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Abstract

Recent climate changes may affect the stability of our infrastructure in many ways. This
study investigated the effects of fine-grained soil temperature on erosion rate. If climate change
is shown to affect the erodibility of soils the impacts must be identified to monitor the stability of
existing infrastructure, improve design of levees and structures founded in erosive environments,
and to prevent sediment loss and stream meanders. Fine-grained soil erosion is complicated by
the dynamic linkage of multiple parameters, including physical, biological and geochemical
properties. This study held constant all parameters that influence fine-grained soil erodibility
while only varying soil temperature in order to study the effects it has on erodibility. This study
also confirmed previous findings that water temperature affects soil erodibility. The main
objective of this study was to investigate the effects of fine-grained soil temperature on erosion
rate. This study also instrumented a turbidity sensor to reliably map soil erosion. Based on this
research, the conclusion was made that an increase in soil temperature increases soil erosion rate.
The turbidity sensor was a valuable tool for comparing soil erosion. Future studies should
investigate the effects soil temperatures below room temperature, the magnitude of temperature

increase or decrease, and the effects of cyclic heating and cooling on fine grained soil erodibility.
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Chapter 1 - Introduction

Soil erosion is the leading cause of failure for bridges. In fact, approximately 58%
of bridge collapses are attributed to scour (Briaud 2006). Fig. 1 shows scour developed
around bridge pier. Soil erosion also causes levee failure, stream meander, and sediment
loss, all of which reduce the natural capacity for flood control. Many factors contribute to
the complex phenomenon of soil erosion, including soil properties, site geometry,
vegetative cover, and hydraulic conditions. Although the hydrodynamic aspects of soil
erosion and transport and erosion mechanisms of coarse-grained soils are well
understood, the erodibility of fine-grained soils is difficult to predict and has been a
challenge to many engineers. Fine-grained soil erosion must be understood to the same
degree as coarse-grained soil. Continuation of poor estimations of fine-grained soil
erodibility without a complete understanding of its erosion mechanisms is costly, and

more importantly, places public safety in jeopardy.
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Fig. 1 Scour developed around bridge pier (Johnson 2015)
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Recorded temperatures on Earth have been rising dramatically in recent decades,
whether it is a result of global warming or a natural cycle that Earth goes through. This
climate change, which is anticipated to continue, is associated with less frequent but more
extreme precipitation events (Trenberth 2011). While environmentalists are concerned
with carbon dioxide concentrations and the impacts of high temperatures on the
environment, civil engineers must address how environmental changes affect the
infrastructure. For example, change in precipitation compounded with increasingly
impermeable boundaries as the built environment expands will increase flooding and
potentially cause additional damage to the existing infrastructure. Grabowski et al. (2011)
identified temperature as a variable that affects fine-grained soil erosion, so this study
investigated the effects of increasing soil temperatures on its erosion rate. Investigating
the effects of temperature on fine-grained soil erosion rate contributes to fundamental
knowledge of the mechanisms of fine-grained soil erosion and perhaps contributes to a
more complete understanding of it.

Prior to this study, effects of soil temperature on fine-grained soil erosion were
unknown. Although Grabowski et al. (2011) identified temperature as a variable that
affects erosion, previous researchers studied the effects of water temperature, not soil.
For example, Larionov (2014) showed that an increase in water temperature results in
increased erosion. This study demonstrated that varying soil temperatures have profound
effects on fine-grained soil erodibility. Based on results of this study, researchers
conducting future erosion laboratory tests on undisturbed samples should measure the in
situ soil and water temperatures and conduct experiments at temperatures representing in

situ conditions. Furthermore, results suggested that a flooding event of a certain



magnitude in cold seasons would result in a less severe outcome than a flood event of the
same magnitude in warm seasons.

The Erosion Function Apparatus (EFA) measures the erosion rate of undisturbed
soil samples obtained from the field for a given flow velocity of water (Briaud et al.
1999, 2001, 2004). The EFA can be used in conjunction with SRICOS (Scour Rate in
COhesive Soils) method to estimate scour on and around bridge piers founded in
cohesive sediment (Briaud 2006). Erosion rate obtained from the EFA as a function of
shear stress or flow velocity may be used to classify soil erodibility by measuring the soil
erosion function. Although numerous laboratory devices measure scour rate, the EFA
was exclusively used in this study. Detailed information regarding other laboratory and in
situ testing devices are stated in Chapter 2.

The EFA at Kansas State University (KSU-EFA) is distinct from other EFAs due
to the addition of a turbidity sensor. Instrumenting the KSU-EFA with the turbidity
sensor was included in this study. A turbidity sensor operates by measuring the scattering
of light in a liquid media at a 90 ° angle from the light source. The sensor was employed
in this study to measure water clarity downstream from erosion occurrences in order to
quantify erosion as soil particles circulate through the system.

Fine-grained soil erosion is complicated due to dynamically linked geochemical,
biological, and physical properties (Grabowski et al. 2011). Geochemical properties
include clay mineralogy, total salinity, cations (sodium adsorption ratio), pH levels,
metals, and organic content. Biological properties include sediment disturbance, feeding
and egestion, and biogenic structures. Physical properties include mean particle size,

particle size distribution, bulk density, water content, and temperature. This study held all



properties constant while varying only soil temperature in order to determine the impact
of soil temperature on erodibility.

A custom heating system was developed to increase the temperature of soil
samples. The system utilized a heating jacket, thermocouples, and a data acquisition
system. The heating jacket was wrapped around a Shelby tube that contained the soil
sample. Thermocouples protruded into the bottom of the sample to monitor soil
temperature, and the data acquisition system collected and stored data. Fig. 2 shows a

schematic of the heating system.

=_"— Shelby Tube

Heating Jacket

| |
i

Piston Head +
Thermocouples

Fig. 2 Schematic of the heating system

All samples were 100% kaolin clay mixed at the same water content and
compactive effort so that effects of temperature could be studied individually. In order to

ensure preparation of identical samples, samples were tested in the EFA at identical water



velocity to confirm identical erodibility. All samples were compacted in a Shelby tube to
the maximum dry unit weight at optimum water content determined by the Standard
Proctor test, 14.23 kN/m® + 1 kN/m?® and 29%, respectively. Additional details regarding
sample preparation are outlined in Chapter 3. Table 1 shows results of samples tested to
confirm consistent erosion rates before varying soil temperature. Samples C and D were
tested multiple times to confirm consistent results within a sample. The most extreme
difference in erodibility between samples was 3 mm/hour, occurring at a velocity of 4
m/s, which was deemed reasonable for the purposes of this study.

Table 1 Preliminary room temperature samples results

Dle D elg ate onte 4 o

D %
A 14.66 29 4 10 NA NA
B 14.80 29.5 4 9 11 14
Cc 14.70 29.3 5 10 11 13
C-1 14.70 29.3 4 9 11 14
C-2 14.70 29.3 4 8 NA NA
D 14.74 29 4 7 NA NA
D-1 14.74 29 3 7 NA NA

No known method exists to appropriately predict erodibility of fine-grained soils.
Existing methods are over conservative or require specialized, costly testing. Fine-
grained soil erosion must be predicted with the same accuracy as coarse-grained soils, but
this cannot be done until researchers understand the fundamental mechanism that causes
fine-grained soils to erode. Temperature has been identified as one of the variables that
affects soil erodibility.

The main objective of this study was to investigate the effects of soil temperature
on fine-grained soil erosion. In an EFA test, an operator typically visually observes
erosion and reports the amount of erosion. However, this method is user dependent since

each user has unique judgments as to how much soil has eroded. Therefore, an additional
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objective was to instrument the EFA with a turbidity sensor to reliably map soil erosion.
This will help more accurately compare results obtained by different users regardless of
their method of judgment. Because a standard EFA test requires about 8 hours of sample
testing and monitoring, the third objective of this study was to shorten the test duration.
This thesis is organized in the following manner. Chapter 2 contains a literature
review that includes discussion of factors affecting fine-grained soil erosion and an
overview on in situ and laboratory testing devices. Chapter 3 describes methodology used
for sample preparation, sample testing, and sample heating in this study. Chapter 4
presents findings of this study, and Chapter 5 includes conclusions and suggestions for

future work.



Chapter 2 - Literature Review

Erosion

Soil erodibility is defined as mobility of soil particles due to high winds or flowing water.
This research, however, focused on soil particle mobilization due to flowing water (i.e., scour).
Understanding and quantifying soil erosion is critical to improve structures’ design to withstand
erosive environments. Erosion impacts infrastructures, such as bridge foundations and levees, as
well as natural environments, including sediment loss and stream meander. The mechanism of
soil erosion varies greatly between fine-grained soils and coarse-grained soils. Some fine-grained
soils, such as clay, tend to erode in clumps of particles due to the presence of attractive forces
between particles, or cohesion, which makes its erodibility very complex and unpredictable.
However, coarse-grained soils erode particle by particle, making its erosion possible to model.
The coarse-grained soil erosion mechanism is likely due to the absence of attractive forces
between particles. Following this introduction, this chapter includes a discussion of fine-grained
and coarse-grained soil erosion, a description of field and laboratory testing devices, and erosion

mapping from utilization of sensors.

