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Abstract

Determination of erosion parameters in order tmfmt scour depth is imperative to
designing safe, economic, and efficient bridge ttations. Scour behavior of granular soils
is generally understood, and design criteria haenlestablished by the Federal Highway
Administration. The same is not true for cohesigs, and because of their complexity, a
universal scour prediction method has not beerbksiti@d by the industry. The Erosion
Function Apparatus (EFA) was created to deternfieadte of scour of cohesive soils under
known shear stresses, which can then be usedda@pseour depths under similar
conditions.

During this study, nine cohesive soil formationsrgvsampled with the assistance of
the Alabama Department of Transportation. Sixheke formations were scour tested in an
updated EFA featuring an ultrasonic sensor for tjtedive erosion measurements. EFA
tests were performed to determine erosion functamtswhether any formations
demonstrated scour resistance. Geotechnical itedtx were also performed on these
formations to correlate scour to geotechnical privge

Results of testing verified the performance ofutieasonic sensor and updated EFA.
Three of the tested formations were scour resistémte three formations showed evidence
of scour. Velocity versus scour rate curves wemgegated for the scourable formations with
scour rates upwards of 15 mm per hour. The scel@wor observed was unique among

formations limiting the ability to establish comébns between tests.
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Chapter 1 Introduction

1.1 Background

In 2009, according to the Federal Highway Admimstn (FHWA), there were
approximately 603,000 bridges in the National Beidgventory. Of these 603,000 bridges,
roughly 83 percent span water (Lagasse et al. 200Vith such a large number of bridges
crossing water, scour can be a major concern wettelarated flow conditions such as
flooding. Between 1961 and 1976, over 50 percéthe 86 major bridge failures were due
to scour (Murillo 1987). More recently, from 1989 2000 just over fifteen percent of all
bridge failures were due to scour (Wardhana andgtiatio 2003). From these numbers it
is evident that scour is a serious issue in bradigggn and maintenance. When scour does
occur, remediation measures are extremely codtig,td potential instabilities in the bridge
and river bed, as shown in Figure 1-1. Estimatescour are an important step in the bridge
design process, as the estimated depth of scaudisving force in the foundation system

selection and penetration depth.
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Figure 1-1. Example of Bridge Scour
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Current scour predictions of highway bridges arelenasing techniques reported in
Hydraulic Engineering Circular 18 (Richardson anavi® 2001), abbreviated as HEC 18,
and Hydraulic Engineering Circular 20, or HEC 2@&ghasse et al. 2001). These reports,
published by the FHWA, estimate scour depth basedoor major variables: channel
configuration, stream velocity, soil grain sizegdamderlying bed material. It is important to
note that the methods defined in HEC 18 and HEGv2fe based on predicting scour in
cohesionless bed material. Alternatively, it ifidaed that the variables leading to scour in
HEC 18, predominantly grain size, do not translet® accurately predicting scour in
cohesive soils. Much work has been completed ipemta to predicting the rate and
magnitude of scour of cohesive soils, most notdlylyBriaud et al. (1999, 2001a, 2001b,
2004). The Erosion Function Apparatus, EFA, waaiad by Briaud’'s research group, with
the purpose of determining the rate of scour oesole soils.

The EFA uses a pump and a flume to create a cdrf&tan and corresponding shear
stress, which is exposed to a one millimeter peitru of soil. Determining the erosion rates
of this one millimeter protrusion at different veittes, or bed stresses, creates an erosion
function. This erosion function is then used it@dance with Briaud’'s Scour Rate in
Cohesive Soils (SRICOS) method to predict the maxrindepth of scour over flooding
events (Briaud 1999). The erosion rates createch fthe EFA are determined using a
viewing window in the flume of the EFA. An obsendetermines when the volume of the
one millimeter protrusion has eroded and recordsreesponding time stamp.

Accurate scour predictions are a major contributatgor to the economic foundation
design of bridges crossing bodies of water. Thahdef scour is a portion of the total depth

of foundation needed to provide capacity to caney bridge loads. If the depth of scour is



overpredicted, the foundation length and constomctiosts of the bridge are unnecessarily
increased. This principle is the driving idea batter predictions of scour depth in cohesive
soils. This concept is directly tied to the SRIC@®thod as it is a relatively accepted
method for predicting scour and is approved byRbeeral Highway Administration.
1.2 Objectives
The objectives of the study were
Adapt the EFA to measure scour rates automaticailyiuding the design of an
ultrasonic sensor, data acquisition system, aral akuction procedure,
Conduct EFA tests on cohesive soil samples thag wellected from locations below
the fall line in the coastal plain of Alabama, and
Determine if measured scour parameters correlatin wommon geotechnical
parameters such as shear strength, Atterberg Lingtain size, or Standard
Penetration Test N values.
1.3 Scope of Study
The scope of work included the following tasks:
Update the Auburn University Erosion Function Amias with an ultrasonic sensor
that can volumetrically measure the mass of eradeterial at any point during
testing. It is believed that this would add vdlydio current erosion testing practices,
Create a testing regimen that incorporates theupslated EFA,
Obtain samples from cohesive soil formations in ¢bastal plain of Alabama with
the assistance of the Alabama Department of Trategpm (ALDOT),
Perform EFA tests to determine erosion parameaeis,

Perform geotechnical index tests to determine gboieal parameters.



Chapter 2 Literature Review
2.1 Scour Background Information
Scour is defined as the result of the erosive actb flowing water, which can
excavate and carry away material from the bed amkd of streams and from around the
piers and abutments of bridges (Richardson and<D2001). More specifically scour at
bridges can be related to the following factorsgasse et al. 2001):

Channel slope and alignment

Channel shifting

Bed sediment size distribution

Antecedent floods and surging phenomena
Accumulation of debris, logs, or ice

Flow contraction, flow alignment, and flow depth
Pier and abutment geometry and location

Type of foundation

Natural or man-induced modification of the stream

Failure of a nearby structure

Scour is divided into three different classificaiso aggradation and degradation,
general scour, and local scour. Aggradation angradation are based on long-term
streambed elevation changes (Richardson and D&@$)2 Aggradation is defined by the
deposition of upstream material, resulting in thesing of a streambed. Degradation is
defined by the lowering of a streambed due to &idéf the deposits from upstream.

General scour is attributed to the lowering ofraanbed across a stream at a bridge

or large-scale impingement in flow. General scoftien refers to contraction scour, which
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occurs when a streambed is narrowed, or contradigdihe addition of a bridge that
increases flow velocities (Richardson and Davis 1200 Another type of general scour
involves scour around a bend in a river, as vakExitend to vary with respect to distance
from the bend. Typically contraction scour occacsoss most of the streambed. However
general scour and contraction scour are not uniftmnoughout a given cross section.
General scour differs from aggradation and degradan that general scour is cyclical and
often reflects flood activity (Richardson and Da2301).

Local scour is defined as the removal of materraliad objects intercepting flow
caused by the acceleration of flow around the abjedVith acceleration in flow around a
bridge pier comes an increase in shear stresseosttbam bed resulting in removal of bed
material. HEC 18 recommends calculating total scaua bridge crossing by adding
degradation, general scour, and local scour ovedd#sign life of the structure.

Scour occurs when the shear stress exerted orethenhaterial by the flow of water
exceeds the critical shear stresg for the bed material. As the shear stress isa®a
beyond the critical shear stress of the bed méterscour hole develops. Scour can develop
around an object, as in local scour, or acrossamradl in general scour. As the scour
increases and more particles are removed, the skrems on the plane of the bed material
decreases. Maximum scour depth is reached onacegknmaterial has been removed to
reduce the shear stress at the bottom of the $ideito a level below the critical shear stress
(Briaud et al. 1999). This critical shear stresprioportional to the critical velocity ()/(in
m/s for Sl units and ft/s for English units) flowjirthrough a channel. HEC-18 defines the

critical shear velocity by equation 2-1 below:
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where:

Ve = Critical velocity above which bed material sizeand smaller scours
y = Average depth of flow upstream of bridge

D = Particle size correlated tq V

Ky = Curve fitting factor (6.19 for Sl units and 17.fbr English units)

Equation 2-1 states that the critical shear stissa function of two different
properties, depth of flow and grain size. Gramgess also a variable in calculating the depth
of contraction scour. In live-bed contraction sgc@rain size is a variable used to determine
the mode that bed material is being transportedn@dson and Davis, 2001). Similarly, in
clear-water contraction scour the average deptlscoiur is proportional to the largest
nontransportable particle in the bed material.

For calculating the scour depth around a pier, HBGuggests using equation 2-2.
This equation was created based on flume expersmentsand using different pier

configurations and shapes.

Ys = 20xK, XK, XK, XK, x L . xFr, (2-2)
a a

where:

Ys = Scour depth

Y1 = Flow depth directly upstream of pier

K1 = Correction factor for pier nose shape

K = Correction factor for angle of attack of flow

Ks = Correction factor for bed condition

Ka = Correction factor for armoring by bed materiaks

a = Pier width



L = Length of pier

Fr, = Froude Number directly upstream\_/-elo—Clty
gy,
g = Acceleration due to gravity

In equation 2-2 grain size is a variable in thestant K;, a correction factor for
armoring the pier by bed material. This correctiactor reduces the amount of pier scour if
the pier is considered protected by heavier cograged materials such as gravels.
Throughout HEC-18, scour prediction equations aavhy influenced by grain size. This
concept is based on the assumption that soils raddel these scour predictions erode
particle by particle. Erosion of coarse-grainedterial such as sand and gravel occurs
typically by rolling, sliding, or plucking of thegpticle. Close observations and slow motion
cameras have determined that scour of these partisl typically a combination of these
mechanisms (Briaud et al. 1999). Erosion of samdsgravels is mainly resisted by gravity
forces from the weight of the particles. Usingstlogic, the larger the particle, the more
shear stress it can resist. For example, it i®rgtdod that the shear stress needed to erode a
grain of sand is much less than the shear stresteddo erode a boulder. However, HEC-18
uses these principles to predict the depth of sobdine-grained cohesive soils. HEC-18
does acknowledge that the rate of scour may be nowgdr for cohesive soils, but states that
the maximum scour depth should still be calculatethg the equations above. In this
regard, cohesive soils are considered to have arlawtical shear stress than sands using
equation 2-1. Also fine-grained cohesive soilsnidd provide any protection against pier
scour using the correction factoy K equation 2-2. In essence, the lack of undedstag

regarding scour of cohesive soils has resultedperalty using current design standards.



2.2 Scour Rate in Cohesive Soils Method

Numerous studies have been performed to creatéter lmderstanding of scour of
cohesive soils. Most of these studies involvechak&or flume tests that simulated a flood
event, in which scour was closely monitored. HECdbes acknowledge one study in
particular as a method for predicting pier scoutohesive soils. This research, performed at
Texas A&M University, resulted in th®cour Rate in Cohesive SoiSBRICOS) method, and
started by determining the scour mechanisms inssamalys, and rock (Briaud et al. 1999).

Water velocity ranges from 0.1 to 3.0 m/s in mogtns and streams. This velocity
results in average bed shear stresses rangingIfrian0 N/m. Since the bed shear stresses
resulting in scour are much less than the sheangtin parameters typically found in clay, it
is presumed that scour is a result of a cyclicélifa, which occurs after long-term exposure
to relatively low shear stresses (Briaud et al.9)9%0bservations of scour in sands showed a
rapid, immediate failure compared to the cycliclure observed in cohesive soils. The
different scouring methods of sand and clay sugtiesdtthe forces resisting scour are not
similar. As previously stated the main force thasists scour in sand is gravity.
Gravitational force is relatively small, dependiog particle size. The resultant scour rates
found in sand and resisted by gravitational forees represented in meters per hour.
Research has shown van der Waals forces, which dlald particles together, can better
resist the constant cyclical loading found in stiearesulting in scour rates in the order of
millimeters per hour (Briaud et al. 1999). Simjawhen scour occurs in clay, it does not
occur particle by particle but in larger groupgafticles or chunks.

The SRICOS method was created to predict the defpger scour with respect to

time for a known flow velocity in a uniform cohesisoil. The SRICOS method involves



testing a site specific soil sample in an EFA, oodion Function Apparatus, and recording
scour rates for a range of velocities. The velegitested in the EFA should encompass the
expected shear stresses around the pier undeirfipodnditions. From EFA tests, an initial
scour rate is established as the scour rate camdspy to the maximum shear stress
expected during the flood event. A maximum scaptld is calculated based on site specific
geometry and flow rates. Using the maximum scoepthl initial scour rate, and flood
information, a flood specific scour depth is es&ti®d.

The SRICOS method allows for an informed scour ipteoh to be made in cohesive
soil. However, the SRICOS method makes certainmaptions that are not realistic in all
streams. For instance the SRICOS method produdegpta of scour for one flood event, in
a uniform soil layer (Briaud et al. 1999). Thisnst realistic as bridge piers will resist
several floods with varying velocities over a desigervice period, and commonly are
embedded into varying soil layers. To improve d@beuracy of the SRICOS method, Briaud
et al. (2001a) expanded the SRICOS to encompadaslthgdrograph throughout the design
period. Also the Briaud et al. (2001a) expanded 8RICOS method to predict the
maximum depth of scour in different soil layersincg® the combinations of varying soil
layers and flood events can become very complegnaputer program was developed to
calculate pier scour using the new Extended SRIGBSRICOS) method. A Simple
SRICOS (S-SRICOS) method was also created to acoolai® scour predictions similar to
the E-SRICOS method without the use of the SRICO®puter program (Briaud et al.
2001a)

The procedure for the E-SRICOS method is similatheooriginal SRICOS method.

The maximum scour depth is still calculated usimg mean flow velocity, diameter of the



pier, and viscosity of the water. Samples areectdld and tested in the same manner as the
SRICOS method, and a velocity versus scour rateecisrcreated. The flow hydrograph is
then created for the bridge, typically using a kage hydrograph from the United States
Geological Survey (USGS) near the bridge locatiBniaud et al. 2001a). The flow
hydrograph is then transformed into a velocity logglaph using profile of the stream at the
bridge crossing. Using the velocity hydrograple #elocity versus scour rate curve created
in the EFA, soil profiles, and general bridge pmigs, the SRICOS program calculates the
depth of pier scour throughout the entire desidm dif the bridge (Briaud et al. 2001a).
Through several case studies Briaud et al. (200&@ahd the maximum scour depth
calculated, using HEC 18 standards, was not reaitinedghout the design life hydrograph
As previously stated the S-SRICOS method was aleat@roduce similar results to
the E-SRICOS method without the use of the SRICO@puter program. The maximum
scour depth is calculated, usually related to t@8-ylear flood conditions. Site specific
samples are collected and tested in the EFA taroktasion functions. It is important that
samples are obtained and tested from all soil sayéthin the maximum scour depth (Briaud
et al. 2001a). A single equivalent erosion functi®then created by averaging the functions
from all soils within the maximum scour depth. tugithe flow hydrograph and bridge
information, the maximum shear stress is calculatéde calculated maximum shear stress
and combined erosion function are used to deterritirescour rate corresponding to the
maximum shear stress. An equivalent time factonesded to reduce the number of
iterations performed by the SRICOS computer prograhime equivalent time is the time
required for the maximum velocity in the hydrographcreate the same scour depth as the

complete hydrograph (Briaud et al. 2001a). Thewent time factor is a function of the
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design life of the bridge, the maximum velocity thie river, and the initial scour rate
corresponding to the maximum shear stress. Tla poer scour depth is then calculated
using the equivalent time, initial scour rate, amakimum scour depth.
2.3 Erosion Function Apparatus

The quality of the SRICOS prediction is based anrt#sults from the EFA test that is
performed on site specific samples. The Erosionckon Apparatus is a closed-channel,
flume-like machine equipped with a pump and a stepmotor (Briaud et al. 2001b). The
bottom of the flume has a circular opening foritegta Shelby tube sample with a diameter
of 76.2 mm. A watertight seal is created betwden3helby tube and the flume by an O-
ring. The cross section of the rectangular flum&01.6 mm x 50.8 mm. The total length of
the flume measures 1.22 m. The pump is regulayesl \mlve on the front of the EFA, and
generates velocities ranging from 0.1 to 6 metersspcond (m/s). The Shelby tube is held
flush at the bottom of the flume during testing. p&ston attached to the stepping motor
protrudes the sample from the Shelby tube intdfltiree in 1 mm increments (Briaud et al.
2001b). The EFA can be viewed in Figure 2-1 belowhe EFA is instrumented with a
thermistor and a paddle flow meter to electronycationitor the temperature and flow rate

using a computer.
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Figure 2-1. Erosion Function Apparatus

The first step in performing an EFA test proposgdhaud is to place the sample in
the EFA, fill the flume with water and wait an hdaormimic stream conditions. Next the
flume velocity is set to 0.3 m/s and the sample achsanced 1 mm into the flume. The EFA
is equipped with a viewing glass so that a teclnician observe the erosion of the sample.
After the sample is advanced 1 mm, as shown inrEigeR2, the technician measures how
much time it takes for the 1 mm sample protrusmarbde. After 1 mm has eroded, or after
one hour of testing, the sample is advanced td timen protrusion location and the velocity
increased is to 0.6 m/s. The erosion of the sam@gain monitored, and the time for the
currentl mm protrusion to erode is recorded. Emee is sequentially advanced and the
erosion timed for velocities of 1 m/s, 1.5 m/s, 243, 3/0 m/s, 4.5 m/s, and 6 m/s (Briaud et

al. 2001b). A schematic of a prepared EFA teshwvn in Figure 2-2 (Mobley 2009).
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Erosion Function
Apparatus

Figure 2-2. Schematic of EFA Test
The results from the EFA are used to create ari@rdsnction, which is used in the
scour calculations of the SRICOS method. An exanoplan erosion function can be viewed
in Figure 2-3 (Mobley 2009). The erosion functiena derived from a velocity versus
erosion rate relationship that is created fromER& data. An erosion function shows the

relationship between erosion rate (z) and sheassit) for a given soil. Velocity is related

to shear stress by using the geometry of the fludessity of water, and friction factor
obtained from a Moody Chart. It is imperative #m®sion function encompass all shear

stresses expected in the stream bed during ddeiggh ¢donditions.

