entrainment of individual particles, while cohesive materials
exhibit aggregate erosion. Raudkivi (1990) suggested that the erodibility of soils with
less than 10 percent clay is controlled primarily by grain size. Briaud et al. (2001)
illustrated that the threshold shear stress that must be reached for non-cohesive materials
to erode is directly related to individual particle size, and that particle size does not
correlate to the erosion of fine-grained cohesive materials. They continued by stating that
erosion in sandy material is influenced primarily by gravitational forces, while the
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erosion of fine grained soils significantly influenced by electrostatic and electromagnetic
inter-particle forces. Couper (2003) stated that materials with high silt-clay content are
more affected by SAP, making them more susceptible to fluvial erosion. Additionally,
heterogeneous bank materials often exhibit differential erosion (Grissinger, 1982). More
erodible components of the bank material are removed first, leaving the more resistant
components prone to gravitational failure over time.
Erosion Prediction
The prediction of erosion is complicated. There are numerous properties of
streambank materials that affect erosion rates (Lyle and Smerdon, 1965). Among these
are texture (particle size and distribution), ambient soil moisture conditions, fluid pore
pressure, compaction (void ratio, bulk density, consolidation with time), shear strength,
soil dispersion, Atterberg limits, organic matter content, chemical properties of grains and
pore water, and pH (Grissinger, 1982; Knapen et al., 2007). Environmental factors
influencing erosion rates include SAP; soil temperature; vegetation; longitudinal channel
slope; bank height and angle; flow duration; velocity; and frequency; radius of stream
channel curvature; sediment load of the eroding water; and flow hydraulics (Thorne,
1982; Grissinger, 1982; Allen et al., 1999; Wynn, 2004; Knapen et al., 2007).
Erosion can be directly measured in the field using erosion pins (Wolman, 1959;
Haigh, 1977; Hooke, 1980; Thorne and Tovey, 1981; Lawler, 1993; Couper and
Maddock, 2001; Couper et al., 2002; and Zaimes et al., 2005; Capello, 2008), time series
photogrammetry (Wallick et al., 2006; Larsen et al., 2006), or by resurveying cross
sections (Larsen et al., 2006). The use of the latter two methods becomes problematic
because datasets often lack sufficient resolution and temporal distribution.
4

Aerial

photography does not work well on narrow channels where the view of the channel is
obstructed by trees. Aerial photography is best suited for use in studies assessing erosion
in large rivers.
The most widely accepted method for modeling erosion is a modification of
Duboy’s (1879) channel scour equation for rivers by Foster (1982) known as the excess
shear stress equation (Knapen et al., 2007):
Er = K (τ a − τ c )

b

where Er is the erosion rate in units of depth per time, K is the erodibility coefficient, τa is
the applied shear stress, τc is the critical stress, and b is an exponent assumed equal to 1
(Hanson and Simon, 2001). K and τc are properties of the soil used to express the soil’s
resistance against concentrated flow erosion (Knapen et al., 2007).
Various laboratory and field techniques have been employed in attempts to
produce erodibility values for soils and streambank materials. These include large-scale
field plot experiments, laboratory flume experiments, pin-hole erosion devices, rotating
cylinder apparatus, and circular flumes, disks and impellers (Grissinger, 1982; Allen et
al., 1997; Briaud et al., 2001; Knapen et al., 2007). Field plot experiments most closely
mimic reality (Knapen et al., 2007), but involve complicated set-up procedures, require
large amounts of water, are very time consuming and costly, and are not as controlled as
laboratory experiments. Laboratory experiments are easily setup and can be completed in
a reasonable amount of time. The problem with laboratory testing methods such as
flumes and other laboratory experiment devices is that they commonly use a completely
homogeneous and remoulded sample, or a very small sample. This remoulding destroys
natural soil structure (vertical variations in bulk density and moisture content) and soil
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surface conditions (roughness) (Grissinger 1982; Knapen et al., 2007). In an experiment
designed to test the differences in erosion studies utilizing remoulded samples versus
those using natural, undisturbed soils with the same soil properties, Zhang et al. (2005)
found that particle detachment rates were 23 times greater for the remoulded samples
than for the undisturbed samples. Small samples lack the heterogeneity and surface
conditions of materials in the field. Circular flumes and impellers measure erosion under
flow conditions that are very different from open channel flow (Nearing et al., 1991).
Another approach is the use of the USLE (Universal Soil Loss Equation) K factor,
that was developed for sheet and rill erosion prediction (Dickinson and Scott, 1979;
Knisel, 1980), for predicting stream erosion.

This method has been found to be

inadequate after Laflen et al. (1991) showed that rill erodibilities and critical hydraulic
shear values did not correlate with USLE K values.
The Erosion Function Apparatus (EFA) was developed to determine scour rates of
fine and coarse grained soils (Briaud et al., 2001). The EFA is a laboratory testing device
that measures the erosion of a 76.2 mm diameter soil sample by subjecting it to water
flowing through a 101.6 mm by 50.8 mm rectangular pipe. While the samples used in the
EFA are composed of undisturbed soils material, the samples are too small to exhibit the
heterogeneity and surface conditions that are present in the field.
A submerged jet test was developed and validated by Hanson (1990a, 1990b,
1991; ASTM D5852-95), Allen et al. (1997, 1999), and most recently Capello (2008) for
use in determining erodibility coefficients. The original submerged jet apparatus by
Hanson (1990a, 1990b, 1991) was used for in situ soil erodibility testing and used a jet
nozzle with a diameter of 1.27 centimeters, 1,000 gallons of water or more per test, and
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was cumbersome to set up and use. Hanson’s (1990a, 1990b, 1991) original submerged
jet apparatus design was modified and used in situ by Allen et al. (1997, 1999) and used a
smaller, 0.635 centimeter, nozzle that required far less water (325 gallons per test) and
was much easier to set up for field testing. This submerged jet apparatus could be set up
and run in under three hours. It typically used a pick-up truck mounted 325 gallon water
tank as a water supply, but could also be fixed with a generator-powered submersible
pump in areas with a sufficient water source such as a perennial stream bottom. The
submerged jet test was later modified for use in a laboratory setting. More recently, field
techniques to extract large, in situ, soil samples of non-remoulded, original material from
the field were developed by Capello (2008), along with multiple jet testing. Capello
(2008) also developed a submerged jet test device that was capable of running three
samples in less than 1.5 hours.

The submerged jet test is an accepted means of

determining erodibility by concentrated flow (ASTM D5852-95).
Goals and Objectives
The primary objective of this research is to determine if a submerged jet test can be
used to predict the erodibility of non-cohesive sediments of the Dallas-Fort Worth Metroplex,
Texas. Over 30 laboratory studies and 60 field studies have been performed to measure the
erosion and erodibility of stream bank materials. Capello (2008) was the first study to assess
the applicability of laboratory test procedure to model erosion in fine grained bank materials.
This is the first study that compares the results of a laboratory procedure to actual measured
erosion rates of non-cohesive streambank materials. The results of this research give insight
into the applicability of a simple, low cost, and time efficient test procedure to assess erosion
rates for the purpose of streambank erosion assessments. Specific goals of this study are:
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1. Produce quantitative erosion rates in non-cohesive sediments based on stream
channel and bank morphology and measured flow dynamics;
2. Test bank material using a laboratory submerged jet test apparatus;
3. Compare actual in situ field erosion rates to those produced by a laboratory
submerged jet test apparatus coupled with cumulative flow durations and
applied shear stresses;
4. Produce a model to predict streambank erosion in non-cohesive sediments.
Study Area
Location
The study area is located in the Timber Creek watershed, which drains
approximately 90 sq. km. in southeastern Denton County, Texas (Figure 1).