Fine-Grained Soil Erosion

An extensive review by Grabowski et al. (2011) revealed that despite all the efforts to
understand and predict fine-grained soil erosion, it remains complicated. Such complexity is
attributed to the dynamically linked interaction between biological, geochemical, and physical
soil properties shown in Fig. 3. Fine-grained soils are composed of organic and inorganic solids,
water, and gasses (Gebert et al. 2006; Sanders et al. 2007). Electrochemical activity,
predominantly in clays, is the interaction between electrically charged clay particles with

7



surrounding media, such as water. This interaction results in the formation of a coating over the
particles known as a double layer, which is also known to influence erodibility (Gerbersdorf et
al. 2007). By varying any of the properties illustrated in Fig. 3, where the fine-grained soil exists,
will affect its erodibility due to complex soil property interactions (Grabowski et al. 2011). Soil
erosion occurs when erosive forces such as shear stress and turbulence induced by water flow
(Leeder 1999) and transportation of particles along the sediments surface (Amos et al. 1998),
overcome the resistive forces, which include gravity, friction, cohesion, and adhesion
(Winterwerp and van Kesteren 2004). When considering rivers and sediment transport
specifically, the conditions under which sediments settle to form a bed have an impact on its
erodibility as well. Studies have shown that when sediment settles while exposed to shear stress,
it tends to be more stable and less susceptible to erosion, compared to sediment that settle under
no shear stress, this is because sediment that settles under shear stress is larger in particle size
and denser, requiring a greater force to mobilize it (Grabowski et al. 2011).

Erosion is initiated when the shear stress imposed is equal to or greater than critical shear
stress; erosion does not occur at shear stresses lower than critical shear stress. Critical shear
stress is related to critical velocity, where critical velocity is the flow velocity required to
generate critical shear stress. The velocity required to achieve critical shear stress depends on
characteristics of the eroding fluid. In this study, characteristics of the eroding fluid were held
constant. Partheniades (1965) showed that erosion rate can be estimated by the following

expression:

E=M(z,—17,), Eql



where E is erosion rate, t;, is bed shear stress, .. is critical shear stress, and M is a material-

specific constant.

\
Y

( Physical Geochemical
- Mean particle size - Clay mineralogy
- Particle size - Total salinity
distribution = » - Cations (SAR)
- Bulk density - pH
- Water content - Metals
- Temperature - Organic content
v A
C Erodibilty
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- Feeding and egestion
- Biogenic structures
= Burrows
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Y Y,

Fig. 3. Sediment properties and processes that affect sediment erodibility (Grabowski et al.
2011)

Geotechnical engineers are typically interested in physical properties of soils and how
they affect soil erodibility. Jepsen et al. (1997) investigated the effects of varying bulk density,
water content, and compaction on erosion rates. Jepsen et al. (1997) collected soil samples from
three sites and reconstructed them in coring tubes to allow increased control over their bulk
densities. Composition and location of each sample were as follows: quartz, muscovite,
dolomite, and calcite from the Detroit River in Michigan; quartz, albite, dolomite, illite, and
kaolinite from the Fox River in Wisconsin; and albite, quartz, and microcline from a slough near
Santa Barbara, California. A mixture of water and sediment were poured in coring tubes at
various depths and allowed to consolidate under their own weight over various time intervals to
produce unique bulk densities. Results from the Jepsen et al. (1997) study revealed an inverse

relationship between erosion rates and bulk density. As bulk density of a fine-grained soil
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increases, the erosion rate decreases significantly. Fig. 4 illustrates the decrease in erosion rates
with an increase in bulk density at shear stresses of 2, 4, 8, 16, 32, and 64 dynes/cm? for the

sample obtained from Fox River. Note that a dyne is a unit of force equating to 10 uN.

i t
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Fig. 4. Erosion rate as a function of bulk density (Jepsen et al. 1997)

Although studies have shown that soil erodibility depends on multiple soil properties, this
research focused only on physical soil properties since biological and geochemical soil properties
are held constant. Samples used in this study were composed of manufactured kaolin clay with
particle size distribution ranging from a minimum of 0.00029 to 0.028 mm. In this study, the
effects of varying internal temperatures of soil samples were investigated, where samples were
heated using a heating jacket wrapped around a Shelby tube containing the soil sample.
Traditionally the temperature of the circulating water increased as the water circulated through
the system, and kinetic energy was converted to thermal energy. Larionov et al. (2014)
investigated the effects of water temperature and soil moisture content on the erodibility of heavy

loamy chernozemic (loess-like loams) soil samples using a downward vertical jet of water.
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Results showed that samples eroded more when tested with warmer water. Larionov et al. (2014)
hypothesized that this finding was a result of electrostatic forces and not hydraulic forces since
warm water is less viscous than cold water, yielding less erosion. Water temperatures were tested
at 0, 5, 10, 15, 20, and 25 °C. Fig. 5 shows a plot of temperature versus erodibility,
demonstrating that erodibility increases as an exponential function. In this study, water
temperatures were allowed to increase gradually over the duration of the test, from 16 to 30 °C,

rather than maintaining a constant temperature throughout the test.

40
35 y= 9.93] C[I'.'DSJA'
30 RIT=10.994

20

Erodibility, m 2 §?

0 5 10 15 20 25
Water temperature, “C

Fig. 5 Water temperature effects on erodibility (Larionov et al. 2014)

Larionov et al. (2014) also demonstrated the influence of water content on soil
erodibility. Soil samples were tested at 16%, 18%, 20%, 22%, 24%, 26%, 28%, and 30% water
content. Results showed that erodibility decreases as water content increases up to 24%, after
which erodibility began to increase, resulting in the parabolic shape in Fig. 7. Larionov et al.

(2014) defined 20 °C to be the standard temperature at which soil samples should be studied.
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Inbar et al. (2014) studied the effects of forest fires on erosion rate due to surface runoff.
Soil samples were obtained from areas directly exposed to fire, and from an adjacent area not
exposed to fire. Some of the unburned soil was heated to 300 °C in a muffle. The various soil
samples, directly exposed to fire, heated, and unburned, were tested in the laboratory using
rainfall simulator where, runoff, soil loss and infiltration rates were measured. The soil obtained
from the forest is composed of sandy clay loam. Runoff and soil loss amounts were lowest,
intermediate, and highest in the heated, direct fire, and unburned soils, respectively. The soil
samples were subjected to three rainstorm events and results shown in Fig. 6 indicate that the
unburned soil, soil loss was greater in the second rainstorm event than in the first rainstorm event
and then decreased in the third rainstorm event, this resulted in the most soil loss in the first and
second rainstorm events across all three soil samples tested. Soil loss in the soil sample that was
exposed to direct fire increased after each consecutive rainstorm event causing the amount of soil
loss to exceed that of the unburned soil in the third rainstorm event. As for the soil that was
heated to 300 °C, soil loss increased after each consecutive rainfall event, nevertheless,

amounting in the least soil loss out of all soil samples tested.
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Fig. 6 Soil loss results for three rainstorm events (Inbar et al. 2014).

The exposure to extreme heats and open flame alters the chemical, physiochemical and physical

properties of the soil. In this study, however, the soil was heated to temperatures between 30 and

37 °C.
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Fig. 7 Water content effects on erodibility (adapted from Larionov et al. 2014)

Coarse-Grained Soil Erosion

The manner in which coarse-grained soils erode varies greatly from that of fine-grained
soils. Due to lack of interparticle attractive forces, coarse-grained soils typically erode particle by
particle rather than in clumps. Roberts et al. (1998) investigated the effects of particle size and
bulk density on the erosion rates of quartz particles. Results showed that as particle size
increased, the erosion rate also increased up to a maximum particle size, after which the erosion
rate began to decrease. The quartz particles had mean diameters of 5.7, 14.8, 18.3, 48, 75, 125,
222,432, 1,020, and 1,350 um. Results are shown in Fig. 8 (a), (b), and (c) at bulk densities of
1.65, 1.85, and 1.95 g/cm?, respectively, exposed to shear stresses of 0.2, 0.4, 0.6, 0.8, 1.6, and
3.2 N/m?. The decrease in erosion rates was assumed to be due to the increased weight of
particles larger than 100 um. Sediments containing particles larger than 48 um consolidated at an
accelerated rate, resulting in high bulk densities; therefore, bulk density of 1.65 g/cm® was not

achievable.
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Fig. 8. Erosion rate as functions of particle size for bulk densities of (a) 1.65, (b) 1.85, and
(c) 1.95 g/cm? (Roberts et al. 1998)

Roberts et al. (1998) also found that samples made from quartz particles at least 1,350
pum in size varying the bulk density had no impact on erosion rate. Nevertheless, an inverse
relationship was observed between small quartz particle size erosion rates and bulk densities.
Fig. 9 (a) and (b) show erosion rates as functions of bulk densities for particle sizes of 14.8 and

75 um, respectively. A noticeable trend of decreasing erosion rates occurred as bulk density
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increased for shear stresses of 0.2, 0.4, 0.6, 0.8, 1.6, and 3.2 N/m?. Fig. 9 (c), however, shows no
change in erosion rates as bulk density increases for particle size of 1,350 um.