Erosion Function

Te
T (N/m?)
Figure 2-3. Typical Erosion Function
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Other than the relationship between shear stre$®sion rate, an erosion function
provides two critical values that are used in sqmedictions. The critical shear stresg (s
the bed shear stress at which scour first occuigb(®y 2009). The critical shear stress is
found by observation while performing an EFA teBuring erosion testing flow is gradually
increased until erosion begins. This velocity @nerted to a shear stress, recorded, and
plotted on the erosion function. The initial etalliy (S;) measures the rate of scour just
after the critical shear stress is reached. Thialierodibility is calculated by drawing a line
tangent to the erosion function through the critslaear stress (Crim 2003). Generally,
initial erodibility is higher in sands comparedcmhesive soils.

Since the results of EFA tests are important tadpcong quality scour estimates
using the SRICOS method, it is integral that saates are calculated with accuracy. The
determination of scour rates can be a subjectigegss as erosion is typically not uniform in
cohesive soils. Previous research suggested thaitéan performing an EFA test should
estimate when one millimeter of scour has occubmgtlking an average across the surface
(Crim 2003). However, averaging is subjective anticonsistent with different technicians.
Several attempts have been made to reduce thectuitye in erosion testing. The
University of Florida created two different apparsss to objectively measure scour of
cohesive soil and soft rock.

2.4 Alternatives to the Erosion Function Apparatus

The Rotating Erosion Test Apparatus (RETA) wasgrlesi to determine the volume
of erosion of stiff clay, sandstone, and limestorfe.schematic of the RETA is shown in
Figure 2-4. The RETA performs an erosion test d@ni long cylindrical soil sample with

either a 2.4 in. or 4 in. diameter (Sheppard e@05). A % in. diameter hole is drilled
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vertically through the sample and a support shadt attaches to the RETA is inserted
through the sample. The opposite end of the shatftached to a torque cell and clutch that
is fixed to a surface (Sheppard et al. 2005). #yda diameter cylinder is placed over the
sample, and water is added to fill the annulus betwthe sample and the outer cylinder.
The outer cylinder is rotated using a motor andeyusystem to create a shear stress on the
surface of the sample. After a known durationimktthe test is stopped and the test sample
is measured radially and any eroded material isyak@ed to determine the mass of the
scoured soil. The shear stress is calculated by the amount of torque applied to the
sample along with the initial radius and lengthtloé test specimen. The erosion rate is
calculated using the change in radius, duratiorthef test, mass density of sample, and

original sample geometry (Sheppard et al. 2005).

# Clutch and Torque
"~ Measurement

] , Rock Sample

i _ Rotating
r"" Cylinder

Figure 2-4. Rotating Erosion Test Apparatus (RETA)

The RETA is an acceptable testing apparatus foerohéting an erosion rate and

shear stress relationship. The RETA is not idbalyever, because it does not test the
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appropriate failure plane. A soil specimen inraat bed will be exposed to shear stress and
eroded from the top down, where the RETA measuresrson a radial plane. Also, the
sample preparation is difficult for the RETA speem as it can be difficult to create a
consistent curvature around the entire outer diamet the sample. If the radius of the
sample is not consistent, the shear stress will beotequally distributed throughout the
sample, causing irregular erosion.

The Sediment Erosion Rate Flume (SERF) is the ska@apparatus created at the
University of Florida for the purpose of measurmdgtionships between erosion rate and
shear stress. The SERF functions similar to th&. EEike the EFA, the SERF uses a flume
with a rectangular cross section, a water pumpsarvoir, and a stepping motor. The SERF
does have a larger water capacity than the EFA,wsizes two pumps and has an 1100 gal
reservoir. The SERF is much more automated thafE A, using multiple instruments and

a Labview program. Images of the SERF are shoviiguare 2-5 and Figure 2-6.

< !

¥

: '”F'igu're 2-5. Sediment Erosion Rate Flume (SERF)
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Figure 2-6. SERF Sample Chamber and Stepping Motor

The SERF utilizes a Multiple Transducer Array (MTé&deated by SeaTek to scan
across a Shelby tube sample (Sheppard et al. 200%83%. array consists of twelve ultrasonic
transducers that are used to measure the disteoreettie top of the flume to the surface of
the sample. A schematic of the ultrasonic sensedun the SERF is shown in Figure 2-
7(Sheppard et al 2005). The ultrasonic transduarerspaced so that both a 7.3 cm and 9.5
cm soil/rock sample can be scanned (Sheppard €085). The data collected by the
ultrasonic transducers are used in a Labview prodcacontrol the positioning of the sample
being tested. Unlike the EFA, the soil sample doet protrude from the bottom of the
flume, but is kept level with the base of the flum@nce the sample averages a total scour of
0.5 mm, as detected by the ultrasonic sensor, dhgle is automatically advanced by the
stepping motor. After the test is completed, thasien rate is calculated by dividing the

length of sample advanced by the stepping motortthigy amount of time the test was
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performed. A video camera is used to verify treultis from the SERF and to determine the

method of erosion.

Multiple Transducer Array (MTA) for Flume Type
Erosion measurement

cohesive core area (7.3 cm OD)

bottom view

rock core area (9.5cm OD)

transducer

MTA Specifications
Freguency: 5.0MHE
Transoucer diameter 0.5cm
nnnnnnnnnnnn

side view

(cross-section)
| /,— i 1op of flume

| { 14.0 cm / /

I i 1

gasket

[ JseaTeEK

|Drawn by: Chris Jette’ |12-6-99 |

Figure 2-7. Multiple Transducer Array Designed for SERF

Researchers at the Georgia Institute of Technologgated and used another
alternative to the Erosion Function Apparatus.egtangular, tilting, recirculating flume was
altered and utilized with the same general functibthe EFA and SERF machines (Navarro
2004). The flume used was considerably larger thanones used in the EFA and SERF
with a length of 6.1 m, width of 0.38 m, and depth0.38 m. Two variable-speed pumps
generated flow to the flume. Adhered to the flubeel were gravel particles with a mean
diameter of 3.3 mm (Navarro 2004). These gravetigg@as were used to assure fully
developed and fully rough turbulent flow (Navarf@02). The basin, which fed both pumps,

had a holding capacity of approximately two cubietens.
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Shelby tube samples were collected using formatmmssisting of both cohesive and
cohesionless materials. The Shelby tube was plaelxdv a circular opening in the bottom
of the flume, and the measurement of erosion wderméed using a linear variable
differential transformer (LVDT) attached to a pistavhich advanced the sample into the
flume (Navarro 2004). An operator controlled thmparatus that advanced a piston during
erosion testing, to ensure the sediment surfacdevas with the top of the gravel bed in the
flume. This procedure is similar to the procedimreoperating the SERF. These tests were
run continuously at varying velocities throughdw £ntire length of a Shelby tube sample to
mirror typical field stratification (Navarro 2004).

Erosion rates are calculated by converting theicadrtisplacement measured by the
LVDT into eroded mass, using the dry density of tested sample. The product of the
vertical displacement and dry density of the samgléivided by the time interval over
which the erosion occurs to determine the erosatm at a given velocity or shear stress.
2.5 Scour Relationships with Geotechnical Parameter

Generally speaking the critical shear stress dad-firained soils increases when the
soil unit weight increases, plasticity index in@es unconfined compressive strength
increases, void ratio decreases, swell decreaseseng fines increases, temperature
decreases, and water temperature increases (Briaald1999). Erosion rates are influenced
by the hydraulic shear stress applied, the clayesinthe soil and water temperature, the soil
and water chemical composition, the soil water eontthe plasticity index, the soil unit
weight, the soil undrained shear strength, andntlean grain size (Briaud et al. 1999).
Briaud et al. (1999) found general qualitative tielaships relating critical shear stress and

initial erodibility to plasticity index, undrainedhear strength, and percent fines (percent
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passing #200 sieve). Briaud et al. (1999) alsdtgioa correlation between critical shear
stress and initial erodibility showing that asicat shear strength increases, initial erodibility
decreases. Research hints that a correlation betweour parameters and geotechnical
parameters is complex and involves a combinatiomahy parameters. Research at the
University of Florida developed a correlation betwecohesive strength and erosion rates of
limestone cores (Sheppard et al. 2006). This fanctelates erosion rate to applied
hydraulic shear stress, unconfined compressivengitnie and splitting tensile strength.
Further research at the Georgia Institute of Teldgyosuggests a correlation of critical shear
stress with the percent fines and median particéendter (Sturm et al. 2004). This
relationship suggests that the smaller the parside of a given formation, the greater the
influence of interparticle forces on the erodipiliof the formation. Although these
relationships are relatively unproven, it does shbat a correlation is possible between
cohesive materials and erosion rates.
2.6 Previous Scour Research at Auburn University

Auburn University has owned an Erosion Function &jagus since 2001. Crim
(2003) detailed work to develop a better understanodf the inner workings of the EFA,
published a procedure, and created erosion furgtas defined in the SRICOS method.
With Shelby tube samples provided by the Alabamgpddenent of Transportation
(ALDOT), Crim constructed erosion functions of fivkfferent Alabama cohesive soils.
Crim tested samples from Goose Creek in Wilcox @gurulverts on US 84 in Covington
county, Linden Bypass in Marengo County, Countydbaver Cheaha Creek in Talladega
County, and Alabama State Road 123 over ChoctawatdRiver in Dale County. A

summary of the results obtained by Crim (2003)séu@vn in Table 2-1.
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Table 2-1: Summary of Crim’'s Results
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Overall, Crim witnessed scour rates ranging fromm@n/hour upwards of 100
mm/hour. Crim plotted the results from the erosioimctions and geotechnical tests
comparing critical shear stress and plasticity xndetween samples with varying Standard
Penetration Test N Values. Crim also plotted tescbmpatible with Briaud’s relationship
between initial erodibility and critical shear stse

Mobley (2009) continued research with the EFA abéu. This work also showed
erosion testing is highly variable and that few iknties exist in testing different
formations. Mobley tested soils from Talladega @guSumter County, and Dallas County.
Mobley witnessed a high variability in erosion sateom the Talladega County soils,
encompassing three orders of magnitude. Geneth#ygritical shear stress of the Talladega
County soils ranged from 0.61 Ninip 4.5 N/nf. Mobley tested rock core samples from
Sumter County. Mobley was unable to generate asi@ar function for the Sumter County
samples due to difficulty in sample preparatiome@est from Sumter County showed scour
resistance with a flume velocity of 0.75 m/s. Tbhalas County samples consisted of soil
from the Mooreville Chalk formation. Mobley perfoed three EFA tests on the Dallas
County samples at the highest velocity generatetthé&yEFA, approximately 6 m/s. None of
these tests exhibited scour over a duration of lmwors. Mobley stated the critical shear

stress of the Mooreville Chalk was in excess of N¥7>. Mobley also declared scour
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performance was highly variable between formatiamsl was somewhat depended on
sample preparation.

Due to limited soil samples, Mobley tested modelsswith varying densities and
clay content. Mobley determined that model soiishvhigher density and higher clay
content resulted in higher critical stresses amgtcerosion rates.

2.7 Previous Scour Research by Others

Sheppard et al. (2006) determined the critical slst@sses, using the SERF, for
uniform sands ranging from 0.08 Nfrto 0.75 N/mi. The critical shear stresses measured
were increasing with mean grain size. Erosionsrédethese tests exceeded 300 mm/s.

Sheppard et al. (2006) also created erosion fatesatural limestone core samples.
Eight of these cores were tested in the RETA witbeocore tested in the SERF. The SERF,
limited by shorter test duration, observed no sahuing testing. Erosion functions for the
limestone cores were created using the RETA. Ttesds yielded a minimum critical shear
stress of 20 N/franging upwards of 35 N/m The erosion rates calculated on the limestone
were much lower than those observed in the unifeamds with a maximum erosion rate of
0.6 centimeters per year at a shear stress of . N/

In addition to the tests described above Shepgiaatl (2006) performed erosion tests
on cemented sands in an effort to mimic the scehabior of sands with cohesive materials.
The results of these tests varied due to the difficof sample preparation. The critical shear
stress of these samples ranged from 52Ném10 N/nf. An estimate of erosion rate was
created for these samples using the erosion functgplitting tensile strength, and

unconfined compression strength.
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Navarro (2004) performed erosion tests in a lagge flume, as described above, to
produce critical shear stresses of soil samplesirdd in Georgia. The results of these tests
are summarized in Table 2-2 below. The criticaashstresses observed by Navarro (2004)
are compatible with critical shear values rangingrf 0.5 N/nf to 5.0 N/nf reported by
Briaud et al. (1999).

Table 2-2: Summary of Navarro’s Results
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Chapter 3 Testing System and Methods

3.1 EFA Testing Equipment

As stated earlier, the Erosion Function Apparasuhé device Briaud (1999) created
at Texas A&M University in order to collect the scorates used to construct erosion
functions. These erosion functions were used timase the depth of scour over the design
life of a bridge. Figure 2-1 shows an image oE®A. Figure 3-1 shows a schematic of an
EFA featuring all of the integral components usadefrosion testing (Crim 2003). The EFA
contains a reservoir, a pump, and a flume. Wat@umped from the reservoir, through the
flume, and across the sample during testing bdfeneg recirculated back into the reservoir.
The valve on the front of the EFA is used to retguthe flow velocity during testing. A flow
straightener is used to develop a full flow corditibefore the water flows over the soil

sample.
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Figure 3-1. Schematic Showing Important Componentsf the EFA
The EFA is instrumented with a flow meter and terapge sensor in order to
monitor flow velocity and water temperature durtagting. The sample tube is positioned in
the flume using the crank wheel attached to th®piplatform. The piston platform is then
locked into place so that the sample tube positgrdoes not change during testing. A
motor is attached to the piston and the samplebeabrought to the proper elevation in the
flume by using a control switch. During testingpsr is observed through the observation
window. Other controls shown in Figure 3-1 inclumi@ower switch to the EFA, a power

switch to the pump, and a power switch to a sumpgwvhich is located in the reservoir.
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EFA tests are instrumented to monitor the tempesgaéimd flow rate of the water used
during a test. It is important for the flow veltycto be monitored and kept consistent during
an EFA test as it directly reflects the shear stiesposed on a sample. Temperature is
monitored to ensure the conditions in the EFA dutisting are consistent with those in a
stream or river. The EFA software consists of aiew readout in which the temperature
and flow velocity can be monitored and recordedgufe 3-2 shows an image of the digital

readout provided by the EFA software.