Its

headwaters originate in the lightly developed agricultural area west of Flower Mound,
TX. The stream then flows eastward through the densely urbanized cities of Flower
Mound and Lewisville, TX to the Elm Fork of the Trinity River.
Physiography
The Timber Creek watershed is located at the junction of the western-most
regions of the Blackland Prairie, and the Eastern Cross Timbers physiographic provinces.
These regions are characterized by low rolling hills and plains with elevations ranging
from 135-300 m, and these regions are underlain by Cretaceous sandstones, limestones,
and marls (Bureau of Economic Geology, 1996).
Geology and Soils
The Timber Creek watershed is underlain primarily by the Cretaceous Woodbine
Formation (Fm.), with lesser areas underlain by Quaternary and Tertiary terrace and
8

Figure 1. A map showing the location of the study area located in Denton County,
Texas.
alluvial deposits and the Cretaceous Eagle Ford Formation (Figure 2). The Woodbine
Fm. is a complex formation of massive sandstones and sands with interbedded and
interfingering clays and shale. The unit averages approximately 76 m thick in the DallasFort Worth Metroplex area, strikes N30°E, and dips approximately 7.6 meters per
kilometer to the southeast (Dodge, 1952).

Dodge (1952) described four distinct

lithologies in the area; the basal clay, lower sandstone, upper clay, and upper sandstone
(Figure 3), but no dependable mapping units. The monitoring sites are located within the
upper sandstone and upper clay members. The upper sandstone ranges in thickness from
6.1-8.5 m and is composed primarily of yellow to brown fine quartz sandstone and clayey
9

sands. The upper clay is the largest of the four members, ranging in thickness from 2732 m, and consists of brown and gray shale and clay alternating with beds of sandstone.
The materials comprising the Woodbine Formation originated from the Paleozoic
sedimentary rocks and weakly metamorphosed sedimentary rocks of the Ouachita
Mountain system in southern Oklahoma and Arkansas (Oliver, 1971). These materials
were subsequently deposited in a complex of nearshore environments adjacent to the
broadly subsiding basin that covered most of the north-central Texas during the
Cretaceous.
Soils in the watershed belong to the Birome-Gasil-Callisburg soil association and
are generally described as moderately deep and deep soils in upland savannahs (Ford and
Pauls, 1980). This association contains well drained, gently sloping to moderately steep,
loamy soils that have moderate to slow permeability. The soils are described as being
best suited for pasture and urban development because of their low shrink swell potential.
These soils are prone to erosion under cultivated conditions. The riparian vegetation in
the watershed is comprised primarily of grasses, shrubs, and hardwood trees such as
American elm (Ulmus americana), pecan (Carya illinoensis), bur oak (Quercus
macrocarpa), live oak (Quercus spp.), and sugarberry (Celtis laevigata).
Landuse
Landuse in the Timber Creek watershed has changed over the past 150 years from
rural farmland to urban single family housing, multiple family housing, and industrial
(Figure 4). Many small tributaries draining less than 16 sq. km. have been channelized
into concrete channels or culverts. Increased urbanization has three primary effects on
watershed hydrology: more total surface runoff due to increases in impervious cover,
10

larger and more frequent floods, and (Morisawa and LaFlure, 1979). These hydrologic
changes influence channel flow and morphology by increasing flow velocity which
causes channel incision and widening. Stream channels affected by urbanization will
continue enlarging until equilibrium can be reached between the new hydrologic
conditions and channel morphology. These equilibrium conditions are typically not
achieved until urbanization in the watershed ceases (Morisawa and Laflure, 1979).
Channel degradation has been shown to threaten many urban improvements in the
Timber Creek watershed such as streets, bridges, homes, retaining walls, utility lines,
walking paths, and parks (Allen et al., 2007).

Figure 2. Geology of the Timber Creek watershed with streams, showing the
distribution Quaternary, Tertiary, and Cretaceous formations.
11

Figure 3. A stratigraphic column of the Woodbine Formation near the study area, and
the individual site locations, and their drainage areas, within the stratigraphy.

12

Figure 4. A map showing the landuse distribution in the Timber Creek watershed.

Different channel reaches in the watershed can be categorized as being in stages I,
II, III, and IV of the Channel Evolution Model (CEM) (Watson et al., 1988). These
stages relate to channels being stable, degrading, degrading and widening, and aggrading
and widening (Figure 5). The majority of the study reaches are in stages II and III of the
CEM.

13

Figure 5.

Pictorial representation of the channel evolution model after Watson et al.
(1998) by Allen et al. (2007).

Hydrology and Climate
Timber Creek flows into the Elm Fork of the Trinity River. The Trinity River
basin is Texas’ most populated river basin containing over 20 percent the state’s
14

population (Trinity River Authority, 2008). The Trinity basin supplies water to over 50
percent of the state’s population, or 10 million people and drains an area of over 4.65
million hectares.
The climate of Denton County is described as humid subtropical with hot, dry
summers, mild winters, and wet springs and falls (Ford and Pauls, 1980).

Daily

maximum temperatures average 15° C in the winter and rise to an average of 36° C in the
summer. The average annual precipitation in the study area is approximately 840 mm.
The total rainfall in the study area over the eight month monitoring period was 581 mm;
this is 14 mm above normal. Rainfall amounts during the monitoring period in March
and April were, on average, 103 percent higher than normal. The remaining months
during the monitoring period experienced, on average, 42 percent lower than normal
precipitation (Figure 6).
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Figure 6. Comparison of the average monthly precipitation and the monthly
precipitation during the monitoring period (NOAA, 2008).
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CHAPTER TWO
Methodology
Initial investigation of channel erosion in the study area led to the establishment
of six field study sites in the Timber Creek. Each field site was located on the outside of
a channel meander in an area void of vegetation and experiencing minimal disturbance
from direct urban impacts such as stormwater drains or bridges. The site locations were
chosen to be representative of different flow regimes and channel processes within the
watershed. They were placed on banks of generally uniform composition in order to ease
the process of comparing erosional processes at different bank elevations. Finally, they
were placed on meanders that were severely eroding, as these areas supply most of the
sediment to the channel (Zaimes et al., 2005). A severely eroding bank is described as
being bare with mass failures, vegetative overhangs, and/or exposed tree roots (USDANRCS, 1998).
Channel Properties
Sites were placed in 1st to 3rd order (Strahler, 1957) incised streams with bank
heights ranging from 1.8-5.3 meters and bank angles from 27-90 degrees (Figure 7).
Each monitoring area was approximately 6 meters in length, located in the most severely
eroding section of the meander within watersheds ranging from 3-41 sq. km. Bank
materials ranged from clay to large gravel, and bed material consisted of large gravel and
cobbles. Two sites had sandstone bedrock channel bottoms. All sites were located near
urban development features such as homes, walking paths, or playgrounds.
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Channel dimensions were measured with a line tape and range pole to determine
cross-sectional area, width, depth, and bank slope (Harrelson et al., 1994). Thalweg
elevations and slopes were determined using a Global Positioning System (GPS) reciever
in combination with USGS 7.5-minute topographic maps (Figure 8). Active channel
dimensions in the incised channels were determined by locating the tops of depositional
gravel bars (Simon and Castro, 2003). The active channel is commonly described as the
channel dimensions that contain the bankfull discharge (ie., the discharge that occurs, on
average, every 1 to 2.3 years). In this watershed, the bankfull discharge correlated to the
0.5 year recurrence interval flood.