Although demonstration of the effects of varying particle sizes and bulk densities was
worthy, this study focused only on fine-grained soils, specifically manufactured kaolin clay.
Manufactured kaolin clay was chosen because it was readily available in the laboratory, it

demonstrates ease of sample preparation, and it is commonly used for reconstituted samples.
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Fig. 9. Erosion rates as functions of bulk density at various shear stresses (a) particle size
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Field Erosion Testing

Over the past decades, many soil erosion devices were developed to measure soil erosion
rates in situ as well as in the laboratory. Erosion rates have been reported as mass per time or
distance per time, with the distance referring to thickness of sediment eroded. All devices,
mentioned thereafter, are similar in the way they evoke erosion by making use of a fluid media to
transfer shear stresses over the sediment in question. Each device has advantages and
disadvantages which are discussed herein. In this study, the Erosion Function Apparatus (EFA),
was used exclusively. Because erosion rates are unique to each device, erosion rates obtained
from different devices cannot be compared with one another, therefore it is critical that only one

device be used to study how one parameter alone influences erodibility.

FLUME

FLUME is an apparatus that measures in situ rate of erosion of sediment. Ravens (2007)
describes FLUME as a 3 m long, straight flume with cross-sectional dimensions of 10.1 x 12.7
cm. A horizontal bar is contained in the first half of the FLUME, which expedites the
development of a hydrodynamically fully developed flow. Following the flow development
section is a 1.1 m long test section, where flowing water is brought into contact with the surface
of the sediment to be tested. Fine sand was glued to the bottom of the FLUME’s inlet in order to
minimize the change in roughness as flow passed to the test section. A paddlewheel flow sensor
was used to monitor the flow rate. In order to quantify the concentration of mobilized particles, a
turbidimeter was employed and a calibration curve utilized, relating concentration of sediment in
suspension to turbidity, where turbidity was recorded every 15 seconds. A diagram of FLUME is

shown in Fig. 10.
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Fig. 10. Diagram of FLUME (Ravens 2007)
Ravens (2007) stated that the FLUME was deployed in situ from a boat using an onboard

winch system and assistance from a scuba diver. An advantage of the FLUME is that it can be
deployed directly on the surface of sediment in question without sampling. One disadvantage of
the FLUME is that as flow rate increases, more erosion is induced and, consequently, the cross-
sectional area of the test section varies, further reducing the flow velocity in addition to lower
imposed shear stresses. Another consequence of the varying cross-sectional area is that when
erosion depth exceeds 4 cm, scour pits may develop at the entrance and exit of the test conduit.
When engaging FLUME, changes in effective cross-sectional area of the test conduit must be
accounted for. In the FLUME erosion rates are reported as mass per area per time. FLUME is

categorized as open channel flow erosion. By knowing average flow velocity, U, and fluid
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density, p, Ravens (2007) demonstrated that the applied shear stress could be calculated by
utilizing the following expression:

r:péuz, Eq2

where 7 is applied shear stress and f is friction factor. The friction factor can be calculated using

the Colebrook formula (Munson et al. 2002)

Eq3
L _ _ogeom| £/D, 251 |
3.7 Re\/?

J
where ¢ is roughness length, D is hydraulic diameter, and Re is Reynolds number. The
Reynolds number can be obtained through the following equation:

14

where v is kinematic viscosity and all other variables have previously been defined.

Jet Erosion Testing

Hanson and Cook (2004) developed an erosion testing device, the Jet Erosion Testing
(JET) apparatus, used in situ to characterize soil erodiblity. Advantages of JET include its
simplicity to carry out a test, speed with which tests can be conducted, and inexpensive
performance. JET is preferable when the soil in question is a native streambed material to reduce
sample disturbance. One disadvantage of JET is its inability to directly measure and control
shear stress. Another disadvantage is that, as scour develops, the distance between the nozzle and

the soil surface changes continuously, affecting the stresses imposed at the sediment surface.
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The JET apparatus is comprised of a 0.92 m long jet tube, a nozzle with a diameter of 6.4
mm, an air relief valve, a point gauge, an adjustable head tank, and a jet submergence tank. The
adjustable head tank is made up of 0.91 m clear tubing to allow visual surveillance of the water
level. The air relief valve is used to relief air pressure that may accumulate in the jet tube during
filling. Because the point gauge is aligned with the nozzle, measurement of scour can be taken as
flow is stopped by the point gauge that has a diameter equal to the diameter of the nozzle. The
steel submergence tank is 0.3 m in diameter and height with a tube frame attached to secure the
jet tube at the center of the tank. The submergence tank is open on both ends; when the tank is
driven into the soil, a seal is formed at the bottom of the tank, allowing the tank to be filled with
water. Erosion rate is reported as volume per time. A schematic of the submersible JET

apparatus is given in Fig. 11.
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Fig. 11. Schematic of JET (Hanson and Cook 2004)
A jet index was developed to characterize erosion resistance of soils as empirically

related to soil erodibility (Hanson 1991). ASTM designation D5852 can be referred to for
detailed testing apparatus and method for determining the jet index. Hanson and Cook (2004)
recommended that the JET nozzle should be 12 nozzle diameters above the sediment’s surface
before initiating a test. A set of 10-12 point gauge readings of the sediment bed was recorded,

allowing 5-10 minutes between readings to determine depth of scour.
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Laboratory Erosion Testing Techniques

Erosion tests conducted in laboratories can be done using any of the devices mentioned in
this section. All devices have the ability to test undisturbed or reconstituted soil samples. In this
section the device used in this study, the EFA, is described, followed by a brief description on
the Rotating Erosion Testing Apparatus (RETA). Next, four other flume style devices which
include: Sediment Erosion Rate Flume (SERF), Sediment Erosion at Depth Flume (SEDFlume),
Adjustable Shear Stress Erosion and Transport (ASSET), and Recirculating Flume, are

discussed.

Erosion Function Apparatus

The EFA (Briaud et al. 2001) test section is a rectangular pipe with internal cross-
sectional dimensions of 101.6 mm x 50.8 mm and a length of 1.22 m. The rectangular conduit is
equipped with a flow straightener situated in the upstream end of the conduit. The apparatus is
equipped with a pump to drive flow through the test section and back to the water reservoir
located at the rear end. The presence of a valve allows flow regulation; velocities up to 6 m/s are
achievable. A thin-walled Shelby tube sampler is mounted over a motor-controlled piston, with
one end of the Shelby tube held flush with the flume’s bottom through a circular cut in the test
section. The piston pushes the sample through the Shelby tube so that its surface remains flush
with the bottom of the flume as water flows over it. In addition to a flow meter, a thermometer is
fixed downstream from the test section in order to measure the flow rate and temperature,
respectively. Circular PVC pipes are used to guide the flow from the reservoir to the test section
and back to the reservoir. Erosion rates are given as the distance the piston travels upwards per

time. Fig. 12 shows a conceptual diagram of the EFA’s test section.
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A standard test determines the erosion rate versus shear stress and erosion rate versus
velocity by testing the soil sample at six water flow velocities. Each velocity circulates for 1
hour, and the amount of erosion is recorded. The samples’ surfaces is maintained flush with the
flume’s bottom at all times during the test. An operator monitors the test and extrudes the sample
into the flume as soon as the top layers eroded.

Modifications were made to the EFA in this study; a turbidity sensor was instrumented
downstream from the test section in order to map erosion. Additional modifications were made
to the flume in order to accommodate tubes of various diameters. Initially the flume could house
only Shelby tubes that were 76.2 mm in diameter and greater than 609.6 mm in length. Currently
the flume is capable of housing Shelby tubes that are 76.2 and 88.9 mm in diameter and as short

as 152.4 mm in length.

Turbidity

Sensor \

Flume
PVC
Pipe
Direction of Flow ——— J
Shelby Tube Containing
Soil Sample

Piston

Fig. 12. EFA's test section
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The EFA was originally designed to predict scour susceptibility. Briaud (2004) developed
Scour Rate In COhesive Soils Erosion Function Apparatus (SRICOS-EFA) to predict scour
depths versus time curve in fine-grained soils. The SRICOS method requires the following steps:

1. Obtain a sample in a standard 76.2 mm Shelby tube.

2. Perform a standard EFA test to obtain erosion rate versus shear stress curve.

3. Determine the maximum shear stress present on the river bed at the beginning of

the scour process.

4. Obtain an initial scour rate corresponding to maximum shear stress in Step 3.
5. Calculate the maximum depth of scour.
6. Develop the complete scour depth versus time curve.

7. Predict the depth of erosion by reading the curve from Step 6 at the time
corresponding to the duration of the flood.

Eq 2, Eq 3, and Eq 4 are used to calculate shear stress, friction factor, and Reynolds
number, respectively. The erosion rate, z, is

h Eq5
t

where h is the length of sample eroded and t is time.

A standard EFA test was conducted on the kaolin clay used in this study. The result of the
standard test is shown in Table 2. The slightly shorter duration of the test at a velocity of 4 m/s
was taken into account when necessary calculations were performed to obtain the erodibility plot

shown in Fig. 13.
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Table 2 Results of a standard EFA test

Flow Velocity (m/s) Distance Eroded (mm) Erosion Rate(mm/hour)
1 3600 1.00 1.00
2 3600 2.50 2.50
3 3600 6.00 6.00
4 3090 7.00 8.16
5 3600 12.00 12.00
6 3600 15.00 15.00
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Fig. 13 Erodibility curve of a standard EFA test

Briaud (2008) proposed six erosion categories to classify soil and rock erodibility based
on erosion rate at a given velocity or shear stress. The proposed categories ranged from very high
erodibility to non-erosive. Fig. 14 and Fig. 15 represent the erosion categories based on velocity
and shear stress, respectively. The kaolin clay used in this study reconstituted as described in

Chapter 3 - classifies as medium erodibility.
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The EFA is advantageous because when used in conjunction with SRICOS method the
scour potential around bridge piers can be estimated. Also, it is able to measure erodibility at a
specific flow velocity, it is able to monitor the circulating fluid’s temperature, and it can test
undisturbed field samples. The main disadvantage of the EFA is its inherent dependence on
operator’s judgment to determine the extent of erosion in order to extrude the sample an equal
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amount for the sample’s surface to remain flush with the flume’s bottom. In addition, EFA is
unable to measure and control shear stress and pressure in the flume from the flowing water, a
standard test requires at least eight hours, and as the sample erodes it affects the water clarity,
making it harder and sometimes impossible to observe the sample through the glass window. The
EFA device is also unable to maintain a constant temperature of circulating fluid throughout the
test, though this is currently being resolved.