Erosion Test =10

1! Erosion Setup

Logging Rate (ms
4500

— | Logging Rate (ms)

Soil Push {(mm)

Aquire Data I—
e l

Writing Test
% L Time
|

Figure 3-2. Digital Readout from EFA

The top window in Figure 3-2 shows the readouthef turrent flow velocity and
current temperature. The readout reports the fl@hocity by dividing the flow rate
calculated from the flow meter by the cross seeti@nea of the flume. The sample can also
be advanced in 0.5 mm increments by clicking thestPUp” button. A test can be started
by setting the logging rate and clicking “start t@st”. During a test the attached data
acquisition system records the temperature, flovooiy, and soil push location at the
specified logging interval. This data logging neethwas used to calculate erosion rates in

previous research at Auburn University by Crim @0&8nd Mobley (2009). The screen in
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the background of Figure 3-2 shows a graph thas khg velocity and temperature with
respect to time during an EFA test.
3.2 Ultrasonic Sensor

Similar to the work performed by Sheppard et 800&) at the University of Florida,
an ultrasonic sensor was designed and installeBrmud’'s Erosion Function Apparatus at
Auburn University. The SERF created by Shepmard Bloomquist was designed to not
only assist in calculating erosion rates, but ttawmba pattern of erosion. The ultrasonic
sensor on the SERF consists of twelve transduc&ight of the transducers are used in
measuring scour of a 7.3 cmsample, while all tweétaesducers are used to measure scour
of a 9.5 cm sample. The design criteria for thé& llRrasonic sensor was to create a similar
array of transducers that will measure scour inesote soils, instead of rock, and consist of
a tight grouping of transducers creating a clearpped soil surface. This ultrasonic sensor
was designed and created with the help of Seatdkcansists of sixteen transducers. The
sensor is connected to a stainless steel housnagmaunted to the top of the flume of the
EFA above the location of the test sample. A sditenof the ultrasonic sensor designed by

Seatek is shown below in image 3-3.
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The transducers function at 5 MHz, with a physidameter of 0.5 cm and an
acoustic footprint of 0.8 cm at a distance of 5(dette 2010). The ultrasonic sensor was set
into an aluminum cover, which replaced the origiaatylic cover of the EFA. The ultra-
sonic sensor was sealed to the aluminum cover ing t&o O-rings. Careful considerations
were made to ensure that the ultrasonic sensorflusls with the bottom on the EFA
aluminum cover. The ultrasonic sensor could notrpde from the EFA cap, as this would
result in irregular flow conditions. The ultrasorgensor also could not be raised above the
EFA cap, as the transducers must be submergeadttido properly. The ultrasonic sensor
is able to collect data from 16 different pointsaas the area of a Shelby tube soil sample
(71.12 mm). Also 12 data points can be obtainecthfstandard rock coring soil samples,
which is convenient if a soil formation is too &tid be sampled by pushing Shelby Tubes.

The data acquisition system used with the ultrassensor is capable of collecting
data from all 16 transducers, along with the abitt sample up to 4 external analog
channels. If any external analog channels are, usedutput voltage must range between 0
V and 4 V. The electronics package is able to comoate via an RS232 (serial)
connection. The software used to communicate whéh data acquisition system was
CrossTalk. CrossTalk is used to set the dataleggarameters for the system and produces
an output ASCII text file from the data receivedatttcan easily be imported into a
spreadsheet. The CrossTalk software and datasiioguoisystem are set up on an updated
secondary computer that is separate from the canghat acquires the temperature and
flow velocity from the EFA.

When opening the CrossTalk program, a new sessionld be started, as seen in

Figure 3-4. Next, the Connection Settings windtvwwdd be open to ensure that the proper
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parameters are input so CrossTalk can record timalsirom the data acquisition system.
The connection should be set to “Local COM Port€bi Connect)”. The correct COM port
should be chosen along with a Baud rate of 1928180, the Flow Control should be set to
“XONXOFF”. The Connection Settings window shouldatch the settings displayed in
Figure 3-5. When setting up the CrossTalk softwlarean EFA test, the correct script
should be chosen. This script is entitled “SEATEK.SCRIPT.XWC” and can be chosen
as shown in Figure 3-6. The CrossTalk Script Qydtox will appear after the Seatek script
has been selected, and “Begin data collection” lshba selected. The Script Dialog box

completed with typical test setup settings canibaed in Figure 3-7.

MNew @

Document Type: 0K,
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Figure 3-4. CrossTalk Startup Dialog Box
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Figure 3-5. CrossTalk Connection Settings
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Figure 3-6. CrossTalk Script Dialog Box
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Figure 3-7. CrossTalk Script Dialog Box with Typi@l Settings

The script dialog box sets the parameters on eatiidual scan along with setting
the duration of the entire test. For the easeaté deduction, transducer 1 was set to the
starting transducer and transducer 16 was the gnansducer. The transducers were
recorded in an increment of 1. The scan rate waisdlly set to 1500 corresponding to a
scan every 15 seconds. It is important that aabdptdistance parameters were established
in order to qualify the scan readings from theadtmic sensor. The minimum or blanking
distance for the ultrasonic sensor was 3 cm. Thximum distance was typically
determined by a value that is not expected to lseeded during an individual run. For most
tests, the minimum distance was 3 cm and the manirdistance was 10 cm. As stated
above these limits qualify the readings reportedhigydata acquisition system. If an errant
reading was recorded that was outside of the agbkplimits, the reading was recorded as 0,

disregarded, and not calculated in the data reafucti
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The data acquisition system was able to sample @0 individual range readings, or
pings, for every recorded reading. This capabijtgatly reduced the variability between
recorded values by eliminating errant readings. 20f pings were used and returned
acceptable ranges, the three shortest and theltdmgest ranges were excluded from the data
reading. The remaining 14 readings were then geeaand the average was reported for
each transducer. The ultrasonic sensor recor@gmgermeasurement when the processed
acoustic return exceeds a threshold voltage (2€1®). This threshold voltage was set
through trial and error by adjusting the thresheditage until distance fluctuations were a
minimum. Since the ultrasonic sensor was used g@asore scour in cohesive soils and
cohesive soils are often smooth in nature in comeparto granular soils, the threshold
voltage was typically set to a relatively low valfe500 mV.

The ultrasonic sensor designed by Seatek for Aubmimersity was created with the
idea of improving scour measurements taken usinguBis EFA. However, the 16
transducer ultrasonic sensor did have a few canstrahat were addressed before a
cohesive-soil testing regimen was adopted. Asiposly stated the bottom of the ultrasonic
sensor, where the transducers contact the flowatérnyvcould neither be elevated above the
water or protruding into the flow of water. Theratonic sensor was originally designed to
be mounted on top of the current acrylic coverhsef EFA. This preliminary design left
approximately a 13 mm hole above the flow of watkswing large air pockets to build up
around the transducers. It was determined thaatbestic pulsing of the ultrasonic sensor
was disturbed by these air pockets resulting in ynhlank readings. As a result a
counterbore was machined into the acrylic covethefEFA to recess the ultrasonic sensor

flush with the bottom of the EFA cover. This desigorked in theory, but the acrylic cover
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did not allow for a waterproof seal to be formeduenrd the ultrasonic sensor. In an attempt
to tighten the seal between the EFA cover and flrasonic sensor the acrylic in the

ultrasonic sensor was cracked allowing more waideak through the seal. A third EFA

cover was designed by counterboring the ultrasseitsor into an aluminum stock plate.

The aluminum plate was identical to the originalyc cover, and strong enough to form a
waterproof seal with the ultrasonic sensor.

Along with assuring the ultrasonic sensor was mediflush in the EFA cover
creating a waterproof seal, additional care wa®rtalo ensure the transducers were not
damaged. It was important the cables were notpadnpulled, or forced into a small radius
bend at any point during testing. When the cahlescoiled, the signal-to-noise ratio may
decrease resulting in blank or disturbed readidgdd 2010). The transducers should also be
supported at all times, and the cable alone shoeleér support the transducers. To ensure
that the cables were always supported, a woodenefraas built onto some of the flume
supports of the EFA and the cables were drapedtbedrame.

The installed sensor measures distance readingsibg ultra-sonic transducers;
therefore, temperature effects must be considefée. water temperature is an input in the
CrossTalk “Script Dialog” box as seen in Figure.3However, the data acquisition system
does not allow for any changes in water temperdtuarighout the duration of a test. This
presents an issue as the data acquisition systaumas a certain water temperature in
calculating the wave speed dictates the scannéahdes. A six-hour continuous test showed
that the water temperature in the EFA rose fromi@@o 54°C. This temperature change is
related to the EFA’s pump energy and flume frictidrhe EFA contains a water tank that is

approximately 1.36 cubic meters. To reduce thenitage of temperature change, water
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was continuously circulated through the EFA tak¥ater was circulated into the EFA tank
using a water hose from a spigot, while the wates pumped out by using the EFA’s drain
and sump pump. During a three hour test with wedetinuously circulated through the
EFA the water temperature ranged from 120 21.3°C. It is important to keep the water
temperature in a reasonable range to mimic streadittons as closely as possible. Due to
the effects of temperature on wave speed, a tertypereorrection was necessary to
overcome the variance in temperature. During e&&pest the temperature was set at@0
and a temperature correction was performed duratg eduction.

As previously stated, the EFA contained a sepalai# acquisition system and
software package intended to detect and record f&and water temperature. It was
determined the thermistor installed on the EFAh# voltage parameters of the analog
channels on the ultrasonic sensor data acquigitgkage. The EFA thermistor was then
installed and calibrated as an analog input foull@-sonic sensor. During the setup for a
typical test, it was necessary to include one anelannel on each scan in the CrossTalk
“Script Dialog” box shown in Figure 3-7.

The thermistor was calibrated using a voltmetertaedigital readout from the EFA.
This calibration was then plotted and equationtiredgtemperature to voltage was derived.
The temperature calibration can be viewed in equail, and an image of the temperature
calibration can be viewed in Figure 3-8. The AubBFA flow meter was calibrated by
Mobley (2008). This calibration was performed mahuby measuring the amount of water
coming out of the spout of the EFA and comparirtg the velocity shown in the EFA

software. Mobley concluded there is up to 10 petreeror in velocity readings less than 1.0
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meter per second. At higher velocities there tsamy appreciable error between the true
flume velocity and the measured velocity by the EERfow meter.

°F =0.1232:mV - 13383 (3-1)
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Figure 3-8. Temperature Calibration for EFA Thermistor
3.3 Data Reduction
For each test and scan performed, data reductisme@essary to determine a change
in mass. Each scan from the Seatek sensor codtaitime stamp, a distance measurement
from all 16 transducers, and a voltage reading ftloenthermistor. Each time stamp was
converted into an elapsed time, so that erosi@s natay be calculated. If a distance
measurement returns a blank value (reading of Qa0average distance of neighboring
transducers was taken and recorded over the bink.v The voltage recorded from the
thermistor was also converted to a temperaturagusguation 3-1, so that temperature
changes could be monitored throughout testing.
Since the Seatek sensor utilized ultrasonic wagpggation, any changes in water

temperature affected distance measurements. TDneyaf temperature correction was
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required with every scan. The speed of sound aksilated by using Equation 3-2 below
(Seatek 2010), where speed of sound is representadters per second, and temperature
(T) is given in degrees Celsius.
(3-2)

An initial speed of sound (SOS1) was calculatednaters, based on the input
temperature given in the data acquisition setughasvn in Figure 3-7. The final speed of
sound (SOS2) was calculated based on the tempeiatthe time of each scan. The final
speed of sound represents the true water temperattiie EFA at the time a reading is
taken. Using the initial speed of sound, the eddpsne, in seconds, of each scan was

calculated by using Equation 3-3.

IHSHYR ‘(%) +(,("S (3-3)

The elapsed time represents the time for the witiasvave to travel from the sensor
to the surface of the sample and back to the seridus time is used by the data acquisition
system to calculate a measured distance accordlithge input parameters in Figure 3-7. The
elapsed scan time was used to calculate the cedéiitance measurement, as shown in
Equation 3-4.

/01123 4 352 (3-4)

The transducers reported an average distance @hg8 per scan, and scans were
performed every 15 seconds to reduce the levehoébility between readings. Four
consecutive corrected distance measurements weraged to represent the measured
distance per elapsed minute.

The final step of data reduction process was toedrihe measured distances at any

given time, to a volume of erosion. Each transduwas assigned a tributary area based in
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scan area such that a weighted average could be.t&kince the ultrasonic sensor
commonly measured two different sample sizes, tibotary areas were assigned to each
transducer. Figure 3-9 maps the tributary areabdth the 5.72 cm and 6.35 cm samples.
Tributary areas were only calculated for transdsidethrough 12, as transducers 13 through

16 were outside the sample area.
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Figure 3-9. Sensor Tributary Areas
During any given scan, an initial distance measergnor datum, was established
over the first minute of scans, for each transdudére corrected average distance at any
given time was subtracted from the initial datumg anultiplied by the tributary area. The
sums of these products were summed over transdlid¢ereugh 12. The volume of erosion

at any time interval, in cubic centimeters, carcakeulated by using Equation 3-5.
12

(Di - Dy )XA\ (3-5)

n=1
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The volume of erosion was converted to cubic méliers, and an average height of
erosion was calculated, by dividing the volumeralsen by the area of the sample. The
average height of erosion represents a height ehasguming all calculated scour was
uniform. For EFA testing, once the overall heigh&inge reflected a decrease of one
millimeter, the sample was advanced. This avehagght of erosion is precisely calculated
adding an advantage of traditional visual obseovatipresented by Briaud. The elapsed time
for one millimeter of erosion can then be convettedn erosion rate.

3.4 Verification of Sensor Operation

Verification of the ultra-sonic sensor was perfodhierough several trial scans, using
a non-erodible sample. The non-erodible sampleonested by applying a sand surface to
an aluminum rod with a diameter of 6.35 cm. Thal @d each trial scan was to successfully
show sample movement by advancing the sample mbwarktime and distance. The trial
scans mirrored the results and procedure of adyREA test. Since the EFA advances the
sample from the bottom, the non-erodible sampé $gans displayed movement as the
target became closer to the sensor. In a tygEAl test, the sample will be advanced and
then progressively move farther away, as scourrmscéwm the sensor located at the top of
the flume. For the sake of verifying the effectieas of the ultrasonic sensor it was
determined that as long as movement can be achuna¢@asured, the relative direction of
movement did not matter.

Figure 3-10 below shows the results of a trial scarhe non-erodible aluminum
sample was placed in the EFA and scanned for appadely 150 minutes. During this scan
two separate one millimeter pushes were inducetl? and 128 minutes respectively. Figure

3-10 proves that the ultrasonic sensor, data aitignigpackage, and data reduction methods
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produced the expected results, as one millimetapguare observed at 42 and 128 minutes.
It is important to notice that variation in thegadings were small, with a maximum of 0.08
mm from the target distance. These small variatioould be attributed to variations in
errant scans or temperature corrections.
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Figure 3-10. Sensor Verification Test
3.5 Testing Procedure

3.5.1 Sample Procurement

Drilling operations were coordinated with the AlatemDepartment of Transportation
(ALDOT) to acquire cohesive soil samples for tegtiLDOT stated that these hard
cohesive soils and chalks would not be conducivsatopling via Shelby Tube. Since the
materials to be sampled were so stiff, a typidaieatain vehicle or truck drill rig would not
be able to advance a Shelby tube sample withouadeng the tube. Two sampling
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alternatives were derived to ensure senples could both be acquired with relative easge a
tested using the ultrasonic sensor at Auburn. ddgihe involved using either 44.5 mm or
47.6 mm rock core samples, while option two invdlusing 57.2 mm continuous samples, a
new sampling method acquired by ALDOT. Prelimingasts were performed with the EFA
using rock core samples, and it was determinedtiegatock core samples were not ideal and
should only be used as an alternative. This wagldd as it was necessary for rock core
samples to be completely vertical and plumb or #leesamples would not fit into the
previously created EFA testing tube. Also, it wiasermined that short segments could not
be used with rock core samples as the flume createdction” like force pulling the loose
sample towards the ultrasonic sensor. This samplement upward could not be tolerated
as any movement other than scour and planned sadpémcements recorded would
conflict with the results presented by the ultras@ensor.

Therefore, it was decided to sample with the nemtinaous sampling technique that
ALDOT recently acquired. This sampler easily btgo an ATV- or truck-mounted drill rig
and can be used to acquire undisturbed soil samptifficult to sample soil formations.

The sampling technique involves first drilling doventhe sample level with a hollow-stem
auger. The 1.52 m sampler is attached to eitherokWW threaded drill rod and lowered to
the bottom of the hollow stem auger. Once conmkttte sampler is pneumatically advanced
as the hollow stem auger cuts around the obtaiokdample. A sealed bearing assembly
conveys the thrust from the drill rig to the tulmelampler shoe while isolating the sample
tube from rotation of the auger (CME 2012). An geaf the Central Mining Equipment
(CME) continuous sampling setup used is shownguif@ 3-11. A sampling shoe is used to

contain the sample in the tubes for a maximum reigovThe sampler itself is a split spoon
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sampler that includes two acrylic 57.2 mm diamaibes that are each 762 mm long. Once
samples are gathered lids are placed on top anohbatf each sample allowing tubes to be
tested and stored separately.