Figure 7. A map of the Timber Creek watershed and its subbasins. The dots are the
locations of the study sites and the different colors represent stream order of
the reach being monitored.

17

Figure 8. Plot of channel thalweg elevation in the downstream direction. The blue dots
indicate the location of sites 1, 3, and 6 on the main channel of Timber Creek.
The red dots show the locations of sites 4 and 5 on a tributary of Timber
Creek. The yellow dot shows the position of site 2 on a small tributary to the
main channel of Timber Creek.
Bank Material Properties
Soil samples were collected adjacent to erosion pin sites on each bank. Samples
were collected with a 7.1 centimeter long, 7.1 centimeter diameter, steel tube for bulk
density analysis. These samples were weighed, dried for one day at 105°, and reweighed
to determine the bulk density (ASTM D2937-942). Grab samples were collected in one
gallon plastic bags for determination of soil moisture content (ASTM 2216) and taken
back to the lab. The dry samples were sieved using a motorized shaker for 10 minutes
with sieve sized suggested in ASTM 422. All the material that passed through the #100
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sieve (0.149 mm) was analyzed using a laser particle size analyzer to obtain a detailed
distribution of the fine-grained particles (Malvern Mastersizer, 1994). The fines samples
were placed in vials with deionized water and sodium metahexaphosphate; a defloculant
used to aid in the separation of clay particles. Samples were soaked for 48 hours and
shaken for 1 hour prior to being analyzed.
Erosion Pins
Erosion pins were used to monitor bank erosion at each study site (Zaimes et al.,
2005). The pins were steel rods, 76 centimeters long and 1.3 centimeters in diameter.
They were hammered in, perpendicular the bank surface, with as little disturbance to the
surrounding bank material as possible. The pins were left exposed approximately 30 mm
to aid in relocation (Couper and Maddock, 2001). Ten pins were placed at each site. One
row of five pins, spaced one meter apart, was placed at the active channel (lower bank)
height, and a second row was placed at twice the active channel (upper bank) height
(Figures 9 and 10) (Zaimes et al., 2005). The active channel height corresponds to the
flow height of a flood with a recurrence interval of 1.5 years. Over the eight month
monitoring period, the exposed erosion pins were measured with digital Vernier calipers
to determine bank erosion loss. The pins were hammered back to their original depth
after each measurement.
Flow Measurements
HOBO® Water Level Loggers were used to at each study site to record the
maximum flow height and duration of high flow events over the eight month monitoring
period. The loggers were placed as close to the monitored bank wall as possible. Each
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Figure 9. Erosion Pin setup at site 3 (22 sq. km.). Ten, 1.3 centimeter diameter, rebar
erosion pins spaced one meter apart; five at the lower bank elevation and five
at the upper bank elevation.

Figure 10. Photograph looking upstream at site 3 (22 sq. km.). The blue line indicates
the lower bank elevation and the red line shows the upper bank elevation.
20

logger was placed inside a 3.8 by 17.8 cm polyvinyl chloride (PVC) tubes, perforated
with 0.6 cm holes to allow free water flow, and covered with a nylon sock to keep fine
sediment from accumulating in the logger’s sensor aperture.
Applied Shear Stress
The applied shear stress is the amount of stress put on the channel bank by
flowing water and is a function of the density of water and channel dimensions. The
following equation was used to calculate the applied shear stress at different heights on
the stream bank:

τ a = k s ρgDS
where τa is the instantaneous shear stress applied to the bank (Pa), ks is a channel shape
adjustment factor, ρ is the density of water (1000 kg/m3), D is the depth of flow (m), and
g is the acceleration due to gravity (9.8 m/s2) (New York State Stormwater Management
Design Manual, 2003). ks is calculated with the following equation:

⎛B⎞
k s = 0.7236⎜ ⎟
⎝D⎠

0.0241

where B is the channel bottom width (m) and D is the depth of flow (m).
In this study, the above equations were adapted to calculate the applied shear
stress at the lower and upper erosion pin heights. The channel width measured at one
foot below the erosion pins was supplied for B, and τa was calculated for a range of water
heights from 0-2.7 m above the erosion pins. These values were used to produce a τa
versus depth plot to which an exponential regression equation was fit.

Using that

equation, and the water depths and durations recorded with the HOBO water level
loggers, an average applied shear stress value was calculated for each monitoring event.
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This method for calculating τa produces results for straight reaches. A correction
factor was applied to account for the increase in shear stress caused by increased flow
velocities associated with water flowing through a meander bend. The correction factor
is referred to as the dimensionless bend coefficient (Washington Department of Fish and
Wildlife, 2004) and is calculated using the following equation:

Kb = 2.4e −0.0852 ( Rc / b )
where Kb is the dimensionless bend coefficient, Rc is the radius of curvature, and b is the
channel width. The coefficient was employed by supplying the channel width at 0.3 m
below the erosion pin height and multiplying by τa. This method produced a more
realistic applied shear stress value for the sites located on meander bends.
Field Erodibility Coefficients
Field erodibility coefficients (Kfield) were calculated for comparison to the
erodibility values produced by the submerged jet test. Kfield values were computed using
the following equation:
K field = E p × Dw × τ a

where Kfield is the field erodibility coefficient (cm/hr/Pa), Ep is the measured pin erosion
(cm), Dw, is the wetting duration (hr), and τa is the applied shear stress (Pa) (Capello,
2008).
Submerged Jet Testing
The bank material at each site was tested with a submerged jet test device to
determine its erodibility. Samples were collected at each site with a 20.3 centimeter long,
20.3 centimeter diameter steel tube with 6.35 millimeter thick walls (Figure 11). The
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coring device was driven into the bank wall with a sledge hammer (Figure 12). It was
then removed using a shovel, and the sample was extracted using a pneumatic ram that
attaches to the tube. This produces an undisturbed, representative in situ sample of the
bank material. Once the sample was extracted, it was wrapped in plastic sheeting to
ensure that it retained its field moisture properties and taken back to the lab for testing.
The submerged jet test device, after Hanson (1990b) and Allen et al. (1997), was
modified by Capello (2008) to provide a means for conducting three simultaneous
submerged jet tests in a laboratory setting (Figure 13). The device consists of a primary
head tank supplied by a water faucet and three variable head jet tubes to enable the
running of three simultaneous tests. The three most important factors influencing jet
scour are the nozzle diameter, the height of the jet nozzle above the sample, and the
velocity of the jet (Allen et al., 1999) (Figure 14). The nozzle diameter of this submerged
jet test device was 6.35 millimeters. The jet velocity can be varied by increasing or
decreasing the hydraulic head above the jet nozzle in the jet tubes with a series of valves.
To measure scour depths, the test was stopped every 10 minutes and a point gage, with
the same diameter as the nozzle, was lowered to the scour surface, and the change in
distance from the initial reading was recorded according to ASTM D5852-95.
Each submerged jet test sample was tested twice, once at saturated field moisture
conditions and once at dry field moisture conditions.