Due to the limitations of the standard Humboldt EFA, part of this study involved
adapting the standard as built Humboldt EFA to address some of the limitations. Instrumentation
of a turbidity sensor was deemed necessary to map erosion, to obtain a measurement of erosion
when the water was too murky to see through the window, and to aid in shortening the testing
period. In addition to the turbidity sensor, alterations to the flume’s opening were performed to
accommodate various diameters of Shelby tubes, commonly used by Kansas Department of
Transportation and the Army Corps of Engineers, and an adjustable platform was added to
accommodate shorter Shelby tubes. Current modifications include a pump motor control to
eliminate overheating the water, a cooling system to maintain constant water temperature

throughout the test, and a digital photogrammetry routine to measure the soil surface roughness.

Rotating Erosion Testing Apparatus

Shear stress induced by the flow of water is the leading mechanism responsible for
erosion. The Rotating Erosion Testing Apparatus (RETA) was developed to increase
understanding of how the magnitude of shear stress is associated with erosion rates (Crowley et
al. 2012a). RETA, originally developed by Moore and Masch (1962), houses a cylindrical
cohesive sediment, 76.2 mm diameter and length, and is capable of achieving rotational speeds
of up to 2500 rpm. RETA is compact in size compared to other laboratory devices, it includes an
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outer cylinder surrounding the sample. The annulus between the centered sample and the outer
cylinder is filled with a fluid that induces shear stress on the sample as the outer cylinder rotates.
Originally tests filled the annulus with a mixture of glycerin and water. Later it was discovered
that glycerin had an impact on sediments’ erodibility, making it more resistive to erosion.
Therefore, only water was used as the shear-producing fluid, with a reduction in annular space
and an increase in rotational velocity to compensate for the less-viscous fluid.

A later version of RETA (Crowley et al. 2012a; Sheppard and Bloomquist 2005) was
described as a rotational style device, which operates by placing a 101.6 mm long cylindrical soil
sample at the center of a rotating outer cylinder. When the annulus is filled with water it induces
shear stresses on the centered sample. The samples were either 60.96 mm or 101.6 mm in
diameter. In addition to the rotating outer cylinder, the device includes a motor and a torque cell-
clutch that work together to control the rotational speed in real time, such that the induced
average shear stress remains constant throughout the test. A 6.35 mm diameter hole was axially
drilled through the sample, where one end of the support shaft was to be attached. The other end
of the shaft was connected to a torque measuring load cell. A schematic of RETA is shown in

Fig. 16.
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Fig. 16. Schematic of RETA (Sheppard and Bloomquist 2005)

In RETA, erosion rate is determined by measuring the mass of eroded soil, separating the
solid particles from water present in the annulus, resulting in the mass of eroded solids. Units of
erosion rates determined by weighing the mass of eroded particles are mass per time (Crowley et
al. 2012a; Sheppard and Bloomquist 2005). Although RETA proved to be superior in terms of
directly measuring and controlling shear stress imposed on the sample in real time, it is limited to

soils that possess sufficient internal cohesion to stay intact during the test (Crowley et al. 2012a).

Sediment Erosion Rate Flume

The Sediment Erosion Rate Flume (SERF) is a device designed to omit operator
dependency from an erosion test and provide near-instantaneous erosion rates (Crowley et al.
2012b). It is equipped with a computerized sample advancement mechanism, a shear stress
sensor, and pressure transducers in order to evaluate the shear stress imposed on the sample.
Erosion rate is given as distance of sample advancement per time.

A schematic of SERF is shown in Fig. 17. The device is comprised of two water pumps, a

2.74 m long aluminum rectangular flume with cross-sectional dimensions of 5.08 x 20.32 cm,
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wall thickness of 1.27 cm, a temperature probe, a cooling system, a flow straightener, pressure
ports, a shear stress sensor, an ultrasonic ranging system, fiber optic lasers, and photoelectric
sensors. The flow straightener is located in the first 0.3 m of the flume; after passing through the
flow straightener, water passes over the shear stress sensor with two pressure ports attached to
each end of the sensor to provide a comparison between measured and computed shear stresses.
Another set of pressure ports are located upstream and downstream from the sample. The bottom
of the flume contains a circular opening into which a tube containing the sample can be inserted.
Above the opening, inside the flume, resides the ultrasonic ranging system to monitor erosion
depth. The bottom of the flume has six 1.5 mm grooves to house three fiber-optic lasers and their
corresponding photoelectric sensors. Fig. 18 shows the locations of the ultrasonic ranging
system, lasers and their corresponding sensors, and a pressure port (Crowley et al. 2012a;

Crowley et al. 2012b; Sheppard and Bloomquist 2005).
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Fig. 17. Schematic of SERF (Adapted from Crowley et al. 2012b)
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The ultrasonic ranging system and fiber-optic lasers can be engaged simultaneously or
individually as the erosion depth monitoring system and sample self-advancement. In testing
some soil types, such as clay, the ultrasonic rays can penetrate a layer of the sample, thereby
giving false readings. Therefore, using fiber-optic lasers exclusively yields greater accuracy
(Crowley et al. 2012b).

SEREF is advantageous because it can be used on fine-grained or coarse-grained soils with
or without internal cohesion, it omits operator dependency, and it provides real-time erosion rate
data. SERF is also equipped with a cooling system to maintain a constant water temperature
(Crowley et al. 2012b). A drawback of SERF is the inability to maintain average shear stress

throughout the test.

Sediment Erosion at Depth Flume
McNeil et al. (1996) and Ravens (2007) described the Sediment Erosion at Depth Flume

(SEDFlume) as a straight flume that can be employed to measure rate of erosion of sediment.

SEDFlume is comprised of a 120 cm inlet section that straightens the water flow and assures the
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flow is fully developed, meaning that the velocity profile is parabolic in shape and remains
unchanged in the direction of flow. The inlet section is attached to a 15 cm test section with
identical cross-sectional dimensions and an opening at the bottom of the flume into which the
coring tube can be inserted, a coring tube, flow exit section, water storage tank, and a water
pump. The coring tube is rectangular and has cross-sectional dimensions of 10 x 15cmand 1 m
in length. The inlet section is a rectangular duct with cross-sectional dimensions of 10 x 2 cm. A

schematic of SEDFlume is shown in Fig. 19.
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Fig. 19. Schematic of SEDFlume (McNeil et al. 1996)

SEDFlume operates by pumping water through the inlet section where the water passes
through flow strengtheners. Flow is allowed to fully develop, achieving its parabolic velocity
profile. Next, the flow enters the test section where it passes over the sediment sample; erosion

can be observed if the shear stress is imposed is equivalent to or exceeds the critical shear stress.
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A piston beneath the core sample is linked to a motor with which an operator is able to advance
or recede the sample contained within the coring tube, in order to maintain the samples surface
flush with the test conduits bottom. Erosion rate is presented as the distance the piston advances
per time (McNeil et al. 1996). Similar to the FLUME, Eq 2, Eq 3, and Eq 4 calculate shear stress,
the friction factor assuming a smooth bottom, and the Reynolds number, respectively.
SEDFlume can be employed to perform two types of experiments: determination of critical shear
stress as a function of depth and determination of erosion rate as a function of shear stress and
depth (McNeil et al. 1996).

McNeil et al. (1996) stated that in cases in which undisturbed samples were used,
SEDFlume is disadvantageous because the conduit is only 2 cm in height and any large sized
debris contained in the sample must be removed in order to proceed with the test. When a large
number of large sized debris are present within the sample, SEDFlume cannot be employed.
Other disadvantages of the SEDFlume include its operator dependency, its inability to maintain a
constant shear stress throughout a test, and its limitations to measure bulk erosion rates without
providing information about transport mechanisms of eroded particles (Roberts et al. 2003).
Advantages of the SEDFlume include its ability to test fine-grained and coarse-grained soils
from the field or remolded in the laboratory, and its allowance of examination of sediment

erodibility with depth.

Adjustable Shear Stress Erosion and Transport
Roberts et al. (2003) the Adjustable Shear Stress Erosion and Transport (ASSET) flume

is designed to quantify erosion of sediments while concurrently investigating the eroded
particle’s transport mode. As a successor of the SEDFlume, ASSET retains all the capabilities of
its predecessor in addition to revealing the transport mode of eroded particles.
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Roberts et al. (2003) described ASSET’s test section as identical in design and operation
to SEDFlume, with the exception that ASSET has a slightly taller channel. ASSET consists of a
water reservoir, a centrifugal pump, a motor-controlled screw jack, an erosion channel and a test
section, a transport channel equipped with bedload traps, a flowmeter, and connective plumbing.
The channel has cross-sectional dimensions of 5 x 10.5 cm, resulting in a conduit that is 3 cm
taller than its predecessor. Flow is allowed to develop in the 180 cm rectangular conduit before
entering the test section.