During a typical sampling trip ALDOT geologists &ied possible drilling sites
containing the target formations. ALDOT geolog&stso determined the depth where the
target formation was reached. Once the targetdoom was confirmed from drill cuttings
and split spoon samples, a Standard Penetratidn(Se3) was performed to obtain the SPT
N value for each formation. Typically two to thretandard penetration tests were performed
in each formation depending on the approximatehdepthe formation provided by the
ALDOT geologist. Once the SPT was completed, thié rhd was removed from the boring
and a hollow stem auger was used to the depthegbrgeviously drilled hole. Typically a
Shelby Tube was pushed inside the hollow stem aogemsure that any loose cuttings
would not be sampled. Sampling was then perforaszedescribed above with the CME
continuous sampling system. Typically 2-3 contimsisamples were gathered in each
formation resulting in 4-6 sample tubes. It wabdved that obtaining 1.5-2.3 m of each
formation would be sufficient for both EFA testiagd geotechnical testing. After
collection, sample tubes were capped and tapediotamn field moisture conditions. Since
EFA and geotechnical testing could take place nwatfter sampling, samples were stored in
a curing room to preserve field moisture conditioBample tubes were also marked

according to depth and formation prior to storage.
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Figure 3-11. CME Continuous Sampling System
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3.5.2 Sample Preparation

A testable EFA sample was not cracked radiallyoagitudinally with a length of at
least 101 mm. It was important that testable sastivere not cracked as cracks would have
induced shear planes that would alter the restiltesting. A typical sample tube had an
outside diameter of 63.5 mm, an inside or sam@endier of 57.2 mm, and a length of 762
mm. The pushing arm of the EFA could accommodatanaple tube length up to 457 mm.
An automatically advancing hacksaw was used tdleitsample tubes to accommodate the
dimensions of the EFA. A testable section for BfeA was located and marked on the
sample tube. The section was then loaded intsdlaeand clamped to ensure that a square
cut was made. It was important the clamp was odight to distort the acrylic tube. Figure

3-12 below shows a sample section being cut wihatitomatically advancing hacksaw.

ST

Figure 3-12. Automaicall Adncing Hacksaw Cutmg; Sample Tube
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Once the sample section was cut, the sample wasdext approximately 5 mm in
order to prepare the surface for testing. Usingpatula the surface of the sample was
cleaned of any loose debris. The sample was alstecel with the sample tube, and the
surface was smoothed with the spatula. At timesra saw was used along with a spatula to
prepare the surface for testing. Figure 3-13 shinessample being extruded, and Figure 3-

14 shows the sample surface being prepared fongest

=g

Figure 3-13. Extruding Sample

Figure 3-14. Cutting and Cleanig Surface of Sampl
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3.5.3 EFA Testing Procedure

Once the EFA test sample was cut, extruded, arahetethe below procedure was

followed for performing a typical EFA test.

1.

2.

The EFA tank was rinsed of any suspended materidébris to clean out the tank.
The EFA tank was filled with clean water, approxietya 2/3 of the tank height.

The drainage valve at the bottom of the EFA wasegddo allow water to drain from
the EFA tank.

The sump pump on the EFA was turned on to assstithinage valve in draining
water from the tank.

Once the tank was full, drainage valve open, amdpspump on, clean water was
added to the tank. This completed the continuancsilation of clean water in the
EFA to control temperature levels.

The water level was monitored throughout the tggtirocess to ensure that the water

level did not drop below the pump intake or ris¢him 300 mm of the top of the tank.

. The blank sample was loaded into EFA, and the pwap turned on. The flow

velocity was adjusted to the target testing velocifThis step, suggested by Crim
(2003), allowed for velocity to be adjusted betweests without exposing the soil
sample to varying shear stresses.

Once the target velocity was reached the pump waed off and the blank sample
was removed from the EFA.

The prepared soil sample was then loaded into B Bssuring that the sample tube

was flush with the lip of the base plate of therfu
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10.Using the stepping motor, the sample was advartuedigh the base plate until the
sample is level with the base of the flume. FigBu¥5 shows the soil plunger being
pushed against the base of the soil sample, anad8316 shows the sample pushed
level with the base of the flume.

11.The CrossTalk program was started, connectiomgstentered, and the script dialog
box was filled out according the settings showikigure 3-7. It is important to note
that this step occurred before the flume was startédlso it is important the
CrossTalk script was simply set-up and not stadedylank scans at the beginning of
a test would interfere with data reduction.

12.The EFA pump was started and the water velocity allasved to accelerate until the
target velocity was reached. The velocity was oowad using the software shown in
Figure 3-2.

13.The CrossTalk script was quickly started by pregS®K” on the Script Dialog Box
shown in Figure 3-7 and naming the data file adogrtb the sample being tested. It
is important that this step be started immediagdtgr the flume fills with water, as
any soil mass lost before the CrossTalk script staged would not be recorded.

14.Depending on the scour characteristics of the Ismihg tested, the Crosstalk script
was usually allowed to run approximately three rtesuwith the soil sample level
with the base of the flume. This step was esdeistiastablishing a clear baseline
before the sample was advanced and allowed to s¢towever, when testing at high
velocities that resulted in higher scour rates #msunt of time was reduced to 1.5

minutes to ensure the soil mass did not scour poibeing advanced.
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15.The sample was advanced 1mm into the flume usi@d#A software. Figure 3-17
shows a sample advanced into the flume.

16.Throughout the entire test, scour behavior wasalggunonitored and recorded to
verify the results provided by the ultrasonic seénsoScour was also visually
monitored to determine any trends in the scour @eisim of each formation tested.

17.0nce the data acquisition system and EFA test wameing smoothly, the real time
data reduction Excel spreadsheet template wagg@talt is important to note that this
step is not necessary as data reduction can berped with the created data file
after the test is completed. However, one of theelfits of CrossTalk software and
data acquisition system is that data can be redincezhl time and scour results can
be presented complimentary to visual confirmation.

18.With the template Microsoft Excel data reductiofe fopen, the “Data” tab was
selected. The “From Text” icon was selected anel @rossTalk text file was
imported. It was determined that the text shoddielimited by tab and space so that
each data column would be imported separately. “Pheperties” tab was opened
when prompted to select the cell in which the deithbe placed. In the “External
Data Range Properties” window the “Save query dedm’, “Adjust Column
Width”, and “Preserve Cell Formatting” boxes werdested. Under the “Refresh
Control” heading, the box was selected to refréghdata prompt every 2 minutes.
The Excel sheet was set to refresh the data fremetkt file every 2 minutes in order
to monitor scour every in real time. Screen sh@is this step are shown in Figure

3-18 and Figure 3-19.
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19. Scour was monitored in the “Erosion Height Changd’of the Excel template sheet.
Typically the 1 mm push and subsequent scour waarlgl visible. Once the
“Erosion Height Change” tab showed erosion totalingnm the test was ended.
Again it was important to visually confirm that 1mmof scour occurred before
stopping the CrossTalk software or the EFA pump.

20.0nce erosion occurred and the test was complebed,CrossTalk software was
stopped by pressing “Control-C”. The EFA pump #melwater supply were stopped
once the test ended.

21.The water was allowed to drain from the flume befthre sample was removed from
the base plate of the EFA. The sample surfaceckeamed similarly to the method
described in the “Sample Preparation” section. sTdtion was necessary to ensure
that water did not percolate through the sample twge compromising future tests
from being performed at field conditions.

22.0nce the sample surface was cleaned and levelthgtisample tube the sample was
capped, sealed with tape, and placed back intoutirg room until the next EFA test
was performed.

23.The EFA was drained and rinsed of any debris thstlted from erosion testing. It
was important that the amount of suspended sdiictes in the EFA were minimized
as erosion could result by the collision of paetcin future tests.

24.The erosion rate for each test was determined Ygidg the height of erosion (1
mm) by the amount of time it took to achieve thegheof erosion. This could be

clearly mapped using the Excel data reduction sistezet.
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25.The CrossTalk text file and the Excel data reductpreadsheet were saved with the
title of each test so that any additional post psstng could be performed if

necessary.

Figure 3-16. Soil Sample in EFA Level with Base dflume
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Figure 3-17. Soil Sample in EFA Advanced 1mm

Text Import Wizard - Step 2 of 3 m

This screen lets you set the delimiters your data contains. You can see how your text is affected in the preview below.
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Figure 3-18. Text Import Wizard, Delimited Settingsfor CrossTalk File
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External Data Range Properties @é]
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[] Eill down formulas in columns adjacent to data

oo ] [

Figure 3-19. Import Properties for Data ReductionSpreadsheet

3.6 Testing Regimen

Based on the original EFA reports by Briaud e{E399), previous work at Auburn
University (Crim 2003; Mobley 2009), and the maximstream velocity expected in
Alabama rivers, a testing system was created tadecsix different testing velocities. These
EFA testing velocities include 0.3 m/s, 0.6 m/§,h/s, 1.5 m/s, 2.0 m/s, and 3.0 m/s.
Typically a formation was first tested at 0.3 nafisd the velocity was gradually increased
until scour occurred. A formation was consider@desist scour at a certain velocity if scour
did not occur with one hour of testing. After iasvdetermined that a given formation was
scour resistant at a certain velocity, the veloaifis increased to the next highest velocity.

Once scour occurred at a given velocity, numereststwere performed at each of the
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remaining testing velocities so that averages cbaldstablished. Typically a minimum of
three EFA tests were performed at each velocity gteater than the threshold velocity
related to the critical shear stress. The amoltasts performed at each velocity was
dependent upon the amount of testable soil recdviwang sampling.

After testing was completed across all of the tgstielocities, a threshold velocity
test was performed to determine the velocity tloatetates to the critical shear stress. This
test was started by exposing the soil sample thidtgest velocity that did not show any sign
of erosion. The flume velocity was then steadiiyg @arefully increased until scour started.
Once scour started the velocity was recorded aed as the threshold velocity in the
creation of erosion functions.

If a formation was determined to be resistant tusat all of the listed EFA testing
velocities, a multiple events test was performédis test attempted to model the
performance of a formation against changing shieasscycles. For the purposes of this
research, the multiple events test included runam@&FA test on a sample for one hour at
3.0 m/s, reducing the velocity to 1.0 m/s for 3Guates, and increasing the flume velocity to
3.0 m/s for another hour. The multiple events wess not performed on any formation with
a threshold velocity less than 3.0 m/s. It wageined that adequate scour data could not
be collected on a sample that had already scounagh and was simply advanced another
millimeter. In previous work at Auburn Universifiylobley 2009) it was noted that scour in
cohesive soils does not occur in a uniform fashidherefore, advancing a sample 1 mm
after it has already eroded would not expose an shiear stress across the plane of the
sample as some of the test specimen would be higherthe necessary 1 mm and parts of

the specimen would be lower than the necessary 1 mm

53



3.7 Geotechnical Testing

As previously stated, a major goal of this reseavak to correlate scour parameters
and behavior to common geotechnical parameteran lttempt to determine any trends
between scour behavior and geotechnical parametarsral geotechnical laboratory and
field tests were performed. During sampling Stadd®enetration Tests were performed on
each formation. Natural moisture contents werergkom sampling tubes prior to EFA
tests. Excess soil from sampling was used to parfosieve analysis (ASTM D422),
hydrometer, liquid limit and plastic limit test (A# D318) for each formation. It was
intended that unconfined compression tests be ee® on each formation in an attempt to
correlate scour parameters to shear strength. tHawafter studying the sample tubes, there
was not a sufficient uncracked sample length 0o43.tm to perform an unconfined

compression test among any of the sampled formation
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Chapter 4 Test Results
4.1 General Sampling
As previously stated, the sampling program for tesearch used the CME continuous
sampling system. Sampling was coordinated withagsestance of ALDOT geologists and drill
crews. Nine total cohesive soil and chalk formadiavere sampled with the intent to determine
scour and geotechnical parameters. These drithcations along with the seven previous drill

sites tested at Auburn are shown below in Figuie 4-
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Figure 4-1. Locations of Sampled and Tested Formiains
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The current study’s drill sites were located in sbethern and western portions of
Alabama, specifically in the coastal plains andr@s. These locations were drilled between
April and June of 2012.

Typical tests were annotated using a combinatidheoformation, depth, and test
number of each sample. For example, a test naradithea “Bucatunna27.0_1". The first word
in the title represents the formation of the samihle Bucatunna Clay formation. The first set of
numbers in the title represents the approximatéhd@p feet) the sample was procured, or 27
feet in the example title above. Finally, the nemafter the underscore represents the test
number performed on any given sample.

4.2 Bucatunna Clay

The first formation tested using the updated EF&tueng the ultrasonic sensor was the
Bucatunna Clay formation located in southern AlaBanThe Bucatunna Clay formation was
sampled using the CME continuous sample systemA E€Bts along with geotechnical tests
were also performed on the Bucatunna Clay formation

4.2.1 Sampling

The Bucatunna Clay formation was sampled on April2612 in Monroe County,
Alabama. An ALDOT geologist classified the BucatanClay formation as a dark gray to
brown clay. The formation was located with thastasce of an ALDOT geologist at a depth of
3.35 m below the ground surface. A Standard Patietr Test was performed between 3.5 and
3.96 m below the ground surface, yielding a SPTdlue of 6. Three different continuous
samples were taken from depths 4.11 to 5.64 m, 6.6416 m, and 7.16 to 8.69 m. Since this
was the first sample procured using the CME cowtiisusample system and because the

Bucatunna Clay was relatively soft, a Shelby Tulses vadvanced from 8.69 to 9.30 m. The
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Shelby Tube sample was acquired as a back-up enEegA testing could not be performed with
the continuous samples. Lastly, another StandangtiPation Test was performed between 9.30
and 9.75 m with a SPT N value of 9.

The continuous sample from 4.11 m to 5.64 m wasrdehed to be unusable for EFA
testing. The top of the sample was not usablet &&d a plug missing from the Standard
Penetration test taken above. The sample gatlfienad4.11 to 5.64 m was also smaller radially

than the sample tube at the base of the sampleoasisn Figure 4-2.

Figure 4-2. Bucatunna Clay Sample Smaller Radiallfhan Sample Tube
The second sample of the Bucatunna Clay formatioged from 5.64 to 7.16 m and was
mostly unusable. The entire top half of the samyds severely fractured in all directions and
could not be used for EFA testing. However, th&dwo third of the bottom half of the sample
was mostly uncracked and sections could be use&HRér testing. The third and final sample
from 7.16 to 8.69 m was wrinkled at the top witle thottom 20 to 30 mm un-cracked. It

appeared in the second and third samples thabthe/as failing in shear during sampling along
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the tube walls. This would be possible if the tioa head of the continuous sampler did not
fully separate the sample from the rotation ofhlbow stem auger and the sample was shoved
and twisted into the tubes. This phenomenon waergbd and monitored throughout the
sampling of all formations and these disturbed enadtked regions were not tested in the EFA.
These regions were however used in geotechnicahgewhere soil was processed prior to
testing.

4.2.2 EFA Testing

The Bucatunna Clay was the first formation teséédAuburn University using the
ultrasonic sensor and data acquisition system.tota 32 EFA tests were performed on the
Bucatunna Clay formation with 27 tests providingulés for determining a scour rate versus
velocity relationship. The first sample used féiAEesting was located at approximately 8.22 m
below the ground surface. The first test titleditBtunna27.0_1" was performed to determine a
starting velocity for testing. The data collectiedm “Bucatunna27.0_1" is shown below in

Figure 4-3.
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Figure 4-3. “Bucatunna 27.0_1" Results

The “Bucatunna 27.0_1" test specimen began atréangiavelocity of 0.3 m/s, and was
advanced 1mm into the flume after approximatelyibutes. This can be viewed in the bump at
the five minute mark in Figure 4-3, and furtheryese the validity of the ultrasonic sensor. The
“Bucatunna 27.0_1" sample actually showed a net gaiheight over the next hour while the
velocity was held at 0.3 m/s. This seemed oddttlesample was actually rising into the flume
as the shear stress was applied to the samplé¢hisunovement was visually confirmed. After
one hour, no scour was observed and the sampledmsetl an average of 2.5 mm. It was
believed that this swelling was due to the Bucatu@tay being a swelling clay formation, and
this issue would be confirmed during geotechniedtihg. Once the flume velocity was

increased to 0.6 m/s the “Bucatunna27.0_1" sanguered drastically, as shown in Figure 4-3.
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From the results of “Bucatunna 27.0_1" it was detaed that the Bucatunna Clay formation did
not scour at 0.3 m/s, the threshold velocity wasveen 0.3 and 0.6m/s, and that further scour
testing should start at a flume velocity of 0.6 .m/s

A total of five EFA tests were performed on thecBtunna Clay formation at a flume
velocity of 0.6 m/s. Table 4-1 below shows thé tesults obtained by visual observation along
with the ultrasonic sensor.