The saturated samples were

collected two days following a high flow event with average lower pin flow durations of
3.5 hours. Following the first run, the samples were air dried (outside) until the top three
centimeters of material reached the wilting point; a minimum filed moisture content. The
tests were run at a hydraulic head of 67 cm, producing a nozzle velocity of 3.6 m/s.
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Figure 11. Photograph of the 20.3 cm x 20.3 cm, 6.35 mm thick steel coring device with
hydraulic sample extruder, used for collecting laboratory submerged jet test
samples.

Figure 12. Photograph of the 20.3 cm x 20.3 cm, 6.35 mm thick steel coring device with
hydraulic sample extruder being used to collect a soil sample for laboratory
submerged jet testing.
24

Figure 13.

A photograph of the in-lab submerged jet test device (modified by Capello
(2008)). The devices uses water supplied from a standard sink faucet to fill
the primary head tank. Water then flows from the primary head tank to the
three, adjustable head, jet tubes. The samples are submerged in water in the
sample buckets and their height is adjusted with the scissor jacks until they
are within the appropriate distance from the jet nozzle at the bottom of the
jet tubes, which is also submerged during the entire test. Two pumps are
then used in series to recirculate the water in the system throughout testing.
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Figure 14. A simplified cross sectional schematic of a submerged jet (after Allen et al.,
1999). The primary factors influencing jet scour are the nozzle diameter,
the height of the jet nozzle above the sample, and the velocity of the jet.
The results from the submerged jet test were used to produce a jet index. The jet
index was developed by Hanson (1990a) and is a function of jet scour depth per unit time
and a velocity-time function. The jet index is defined as the slope of the least squares fit
line describing the scour depth per unit time versus the velocity-time function as
described in ASTM 5852-95.

The jet index was used to produce an erodibility

coefficient using the following equation from Hanson (1990a):

K Jet = 0.003e 385 J i
where KJet is the submerged jet erodibility coefficient(cm3/N-s), and Ji is the jet index.
Bank Erosion
Bank erosion was calculated based on the assumption that bank erosion rates, or
soil detachment by flowing water, is a function of the critical stress (τc) (the shear stress
required to initiate soil detachment of the bank material) and the shear stress (τa) applied
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to the bank by the water. As flow increases, shear stress increases until the stress
produced by the stream is greater than the strength of the bank material, and erosion
begins (Thorne, 1982). The following equation is the most common method used to
model erosion in terms of shear stress (Knapen et al., 2007):
Er = K Jet (τ a − τ c )
where Er is the erosion rate in units of depth per time, KJet is the erodibility coefficient, τa
is the applied shear stress, and τc is the critical stress. Laflen et al. (1985), Hanson
(1990a, 1990b), and Sidorchuk (2005), and have shown that in applications that where
high stresses are present, such as stream channels, τc is so low compared to τa as to be
insignificant. Therefore, the equation above can be reduced to the following, without τc:
Er = K Jet (τ a )
This equation was used in this study for modeling channel erosion. It requires only τa,
which is a function of channel dimensions and watershed hydrology, and KJet.
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CHAPTER THREE
Results
Channel Properties
The drainage areas of the six study sites ranged from 3-41 sq. km. (Figure 15).
Total watershed relief ranged from 10-21 m. Channel thalweg slopes at the sites were
0.002-0.005. Lower bank height and width ranged from 0.6-1.5 m and 4.1-12.7 m,
respectively. Upper bank height and width ranged from 1.2-3.0 m and 6.1-19.2 m,
respectively. The top of bank heights ranged from 1.9-5.7 m. Bank angles ranged from
27-73 degrees. The radius of curvature of the meanders at the study sites, determined
from aerial photographs, ranged from 18.9-23.2 m. The primary soil types in the study
area were clay loams and sandy loams with 0-3 percent slopes (Table 1).

Figure 15. The locations of the six study sites within the Timber Creek watershed and
their associated subbasins.
28

Table 1. Summary of subbasin physiographic characteristics
Site

2

4

5

1

3

6

Drainage Area
(sq. km.)

3

3

6

12

22

41

Watershed
Relief (m)

11

10

15

10

14

21

Channel Slope
(m/m)

0.004

0.005

0.003

0.002

0.002

0.002

Active Channel
Height (m)

0.6

1.2

0.4

0.8

0.9

1.5

Active Channel
Width (m)

5.8

4.1

4.2

4.2

4.7

12.7

Top of Bank
Height (m)

1.9

3.0

2.7

2.1

3.6

5.7

Radius of
Curvature (m)

23.2

22.6

18.9

21.3

22.9

22.6

Bank Slope
(m/m)

1.8

0.9

1.7

0.5

3.2

0.9

Primary Soil
Type

Wilson
Clay
Loam

Wilson
Clay
Loam

Navo
Clay
Loam

Gasil
Fine
Sandy
Loam

Navo
Clay
Loam

Birome
Fine
Sandy
Loam

Bank Material Properties
Stream bank materials consisted primarily of strata of the Cretaceous Woodbine
Fm., with the upper banks at some sites containing alluvial deposits of clay loams and
sandy loams. The bank materials were primarily composed of sand with less than 10
percent clay. The bulk density of bank materials ranged from 1.34-2.58 g/cc in the lower
banks and 1.32-2.64 g/cc in the upper banks (Table 2). The silt-clay content of the
materials was 3.7-38.4 percent and 16.8-28.1 percent in the lower and upper banks,
respectively. The clay content of the materials was 0.6-5.4 percent in the lower bank and
1.9-5.2 percent in the upper bank.
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Table 2. Summary of streambank properties
Lower Bank
Site

Drainage
Area
(sq. km.)

Bulk
Density
(g/cc)

%
Silt/Clay

2

3

1.34

5

6

1

Upper Bank
%
Clay

Bulk
Density
(g/cc)

%
Silt/Clay

%
Clay

3.67

0.61

1.32

17.62

1.9

2.32

9.11

1.31

2.21

16.97

2.16

12

2.2

3.4

5.41

2.33

18.08

5.16

3

22

2.4

27.51

2.92

2.42

26.51

3.5

6

41

2.58

18.99

2.58

2.64

24.81

2.83

Flow Measurements
The data collected with the water level loggers was used to determine the amount
of time water was flowing at or above the lower and upper erosion pin heights during the
monitoring events (Figure 16). This amount of time is termed the wetting duration. The
cumulative time that the erosion pins were not under water, or exposed, is termed the
drying duration. The wetting durations at each site were summed to produce a total
wetting duration for the entire monitoring period. On average, the wetting durations at
the lower pin elevations were 133 percent longer than those at the upper pin elevations
(Figure 17). Site 4 (drainage area 3 sq. km.) was removed from the study because a water
level logger was not installed.
The peak discharges, in cubic meters per second (cms), at each site during the
monitoring events were determined using water surface elevation data from the water
level loggers, channel dimensions, and generated channel velocities in WinXSPRO
(Hardy et al., 2005). WinXSPRO is a channel cross section analyzer that uses channel
geometry, channel slope and a user supplied Manning’s n roughness coefficient to
calculate discharge with stage at the cross section utilizing Manning’s equation:
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2
⎛
1 ⎞
⎜ 1 .5 ⎛ A ⎞ 3
2 ⎟
Q=⎜
*⎜
*
S
⎟
⎟* A
⎜ n ⎝ WP ⎠
⎟
⎝
⎠

where Q is discharge, n is Manning’s roughness coefficient, A is cross sectional area, WP
is the wetted perimeter, and S is the slope of the water surface.