An operator-controlled screw jack pushes sediment through the tube into the flume so
that the sediment’s surface remains flush with the conduit’s bottom at all times. The tube
containing the sediment core is rectangular with crosssectional dimensions of 15 x 10 cm and 1
m in length. After passing over the test section, the flow enters the transport channel in which
three traps exist downstream. The first trap is located 1 m downstream from the test section,
followed by the remaining two traps located at 1 m intervals from the center of the preceding
trap. Each trap has dimensions of 15 x 10.5 cm and capture basins that are 10 cm deep occupying
a volume of 2 I. In order to eliminate resuspension of trapped sediment, each trap is equipped
with a baffle system, further reducing recirculation (Roberts et al. 2003). Erosion rates are
presented as distance per time, similar to SEDFlume. A schematic of ASSET showing the flume

channel duct, sediment core, erosion test section, and first bedload trap are shown in Fig. 20.
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Fig. 20. Schematic of ASSET (Roberts et al. 2003)

Advantages of ASSET include its ability to test fine-grained and coarse-grained soils
from the field or remolded in the laboratory and its allowance of inspection of sediment
erodibility with depth while revealing the particles transport mechanism. ASSET also can be
employed to determine critical shear stress with depth and erosion rate as a function of shear
stress and depth. Disadvantages of ASSET are its inability to maintain a constant shear stress

throughout the test and its operator dependency.

Recirculating Flume
In the study by Schaaff et al. (2006), the recirculating flume consists of 3.6 m long PVC

pipe filled with 300 I of water. Dimensions of the test section were 0.4 x 0.4 m. Four specimens
were contained in PVC rings that were 10 cm in height; the test specimens were inserted 2.1 m
downstream of the main channel. The motor-induced flow velocity ranges from 0 to 32 cm/s.
Two honeycomb structures are placed at the entrance of the main channel to break up large
clumps of material entering the flow channel, and a turbidity sensor was located downstream
from the test section. Erosion rates were expressed as mass per area per time. A schematic of the

recirculating flume is shown in Fig. 21. One advantage of the recirculating flume is that erosion
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can be measured with a turbidity sensor by collecting water samples every 3 min. and filtering
out suspended particulate matter in order to calibrate the sensor. In addition, the recirculating
flume can be utilized on fine-grained and course-grained sediment from the field or reconstituted
in the laboratory. Major drawbacks of the recirculating flume are the inability to control shear
stress imposed on the soil sample, requirement of continuous recalibration of the sensor due to

recirculation of sediment, and the possibility of achieving only low flow velocities.

Total length 3,6 m
Channel length 3,0 m
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Fig. 21. Recirculating flume (Schaaff et al. 2006)

Turbidity
Davies-Colley and Smith (2001) referred to nephelometric turbidity as an index of light

scattering by suspended particles measured in Nephelometric Turbidity Units (NTUSs). Turbidity
is a phenomenon that describes the cloudy appearance in water. Nephelometric turbidity is a
relative index of light scattering; it is not to be considered a scientific measurement until it is

cross-calibrated to concentration of suspended solids (Davies-Colley and Smith 2001).
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Attenuation of light in a liquid media by suspended particles is greatly influenced by the
concentration of suspended particles, particle size, and particle size distribution. Because
turbidity sensors are calibrated with a standard scattering material, formazin or SDVB, no direct
correlation exists between NTU and Suspended Solid Concentration (SSC) for all particle sizes.
Moreover, each soil type may have a unique correlation between NTU measurements and SSC.
Fig. 22 shows a plot of variation in particle size distribution of turbidity standards, formazin and
SDVB, and suspended sediment in rivers and oceans. In correlating NTU to SSC a problem is
encountered when light attenuation from the suspended solids does not match light attenuation of
the standard formazin or SDVB, a result of wide range of particle size distribution in the sample

leading to weak correlations (Downing 2008).
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Fig. 22. Variation of particle size distribution of turbidity standards and suspended solids
(Downing 2008)
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Turbidity Sensor
The recirculating flume (Schaaff et al. 2006), and the FLUME (Ravens 2007; Debnath et

al. 2007) utilized turbidity sensors in their erosion measuring devices. Every study the turbidity
sensor was used required gathering water samples to further calibrate the sensor and quantify
particles in suspension.

Schaaff et al. (2006) utilized a turbidity sensor to measure particles in suspension
downstream from the test section of the recirculating flume. Two water samples were collected
every 3 min. and were then filtered to quantify the suspended particulate and organic matter in
order to further calibrate the turbidity sensor, making the relationship between turbidity
measurements and suspended particulate matter possible. Such correlation between turbidity
measurements and suspended particulate matter should be performed on each tested soil type
because the correlation is unique based on color, particle size, particle size distribution, and
shape of particles.

Ravens (2007) used a turbidimeter during the flume in situ testing to obtain particle
concentration. In order to relate particle concentration to turbidity measurements, Ravens utilized
a calibration curve. This curve, obtained during experiments, was based on the total suspended
solids measurements of water samples. Such calibrations showed great agreement with R?> 0.85;
however, this calibration curve is unique to each tested soil type.

Debnath et al. (2007) used two turbidity sensors on the flume in situ testing device: One
sensor was located at the entrance of the test section to observe background conditions, and the
other sensor was mounted downstream from the test section. Turbidity readings were
independently calibrated against suspended sediment concentration for each experiment by

gathering at least six water samples obtained from sampling locations near the turbidity sensors.
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Chapter 3 - Methodology

This chapter describes the preparation of samples tested in this study, the testing
procedure in the KSU-EFA and methodology to reduce testing duration. The custom heating
system developed to heat samples is discussed, followed by a brief discussion of the turbidity

sensor instrumented in this study.

Sample Preparation

A hydrometer test was conducted in compliance with ASTM designation D422-63 in
order to analyze particle size and distribution. In this test, 50 g of kaolin clay was mixed with
125 ml of dispersive agent. Hydrometer readings and temperature readings were taken at set time
intervals over a period of 25 days. All readings were taken with a 152H hydrometer. Sieve
analysis was not performed since the soil in question was clay and all particles were finer than
the No. 200 sieve. Results of the hydrometer test are discussed in Chapter 4. A slight deviation
from the ASTM standard occurred when the test duration was extended from 1,440 to 36,165
minutes to account for at least 90% of particles which remained in suspension after 1440
minutes.

Manufactured kaolin clay was used to prepare all samples. In order to make identical
samples, optimum water content and maximum dry unit weight had to be determined using the
Standard Proctor test in compliance with ASTM designation D698-12. Oven-dry soil was mixed
with the desired water content and then allowed to rest in a humidity room for 24 hours, allowing
the moisture to distribute itself evenly throughout the soil mass. Soil samples were mixed at
moisture contents of 26%, 28%, 30%, 32%, and 34%. Following the 24-hour resting period, soil

samples were compacted into a 10.16 cm diameter mold in three equal layers using a 24 N

39



rammer dropped 25 times onto each layer from a distance of 30.5 cm. Samples were then
trimmed flush with the mold, and sample weight was recorded. Using the volume of the mold,
density was computed by dividing the weight of compacted soil by the volume of mold. The
Standard Proctor test was conducted twice. Compaction curves and the average dry unit weight
at optimum water content are discussed in Chapter 4.

Samples were prepared by compacting the soil in various numbers of layers and number
of hammer drops to replicate the maximum dry unit weight determined by the Standard Proctor
test at optimum water content. Two 30.5 cm long Shelby tubes were clamped together where the
soil was compacted in order for the sample to occupy the entire length of the tube. Using the
same 24 N hammer used in the Standard Proctor test, results showed that compacting a soil
sample in three layers with 55 hammer drops per layer to compact clay in a 30.5 cm Shelby tube
was sufficient to recreate the maximum dry unit weight determined by the Standard Proctor test.
However, when tested in the EFA, results showed no consistency. One sample was tested twice
with two velocities, 0.5 and 1 m/s, but results showed large discrepancy in erosion rates within
that sample. Results of the two tests performed on the same sample are summarized in Table 3.
The maximum difference in erosion rate, when tested at 1 m/s, was 28 mm/hour. This

discrepancy was a result of layering since layers experienced various numbers of hammer drops.

Table 3 Results of an EFA test on one sample

Erosion Rate at 0.5 m/s Erosion Rate at 1 m/s
(mm/hour) (mm/hour)
Trial 1 17 36
Trial 2 0 8

An alternate approach was investigated to eliminate the source of error, where the entire

soil sample was compacted in one layer while the number of hammer drops was systematically
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changed until desired results were achieved. Because the hammer dropped on a circular metal
plate, the compaction energy was evenly distributed, allowing the number of hammer drops to
reduce to 250300 drops. Sample results from EFA testing showed similarity in erosion rates and
were repeatable across all samples compacted in one layer, Table 1 in Chapter 1 summarizes
results of samples tested for consistency. A turbidity sensor was also utilized to confirm
similarity between samples. A turbidity plot showing similarity in erosion is presented later on in
this chapter for samples tested at 4 m/s. Fig. 23 shows items used in preparing samples, including

a hammer, two Shelby tubes, a clamp, and a metal plate.