Table 4-1: Bucatunna Clay Results at 0.6 m/s
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As seen in Table 4-1, the elapsed time for eroagdetermined by the EFA were similar
to the elapsed time observed. The largest diftaxem the observed and measured elapsed time
was two minutes as seen in test “Bucatunna 27.0 ®ie scour rates for the five tests were
similar with “Bucatunna 27.0_5" having a slightlygher scour rate of 5.0 mm/hour and
“Bucatunna 27.0_6" having a slightly lower scoutera The average scour rate at 0.6 m/s as
calculated by the ultrasonic sensor was 3.91 mm/hr.

A total of 7 EFA tests were performed at a flunetocity of 1.0 meters per second.
Below, Table 4-2 shows the results obtained fortéisés performed at 1.0 m/s. The elapsed time
and subsequent scour rates observed at 1.0 m/smaee variable than those observed at 0.6
meters per second. Seven tests were performegbagsts “Bucatunna 27.5 3" and “Bucatunna
27.5_4" were uncharacteristic of the rest of thiadat with elapsed times measured at 7 and 38

minutes respectively. As seen in Table 4-2, thec&unna 27.5_3” test was unable to be
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visually observed, but visual observations wereeoagain relatively close to ultrasonic sensor
calculations. It was also observed that the “Buicad 27.5 3" test appeared to be softer than
insitu conditions prior to testing, explaining thigh scour rate. The average erosion rate for the
7 EFA tests performed on the Bucatunna Clay foronadit a flume velocity of 1.0 m/s was 4.07

mm/hr.

Table 4-2: Bucatunna Clay Results at 1.0 m/s
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Five tests were performed at a flume velocityL & m/s, and the results can be viewed in
Table 4-3. As expected the recorded scour rameased compared to those recorded at lower
velocities, with an average scour rate of 5.59 mm/hhe data set acquired from this velocity
had a low variability with the exception on the ‘@tunna 26.5_3” test that had a higher scour
rate. It was encouraging that this data set wkatively close with respect to scour rates as it
was the first data set tested using two differam@e depths. It was noted during testing that a
sand seam was located approximately 50 mm abovée'Bheatunna 26.5 3" test sample.

However, subsequent tests using this sample shtdveedame scour characteristics as previous

test samples.
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Table 4-3: Bucatunna Clay Results at 1.5 m/s
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Five EFA tests were performed on the Bucatunrey @rmation at a flume velocity of
2.0 m/s. The results from these tests can be wdeledow in Table 4-4. The test titled
“Bucatunna 26.5_7” was the lone outlier in thisadaet with an elapsed time of 22 minutes.
However, there were not any oddities or speciaésnoecorded with regards to this test, it just
seemed as though this test was more scour resteambther tests at this velocity. Overall the
average scour rate at a flume velocity of 2.0 nds .67 mm/hr.

Table 4-4: Bucatunna Clay Results at 2.0 m/s
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The final velocity used in EFA testing of the Bugata Clay formation was at 3.0 m/s.
Five EFA tests were performed at this velocity &and separate samples were used, similar to
the tests performed at 1.5 m/s. The results frioentésts performed at 3.0 m/s can be viewed
below in Table 4-5. At this high velocity, erosioncurred rather quickly averaging less than 6
minutes per test. Since the time for erosion wabrgef, instead of advancing the sample after
five minutes, the sample was advanced into thedlafter only being exposed to flow for two

minutes. This minimized the possibility of erosiomor to advancing the sample. The average
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scour rate at 3.0 m/s was 11.01 mm/hr, a jump @mam/hr above the average scour rate at a
flume velocity of 2.0 m/s.

Table 4-5: Bucatunna Clay Results at 3.0 m/s
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The final test performed on the Bucatunna Claynftion was aimed at determining the
critical shear velocity of the formation. Sinceeyipus tests on the Bucatunna Clay formation
was scour resistant, and actually swelled, at 0eBm per second and scoured at 0.6 m/s, the
critical shear velocity was located between the tyetocities. The test titled “Bucatunna
23.0_4" was started with a flume velocity of 0.3snaind gradually increased until scour was
observed. The flume velocity was held between @350.4 m/s for approximately 15 minutes,
and again swelling was observed instead of scddowly the flume velocity was increased
between 0.45 and 0.5 m/s. At this velocity a lacbank eroded from the sample. Figure 4-4
below shows the sample immediately after erosioouwed. This image agrees with the
ultrasonic sensor, while portions of the sample lasated above the base of the flume, the
majority of the sample has eroded in deep pocketswbthe flume. From this test it was

determined that the threshold velocity was 0.45 m/s
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Figure 4-4. “Bucatunna 23.0_4" After Erosion Occured
As previously stated a total of 27 EFA tests weeefggmed on the Bucatunna Clay
formation at five different velocities. Figure 4bglow shows the all of the results for the EFA
test results with respect to scour rate and flumlecity. For the most part the data sets are
tightly bunched with similar scour rates at eacloeity interval. Figure 4-6 below shows the
drawn-in velocity versus scour rate curve for the&@unna Clay formation as derived from the

mean scour rate at each velocity.
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4.2.3 Geotechnical Testing

As part of the scope of this research several camgeptechnical index tests were
performed on the Bucatunna Clay formation. Twdéiahmoisture contents were taken to obtain
the insitu moisture content of the formation priorEFA testing. These tests yielded moisture

contents of 49.5 and 46.2 percent, with an aveoddd.9 percent. Using ASTM D421, several

kilograms of the soil obtained during sampling wascessed and oven dried.

processed soil, a full grain size distribution vpesformed on the formation following ASTM

D422. The results of the grain size analysis &@wve in Figure 4-7. Since this research
revolved around fine-grained materials, a coarswesianalysis was not performed as the
maximum particle size diameter for this formatioasnapproximately 0.43 mm. From the grain
size analysis the mean particle diametejp)ivas calculated to be 0.033 mm. Approximately 65

percent of the sample passed the number 200 siasjfying the formation in the silt and clay

family.
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Atterberg limits were performed to complete thel ssbassification and geotechnical
testing of the Bucatunna Clay formation. The pduce presented by ASTM D318 was
followed when performing these Atterberg limitsheTliquid limit (LL) was determined to be
approximately 68, while the plastic limit (PL) wisund to be 39. Using the Atterberg limits,
the plasticity index was 29. Using these values@bwith the grain size distribution in Figure 4-
7, the Bucatunna Clay formation was classified aaraly elastic silt (USCS Classification MH).
The high plasticity index of 29 is greater thanlaspcity index of 10, which is commonly used
as the threshold to classify a clay with swellingtgmtial. This explains the swelling
phenomenon observed in a few tests at velocitikswoie critical shear velocity.

As previously stated, the recovered sample wasconatlucive to being used in an
unconfined compression test as the sample waseantatkintervals tighter than the minimum test
length of 115 mm. Individual EFA test and geotecaitest results can be viewed in Appendix
A.

4.3 Yazoo Clay

The next formation tested using the updated EFAufeay the ultrasonic sensor was the
Yazoo Clay formation located in southern Alabamighe Yazoo Clay formation was sampled
using the CME continuous sample system. EFA tastsg with geotechnical index tests were
also performed on the Yazoo Clay formation.

4.3.1 Sampling

The Yazoo Clay formation was sampled on April 612@h Conecuh County, Alabama.
An ALDOT geologist classified the Yazoo Clay fornoat as a light colored stiff gray clay. The
Yazoo Clay formation was sampled above a box cutuessing a stream with a visible outcrop

of the formation viewed in the streambed. An ALD@dologist identified the formation in drill
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cuttings and split spoon samples at approximatdly s below the ground surface. A Standard
Penetration Test was performed at the top of thendtion yielding an N value of 15 blows.
Three total CME continuous sample runs were performan the Yazoo Clay formation with
varying results.

The first run was taken from 4.27 to 5.79 m belawugd surface. The top half was
disturbed and unusable for EFA testing due to thendard Penetration Test which was
terminated at 4.6 m. The bottom half of the fitst provided several sections that were testable
in the EFA. The second continuous sample run veaf®pned between 5.79 and 7.32 m below
the ground surface. The top tube of the run hadyncaacked sections that were not able to be
used in the EFA, but could be used for classifocatind index testing. The bottom tube of the
sample run from 6.55 to 7.32 m had several EFAabdstsections. The third and final sample
run was performed between 7.32 and 8.84 m belowngtcsurface. After this continuous
sample was obtained it was a sandy material waseubat a depth of 8.2 m. The Yazoo clay
material obtained in this third run was completaiyisable as a transition into the sandy material
below was apparent. Due to the change in matemather Standard Penetration Test was not
performed after sampling.

4.3.2 EFA Testing

A total of twelve EFA tests were performed on thaz¥o Clay formation. After the
samples were brought back to Auburn University staied for testing, it was determined that
much less of the formation was able to be testetienEFA than originally thought. The best
section for EFA testing was approximately one tlafda meter long between 5.48 and 5.80 m

below the ground surface. It was noted during dampgeparation that the Yazoo Clay formation
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was much tougher to cut and create a smooth sasuptace. It was apparent that the sand
content in the Yazoo Clay formation was much highan the Bucatunna Clay formation.

The first test performed on the Yazoo Clay formmatwas used to help determine the
starting test velocity and was titled “Yazoo Cla&8/3. 1”. The “Yazoo Clay 18.5 1" test started
with a flume velocity of 0.3 m/s, and scour was observed. After one hour the flume velocity
was increased to 0.45 m/s and immediately a weflgeecsample scoured away. This wedge
developed shortly after the test was started aed gr size throughout the test, and image of this
wedge can be viewed in Figure 4-8. However, sihé® method of failure had not yet been
observed a second test titled “Yazoo Clay 18.5 &5 werformed starting at a flume velocity of

0.45 m/s.

Figure 4-8. “Yazoo Clay 18.5_ 1" Test Failure Wedge

The “Yazoo Clay 18.5_2” test did not perform simifao the previous test but exhibited
a swelling characteristic similar to that obseruethe Bucatunna Clay formation. The test was
started at a flume velocity of 0.45 m/s and did sewiur, after one hour. The flume velocity was
then increased to 0.6 m/s for an hour in which segas not observed. The flume velocity was

then increased temporarily to 0.8 m/s for fifteenutes before being increased once again to 1.0
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m/s. During this time the test sample rose andamesof 1.75 mm, and developed a large crack
in the center of the sample as shown in Figure 4Afier the test sample was exposed for 25
minutes at a flume velocity of 1.0 m/s, the sangdeured well below the bottom of flume as
shown in Figure 4-10. The test results showinggtraslual swell in the “Yazoo Clay 18.5 2~
test can be viewed in Figure 4-11. The test wadyaad and it was determined that the testing

regiment should be started at a flume velocity.0fr/s.

Figure 4-9. “Yazoo Clay 18.5_2" Test Swelling an@racking

Figure 4-10. “Yazoo Clay 18.5_2" Test After Failue
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Figure 4-11. “Yazoo Clay 18.5 2" Test Results
Five EFA tests were performed on the Yazoo Claynfiron at a flume velocity of 1.0
m/s. The average scour rate among these five wests7.33 mm/hr, but included very high
variability. Four of the five tests at this veltycresulted in scour times ranging from five to
eight minutes. The fifth test, titled “Yazoo Clag.5 77, at this velocity did not scour under a
flume velocity of 1.0 m/s after one hour. After laour the flume velocity was increased to 1.2
m/s. At this velocity thin flakes began to scammediately after the velocity was increased, but
stopped, and the flume velocity was increased fonl/s. After fifteen minutes at a flume
velocity of 1.5 m/s, no major scour was observed e flume velocity was increased once
again to 2.0 m/s. Five minutes later at a flummaity of 2.0 m/s a large chunk of material
scoured from the surface of the tefdnce the “Yazoo Clay 18.5 7" test was complete and

results analyzed, it was determined that the tgstagiment should be continued at a flume
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velocity of 1.5 m/s. A summary table of the tgsésformed at a flume velocity of 1.0 m/s is

shown below in Table 4-6.

Table 4-6: Yazoo Clay Results at 1.0 m/s

=> (&) # # (!

=> (&% & & I *1#
=>  (&M#H# * * &I &I
=>  (&#$ * * &I &I
=>  (&#*? < < ! !

Two EFA tests were performed at a flume velocityldd m/s, and the results mirrored
the “Yazoo Clay 18.5 7~ test results. The firsittperformed at a flume velocity of 1.5 m/s
showed minimum scour for the first 40 minutes @& thst; however a huge chunk immediately
scoured away after 43 minutes resulting in a scate of 1.40 mm/hr. The second EFA test
performed at a flume velocity of 1.5 meters perosechad varying results mostly due to
connection issues with the ultrasonic sensor. Qnheesecond test, “Yazoo Clay 18.5 9", was
started approximately one third of the sample sadn the back half of the sample. This scour
was not noticed much ultrasonically, due to highksein the scour surface being located directly
under the transducers. Transducers 9 and 10 wyach located directly above the location the
scour occurred continued to record readings owtArthe rest of the transducers. Transducers
11 and 12 showed very erratic readings duringtadif minute stretch of the test. These erratic
readings were most likely due to connection issuigs the ultrasonic sensor and were rarely
noted during testing. After one hour the “Yazo@yCl8.5 7” test showed very little signs of
scour other than the portion that eroded immediatdmages of this scoured section can be

viewed below in Figure 4-12 and Figure 4-13. Itvexy plausible that the high readings
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observed in transducers 9 and 10 are directly &gedcwith high peaks and steep valleys in the
scoured area.

Since the two samples that were tested at a fluebecity of 1.5 m/s showed smaller
amounts of scour than the tests at 1.0 m/s, thiemdeschedule was continued at a flume velocity
of 2.0 m/s. Overall the average scour rate oftthe tests performed at a flume velocity of 1.5

m/s was 0.70 mm/hr. A summary of these two tesshown in Table 4-7.

Figure 4-12. “Yazoo Clay 18.5_9” Test Scoured Areliom Front

Figure 4-13. “Yazoo Clay 18.5_9” Test Scoured Areliom Behind
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Table 4-7: Yazoo Clay Results at 1.5 m/s

=> (& & ") ") " (1
=> (&1 < < ! !
?2

A total of three tests were performed on the YaZtay formation at a flume velocity of

2.0 m/s. The first test, titled “Yazoo Clay 18.9” kcoured had a resulting scour rate of 4.29
mm/hr. However, the test did not scour at a cortstete or even in small chunks as observed in
previous Yazoo Clay EFA tests. The test showedmuim surface scouring for the first thirteen
minutes of the test until a very large chunk scdwaway. Using the ultrasonic sensor this chunk
encompassed the entire sample and was approximatefyillimeters deep into the flume. Two
additional tests were performed at a flume veloofy2.0 m/s and both showed similar
magnitudes of scour as the “Yazoo clay 18.5 10f irasnediately after the pump was started.
Table 4-8 below shows the three test results maef velocity of 2.0 m/s.

Table 4-8: Yazoo Clay Results at 2.0 m/s

=> (&!1#( (" (( "I/ #I"H
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The sporadic scour behavior of the Yazoo Clay fdionadead to the pausing of the EFA
testing schedule as most of the tests yielded admtory scour results. The only consistent
results obtained from this formation were at a #unelocity of 1.0 m/s, which yielded an

average scour rate of 7.33 mm/hr. The test peddriet both 1.5 and 2.0 m/s were highly
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variable and inconsistent yielding no consistesults. Individual test results of the Yazoo Clay
formation can be viewed in Appendix B.

4.3.3 Geotechnical Testing

Two initial moisture contents were taken to obtthe insitu moisture content of the
formation prior to EFA testing. These tests yidlaroisture contents of 62.2 and 57.6 percent,
with an average of 59.9 percent. Using soil preedsy following ASTM D421, a full grain
size distribution was performed on the formatiotioleing ASTM D422. The results of the
grain size analysis are shown below in Figure 4-8imilar to the Bucatunna Clay formation
one hundred percent of the formation passed thrthghumber 10 sieve, thus negating the need
for a coarse sieve analysis. From the grain sizayais the mean particle diameter was
calculated as 0.088 mm. Approximately 44 percénh® sample tested passed the number 200
sieve classifying the sample as a sand.

Atterberg limits were performed to complete thel smbassification and geotechnical
testing of the Yazoo Clay formation. The liquichit was determined to be approximately 57,
and the formation was determined to be non-plastldsing these values along with the
information gathered from the grain size distribatithe sample was classified as a non-plastic

silty sand (USCS Classification SM).
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Figure 4-14. Yazoo Clay Formation Grain Size Distbution

Due to the results of the geotechnical index teisg with the sporadic EFA test data, it
was apparent that the sample acquired to représentYazoo Clay formation, was not purely
Yazoo Clay, but had a high sand content. This samutent was not evenly distributed
throughout the sample as several EFA test resit& potential for scour resistance. Likewise,
a high percentage of the sample was retained onuimder 200 sieve and appeared to be a very
fine silty sand. Since this layer of clay was sldpetween two sandy layers it appears the
sample tested was not a pure sample of the YazapfGtmation.