Figure 16. Example of a hydrograph recorded by a HOBO water level logger in the 22
sq. km. basin during Event 1. The solid lines indicate wetting duration and
the dashed lines indicate drying duration at the lower and upper banks.
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Figure 17. Cumulative wetting durations at each site plotted against drainage area at the
lower and upper bank elevations. On average, wetting durations at the
lower banks were 133 percent longer than the wetting durations at the upper
banks.
Peak discharges during the monitoring period ranged from 1.0 cms in the smallest
drainage basin to 166.7 cms in the largest basin (Table 3).

Table 3. Peak discharges (cms) of each monitoring event at the study sites
2

Drainage Area
(sq. km.)
3

5

6

26

14

21

25

8

1

12

11

11

8

8

3

3

22

26

25

20

26

5

6

41

66

40

129

167

7

Site

Event 1

Event 2

Event 3

Event 4

Event 5

18

17

9

12

1
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The five events ranged from a 6 month recurrence interval (RI) to a maximum of
a 10 year RI. Flood frequency RI’s were calculated for each monitoring event (Table 4).
The Dallas-Fort Worth urban flood frequency regression equations from Schroeder and
Hampton (1982) were used to compute peak discharges for the 2, 5, 10, 25, 50, and 100
year storm events. These calculated discharges were then compared to field measured
discharge to determine RI. For example, site 2, event 1 had a peak discharge of 18 cms,
which corresponds to a 2 year RI storm discharged for this site.
Table 4. Calculated peak discharge recurrence intervals using the Dallas/Fort Worth
Urban flood frequency regression equations for estimating peak-streamflow
frequency from Schroeder and Hampton, 1982.
2

Drainage Area
(sq. km.)
3

Event
1
2

Event
2
2

Event
3
2

Event
4
2

Event
5
0.5

5

6

5

1

2

2

1

1

12

0.5

0.5

0.5

0.5

0.25

3

22

1

1

1

1

0.5

6

41

2

1

5

10

.5

Site

Erosion Pins
Cumulative measured erosion pin loss for the entire monitoring period ranged
from 27-150 mm at the lower bank and 40-133 mm at the upper bank. Bank loss rates
ranged from 0.1-2.9 mm/hr for the lower bank and 1.4-18.6 mm/hr for the upper banks
(Table 5). There was, on average, 123 percent higher loss rates in the upper banks than in
the lower banks (Figure 18).
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Table 5. Summary of cumulative wetting and drying durations and
cumulative measured pin erosion for the entire monitoring period.
Lower Bank

Upper Bank
Loss
Rate
(mm/hr)

Cumulative
Wetting
Duration
(hr)

Cumulative
Measured
Loss (mm)

Loss
Rate
(mm/hr)

Site

Drainage
Area
(sq. km.)

Cumulative
Wetting
Duration
(hr)

2

3

50

41

0.8

20

40

2.0

5

6

115

40

0.4

24

48

2.0

1

12

229

27

0.1

21

49

2.3

3

22

209

150

0.7

42

61

1.4

6

41

49

144

2.9

7

133

18.6

Figure 18.

Cumulative
Measured
Loss (mm)

Cumulative erosion pin loss rate over the entire monitoring period plotted
against drainage area.
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Applied Shear Stress
Near bank shear tractive force for the lower and upper banks were approximately
the same, 16 Pa. The applied shear stress (τa) was calculated using the bank partitioning
method outlined in the New York State Stormwater Management Design Manual (2003).
These values were corrected for use at the meander bend study sites with a
dimensionless bend coefficient (Kb) (Washington Department of Fish and Wildlife,
2004). Mean τa values ranged from 6.77- 25.03 Pa in the lower banks and 5.38-29.24 Pa
in the upper banks (Table 6).
Table 6. Summary of applied shear stress values calculated
using the McCrae bank partitioning method.
Lower Bank

Upper Bank
Minimum
Ta (Pa)

Maximum
Ta (Pa)

7.32

20.83

Mean
Ta
(Pa)
15.69

16.18

4.44

29.43

17.28

12.52

6.77

2.82

9.27

5.38

5.50

20.23

12.23

7.70

15.30

13.05

9.13

42.34

25.03

4.21

56.04

29.24

Minimum
Ta (Pa)

Maximum
Ta (Pa)

14.63

29.87

Mean
Ta
(Pa)
23.99

19

7.06

27.14

12

21

2.50

3

22

23

6

41

23

2

Drainage
Area
(sq. km.)
3

Radius of
Curvature
(m)
23

5

6

1

Site

Field Erodibility Coefficients
Calculated field erodibility coefficient (Kfield) values at the lower banks were
approximately 10 times less than those at the upper banks. Figure 19 and Figure 20 show
comparisons of Kfield at each study site at the lower banks and upper banks, respectively.
Mean Kfield values ranged from 0.0018-0.0113 cm/hr/Pa at the lower bank erosion pin
heights and 0.009-0.1180 cm/hr/Pa at the upper bank pin heights.
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0.020

K (cm/hr/Pa)

0.016

Max
90%
75%
Mean
25%
10%

0.012

0.008

Min
0.004

0.000
1

2

3

5

6

Site

Figure 19. Lower bank erosion coefficients. Comparison of the means and ranges of
Kfield at the lower bank elevations for each monitoring event at each study
site.

0.20

K (cm/hr/Pa)

0.16

0.12

0.08

0.04

0.00
1

2

3

5

6

Site

Figure 20. Upper bank erosion coefficients. Comparison of the means and ranges of
Kfield at the upper bank elevations for each monitoring event at each study
site. Note the differences in the scale of the y-axis between this figure and
Figure 19.
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Submerged Jet Testing and Bank Erosion
Overall, the wet KJet over-estimated Kfield by 38 percent and the dry KJet underestimated Kfield by 47 percent (Figure 22). KJet values produced from the wet and dry
submerged jet tests were compared to Kfield values by calculating the percent error
between KJet and Kfield at each study site. The calculated errors were averaged to produce
a mean percent error between the two methods. This corresponds to an overall error of
plus or minus 2.5 centimeters of erosion at the lower and upper banks over an eight
month period. The outlier upper bank data points in Figure 20 are from the site with a
drainage area of 41 sq. km. The Kfield values at this site were high compared to the other
sites. High rates of bank loss due to mass wasting and low flow durations produced a
high Kfield value that is not representative of erosion by flowing water.

Table 7. Summary of jet indexes and erodibility coefficient values
obtained using the Submerged Jet Test Device.
Wet

Dry

Site

Drainage
Area
(sq. km.)