Fig. 23 Items utilized in sample preparation

Sample Testing
In order to test samples in the EFA, a Shelby tube containing a soil sample was mounted
in the test section and clamped onto the adjustable platform. The sample was extruded by

advancing the motorized piston, and then the sample was trimmed flush with the Shelby tube’s
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rim. The adjustable platform was raised into the flume’s test section so that the sample’s surface
was flush with the flume’s bottom. Fig. 24 provides a schematic showing the sample mounted in
the test section. After the sample was installed, the test was initiated by adjusting the water flow
to the desired velocity and allowing the sample to erode over the desired duration. In a standard
EFA test, up to six velocities are tested over a period of 1 hour per velocity. However, this study
investigated testing at shorter durations of 10 and 30 minutes per velocity. An operator visually
monitor the sample through a Plexiglas window in the test section and advance the motorized
piston as needed so that the sample’s surface remain flush with the flume’s bottom at all times.
Upon completion of each velocity, the sample was receded from the flume’s test section,
protruded from the Shelby tube, trimmed flush with the tube’s rim before the test was initiated at

the subsequent velocity.

Flume\

Flow Directionmsp |

/ C lall'lp
/ Adjustable Platform

Shelby Tube + Sample

Piston

Fig. 24 Schematic of sample mounted in test section
Multiple approaches were investigated in an effort to reduce testing duration. One
approach involved conducting a continuous test over a period of 10 minutes per velocity, in
which each velocity was sequentially tested without stopping to trim the sample flush before

initiating the subsequent velocity. Another approach utilized a discontinuous test at 10 minutes
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per velocity, in which the sample was trimmed flush before initiating the subsequent velocity. An
approach that used an intermediate duration of 30 minutes per velocity was also investigated.
The intermediate duration test was discontinuous; the sample was extruded and trimmed flush
following each velocity. Results of the 10-minute tests showed significant underestimation in
erodibility. However, results of the 30-minute test showed an agreement with results of a
standard test, with a maximum discrepancy of 2 mm/hour at a velocity of 3 m/s. Erodibility plots

comparing results of a standard test to results of the shorter-duration tests are shown in Fig. 25.
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Fig. 25 Erodibility plot comparing results of a standard test to shorter-duration tests

Sample Heating
In this study, a custom heating system was developed to investigate the effects of soil
temperature on erosion rate. The heating system was comprised of a heating jacket, a piston head
equipped with two thermocouples, a control box, and a National Instrument data acquisition
system, NI 9211. A heating jacket, which supplied heat, was wrapped around a 15.24 cm Shelby

tube. A piston head equipped with two thermocouples was used to monitor internal soil
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temperature. A control box was used to regulate the temperature supplied to the heating jacket,
with a maximum setting of 40 °C. A data acquisition system and Labview 2014 were used to
record and monitor internal temperatures. A schematic of the heating system is presented in
Chapter 1. Due to size limitations of the heating jacket and thermocouples, the sample had to be
transferred from a 30.5 cm long Shelby tube to a 15.24 cm long Shelby tube using the EFA’s
sample advancement mechanism. By clamping both tubes together and extruding 15.24 cm, the
sample transfer was complete. A minimum of 30-45 minutes was allowed for the sample to heat

up from room temperature to desired temperature.

Turbidity Sensor
A Confab Instrumentation inflow turbidimeter, model 850i, was instrumented in this

study. The turbidimeter consisted of a sensor and a control box that displayed real-time data. A
National Instrument data acquisition system, NI 9203, was also used to log and monitor sensor
readings. Labview 2014, the software provided with the data logger, was programmed to record
turbidity measurements and time elapsed. Initially, the sensors sampling rate was set to a rate of
100 readings per second. However, due to the large number of data points recorded for every
test, the determination was made that reducing the sampling rate to 1 reading per second was
sufficient without jeopardizing the resolution. Additional information about the turbidity sensor
and its operation is provided in Chapters 1 and 2. An example of sensor results presented in Fig.

26, confirming similarity in erosion of two samples tested under a flow velocity of 4 m/s.
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Fig. 26 Turbidity plot confirming similarity in erosion

PVC pipes guided the water flow from the flume back into the water reservoir. The
sensor was located, in the PVC pipe, downstream from the sample’s test section in order to
measure water turbidity as erosion occurred and to avoid interrupting the flow regime. Multiple
sensor locations were investigated. Initially the sensor was installed in the top section of the PVC
pipe, as shown in Fig. 27, but the sensor was not fully submerged into the flow at low velocities.

Therefore, the sensor was relocated to another section in the PVC pipe where it was fully

submerged regardless of velocity.
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Fig. 27 Schematic of EFA’s test section with sensor locations

The effects of increasing water temperature on turbidity measurements were investigated.
The sensor was employed as clean water circulated through the system, demonstrating an inverse
relationship between turbidity measurements and water temperature. When circulating clean
water, the only source that caused turbidity was air bubbles. As the temperature of the circulating
water increased, turbidity measurements decreased, potentially showing that warm water is less
capable of retaining air bubbles than cold water. However, additional testing to quantify air
bubbles is required but is beyond the realm of this study. Turbidity measurements obtained from
the sensor was plotted against temperature, as shown in Fig. 28. The initial water temperature
was approximately 17 °C; that temperature was allowed to increase to approximately 30 °C over

a period of 30 minutes.
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Fig. 28: Turbidity measurements against temperature as clean water circulated

In summary, the first step of making consistent samples in this study was to conduct a
Standard Proctor test on kaolin clay to determine optimum water content and maximum dry unit
weight. Soil samples were compacted in Shelby tubes in one layer in order to eliminate the
effects of layering. A turbidity sensor was instrumented and used to confirm similarity in erosion
across samples. The main goal of implementing a turbidity sensor was to measure water turbidity
as erosion occurred. A custom heating system was developed to study the effects of increased
soil temperature on erosion rate. This study also reduced test duration from 1 hour to 30 minutes

per velocity without jeopardizing the results.
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Chapter 4 - Results and Discussion

This section includes results of the hydrometer and Standard Proctor tests conducted on
kaolin clay and results of a standard EFA test conducted on room temperature samples when the
temperature of the circulating water was allowed to increase. Results of heated and room
temperature samples are presented and discussed, showing the effects of increased temperatures
on erosion rates of fine-grained soils. In addition, results of room temperature samples are
included in which the temperature of the circulating water was controlled. Finally, results

obtained from the turbidity sensor instrumented in this study are discussed.

Particle Size Analysis
In accordance with ASTM designation D422-63, a hydrometer test was conducted to
measure particle size and particle size distribution. The test was initiated by mixing 50 g of
manufactured kaolin clay with 125 ml of dispersing agent and adding distilled water to a total
volume of 1000 ml. Hydrometer readings and temperature were measured at set time intervals

over a period of 25 days. Particle diameter was calculated by
D=KJL/T, Eq6

where D is particle diameter, K is constant depending on temperature and specific gravity, L is
effective depth, and T is time interval. In order to compute the fraction of sediment still in

suspension (i.e., percent finer), the following mathematical expression was utilized:

Eq7
P= (@j*loo, g
W

where P is the percentage of soil remaining in suspension, R is the corrected hydrometer reading,

a is a correction factor based on specific gravity, and W is oven dry mass of soil.
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Using the computation of particle size and the percentage of particles remaining in
suspension, particle size distribution was plotted, as shown in Fig. 29. The ASTM standard
requires that the test be carried out over a period of 24 hours; however, a slight deviation from
the standard occurred when the test was allowed to commence over a period of approximately

603 hours since more than half of the particles remained in suspension after 24 hours.
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Fig. 29 Particle size distribution of kaolin clay

Findings of hydrometer test conducted indicated that more than 90% of particle sizes

measured between 0.028 and 0.00029 mm; 99.99% of the particles were finer than 0.028 mm

and 9.09% were finer than 0.00029 mm.

Standard Proctor Test
In this study the Standard Proctor test was performed twice on the kaolin clay in order to
confirm results. Soil samples were mixed and compacted at moisture contents of 26%, 28%,
30%, 32%, and 34%. Computed dry unit weights of both Standard Proctor tests are presented in

Table 4 and the corresponding compaction curves are shown in Fig. 30.
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Table 4 Results of the Standard Proctor tests

Moisture Content Dry Unit Weight (kN/m?) Dry Unit Weight (kN/m?)
(C) First Test Second Test
26 12.94 13.19
28 14.18 14.06
30 14.14 14.06
32 13.55 13.61
34 13.05 13.08
14.4 : : : : : : ;
Test 1

Dry Unit Weight (kN/D)

1 2 5 8 1 1 1 1 1
26 27 28 28 30 31 32 33 34

Water Content (%)

Fig. 30 Compaction curves of manufactured kaolin clay
Dry unit weights were computed using the following mathematical expressions:

Y Eq8

Ya Tl w’

where }, is dry unit weight and w is water content. The moist unit weight, 7, is
M Eq9

=—-*0.0098,
Vm v
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where Ms is mass of compacted soil, V is volume of mold, and 0.0098 km/s? is acceleration due
to gravity. The compaction curve showed that maximum dry unit weight was achieved at a
moisture content of 29% in both tests. Maximum dry unit weights were 14.27 and 14.18 kN/m?3
for the first and second tests, respectively, with an average value of 14.23 kN/m3. Based on
results, samples compacted to dry unit weights of 14.23 kN/m?® + 1 kN/m? at 29% water content
were deemed acceptable for the purposes of this study. Table 1 confirms similar erodibility

across samples prepared and tested in the same manner.