4.4 Demopolis Chalk

4.4.1 Sampling

The Demopolis Chalk formation was sampled on May2612 in Sumter County,
Alabama. An ALDOT geologist classified the DemapdThalk formation as a very stiff light
gray chalk. The Demopolis Chalk formation was skhpbeside a bridge crossing the
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Tombigbee River. An outcrop of the formation coblel viewed in the bluffs comprising the
river bed. These bluffs were approximately 15 novabthe river, entirely comprised of the

Demopolis Chalk formation. These bluffs can bewad below in Figure 4-15.

Figure 4-15. Demopolis Clay Formation Sampling Loation

An ALDOT geologist identified the formation in drituttings and split spoon samples at
approximately 4.27 m below the ground surface. t&n8ard Penetration Test was performed at
the top of the formation yielding a high N value9& blows. The ALDOT drill crew performed
two CME continuous sample runs on the DemopoligiCloamation.

The first run was taken from 4.57 to 6.10 m belawugd surface. The top half was
disturbed and unusable for EFA testing due to tkendard Penetration Test which was
terminated at approximately 4.65 m. An EFA testadgction was between 5.8 and 6.1 m below
ground surface. The middle portion of this top was cracked in both the vertical and radial

directions.
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The second continuous sample run was performed &dnto 7.62 m below the ground
surface. The top and middle portions of this samwpkre severely cracked in both the vertical
and radial direction. The bottom third of the séenpas uncracked; however, during sampling
the sample tube was bowed and stretched. It wiasl mturing sampling that the stiffness of the
Demopolis Chalk formation made advancing the samyides increasingly difficult with depth.
The torque necessary to advance the continuouslsamphe formation was great enough to
distort the continuous sample tube and increase ahside diameter from 64 mm to
approximately 74 mm. This increase in diametethef sample tubes made this section of the
Demopolis Chalk formation unable to be tested athdaced in the EFA. Due to the difficulty
in sampling the stiff Demopolis Chalk formation pniwo continuous sample runs were
performed, resulting in approximately 30 cm of Eteatable sample.

4.4.2 EFA Testing

A total of five Erosion Function Apparatus testsre performed on the Demopolis Chalk
formation. The Demopolis Chalk Formation was uaaibl be automatically advanced into the
EFA during testing due to the stiffness of the sl@mpTherefore, prior to each EFA test the
sample was manually advanced approximately onemmeiler using a hydraulic extruder, and
then placed into the EFA at the testing heighte Tkight of the test specimen protruding from
the flume could be calculated by subtracting thevkfiume height from the corrected distances
measured by the ultrasonic sensor. This changedtape of the erosion rate versus elapsed
time figures generated by the ultrasonic sensordatd acquisition system. Instead of a figure
showing a starting location at 0, a push advanttiegsample approximately one millimeter, and
subsequent scour movement, the figure showed tingtdocation at 0 and subsequent scour

movement from that datum.
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The first test performed on the Demopolis Challbrnfation was titled
“DemopolisChalk19.0_1", and was started at a fluakcity of 1.2 m/s. Using scales attached
to the outside of the EFA viewing window it appehtkat the sample protruded from the flume
approximately one millimeter. After 40 minutesradt withessing any visually or by ultrasonic
readings, the flume velocity was increased to 2/§. nAnother 20 minutes passed without any
evidence of scour, and the velocity was increasdtié maximum test velocity of 3.0 m/s. The
test was allowed to run for one hour at the maxinwahocity and no scour was witnessed. It
was determined that three more tests should beorpeefl at 3.0 m/s to determine if the
Demopolis Chalk formation was scour resistant atiogrto the parameters of this study.

The three tests mentioned above were titled “DwoheChalk19.0 2,
“DemopolisChalk19.0_3”, and “DemopolisChalk19.0_4".These three tests averaged a
protruded distance of 1.13 mm above the flume watlnes of 0.3, 1.5, and 1.6 mm respectively.
All three of these tests were performed for attleashour, and all three did not show any signs
of major scour. The only scour witnessed was & wanor rounding of the sharp edges of the
test samples. It is believed that this is duettess concentrations that are not observed in the
field with a continuous stream bed. This slightrrding of edges was visually observed and was
not significant enough to be recorded by the ubinés sensor. The “DemopolisChalk19.0_3”
and “DemopolisChalk19.0_4" tests both showed astligise in height in the ultrasonic output,
averaging 0.2 mm over the duration of the teststiig that some minor swelling behavior is
possible in the formation.

The final test performed on the Demopolis Chalkrnfation was titled
“DemopolisChalk19.0_5". This test was intendedhtoror recurring storm events on a small

scale. The first hour of the test the flume velpevas 3.0 meters per second, dropping to 1.0
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m/s for the next 30 minutes, and then increase8l@am/s for another hour. It was calculated
that the test specimen started at an average heigh? mm above the base of the flume. No
major scour was observed during the 2.5 hour tdgiin only a slight rounding off of the front
edge of the sample was noticed as viewed belovigar& 4-16. In summary a total of five tests
were performed on the Demopolis Chalk formation afidfive did not show any signs of
measurable scour.

The results of all five tests may be viewed inpApdix C. This was the first sample
tested in this study that did not exhibit any scoeinavior with the set testing regiment. In case
future testing of the Demopolis Chalk formatiomiscessary, the remaining testable section of

the formation was sealed and placed into a cuinagnber to preserve field moisture conditions.

Figure 4-16. “DemopolisChalk19.0_5" After Testing

4.4.3 Geotechnical Testing

Three initial moisture contents were taken to obthie insitu moisture content of the
Demopolis Chalk formation prior to EFA testing. €Be tests yielded moisture contents of 22.5,
21.5, and 21.4 percent, with an average of 21.8egmé¢r Using soil processed by following
ASTM D421, a full grain size distribution was perfeed on the formation following ASTM

D422. The results of the grain size analysis aamibwed below in Figure 4-17. The grain size
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analysis on the Demopolis Chalk showed that then&bion consisted of very fine-grained
particles with approximately 97 percent of the skEgassing the number 200 sieve. From the

grain size analysis the mean particle diametercab=uilated to be 0.021 mm.
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Figure 4-17. Demopolis Chalk Formation Grain Sizd®istribution
Atterberg limits were performed to complete thel ssassification and geotechnical
testing of the Demopolis Chalk formation. The lgjlimit was determined to be approximately
37, and the plastic limit was determined to be apipnately 27, resulting in a plasticity index of
10. The calculated plasticity index validated daglier observation during EFA testing, that this
formation has minor swelling potential. Using theslues along with the information gathered
from the grain size distribution, the sample wasssified as a lean clay (USCS Classification

CL).
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4.5 Mooreville Chalk

4.5.1 Sampling

The Mooreville Chalk formation was sampled on A@d, 2012 in Dallas County just
west of Selma, Alabama. An ALDOT geologist classifthe Mooreville Chalk formation as a
stiff gray chalk. The ALDOT geologist identifiede formation in drill cuttings and split spoon
samples at approximately 5 m below the ground sarfaA Standard Penetration Test was
performed at the top of the formation yielding arvéNue of 60 blows. The ALDOT drill crew
performed three CME continuous sample runs on therbVille Chalk formation.

The sampling of the Mooreville Chalk formation og@d in two drill holes, the Standard
Penetration Test and first sample run were perfdrimethe first drill hole. The Standard
Penetration Test was taken from 6.1 to 6.55 m. @R continuous sample was taken from
6.85 to 8.38 m below the ground surface. Duringang it was determined that a plug had
developed in the drill hole and the continuous dampad to be retracted. After the sample
tubes were recovered, the sample tube from 7.6238 m showed approximately 30 cm of
testable section. However, the sample tubes wererneely bowed approaching an outside
diameter of 75 mm.

The second drill hole was located approximately 8tars from the first, and the
formation was encountered at a similar depth. Teotinuous sample runs were performed in
this hole. The first run was taken from 5.33 t85%m below the ground surface. A small
testable section, approximately 15 cm long, waatkxt in the top half of the sample. Another
testable section with a similar length was locatethe bottom of the sample run. The rest of the
run was severely cracked in both the vertical @t directions. The second CME continuous

sample run was performed from 6.85 to 8.38 m bdlwmvground surface. The top half of the
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sample run was severely cracked and unusable fArt&$ting. A testable section with a length
of approximately 30 cm was located at the basenefsample run. However, 20 cm of this
section was bowed out similar to the sample tultberfirst sample hole. The Mooreville Chalk
formation similar to the Demopolis Chalk formatiproved difficult to sample with the CME
continuous sampling system, but sufficient testabletions were recovered.

4.5.2 EFA Testing

Ten Erosion Function Apparatus tests were perforamethe Mooreville Chalk formation
resulting in varying results. The section usetegi the Mooreville Chalk was from the second
drill hole mentioned above at a depth of 6.7 m.isT™ection was the testable section with the
least bowed sample tube. The sample tube wascatding the methods provided in Chapter 3,
but also had to be sanded in order to fit intofthme of the EFA. Once the sample tube was
altered to fit into the base of the flume it wasedsined that the automatic advancing motor on
the EFA could not advance the sample. The samatemanually advanced in a similar manner
to that of the Demopolis Chalk formation.

The first test on the Mooreville Chalk formation svperformed to determine the base
velocity for testing the formation. The test wlé&MoorevilleChalk22.0_2" was started at 1.0
m/s and quickly showed measurable scour. It wasrahéned that this test was not indicative of
the scour parameters of the formation as it wasutated that the sample protruded from the
base of the flume two millimeters which was doutble distance specified by Briaud. The next
test performed on the Mooreville Chalk formationswiitled “MoorevilleChalk22.0_3”, was
started at a flume velocity of 0.3 m/s, and wa® dblbe automatically advanced into the EFA
flume. This test showed no signs of scour at 8 nSome large masses of material scoured in

chunks at 0.6 m/s, and scour continued once timeefluelocity was increased to 1.0 m/s. From
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this test it was determined that testing shouldt €t80.6 m/s. It was noted that the sample
section used to obtain the results from these @ststcould have been exposed to varying stress
states, not primarily associated to EFA testingappeared that the test sample could have been
exposed to differing shear and torsional strestestdy being manually advanced with an
extruder through a bowed sample tube.

Two EFA tests were performed at a flume velocity @6 m/s. The first titled
“MoorevilleChalk22.0_4" resulted in a scour ratelod mm/hr. However, all the scour recorded
was measured from two large mass scours in whiainga chunk of material accounted for the
measured scour. The second test performed atree ftate of 0.6 m/s did not show any signs of
scour visually or ultrasonically. These two teditbnot demonstrate the behavior as the previous
two with regards to varying stress states, as bethe easily automatically advanced. An
additional test was performed at a flume velocitl ® m/s on the Mooreville Chalk formation
and no measurable scour was recorded.

Two EFA tests were performed at a flume rate of m/S on the Mooreville Chalk
formation. The first of these two tests was titfétborevilleChalk22.0_7” and resulted in one
third of the volume of the protrusion being scoueadhy by one large chunk in the upstream
portion of the sample. The final result of thisttean be viewed below in Figure 4-18. The
second test performed at a flume velocity of 1.5 méulted in no measurable amount of scour.
The only scour was that occurred during this tea$ witnessed visually and consisted of the
rounding off of the front edges of the sample samib that witnessed in testing the Demopolis

Chalk formation.
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Figure 4-18. “MoorevilleChalk22.0_7" After Testing

Since there was a limited amount of testable samipiained from the Mooreville Chalk
formation it was imperative that testing continuegardless of slightly varying results. The
next EFA test performed on the Mooreville Chalknfiation was performed at a flume velocity
of 2.0 m/s and no scour was recorded. The flunhecitg was increased to 3.0 m/s for the next
EFA test and no scour was recorded. The final pestormed on the Mooreville Chalk
formation was titled “MoorevilleChalk22.0_11" andaw a repeat even test similar to that
performed on the Demopolis Chalk formation. Thasttwas intended to be performed with a
flume velocity of 3.0 m/s for one hour, 1.0 m/s foirty minutes, and 3.0 meters per second for
another hour. This test showed no signs of sdoaugh the first hour and a half of the test.
However, soon after the velocity was increased ftbth to 3.0 m/s two masses of material
scoured from the sample. The smaller of the tweses came from the far side portion of the
sample, while the larger mass scoured from the sidarof the sample. After these two masses

scoured away no other scour was noticed or meashredghout the duration of the test. The
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volume of the scour measured from these two masassapproximately one third of the total
protrusion.

In summary, the behavior of the Mooreville Chalkrnfiation varied, but it was
recognized that the formation could be scour rastst Testing was limited to the amount of
testable sections recovered during sampling. Qheesample was able to be automatically
advanced in the EFA, the formation showed minintalus rates with no tests recording scour
rates greater than 1.0 mm/hr. Finally, it was cheteed that the Mooreville Chalk formation did
not scour uniformly in a particle by particle oreevflake by flake fashion as observed in sands
and earlier tested clays. The scour observed enMboreville Chalk formation consisted of
large mass chunks of the material scouring at o®’deEEFA test data for the Mooreville Chalk
formation can be viewed in Appendix D.

4.5.3 Geotechnical Testing

Two initial moisture contents were taken to obtthe insitu moisture content of the
Mooreville Chalk formation. These tests yieldedishae contents of 21.9 and 24.9 percent,
with an average of 23.4 percent. Using soil preedsy following ASTM D421, a full grain
size distribution was performed on the formatiotioleing ASTM D422. The results of the
grain size analysis can be viewed below in Figuwg94 The grain size analysis on the
Mooreville Chalk showed that the formation congisief very fine-grained particles with
approximately 92 percent of the sample passingntiaber 200 sieve. From the grain size
analysis the mean particle diametesdDvas calculated to be 0.024 mm. The mean particle
diameter and percent of the Mooreville Chalk sanpalesing the number 200 sieve mirrored that
of the Demopolis Chalk formation. Also after 24uh®in the Hydrometer both formations had

at least thirty percent of the sample still in $iol.
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Figure 4-19. Mooreville Chalk Formation Grain SizeDistribution
Atterberg limits were performed to complete thel ssassification and geotechnical
testing of the Mooreville Chalk formation. Thedid limit was determined to be approximately
52, and the plastic limit was determined to be apijpnately 25, resulting in a plasticity index of
27. The calculated plasticity index is similarthat observed in the Bucatunna Clay formation.
Using these values along with the information gegfiefrom the grain size distribution, the
sample was classified as a fat clay (USCS Claasific CH).

4.6 Prairie Bluff Chalk

4.6.1 Sampling

The Prairie Bluff Chalk formation was sampled onyMa 2012 in Marengo County west
of Demopolis, Alabama. An ALDOT geologist classifithe Prairie Bluff Chalk formation as a
stiff gray chalk. Outcrops of the formation weriewed in a stream bed beside the drilling
location. The ALDOT geologist identified the fortiman in drill cuttings and split spoon samples
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at approximately 3.5 m below the ground surfaceSténdard Penetration Test was performed at
the top of the formation yielding an N value of B®ws. The ALDOT drill crew performed
three CME continuous sample runs on the Prairiéf Blbalk formation.

The first sample run was taken from 4.57 to 6.10eafow the ground surface. The top
half of the sample consisted of a transitioningetafrom the Standard Penetration Test. The
bottom half of the sample was uncracked and acbkptior EFA testing. The second
continuous sample run was taken from 6.10 to 7.@2kw the ground surface. Similar to the
previously sample chalk formations the Prairie Btiialk was very stiff and difficult to sample.
The second sample run was to be very difficultdeamce, and upon recovery it was discovered
that the acrylic sample tubes melted during sargplifihe sections of the tubes that did not melt
were severely cracked and could not be used for teB#ng. The third CME continuous sample
run was taken from 7.62 to 9.14 m below the grosumdace. This run was also very difficult to
advance as the sampler bowed out during drilling) ladecame wedged the hollow stem auger.
Once the sample was recovered, it was discovemdibst of the sample tube was melted due
to a plug that developed at the bottom of the dole. Upon recommendation from the ALDOT
drill crew, sampling of the Prairie Bluff Chalk wesbandoned due to difficult sampling
conditions. A total of approximately 30 cm of tReairie Bluff Chalk formation was collected
for EFA testing.

4.6.2 EFA Testing

Seven Erosion Function Apparatus tests were peddrion the Prairie Bluff Chalk
formation to determine erosion rates. Once thepgasiwere brought back to Auburn University
it was discovered that the amount of testable samas very limited due to bowed sample

tubes. A 15 cm section of the sample was cut aepgped for testing. Similar to the Mooreville
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Chalk formation, the exterior of the sample tubd tmbe sanded down to fit into the flume of
the EFA. Once the sample was prepared, it wasrdeted that the automatic motor on the EFA
could not advance the sample into the flume. Tbese the sample was manually advanced
using an extruder approximately 1 mm and placealtim EFA at the testing height. The height
of each protrusion could be calculated by the \&ajuevided from the ultrasonic sensor.