Ji

KJet
(cm/hr/Pa)

Ji

KJet
(cm/hr/Pa)

2

3

0.0023

0.0026

0.0090

0.0345

5

6

0.0053

0.0083

0.0054

0.0086

1

12

0.0026

0.0029

0.0059

0.0105

3

22

0.0016

0.0019

0.0045

0.0061

0.0027

0.0030

0.0026

0.0029

0.0068

0.0148

0.0037

0.0045

6 L.B.
6 U.B.

41

37

0.040
0.035

K (cm/hr/Pa)

0.030
0.025
0.020
0.015
0.010
0.005
0.000
Wet_K

Dry_K

Figure 21. Submerged jet erosion coefficients. The averages and ranges of erodibility
coefficient values derived from submerged jet tests run under field saturated
conditions and minimum field moisture content conditions.
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Figure 22. Calculated field erodibility coefficients versus submerged jet test erodibility
coefficient for the upper and lower banks at all sites. The blue squares
represent the lower bank and the red squares represent the upper banks. The
lower and upper bank sub-charts show the distribution of the data points in
detail.
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CHAPTER FOUR
Discussion
Measured Rates Compared to Other Studies
This study used actual field monitored erosion rates, collected with erosion pins
for five storm events over an eight month period, as a comparison for submerged jet test
erodibility coefficient values and erosion rates. The erosion rates measured during this
study ranged from 27-150 mm/yr in the lower banks to 40-133 mm/year in the upper
banks. These rates are similar to other erosion rates of non-cohesive streambank in the
US and around the world (Table 8). Rates as low as 5mm/yr and as high as 600 mm/year
have been measured with erosion pins and noted in the literature.
Table 8. Rates of measured bank erosion in streams of comparable
drainage areas and non-cohesive soils.
Reference
This Study
Lower Bank
Upper Bank
Wolman (1959)
Gardiner (1983)
Lawler et al. (1999)
Crouch and Blong
(1989)
Leopold et al. (1996)
Twidale (1964)
Knighton (1973)
Lewin et al. (1974)
McGreal and Gardiner
(1977)
Hooke (1979)
Murgatroyd and Teman
(1983)
Lawler (1984,1986)
Scott et al. (1986)

Location

Drainage Area (km2)

Erosion Rate (mm/yr)

Texas, USA

3-41

Headwater
Streams

10
20
9-15

27-150
40-133
450-600
76-140
200-317

2.9

5-75

9.7

5-7

77.7

580

?

290

0.54

30

85

80-140

9.6-620

80-118

4.75

<30

6.75-13.18

38-310

<7.7

16-76

Gully Banks
R. Torrens
Adelaide, Aus.
Bollin-Dean,
Cheshire, UK
Maessant, MidWales
R. Lagen,
N. Ireland
N. Alaska, USA
Narrator Brook,
Devon, UK
R. Ilston, South
Wales
Kirkton Glen,
Scotland
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Kfield vs. KJet
The erosion coefficient, K, has been described and accepted as a viable means to
describe the rate of erosion by flowing water. However, no real method, until the work
by Hanson (1990a and 1990b), had been developed to accurately compute this variable.
Hanson (1990a and 1990b), Allen et al (1997 and 1999), and Wynn et al. (2005) have
accepted the use of a submerged jet test to measure the erodibility of stream bank
material. The submerged jet has also been accepted as an ASTM (American Society for
Testing and Materials) method for testing erodibility (ASTM D5852-95). With the
exception of one study (Capello, 2008), no research, to the author’s knowledge, has been
conducted to quantify the applicability of such submerged jet test results to actual field
erosion rates.
Submerged jet erodibility coefficients and critical tractive force values from this
study and the study by Capello (2008) were overlain on a plot of KJet vs. τc after Hanson
and Simon (2001) (Figure 23). Capello (2008) calculated τc values using an equation
developed by Smerdon and Beasly (1961) that uses the plastic index to calculate τc. The
plastic limit of the bank materials used in this study were essentially zero, so τc values
calculated using an equation by Julian and Torres (2006) that calculates τc based on the
silt/clay content of the material. The plot shows τc on the x-axis and KJet on the y-axis.
Hanson and Simon (2001) were investigating the erodibility of cohesive loess streambeds
in the midwestern US and found a direct correlation between KJet amd τc. They found
that as τc increases, KJet decreases, and as τc decreases, KJet increases. By plotting a soil’s
τc and KJet values, they were able to rank the erodibility of the soil as very erodible,
erodible, moderately resistant, resistant, or very resistant. It can be seen in Figure 23 that
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the cohesive streambank materials from Capello (2008) plotted consistently as resistant to
erosion. There was more variation in the non-cohesive materials from this study as
materials were classified as moderately resistant to resistant. This suggests that noncohesive sediments are typically more easily eroded than cohesive sediments.

Figure 23. Erosion resistance of streambank materials in north central Texas.
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Field Erosion Rates vs. Submerged Jet Erosion Rates
The wet submerged jet test most closely predicted lower bank erosion, while the
dry submerged jet test most closely predicted upper bank erosion. The wet submerged jet
test produced erosion rates that over-predicted actual field erosion rates at the lower bank
elevations by 12 percent, and the dry submerged jet test under-predicted upper bank
erosion rates by 39 percent. These errors correlated to an overall error of plus or minus
2.5 centimeters of stream bank erosion over an eight month period. The mean submerged
jet test values over-predicted lower bank loss by 228 percent and under-predicted upper
bank loss by 56 percent, for an 86 percent mean over-prediction of lower and upper bank
erosion rates. If only the wet submerged jet test was used to predict lower and upper
bank erosion rates, the erosion was under-predicted by a mean error of 30 percent, or 2.5
centimeters. Alternatively, using only the dry submerged jet test to predict bank erosion,
predicted rates were, on average, 202 percent (7.3 centimeters) higher than actual field
erosion rates. These findings suggest that a submerged jet test performed under saturated
field moisture conditions is best suited for predicting erosion in non-cohesive streambank
materials.
Submerged jet tests preformed by Clark and Wynn (2007) produced erodibility
coefficient values that were two orders of magnitude greater than those produced by two
empirical models. They attributed the differences to variations in jet test procedures,
location of measurements within cross-section, and geographic location. Overall, they
concluded that the submerged jet test produced unrealistically high erosion predictions.
They did not, however, compare their submerged jet test results to actual field erosion.
The results from the present study, after comparing submerged jet test results to measured
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field erosion, found that the submerged jet produces erosion results similar to erosion in
the field and is a reliable method for modeling stream bank erosion rates.
Bank erosion is a product of both antecedent moisture conditions and flow
duration (Figure 24). Field erosion and erosion determined from the submerged jet test
procedure was, on average, 10 times greater in the upper banks than in the lower banks.
On average, the lower banks experienced 133 percent longer wetting durations than the
upper banks. This suggests that antecedent moisture conditions of stream bank material
play a crucial role in determining erodibility (Allen et al., 1997; Green et al., 1999;
Prosser et al., 2000; Soenksen et al., 2003; Couper and Maddock, 2001). Research by
Thorne (1982), Rinaldi and Casagli. (1999), Soenksen et al. (2003), and Simon and
Castro (2003), has shown that negative pore water pressures stabilize sandy soils and give
them an apparent cohesion by generating a matric tension between grains. As upper bank
material is dried this matric tension dissipates and erodibility increases (Thorne, 1982).
The upper banks experienced shorter wetting durations than the lower banks and higher
erodibility. In short, the dryer a non-cohesive soil, the more likely it is to be eroded by
flowing water. The difference in antecedent moisture can be attributed to factors other
than simply flow durations. Base flow will keep the lower banks wet and resistant to
erosion long after flood flows recede, and soil capillarity will draw moisture upward from
the channel. Alternatively, Jha et al., (2005) concluded that bankfull flow duration was
one of the three most influential factors on higher rates of streambank erosin. Flow
durations at the study site were too short for each storm event to make any quantitative
comparisons of flood flow duration to erosion rates.
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It was noted that streambank material remained moist long after flood flows had
receded up to an elevation of 0.6 to 0.9 m above the water surface. This was assumed to
be caused by a combination of base flow to the stream and capillary rise. Timber creek
receives base flow year-around. The quantity of water contributed to the stream from
base flow was estimated using hydrograph data from the HOBO water level loggers at
site 6 with the Automated Web GIS Based Hydrograph Analysis Tool (WHAT) (Lim et
al., 2005). Average base flow for the study period ranged from 2.55 to 2.97 cms, using a
one parameter digital baseflow filter method (Arnold and Allen, 1999) and a recursive
digital baseflow filter method (Eckhardt, 2005).