Effects of Soil Temperature

A standard EFA test encompassed testing up to six velocities over a duration of 1 hour
per velocity. The sample was extruded after each velocity and trimmed flush before initiating the
subsequent velocity. Results of the standard test were used as baseline for comparison of tests
conducted on heated samples. An erodibility plot summarizing results of the standard test is
presented in Fig. 31. As water circulated through the system, its temperature increased due to
energy conversion. In this test, the water’s temperature was allowed to increase. Test results of
when the temperature of the circulating water was controlled are presented and discussed later in
this chapter. The effects of controlled water temperature tests were insignificant on the measured

erodibility so the circulating water was allowed to increase in order to utilize the turbidity sensor.
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Fig. 31 Erodibility plot of a standard test

In order to test soil temperature effects on erosion rate, a sample was heated to an average
temperature of 32 °C and tested in accordance with the standard test. Samples were heated using
the custom heating system described in Chapter 3. Fig. 32 shows an erodibility plot of a standard
test conducted on a sample heated to 32 °C. Comparing Fig. 31 and Fig. 32, results indicated a
direct relationship between soil temperature and erodibility: Heated samples resulted in more

erosion than room temperature samples.
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Fig. 32 Erodibility plot of a standard test conducted on a heated sample

Fig. 33 combines Fig. 31 and Fig. 32 in order to directly compare results of a standard
test conducted on a room temperature sample (21 °C) to results of a standard test conducted on a
heated sample (32 °C). Results showed that, not only did the heated sample result in a higher
erosion rate, the gap between erosion rates grew wider with increased velocities. However, the
heated sample was not tested under a velocity of 6 m/s because the water flow pump overheated.
A sample at room temperature was tested under a velocity of 6 m/s; results showed that erosion
rate at 6 m/s was significantly less than the heated sample’s erosion rate when tested under 4 m/s,
as shown in Fig. 33. Table 5 shows temperatures, measured dry unit weights, measured water

contents, and erosion rates of tests conducted on room temperature and heated samples.
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Fig. 33 Erodibility plot comparing heated to room temperature samples

Six samples were heated to temperatures between 30 and 37 °C and tested under various
velocities. In addition, eight samples were tested at a room temperature of 21 °C. However, not
all samples were tested under all six velocities. Results of 14 samples are summarized and
presented in Table 5 and Fig. 34. In Table 5, samples labeled with the letter H denote heated
samples, whereas samples labeled with R stand for room temperature samples at 21 °C.

Table 5 Results of room temperature and heated samples

H-1 30 14.63 29.19 0 3 9 17 NA NA
H-2 32 14.64 29.33 0 4 9.5 19 27 NA
H-3 34 14.69 29.10 0 3 9 15 24 NA
H-4 34 14.76 29.00 0 3 12 21 NA NA
H-5 35 14.63 29.19 0 3 9 18 42 NA
H-6 37 14.64 29.33 0 3 9 15 24 60
R-1 21 14.62 29.04 NA NA NA 6 9 12
R-2 21 14.62 29.04 1 2.5 6 8 12 15
R-3 21 14.80 28.00 0 0 9 12 NA NA
R-4 21 14.70 29.30 0 1 5 10 NA NA
R-5 21 14.70 29.30 0 0 4 9 11 13
R-6 21 14.70 29.30 0 1 4 8 11 14
R-7 21 14.66 29.00 NA 0 NA 6 12 NA
R-8 21 14.31 NA NA NA NA 6 12 NA
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Fig. 34 shows that the heated samples had greater erosion rates than the room
temperature samples. There is a need to test between 21 and 30 °C to identify how small of a

temperature change affects soil erodibility.
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Fig. 34 Erosion rate comparing room temperature samples to heated samples

Effects of Water Temperature
As water circulates through the EFA, it warms due to energy conversion from Kkinetic to
thermal energy. A standard test was conducted that allowed the circulating fluid’s temperature to
rise from 16 to 30 °C for each velocity. Fig. 35 shows results of the standard test as water

temperature rose for velocities of 1-6 m/s.
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Fig. 35 Erodibility plot of a standard test allowing water temperature to increase from 16

to 30 °C

In order to confirm the effects of increasing water temperature on soil erodibility,
another standard test was conducted twice while maintaining water temperature between 16 and
20 °C. The control on water temperature was achieved by simultaneously draining and filling the
system. Results of the controlled water temperature tests are summarized in Fig. 36; velocities

tested were 1-5 m/s.
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Fig. 36 Erodibility plot of standard tests maintaining water temperature between 16 and 20

°C

Samples tested while allowing the circulating water’s temperature to rise demonstrated

increased erosion compared to samples tested under controlled water temperature, as also shown

in the findings of Larionov et al. (2014). In this study the test was initiated at water temperature

of 16 °C and was allowed to gradually increase to 30 °C. Whereas Larionov et al. (2014)

conducted the tests at constant water temperatures ranging from 0 to 25 °C. Fig. 37 shows an

erodibility plot that compares results of standard tests with controlled water temperature to a

standard test with warming water. As shown in the figure, samples demonstrated increased

erosion for every velocity. The difference in erosion rate ranged from 0.5 mm/hour at 2 m/s to 3

mm/hour at 5 m/s.
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The difference in erosion rate of samples tested under controlled and uncontrolled water
temperatures was not significant because all tests were initiated at water temperature of
approximately 16 °C and it progressively got warmer. For controlled water temperature tests,
though, water temperatures were maintained between 16 and 20 °C. In order to study the
comprehensive effects of water temperature on erosion rates, tests should be initiated and
maintained at various water temperatures, as done by Larionov et al. (2014). Results of water
temperature effects are summarized in Table 6. Based on the small difference in erosion rates

between uncontrolled and controlled water temperature, water temperatures were not controlled
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temperatures

in the majority of these tests because the difference was insignificant.
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Table 6 Results of tests conducted under controlled and uncontrolled water temperatures

Dy Lt DU 1 mis 2 m/s 3 m/s 4 m/s 5m/s

(mm/hr)  (mm/hr)  (mm/hr)  (mm/hr)  (mm/hr)

Test ID Weight Content
(kN/m3) (C)

Uncontrolled Water
Temperature
Controlled Water
Temperature Test 1
Controlled Water 14.56
Temperature Test 2

14.62 29.04 1 2.5 6 8 12

14.60 29.80 0 2 4 6 9

28.50 0 2 4 5 8

Turbidity Sensor

Inflow turbidimeter model 850i was implemented in this study to map soil erosion. As
soil erodes, water clarity is affected as a result of continuous mixing; therefore, data collected
from the sensor were used to confirm visual observation of soil erosion. Fig. 38 shows turbidity
measurements of a test conducted twice over a period of 30 minutes. The only difference was
that one sample eroded 0.5 mm more than the other. The sole purpose of this figure was to
demonstrate sensor sensitivity in measuring minute differences in erosion. In every turbidity plot
presented in this study, turbidity measurements were normalized by equating the minimum value
to zero, allowing effects of air bubbles and any soil remaining in the system from previous tests

to be neglected.
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Fig. 38 Turbidity plot demonstrating sensor sensitivity

As demonstrated in Chapter 3 and discussed in this chapter, turbidity measurements of
clean water decreased as temperature increased. Therefore, turbidity measurements that remained
constant throughout a test in which temperature increased indicated the occurrence of erosion. As
shown in Fig. 38, turbidity measurements represented by green dots were constant throughout
the test, indicating that erosion took place, although not enough to extrude the sample into the
flume.

Another test was conducted twice on the same soil sample over a period of 1 hour in
which equal amounts of erosion occurred. As shown in Fig. 39, turbidity plots of tests 1 and 2
overlapped one another throughout the test, indicating equal amounts of soil mixed and further
proving the need for this kind of sensor to confirm visual observations of the operator and

compare erosion of samples tested at identical velocities.
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Fig. 39 Turbidity plots confirming equal amounts of erosion

The sensor was tested with only clean water circulating through the system, and the
water’s temperature was allowed to increase from 16 °C to 29 °C over a period of 30 minutes.
Results showed that turbidity measurements decreased as water temperature increased, as shown
in Chapter 3 Fig. 28. Because air bubbles were the only source that caused the water to be turbid
and because warm water is less turbid than cold water, the hypothesis in this study was that
warm water is less capable of retaining air bubbles than cold water.

The sensor was also employed on a standard test in which erosion was mapped for each
velocity and turbidity measurements were combined together in one plot, as shown in Fig. 40.
Each color signifies a unique velocity. Velocities 2, 3, 4, and 5 m/s are shown; turbidity
measurements of 1 and 6 m/s had to be excluded for visual clarity and to avoid overlapping

because the wide range of values would have covered the entire plot.
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Fig. 40 Turbidity plot of a standard test on room temperature sample, all velocities
combined
Similarly, a turbidity plot of a standard test conducted on a heated sample is shown in

Fig. 41. Velocities 2, 3, 4, and 5 m/s are shown for the same reasons stated above.