The first test on the Prairie Bluff Chalk formatistarted at a flume velocity of 1.0 m/s.
The protrusion into the flume was calculated tollf&l mm or fifty percent higher than the
height specified by Briaud. After fifty minutedarge mass chunk scoured away, the volume of
the scoured section was approximately equal totfimes the volume of the protrusion. It was
noted during testing that the sample seemed dryl@mge in some areas, and that the large
scoured volume started from the loose areas agdah®le. Another EFA test was performed at a
flume velocity of 1.0 m/s, with a total protrusioh1.85 mm. No scour was observed during this
test, suggesting that the flume velocity shouldnoeeased for future tests. The idea that the test
samples that had altered tubes and been manuatbneeld were exposed to differing stress
states than initially intended during EFA testingswconfirmed during testing of the Prairie Bluff
Chalk formation. It was thought that these samplese exposed to shear or torsional forces
during extruding. This idea was reinforced by &mnag on the edges of the advanced sample as
viewed in Figure 4-20 and Figure 4-21. These slagal torsional forced could have been
developed through an eccentricity between the boseedple tube and the extruder advancing
the sample. It is unknown if these forces negbtiudluenced EFA testing. It was noted that
these cracks that developed in the EFA sample extestiear planes for scouring to occur that

would not naturally exist in a stream bed.
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Figure 4-20. Prairie Bluff Chalk Formation Cracking Example 1

Figure 4-21. Prairie Bluff Chalk Formation Cracking Example 2
An EFA test was performed at a flume velocity & fheters per second, and a protrusion
into the flume of 0.8 mm. This test showed ondimédter of erosion after thirty-four minutes
resulting in a scour rate of 1.76 mm/hr. The scstarted from dry loose areas noticed in the
middle of the sample during sample preparation.e mbxt EFA test performed on the Prairie
Bluff formation was performed at a flume velocity 20 m/s. The total protrusion into the
flume from this test was calculated to be 1.33 nmifter eighty minutes no scour was observed

visually or ultrasonically.
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Three tests were performed at a flume velocity.6f/s, and all three tests showed no
measurable scour. The protrusions from all thfethese tests were greater than 1.0 mm and in
one case the protrusion was double the specifigghtelt was noted that these samples did not
seem to be as dry and loose as samples noted abBdés@ the cracks due to manually extruding
these samples were smaller in size than thoseedbotaring earlier tests that exhibited scour.
Due to the lack of testable sample material, aaepeent test was not performed on the Prairie
Bluff Chalk formation. It was also recognized tlla¢ samples tested that did not seem to be
disturbed during sampling or extruding exhibitetesistance to scour at flume velocities up to
3.0 m/s. All EFA tests performed on the PrairiaufBIChalk formation can be viewed in
Appendix E.

4.6.3 Geotechnical Testing

Three initial moisture contents were taken to obthie insitu moisture content of the
Prairie Bluff Chalk formation. These tests proddeoisture contents of 16, 17.1, and 20.1
percent with an average of 17.7 percent. As ndtethg EFA testing, these moisture contents
were approximately five percent less than thosemies from the other two chalk formations.
Using soil processed by following ASTM D421, a fgthain size distribution was performed on
the formation following ASTM D422. The results thfe grain size analysis can be viewed
below in Figure 4-22. The grain size analysis ba Prairie Bluff Chalk showed that the
formation consisted of fine-grained particles wapproximately 82 percent of the sample
passing the number 200 sieve. From the grainagiaéysis the mean particle diametegdBvas
calculated to be 0.028 mm. The mean particle diarmend percent of the Prairie Bluff Chalk

sample passing the number 200 sieve were simildret@ther two chalk formations tested. The
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fine sand evident from the grain size distributeplains some of the difficulty in preparing the

EFA test samples with some loose portions.
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Figure 4-22. Prairie Bluff Chalk Formation Grain Size Distribution
Atterberg limits were performed to complete thel ssassification and geotechnical
testing of the Prairie Bluff Chalk formation. Theguid limit was determined to be
approximately 32, and the plastic limit was deterali to be approximately 19, resulting in a
plasticity index of 13. Using these values alonthwhe information gathered from the grain
size distribution, the sample was classified asaa kclay with sand (USCS Classification CL).

4.7 Porter’'s Creek Clay

4.7.1 Sampling

The Porter's Creek Clay formation was sampled ory Mla2012 in Sumter County,
Alabama. An ALDOT geologist classified the Porse€reek Clay formation as a stiff brown
clay. The ALDOT geologist identified the formatiandrill cuttings and split spoon samples at
approximately 2.5 m below the ground surface. An8ard Penetration Test was performed at
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the top of the formation yielding an N value of Bl@ws. The ALDOT drill crew performed
three CME continuous sample runs on the PorterekCClay formation.

The first continuous sample run was performed betw8.05 and 4.57 m below the
ground surface. Unlike the previous chalk samples,Porter’'s Creek Clay did not have any
trouble advancing the sampler. Most of the samyobewas unusable with cracks in the vertical
and radial directions. A testable section was tkgtain the bottom of this run and was
approximately 15 cm in length. The second contususample run was performed between 4.57
and 6.1 m below the ground surface. A layer oflsaas located in the top half of this run and
was not used for EFA testing. The bottom halft@ tun consisted of a 30 cm EFA testable
section. It was noticed during sampling that soerecks due to weathering separated the
testable sections. The third continuous samplevasperformed between 6.1 and 7.62 m below
the ground surface. The top half of the sample detsrmined to be unusable for EFA testing
due to heavy cracking and the presence of a wenh.seBhe bottom half of the sample was
uncracked and could be used for EFA testing. Th®®@T geologist also noticed that the
testable sections were divided by cracks reprasgmieathered areas.

4.7.2 EFA Testing

A total of 20 Erosion Function Apparatus tests weeeformed on the Porter's Creek
Clay formation. Three different test samples wewé and prepared for EFA testing ranging
from 5.7 to 6.1 m below ground surface. The fiest performed was started at a flume velocity
of 0.3 m/s and did not scour after one hour, anéllswg similar to that of the Bucatunna Clay
was observed. The flume velocity was increasd@l@an/s for the next EFA test and the sample
exhibited one millimeter of scour after 15 minutessulting in a scour rate of 4.0 mm/hr. Two

more EFA tests were performed at a flume velocityesulting in scour rates of 3.33 and 4.62
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mm/hr. The average scour rate for the three EBAs tgerformed at a flume velocity of 0.6 m/s
was 3.98 mm/hr. The results of the EFA tests peréal at a flume velocity of 0.6 meters per

second are shown in Table 4-9 below.

Table 4-9: Porter’'s Creek Clay Results at 0.6 m/s
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Three EFA tests were performed on the Porter’s IC&ay formation at velocity of 1.0

m/s. During these tests, the advancement of timpleaoccurred one minute after the flume and
ultrasonic sensor was started. This time perios tygically 3 to 5 minutes, allowing for a clear
baseline to be created during testing. Howeve@nifsitant surface roughening had occurred
during prior tests before the sample was advancBEde ultrasonic sensor and data reduction
software only required one minute to set an adegbaste line for readings. The three tests
performed at a flume velocity of 1.0 m/s resultecn average scour rate of 9.17 mm/hr. Table
4-10 below shows the results of these three tests.

Table 4-10: Porter’'s Creek Clay Results at 1.0 m/s
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The Porter’s Creek Clay formation was tested foues with a flume velocity of 1.5 m/s.
However, one of these tests scoured immediatelytduee weathered surface. The results of

these tests are shown in Table 4-11.
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Table 4-11: Porter’'s Creek Clay Results at 1.5 m/s
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The average scour rate of these tests was caldulatde 10.19 mm/hr.
observed during these tests mirrored that of theaBunna Clay formation and not that of the
three chalk formations previously tested. The schd not typically involve large mass chunks,
but small flakes that consistently scoured awaygtarusion into the flume over time. This

scour did occur rather quickly as elapsed timeséour at a flume velocity of 1.5 m/s was 5, 7,

and 6 minutes respectively.

Three EFA tests were also performed at a velodi®.@ m/s. The mechanism for scour
was similar to those tests performed at a velagit§.5 m/s. The average scour rate for these
three tests was 10.86 mm/hr. The results of thests are shown below in Figure 4-12. The

average scour rates for the EFA tests performetiuiore velocities of 1.0, 1.5, and 2.0 m/s were

similar with a difference of only 1.69 mm/hr.

Table 4-12: Porter's Creek Clay Results at 2.0 m/s
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The final set of EFA tests, used to determine scai@s, performed on the Porter's Creek
Clay formation were executed at a flume velocity3d# m/s. The average scour rate on these

three tests jumped to 15.67 mm/hr. The resultbese tests are shown below in Table 4-13.

95

The scour




Table 4-13: Porter’s Creek Clay Results at 3.0 m/s
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During testing of the Porter's Creek Clay formatibnvas noted that weathered planes
existed within the tested samples. It was als@ddhat scour typically started on or around
these weathered planes, which appeared to be plaiheseakness with respect to scour
resistance. As a result of these weathered lindgpkanes in the prepared sample four EFA tests
were abandoned immediately following advancemetat tihe flume. All four of these tests had
large mass scouring occur at the location of thatiexed planes immediately following the
push. The volume of scour was not measured byltn@sonic sensor as scour occurred very
quickly before a scan from the sensor could beoperéd. Visually the volume of scour in these
four instances was greater than the one millimgtetrusion into the flume. An image of these
weathered lines and planes can be viewed belowguré4-23. When the weathered lines were
noticed in split spoon samples during sampling &leDOT geologist confirmed that this

weathering pattern was quite common in samples fr@arPorter’'s Creek Clay formation.
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Figure 4-23. Porter’'s Creek Clay Formation Scouredilong Weathered Planes

The last test performed on the Porter's Creek @ayation was intended to determine
the threshold velocity, which scour first occuilstom previous tests it was determined that the
threshold velocity, or critical shear velocity, wastween 0.3 and 0.6 m/s. The velocity during
the first test performed on the Porter’s Creek Gtaynation typically ranged from 0.3 to 0.35
m/s. The velocity for the final test on the forioat titled “Porter’s Creek Clay 18.75 1", was
started at 0.4 meters per second. At first surfmeiring began to occur, at a reduced rate of
that observed in the samples tested at 0.6 m/ser About ten minutes small flakes began to
scour away from the specimen, while the flume vigfjoranged from 0.4 to 0.42 m/s. This
scouring was substantial enough for the thresheldcity to be established at 0.4 m/s. It should
be noted that the threshold velocity obtained isamexact number. Previous work at Auburn
University involved the calibration of the flow neetlocated in the EFA. This work showed at
velocities less than 0.5 m/s the flow meter coudsteha margin of error of approximately ten
percent (Mobley, 2009). The total results for tbsting of the Porter's Creek Clay formation

can be viewed in Figure 4-24, with the averagedltes Figure 4-25.
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Figure 4-24. EFA Test Results, Porter's Creek Clajormation
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In summary, the Porter’s Creek Clay formation belgasimilarly to the Bucatunna Clay
formation during EFA testing. The major concerrtaating the Porter’'s Creek Clay formation
was the scour behavior of the formation with respethe weathered lines and planes within the
formation. As stated above these weathered lirested planes of weakness during EFA testing
increasing the observed scour rates. All EFA itestlts for the Porter's Creek Clay formation
can be viewed in Appendix F.

4.7.3 Geotechnical Testing

Three initial moisture contents were taken to agbthie insitu moisture content of the
Porter's Creek Clay formation. These tests pravidwisture contents of 36.7, 33.6, and 36.9
percent with an average of 35.7 percent. Usingmocessed by following ASTM D421, a full
grain size distribution was performed on the foiorafollowing ASTM D422. The results of
the grain size analysis can be viewed below in féigt+25. The grain size analysis on the
Porter's Creek Clay showed that the formation cziedi of fine-grained particles with
approximately 90 percent of the sample passingntimaber 200 sieve. From the grain size
analysis the mean patrticle diametegsdjDvas calculated to be 0.082 mm. The percent ef th
Porter's Creek Clay sample passing the number 2@ swas similar to the three chalk
formations that were tested.

Atterberg limits were performed to complete thel ssassification and geotechnical
testing of the Porter's Creek Clay formation. Theuid limit was determined to be
approximately 62, and the plastic limit was deterali to be approximately 53, resulting in a
plasticity index of 9. Using these values alonthvihe information gathered from the grain size

distribution, the sample was classified as anielagt (USCS Classification MH).
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Figure 4-26. Porter’s Creek Clay Formation Grain $ze Distribution

4.8 Clayton Formation

4.8.1 Sampling

Three other clay formations were sampled to corepleis study, however geotechnical
and EFA testing was not performed on these formatioThe testing of these formations will
continue in the future. The Clayton Clay formatwas sampled on June 21, 2012 in Barbour
County, Alabama. An ALDOT geologist classified kayton formation as a light brown clay.
The Clayton formation was difficult to locate a® tformation is traditionally thin in parts of
southern Alabama. Sampling the Clayton formatices vinade additionally difficult as the
formation often underlies varying layers of safithe ALDOT geologist identified the formation
in drill cuttings and split spoon samples at apprately 8.7 m below the ground surface. A

Standard Penetration Test was performed at theftdpe formation yielding an N value of 23
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blows. After the Standard Penetration Test wasopaed on the Clayton formation, the drill
hole caved in due to sand in the upper part ohtile. The drill crew started another drill hole
approximately 5 maway from the first and the forimratvas located approximately 7.3 m below
the ground surface. The ALDOT drill crew performtecee CME continuous sample runs on the
Clayton formation.

The first of the continuous sample runs was peréatrbetween 7.32 and 8.84 meters
below the ground surface. The top acrylic samyibe tin this run was completely empty with no
recovery. The bottom half of the sample had a ktasilable section about 30 cm in length. The
second continuous sample run was performed betBd®#h and 10.36 m below the ground
surface. This sample run included many small bdstsections between cracks in the formation,
but none of the sections were greater than 15 dength. The third continuous sample run was
performed between 10.36 and 11.89 m below the grsurface. The sample tube hit the top of
bedrock during sample resulting in very little reeced sample. Among this recovered sample
there were no EFA testable sections.

4.9 Nanafalia Clay Formation

4.9.1 Sampling

The Nanafalia Clay formation was sampled on Jurg06? in Coffee County, Alabama.
An ALDOT geologist classified the Nanafalia Clayrrfation as a plastic brown clay. The
ALDOT geologist identified the formation in drilluttings and split spoon samples at
approximately 2.5 m below the ground surface. an8ard Penetration Test was performed at
the top of the formation yielding an N value of h®ws. The ALDOT drill crew performed

three CME continuous sample runs on the Nanafdag formation.
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The first CME sampler run was performed from 29426 m below the ground surface.
The top half of the sample was not usable for E€timg and included some transition from the
Standard Penetration Test. A testable sectionaeased in the top 15 centimeters of the bottom
acrylic sampling tube. The second continuous samyh was performed from 4.26 to 5.79 m
below the ground surface. Most of the top halfhaf sample was not recovered, and some small
usable sections were located in the bottom hathefsample. The third and final continuous
sample run on the Nanafalia Clay formation was qrereéd from 5.79 to 7.31 m below the
ground surface. The top half of this sample ras wostly unusable for EFA testing, but could
be used for future geotechnical testing. The Ipotézrylic sampling tube was almost entirely
uncracked, and could be used for EFA testing. Adteom half of this continuous sample was
the first sample obtained that could have an unoedfcompression test performed without the
presence of multiple cracks.