The moisture in the lower banks

provided from this constant availability of water allows for negative pore water pressures
to develop matric suction, thus stabilizing the bank material.

0.14
Field Erodibility
Wet Jet Lower Erodibility
Dry Jet Upper Erodibility
Power (Field Erodibility)

Erodibility Coefficient (cm/hr/Pa)

0.12

Power Regression Equation for Field
Calculated Erodibility Coefficients
y = 0.5796x-1.0648
R2 = 0.76

0.1

0.08

0.06

0.04

0.02

0
1.00

10.00

100.00

1000.00

Wetting Duration (h)

Figure 24. Comparison of all field calculated erodibility values to wetting duration for
the entire monitoring period.
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Using Bank Material Properties to Model Erodibility
In a study by Allen et al. (1999) concluded that the erosion of non-cohesive (less
than 10 percent clay) materials was controlled primarily by sand and moisture contents.
The purpose of that study was to determine if the submerged jet test could be used to
estimate bank erodibility based solely on measurable physical soils parameters. A total
of 30 submerged jet tests were run in the field in triplicate to obtain erodibility
coefficients. Additionally, soil samples were collected at each site. Analysis of the
samples included Atterberg Limits, wet and dry bulk density, moisture content, and grain
size analysis.

The 30 samples were divided into three classes based on primary

physiological characteristics: soils with less than 10 percent clay, soils with greater than
ten percent clay and soil activities less than 1.25, and soils with greater than ten percent
clay with soil activities greater than 1.25. Correlation analyses of the jet index as the
dependent variable determined that the jet index relates to different physical soil
parameters in the three sample sets. The soils with less than 10 percent clay correlated
most strongly with sand and moisture contents. The jet index is related to erodibility in
that:
K Jet = 0.003e 385 J i
where KJet is the erodibility coefficient in cm/hr/Pa and Ji is the jet index. The soils with
greater than 10 percent clay, and soil activities less than 1.25, correlated best with bulk
density, percent clay, and plastic limit. Finally, the jet index of soils with greater than 10
percent clay, and with soil activities greater than 1.25, related to a complete textural
analysis (sand, silt, and clay content) and the soil’s liquid limit.

Multiple linear

regression analyses were run on the three groups with the jet index as the dependent
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variable and the soils parameters listed above for each group as the independent
variables. The regressions produced coefficients of multiple correlation (R2) that ranged
from 0.78 to 0.96, showing strong relationships between the jet index and the physical
soil parameters.
The data from this study was combined with the data set from Allen et al. (1999).
Two Spearman Rank Correlations were performed on the less than 10 percent clay
sample data from this study (n = 10), with the wet and dry jet indexes, and antecedent
moisture content, clay content, silt-clay content, sand content, dry bulk density, and D50,
as the variables. The test group containing the wet jet index values showed overall
correlations higher than the dry jet index test group.

Sand content and antecedent

moisture content correlated most strongly with the wet jet index with correlation
coefficients of 0.8 and 0.9, respectively. Two of the 10 samples (site 1, lower and upper
bank samples) were composed primarily of silt and were not included in the analysis.
The remaining wet and dry jet index values from this study (n = 8) were
combined with the jet index values from Allen et al. (1999) (n = 9), and a multiple
regression analysis was performed with the jet index as the dependent variable and sand
content and antecedent moisture content as the independent variables. The analysis
produced a multiple regression equation with a R2 value of 0.63. Ji values produced by
the regression model can be used to predict submerged jet Ji values for materials
containing less than 10 percent clay and greater than 70 percent sand (Figure 25).
The Nash-Sutcliffe coefficient of efficiency (EF) (Nash and Sutcliffe, 1970) is
another statistical method that used to test the validity of the sand-moisture content model
(Hanson, 1991; Krause et al., 2005). EF can range from -∞ to 1 for most data. An EF =
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1 corresponds to an exact match of model-predicted values to actual values. An EF = 0
indicates that the model produces results as accurate at the mean of the actual values. If
EF < 1, the mean of the actual values is a better predictor than the model. The EF of the
combined jet index data set is 0.628, indicating that the model can be applied to predict
erosion in bank materials less than 10 percent clay and greater than 70 percent sand. The
EF for the dataset of Hanson (1991) was 0.64. While the EF of the regression model
produced from this study is about the same as that of the submerged jet test, it is
suggested that the model be used with caution for materials different from those included
in the data set.

0.015
Jet Index = -0.0212 + 0.00036478Sand - 0.000310748Moisture
R-squared = 0.63

Jakubowski
Coffman

Actual Jet Index Value

0.01

0.005

0
0.0000

0.0050

0.0100

0.0150

Predicted Jet Index Value

Figure 25. A graph showing predicted jet index values based on the sand- moisture
content model on the x-axis plotted against actual submerged jet test
jet index values on the y-axis. The blue and red squares are the individual
data points the black line is a best fit linear regression line representing the
multiple linear regression equation. There is a coefficient of multiple
correlation of 0.63 between the two sample sets.
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The efficiency of the model produced with the combined dataset is lower than that
of the original model. By increasing the sample size from nine to 17, more variability
was introduced into the regression. This variability can be attributed to a number a
factors including heterogeneity of bank material (Figure 26), rooting density, moisture
content and bulk density changes with depth, clay distribution and mineralogy, etc
(Thorne, 1982; Allen et al., 1997; Allen et al., 1999; Wynn and Mostaghimi, 2006;
Knapen et al., 2007).