Turbidity Sensor on Heated Sample
The sensor was employed to compare erodibility of standard tests conducted on room
temperature and heated samples. Turbidity measurements for velocities 3, 4, and 5 m/s of room

temperature and heated samples were plotted in Fig. 42. The turbidity plot represents tests

summarized in Fig. 33.
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Fig. 41 Turbidity plot of a standard test on heated sample, all velocities combined

Turbidity measurements of the heated sample tested at 4 m/s were equivalent to turbidity
measurements of the room temperature sample tested at 5 m/s; however, the turbidity
measurement slope of the heated sample at 4 m/s was steeper than the turbidity measurement
slope of the room temperature sample at 5 m/s. If the test for the heated sample at 4 m/s was
carried out over 60 minutes, the turbidity measurements would have surpassed the turbidity
measurements of room temperature sample at 5 m/s. However, turbidity measurements are not
indicative of erosion rate at this time; the slope of the turbidity plot may offer a better
representation of erosion rate, as shown in Fig. 42, where the heated sample at 4 m/s resulted in
more erosion than the room temperature sample at 5 m/s. Nevertheless, the turbidity
measurements of the room temperature sample at 5 m/s were higher than the turbidity
measurements of the heated sample at 4 m/s, despite that more erosion occurred in the heated

sample.
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Fig. 42 Comparison of turbidity plots

The slope of the turbidity plot was estimated and presented in Table 7. The estimated
slope for heated and room temperature samples tested at flow velocity of 3 m/s were the same
and that is thought to be a result of poor sample mixing as the water recirculates through the
system. Although there is a slight discrepancy in turbidity values, where the heated sample
resulted in higher turbidity values than the room temperature sample, the estimated slopes were
equal. However, for faster velocities, 4 and 5 m/s, the estimated turbidity slope seems to agree
with measured erosion rates, showing that heated samples tested under flow velocities 4 and 5

m/s resulted in steeper slopes than room temperature samples tested under the same flow

velocities.
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Table 7 Estimated slope of turbidity plots
Sample’s Condition Flow Velocity (m/s) Erosion Rate (mm/hour) Estimated Slope

(NTU/minutes)

Heated (32°C) 3 9.5 2.5
Heated (32°C) 4 19 8
Heated (32°C) 5 27 16
Room temperature 3 6 2.5
(21°C)
Room temperature 4 8 3.5
(21°C)
Room temperature 5 12 7
(21°C)

In conclusion, effects of soil temperature on erosion rate revealed that an increase in soil
temperature directly increases fine-grained soil erodibility. Effects of increasing water
temperature on erosion rate showed a slight increase in erosion rate when the circulating water’s
temperature was allowed to increase, although the observed difference was not more than 4
mm/hour since the test was initiated with cold water and the temperature was allowed to increase
over the duration of the test. The turbidity sensor employed in this study confirmed and
compared erosion rates for samples tested under identical velocities. The sensor measured
minute differences in erosion rate, as little as 0.5 mm/hour. Also, the slope of the turbidity plot is

related to erosion rate for flow velocities greater than 3 m/s.
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Chapter 5 - Concluding Remarks

The main objective of this study was to investigate the effects of fine-grained soil
temperature on soil erodibility. Grabowski et al. (2011) previously identified temperature as one
of the factors that influence erodibility, but prior to this study, a slight increase, between 10 and
20 °C, in fine-grained soil temperature effects on erosion rate were unknown. Effects of water
temperature on soil erodibility were also investigated to complement a previous study by
Larionov et al. (2014). A turbidity sensor was employed in this study to map soil erosion and
compare erosion results of identical samples tested under similar velocities. This section includes
a brief summary of sample preparation, conclusions based on testing heated samples, and
concluding remarks on the effects of water temperature and turbidity sensor instrumented in this
study. Finally, recommendations for future studies are presented.

Samples used in this study were identically prepared to ensure consistent results when
tested in the EFA. Kaolin clay was mixed to an optimum moisture content of 29% and
compacted to a maximum dry unit weight of 14.23 kN/m?3 + 1 kN/m2. Moisture content and
maximum dry unit weight were determined by the Standard Proctor test. All soil samples were
compacted in a 30.5 cm Shelby tube in one layer to eliminate effects of layering. Seven tests
were performed on soil samples in the EFA to ensure consistent results before varying soil
temperature in order to study temperature effects on erosion rates. Samples A through D in Table
8 were tested for consistency which shows maximum discrepancy of 3 mm/hour occurred at flow
velocity of 4 m/s. Table 8 Summary of all samples tested in the EFA

By employing a custom heating system, soil temperature was successfully brought to and
maintained at temperatures above room temperature. A comparison of results of all tests

performed on room temperature samples and heated samples revealed a direct relationship
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between soil temperature and erosion rates: soil samples at temperatures above room temperature
demonstrated greater erosion than soil samples tested at room temperature. For example, sample
H-6 was heated to 37 °C, when tested under flow velocity of 6 m/s, sample H-6 resulted in
erosion rate of 60 mm/hour. By comparison the room temperature sample R-1 resulted in erosion
rate of 12 mm/hour when tested under the same velocity of 6 m/s. Therefore, because soil
temperature was identified as an important variable in fine-grained soil erosion, engineers should
monitor, maintain, and record soil temperatures in their laboratory studies.

This study also confirmed the effects of increasing water temperatures on erosion rates. A
room temperature sample was tested as the circulating water temperature was allowed to increase
from 16 to 30 °C and the results are compared to results of room temperature samples tested as
circulating water temperature was maintained between 16 and 20 °C. A slight difference in
erosion rates was observed, although the difference was not significant since the tests conducted
were all initiated at approximately equivalent water temperatures. In order to precisely study the
effects of water temperature on erosion rates, tests should be initiated and maintained at various
water temperatures instead of initiating the test at low water temperatures and allowing the water
to warm as energy is being converted. In order to accurately measure soil erosion rates in
laboratories, the circulating water temperature should be similar to the water temperature
measured in situ.

In this study, a turbidity sensor was instrumented downstream from the test section in
order to map soil erosion as it occurred. By measuring light-scattering effects in liquid media, the
sensor demonstrated accuracy in measuring minute differences in erosion rates, as low as 0.5
mm/hour. When comparing turbidity plots obtained from the sensor, only similar velocities

should be compared. For example, turbidity plots of samples tested at a flow velocity of 2 m/s

67



should only be compared to samples tested at flow velocities of 2 m/s. Additionally, when
engaging the sensor for comparison purposes, only samples of identical composition should be
compared with one another since soil samples of different compositions may result in
unexpected turbidity measurements. A major advantage of the sensor was its ability to show
which sample had eroded more. However, because the sensor measures the concentration of
particles in water, it could only be employed when no water was entering or leaving the EFA.
Furthermore, the sensor could not be employed in controlled water temperature tests because
controlling water temperature was achieved by filling and draining the EFA simultaneously.
Based on findings of this study, researchers conducting laboratory erosion studies on in
situ soil samples should test under temperatures that represent in situ conditions. This study also
suggests that a storm event of a certain magnitude in warm seasons will cause more erosion and
sediment loss than a storm event of the same magnitude in cold seasons. Table 8 summarizes

results of all tests performed in this study.
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Table 8 Summary of all samples tested in the EFA

ple ID D " 0

Consistent Samples .
A 21 14.66 29 NA NA 4 10 NA NA
B 21 14.8 29.5 NA NA 4 9 11 14
C 21 14.7 29.3 NA NA 5 10 11 13
C-1 21 14.7 29.3 NA NA 4 9 11 14
C-2 21 14.7 29.3 NA NA 4 8 NA NA
D 21 14.74 29 NA NA 4 7 NA NA
D-1 21 14.74 29 NA NA 3 7 NA NA

Soil Temperature
H-1 30 14.63 29.19 0 3 9 17 NA NA
H-2 32 14.64 29.33 0 4 9.5 19 27 NA
H-3 34 14.69 29.1 0 3 9 15 24 NA
H-4 34 14.76 29 0 3 12 21 NA NA
H-5 35 14.63 29.19 0 3 9 18 42 NA
H-6 37 14.64 29.33 0 3 9 15 24 60
R-1 21 14.62 29.04 NA NA NA 6 9 12
R-2 21 14.62 29.04 1 2.5 6 8 12 15
R-3 21 14.8 28 0 0 9 12 NA NA
R-4 21 14.7 29.3 0 1 5 10 NA NA
R-5 21 14.7 29.3 0 0 4 9 11 13
R-6 21 14.7 29.3 0 1 4 8 11 14
R-7 21 14.66 29 NA 0 NA 6 12 NA
R-8 21 14.31 NA NA NA NA 6 12 NA
Water Temperature

Uncontrolled 21 14.62 29.04 1 25 8 12 NA
Controlled Testl 21 14.6 29.8 4 NA
Controlled Test2 21 14.56 285 4 NA

2
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Future Work

This study illustrated the effects of above-room-temperature samples on fine-grained soil
erosion rate. However, the effects of below-room-temperature samples on the erosion rate of
fine-grained soil remains unknown. Therefore, future studies should investigate the effects of
below-room-temperature samples on fine-grained soil erodibility. Because the earth experiences
seasonal variations every year, cold seasons followed by warm seasons, another recommendation
for future study is to investigate the effects of cyclic cooling and heating soil samples on fine-
grained soil erodibility. An increase in soil temperature has been shown to increase erosion rates
in fine-grained soils, but how small of a difference in soil temperature impacts fine-grained soil
erodibility is unknown and should be investigated in future studies. The final recommendation
for future studies is to instrument an additional turbidity sensor upstream from the test section
where the difference in turbidity measurements can be associated with how much erosion occurs.

The additional sensor would allow both sensors to be employed on controlled water tests.
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