Figure 26. Photograph of the submerged jet test sample from the 3 sq. km. basin
illustrating the heterogeneous nature of the streambank material.
Applications of Submerged Jet Test Erodibility
One use of the erodibility coefficient value from the submerged jet test could be
to predict bank retreat rates in areas where structures are located near eroding
streambanks. For example, a single family house is located 15 m from the top of a
severely eroding stream bank. The submerged jet test produces an erodibility coefficient
of 0.0067 cm/hr/Pa, analysis of stream gage data determines that the bank experiences
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210 hours of flood flow duration each year, and average applied shear stress from water
flow is 12.2 Pa around a meander bend with a radius of curvature of 22.9 m. With these
values, 170 mm of erosion can be expected over a one year period. This indicates that
under present climate and flow conditions, the eroding bank will not reach the house for
87 years. However, if climate conditions change and flow durations and peak discharge
increase, this amount of time will be reduced. Higher discharge will increase the amount
of shear stress applied to the bank, and increased flow durations will increase the amount
of time those stresses act on the bank, thus increasing erosion. If the house were on a
straight reach, erosion would be reduced to 83 mm per year. The addition of streambank
vegetation would further reduce erosion by increasing roughness (which decreases
velocity and shear strength), increase soil suction, and increase slope stability (Abernathy
and Rutherford, 1998; Wynn, 2004; Wynn and Mostaghimi, 2006).
The submerged jet test could also be used to predict erosion caused by a large
magnitude flood event. Erosion was calculated at site 6 (drainage area 41 sq. km.) for a
flood with a recurrence interval of 100 years. The 100 year storm has a 1 percent
probability of occurring any given year. The peak discharge of a flood of this magnitude
would be approximately 21,000 cms; about 14 cms higher than the largest flood recorded
during the monitoring period. This increased discharge would cause the applied shear
stress to increase to 47 Pa. Comparison of the flood hydrographs recorded during this
study showed that there was an average flood duration of 17 hours for the lower bank at
site 6. Using the wet submerged jet erodibility coefficient of 0.0031 cm/hr/Pa, and the
associated submerged jet test error of 30 percent, 31.2 mm of erosion can be expected to
occur during a 100-year flood.
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CHAPTER FIVE
Conclusion
The primary objective of this research was to determine if a submerged jet test could
be used to predict the erodibility of non-cohesive sediments in the Dallas-Fort Worth
Metroplex. Actual field erosion rates were produced based on channel and bank morphology
and measured flow dynamics through the use of erosion pins and water level loggers. These
rates were related to causative effects including increased peak flows and decreased times to
peak caused by urbanization in the Timber Creek watershed. Field erosion rates and rates
produced by a laboratory submerged jet test device were compared and related. Upper bank
erodibility is influenced by subaerial processes through which moisture content is reduced
and bank material is weakened, becoming more susceptible to fluvial erosion. Lower bank
erodibility is lower due to increased moisture content, which generates a matric suction
making bank material more resistant to erosion by flowing water. Finally, a model was
produced relating erosion of non-cohesive bank materials to texture and ambient moisture
content. From this study of streambank erosion rates in the Timber Creek watershed, three
specific conclusions have been reached:
1. Erosion rates of non-cohesive sediments can be predicted by a laboratory submerged
jet test apparatus, when coupled with measured flow durations, and applied shear
stresses derived from channel morphology within 30 percent (2.5 cm/yr) of actual
erosion rates;
2. Erosion in non-cohesive bank materials is related to the sand content of the material
and the ambient moisture content, which is related to flow duration and bank height;
3. While field monitoring produces the most reliable streambank erosion rates, the
ASTM D5852-95 produces results in non-cohesive material that correlate to actual
erosion rates with an error of plus or minus one centimeter.
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APPENDIX A
GPS Locations of Field Sites

Table A.1. GPS locations for each field site.
Drainage Areas
(sq.km)
3

Longitude

Latitude

-97.065460

33.049430

3

-97.065820

33.022130

6

-97.052980

33.025690

12

-97.083920

33.052780

22

-97.060630

33.047200

41

-97.018200

33.022510
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APPENDIX B
Calculated Field Erodibility Data
Table B.1. Summary of the data used to calculate field erodibility coefficients and the
calculated erodibility coefficients for the lower banks (refer to Figure 19). Erodibility
coefficients are reported in units of cm/hr/Pa.
τa

(Pa)

Duration
(hrs)

6.77

229.0

Actual
Loss
(mm)
26.9

3

23.99

49.5

3

22

12.23

5

6

6

41

1

Drainage
Area
(sq. km.)
12

2

Site

Event
1K

Event
2K

Event
3K

Event
4K

Event
5K

0.0021

0.0030

0.0019

0.0002

-

40.6

0.0038

0.0022

0.0023

0.0007

-

208.8

150.3

0.0077

0.0025

0.0073

0.0060

0.0035

16.18

115.0

40.3

0.0037

0.0013

0.0029

0.0007

0.0021

25.03

49.2

143.6

0.0115

0.0172

0.0097

0.0097

-

Table B.2. Summary of the data used to calculate field erodibility coefficients and the
calculated erodibility coefficients for the upper banks (refer to Figure 20). Erodibility
coefficients are reported in units of cm/hr/Pa.
Event
1K

Event
2K

Event
3K

Event
4K

Event
5K

21.3

Actual
Loss
(mm)
49.0

0.0347

0.0365

0.0489

0.0121

-

15.69

19.5

39.9

0.0090

0.0516

0.0195

0.0025

-

22

13.05

42.1

61.0

0.0084

0.0031

0.0089

0.0362

-

5

6

17.28

23.8

48.0

0.0097

0.0086

0.0041

0.0051

0.0480

6

41

29.24

7.2

133.3

0.1709

-

0.1656

0.0176

-

1

Drainage
Area
(sq. km.)
12

5.38

2

3

3

Site

τa

(Pa)

Duration
(hrs)

54

APPENDIX C
Grain Size Analysis

Table C.1. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the lower bank at site 1
Aperture (μm)

Percent Retained

9500

0

4750

0

2360

0

1180

0

600

0.07

300

0.66

150

46.36

125

3.95

62.5

9.79

31

10.87

15.6

9.02

7.8

7.11

4

5.98

2

5.41
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Table C.2. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the upper bank at site 1
Aperture (μm)

Percent Retained

9500

0

4750

0

2360

0

1180

6.36

600

11.69

300

13.00

150

20.10

125

8.31

62.5

11.64

31

9.01

15.6

5.69

7.8

4.23

4

3.99

2

5.16

Table C.3. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the lower bank at site 2
Aperture (μm)

Percent Retained

9500

1.59

4750

9.41

2360

24.97

1180

23.25

600

12.29

300

10.10

150

13.11

125

1.10

62.5

0.64

31

0.53

15.6

0.73

7.8

0.95

4

0.85

2

0.61
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Table C.4. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the upper bank at site 2
Aperture (μm)

Percent Retained

9500

0

4750

0

2360

2.78

1180

8.49

600

12.60

300

16.29

150

26.54

125

6.21

62.5

9.08

31

7.82

15.6

3.87

7.8

2.24

4

1.78

2

1.90

Table C.5. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the lower bank at site 3
Aperture (μm)

Percent Retained

9500

0

4750

1.73

2360

6.97

1180

7.38

600

5.73

300

6.36

150

46.36

125

3.68

62.5

4.77

31

5.94

15.6

4.08

7.8

2.77

4

2.27

2

1.79
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Table C.6. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the upper bank at site 3
Aperture (μm)

Percent Retained

9500

0

4750

2.36

2360

8.79

1180

9.61

600

7.25

300

6.77

150

32.57

125

2.00

62.5

3.90

31

5.17

15.6

6.37

7.8

6.28

4

5.18

2

3.50

Table C.7. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the lower bank at site 5
Aperture (μm)

Percent Retained

9500

1.41

4750

11.69

2360

20.15

1180

16.37

600

11.54

300

10.61

150

16.84

125

0.87

62.5

1.08

31

1.57

15.6

2.10

7.8

2.27

4

1087

2

1.31
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Table C.8. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the upper bank at site 5
Aperture (μm)

Percent Retained

9500

0

4750

0

2360

5.60

1180

10.16

600

10.22

300

12.47

150

36.22

125

3.37

62.5

4.67

31

5.47

15.6

4.02

7.8

2.87

4

2.43

2

2.16

Table C.9. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the lower bank at site 6
Aperture (μm)

Percent Retained

9500

0

4750

0.68

2360

5.99

1180

7.53

600

5.80

300

9.64

150

42.74

125

3.66

62.5

4.71

31

6.09

15.6

4.34

7.8

3.12

4

2.87

2

2.58
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Table C.10. Grain size analysis using ASTM 422 and
Malvern Mastersizer for the upper bank at site 6
Aperture (μm)

Percent Retained

9500

0

4750

1.43

2360

10.40

1180

14.20

600

13.99

300

13.40

150

22.37

125

1.99

62.5

5.10

31

6.24

15.6

3.95

7.8

2.55

4

2.18

2

1.92
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