4.10 Naheola Clay Formation

4.10.1 Sampling

The Naheola Clay formation was sampled on Jun@®X2 th Marengo County, Alabama.
An ALDOT geologist classified the Naheola Clay fation as a gray clay. The ALDOT
geologist identified the formation in drill cuttisgand split spoon samples at approximately 3.9
m below the ground surface. A Standard Penetraliest was performed at the top of the
formation yielding an N value of 16 blows. The AQD drill crew performed three CME
continuous sample runs on the Naheola Clay formatio

The first continuous sample run on the Naheola Gtasnation as performed between
3.96 and 5.49 m below the ground surface. Thehtdp of the sample was disturbed by the

Standard Penetration test. The bottom half ofsgmaple was mostly usable for EFA testing.
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The color of the formation changed from gray tokdgegllow in the bottom half of the sample.
The ALDOT geologist observed the sample and detexchithat the colored change was not
unordinary for the Naheola Clay formation. The gt CME sample run was performed
between 5.49 and 7.01 m below the ground surfaldee color of the formation continued to
change intermittingly between gray and yellow ia #econd sample. The top half of the sample
run was severely cracked and not able to be usddHaA testing. The bottom half of the sample
contained approximately 40 cm of EFA testable samprhe third continuous sample run was
performed from 7.01 to 8.53 m below the groundaef The top half of the sample did not
recover any of the Naheola Clay formation. Theddiothalf of sample contained several small
rock segments. A 25 centimeter testable sectislo@ated at the bottom of the sample. With
approximately 80 cm of uncracked Naheola Clay fdiomacollected, unconfined compression

tests can be performed on the formation in theréutu
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Chapter 5 Results Discussion
5.1 Sampling Observations

As stated in earlier chapters, nine clay and cfaikations from the coastal plains in
southern Alabama were sampled using the CentralngliEquipment continuous sample
tube system. The quality and consistency of thquiaed samples varied between
formations. Ideally the samples gathered wouldesé¢inree purposes and be used for EFA
testing, shear strength testing, and geotechmdaix testing.

All samples were successfully used for EFA testidpwever, the clay formations
tested in the EFA were easier to test than thekcloaimations. It appeared the very stiff
chalk formations created a high amount of skintifsit between the sample and the acrylic
tube. At times this skin friction was too large the sample to be automatically advanced
using the stepping motor on the Erosion Functiopakptus. In these cases EFA testing was
not ideal because the protrusion into the flume cmsistent with the calibrated one
millimeter protrusion set forth in Briaud’s (19989)ocedure. The clay samples acquired, the
Bucatunna Clay, Yazoo Clay, and Porter's Creek Gtaynations, were able to be EFA
tested without any difficulties.

The samples acquired, using the CME continuous Eainwere successfully used for
geotechnical index testing. Samples were extridied the sample tubes and processed for
testing. However, the samples acquired were nodwcive for shear strength testing. Given
the cohesive material used for this study, the nfiged compression test is ideal for shear

strength testing. With the diameter of the cordumisample being 5.7 cm, an acceptable
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unconfined compression sample would need to beeadt|11.4 cm. Unfortunately the
sampling method did not yield uncracked samples witminimum length of 114 mm.
Therefore, it was not possible for an unconfinethpression test to be performed on any of
the acquired samples.

During sampling it was noted that most, if not alf the uncracked sections
acceptable for use in EFA testing were locatedha lottom half of the acrylic sampling
tubes. It is thought that this was due to frictiming created between the cohesive surface of
the sample and the acrylic sample tube as the samyas advanced during sampling. It
appeared that after a certain length the sampladrialbegan to fail in friction and crack
vertically within the sampling tube. This wouldpain the bottom of the samples being
uncracked, as this segment of sample would be expts small or negligible frictional
forces along the edges of the sample. This crgokis nominally improved by spraying a
lubricant inside the sample tubes, although thesctiffeness of the lubricant varied
depending on the stiffness of the formation beemm@ed. Another issue associated with the
cracking of sampled material is that the bearingeasly was not always successful in
keeping the sample tube isolated from the rotatibthe drill rig. This could expose the
sample to torsional and shear forces during samglesh would be evident by the cracks in
the recovered sample. This also could comprontigeundisturbed state of the sample
specimen. It is important to note this was notagisvthe case and was only observed when
sampling very stiff formations.

Another issue observed during sampling of the clfi@alihations was the bowing of
the sample tube assembly. In these cases it aggpearif the acrylic sampling tubes were

heated, due to the friction of material, allowimg ttube to yield and expand radially. This
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too could question the undisturbed state of thaiobt samples. Also the bowing of the
sample tube made it difficult to test these sampldébe EFA, as the opening in the flume of
the EFA is equal to the diameter of the sample.tube

5.2 EFA Testing Observations

Six of the sampled formations were tested in thé EFdetermine scour parameters.
Of the six formations tested, three were clay fdroms and three were chalk formations.
The trends in EFA testing appear to illustrateemcdifference in the scour behavior of clay
and chalk formations. The three clay formatiorsteteé were the Bucatunna Clay formation,
the Yazoo Clay formation, and the Porter’s CreekyGbrmation.

The Bucatunna Clay formation scoured with scouegaanging from 4 to 11 mm/hr
after scour initially occurred at a flume veloctil/0.45 m/s. The Bucatunna Clay formation
was easy to prepare for EFA tests and was easignaed into the flume. Scour typically
occurred in small flakes resulting in nearly lineaosion, until the entire protrusion was
eroded. At velocities close to or lower than thieeshold velocity, the formation appeared to
swell during testing. At times the magnitude aktbwelling was approximately five times
the initial protrusion. Swelling did not occur etlocities above the threshold velocity
because the formation was not able to absorb mieistud swell while scouring.

The Yazoo Clay formation also scoured with higidyiable scour rates which caused
doubt in establishing a threshold velocity. Thezd&@ Clay proved difficult to prepare as
larger particle sizes made it difficult to creatéemel surface. EFA testing was eventually
suspended due to high variability. Scour rateeniesl in the Yazoo Clay formation were
higher at a flume velocity of 1.0 m/s than at arfeuvelocity of 1.5 m/s. Likewise, two

consecutive tests completely failed before theastinic sensor was even allowed to start. It
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appeared that the sample was inconsistent witrecesp depth and contained a high sand
content. The sand content was excessive in thiplea upwards of fifty-five percent, which
is uncharacteristic of the formation.

The Porter’s Creek Clay formation was also scowakthe tested velocities. The
scour rates for the Porter’s Creek Clay formatianged from 4 to 15 mm/hr. The Porter’s
Creek Clay formation behaved similarly to the Buocaia Clay during EFA testing. The
Porter's Creek Clay formation was also similarite Bucatunna Clay formation in regards to
ease of sample preparation. The sample gene@lyraed in a flake by flake pattern with
some larger chucks eroding at times. The Porteréek Clay formation sample contained
many weathered lines and planes. Scour was olisalgag these planes, and these planes
became shear planes during testing.

The observations presented above are consistenttingt results presented by Crim
(2003) and Mobley (2009). Both Crim and Mobleytéessamples classified as silts and
clays. Crim (2003) and Mobley (2009) observed sc@tes ranging from O mm/hour
upwards of 100 mm/hour. Typical erosion rates olesk by Crim and Mobley were
approximately 20 mm/hr. These results are simdathose observed in the Bucatunna and
Porter's Creek formations.

The three chalk formations tested were the Demspohalk, the Mooreville Chalk,
and the Prairie Bluff Chalk. All three of theserfmtions were scour resistant according to
the testing regiment established in this study. by (2009) also tested the Mooreville
Chalk formation in the EFA. Mobley observed thag formation was resistant to scour in

velocities upwards of 6 m/s.
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However, the Demopolis Chalk, Mooreville Chalk, anchirie Bluff Chalk samples
were difficult to test as all three samples had¢omanually extruded during EFA testing.
This manual extrusion resulted in a loss in catibraof the protrusion height according to
the procedure set forth by Briaud. Typically thamaal protrusion height was greater than
one millimeter meaning that the shear stress adimtghe sample was actually greater than
the intended shear stress. Although these sam@eseaexposed to higher shear stresses scour
was not observed. After the samples were manealisuded small cracks were noticed on
the surface of the samples. These cracks wenbuéd to possible shear and torsional
forces exerted on the sample during sampling amaiding. Although these cracks would
eventually affect the scour performance of the ftrans, scour was not observed in any of
the three chalk formations. These formations was® difficult to level during sample
preparation due to the stiffness of the chalk fdromes.

5.3 Geotechnical Testing Observations

The geotechnical testing component of this studpedtereinforce the observations
made during EFA testing. Similarly the geotechhiesting program assigned additional
properties to the formations tested in the EFAijrtd trends between geotechnical and scour
parameters. One example showing the validity & ¢eotechnical testing program in
providing explanation for observations during EFAting is the Bucatunna Clay formation.
As previously stated, the Bucatunna Clay formatswvelled during EFA testing. This
swelling behavior was noted and quantified durikgiEesting. During geotechnical testing
this observation was validated as the formation &gdasticity index of 29 which is well

above the limit for a swelling clay.
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Another example of the results in geotechnical irigstproviding validity to
observations made in EFA testing was the Yazoo Gtaynation. The Yazoo Clay
formation was highly variable with large particlasticed during some EFA tests. The
geotechnical testing it was determined the samgu@ieed did not classify as a clay, but as a
silty sand. This evidence along with the variapiand observations obtained during EFA
testing hint that the obtained sample was not a pample of the Yazoo Clay formation, and
the results obtained were not indicative of thereribrmation.

Similarly the geotechnical testing provided somarit} in the testing of the three
chalk formations. The Demopolis Chalk, Moorevilghalk, and Prairie Bluff Chalk
formations were all determined to be scour resistiaming EFA testing. These formations
also had similar geotechnical index properties,ciwhexplained some of the similarity in
EFA testing. All three formations had similar meaarticle diameters within a range of
0.007 millimeters. Also the percent passing themper 200 sieve was within 15 percent for
the three formations with a minimum of 82 percemt a maximum of 97 percent.

5.4 Correlations in Testing

Several general scour trends were noticed whileetlaing the scour results to the
geotechnical index properties obtained for thefemmnations tested. Generally speaking,
scour-resistant chalk formations had higher Stah&anetration Test N values, lower insitu
moisture contents, higher percentage of percerdipashe number 200 sieve, and a smaller
mean particle diameter. These trends correlajgrdwious research that states the critical
shear stress increases when plasticity index isesgawhen undrained shear strength
increases, and with the percent passing the nu2®@@rsieve (Briaud 2001b). The trend

stating that plasticity index increases as thecatishear strength increases was not affirmed
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in this study. There were no correlations madeveeh scour parameters and plasticity
index, as the plasticity index for all six formats was highly variable. The Standard
Penetration Test N value can roughly representtiigained shear strength. Briaud (2001b)
stated that the critical shear stress increasds tiwet shear strength of the soil. This theory
was confirmed in this study as the formations vhitlfher SPT N values were scour resistant.
Although the samples tested hinted that the insitisture content influences the critical

shear stress and scour rate of a formation, thigva highly variable both between different

formations and within one formation.

Both the evidence of this study and prior rese&eol to show that the percentage of
particles passing the number 200 sieve influenisesctitical shear stress of the formation.
The three chalk formations that were proven todmeisresistant all had a high percentage of
particles passing the number 200 sieve. The BooatClay and Yazoo Clay formations,
which both showed scour at the tested velocitiad, lower percentages of particles passing
the number 200 sieve than the three scour resigiemtations. The outlier by this measure
was the Porter’s Creek Clay, which showed scotineatested velocities, but had 90 percent
passing the number 200 sieve. An explanationHferRorter’'s Creek Clay scouring with a
high percentage passing the number 200 sieve doellthe weathered planes that were
observed during EFA testing. It was noted thatuscoutinely occurred along these planes,
which could explain why the formation does not ably this correlation. Previous research
stated that the rate of scour was increased whempehcentage of clay particles decreased
(Briaud, 2001b). This trend is indirectly similar the trend stated above that the critical
shear stress increases with the percentage pagsngumber 200 sieve. Again all the

formations tested except the Porter's Creek Clap&pion follow this qualitative trend.
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An observation was made with the scour test resanid the geotechnical index
parameters using the moisture content and SPT Ddevaln Figure 5-1 below, a horizontal
and vertical line are drawn, and approximatelyrsget at a moisture content of 23 percent
and an SPT N value of 60. All of the formationdirig down and to the right of this
intersection, the Bucatunna Clay formation, the otaLlay formation, and the Porter’s
Creek Clay formation all scoured during testingheTormations up and to the left of the
intersection, the Demopolis Chalk formation, thedvi&ville Chalk formation, and the Prairie
Bluff Chalk formation were scour resistant. Thisservation combined all three aspects of
this study in sampling, EFA testing, and geotedhlrtiesting. The SPT N value was obtained
during sampling, the scour data was obtained dugRg§ testing, and the moisture content
was collected during geotechnical testing. Addiidy, one data point from Mobley (2009)

was added to this data set and also follows thegiation.

*0 /1
s \ m23 /1
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+ X. 5 | 4
X+ 066/ 4
% ® e+ 7/ 4/1
+.81 )

¢4}

% | s | ( o
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Figure 5-1. Scour Observation using Moisture Contat and SPT N Value
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Similarly, an observation was also made between BPJalue and the percent of

particles passing the number 200 sieve.

Figuresbé@vs this observation, as all of the

formations falling below the line scoured duringtieg and all the formations plotted above

the line were scour resistant. Similar to Figug, Slata from Mobley (2009) was added to

this plot.

Mobley (2009) observed scour in thisnpée with a SPT N value of 39 and 98

percent of the sample passing the #200 sieve, whitbhws the observation in Figure 5-2.

This observation between scour parameters, SPTIlé,vand grain size is further described

by Figure 5-3.
e0 /1
A
) W23 71
X
A, |4
! . 5 |4
( X+ 066/ 4
o+ 7/ 4/1 T
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+ + 9

Figure 5-2. Scour Observation using Percent Pasgii#200 and SPT N Value

Figure 5-3 shows the mean particle sizgy([dn a logarithmic scale plotted with the

SPT N value.

In Figure 5-3, a horizontal and waitiline are placed approximately

intersecting at a mean grain size of 0.0082 mmamn8PT N value of 60. All the formations

plotted above and to the left of the intersectioe Were scour resistant and the formations
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plotted below and to the right of the intersectsmoured during EFA testing. Six additional
samples tested by Crim (2003) are plotted on FiguBeand follow the same observation, as
all six samples fall below and to the right of tihheéersection and exhibited scour behavior

during testing.

) 0 /1
m23 /1

A, ! 4
X. 5 [ 4
X+ 0 66/ 4
e+ 7/ 4/1

% o

Figure 5-3. Scour Observation using Mean Grain Sezand SPT N Value

In summary, all six of the formations tested provedoe unique. Even the chalk
formations that generally performed the same integgmical and EFA testing, were each
unique. This uniqueness made creating and proyiragtitative correlations between scour

behavior and geotechnical behavior more difficult.

113



Chapter 6 Summary, Conclusions, and Recommendations

6.1 Summary

The ability to determine scour parameters in otdexccurately predict scour depth is
imperative to designing safe, economic, and efficieridge foundations. As previously
stated, scour behavior is well understood for cmdsss soils; however, much research has
been performed in an effort to better understammirsbehavior of cohesive soils. In this
study the research objectives were to adapt the t&Ffeasure scour rates automatically
with the aid of an ultrasonic sensor, create an E€gting procedure and regimen that
incorporates the updated sensor, and conduct E$t8 tm cohesive soil samples that were
collected from the coastal plain of Alabama. Adbhially, common geotechnical parameters
such as Atterberg limits and grain size distributaere measured to determine if any
correlations exists with scour parameters.

The Erosion Function Apparatus was updated witlh &rdnsducer ultrasonic sensor.
Using the ultrasonic sensor and the updated EFAeva testing regimen was created for
determining scour parameters of cohesive soils.oftain these samples, cooperation with
the Alabama Department of Transportation was necgssWith the advice of ALDOT
drilling coordinators, the sampling method used tlus research was the Central Mining
Equipment continuous sample tube system. ALDOTectdd a total of nine formations,
using the continuous sample tube system, in thestabglains of Alabama. Six of the
collected formations were tested in the EFA witlide variety of results. These formations

were then tested for traditional geotechnical ingesperties including a full grain size
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distribution and Atterberg limits. Using the rdsulfrom the EFA and geotechnical testing,
gualitative correlations were determined.

The six formations sampled, erosion tested, andxndsted include the Bucatunna
Clay, Yazoo Clay, Demopolis Chalk, Mooreville Chakrairie Bluff Chalk, and Porter’s
Creek Clay formations. The Demopolis Chalk, ModlevChalk, and Prairie Bluff Chalk
formations were all scour resistant according ® tidsting program previously established.
The Bucatunna Clay, Yazoo Clay, and Porter's Ci€kly formations all showed signs of
measurable scour during testing. EFA testing efYlazoo Clay formation was suspended
due to high variability and inconsistencies initest Weathered planes in the Porter’s Creek
Clay formation heavily altered the EFA testing lné formation.
6.2 Conclusions

Determining correlations between erosion testind) geotechnical testing is difficult
given the limited number of tests performed in tisidy. At best the correlations
determined in this study should be expounded upduature work. Figure 5-2 and Figure 5-
3 indirectly validate the correlation between catishear stress and particle size presented
by Briaud (1999). Similarly, Figure 5-2 and Figir& confirm a correlation between scour
rates and particle size. Figure 5-1 shows an ghten between moisture content and SPT
N values. EFA testing is highly variable and umigo each individual formation. This
makes it increasingly difficult to quantify the u#s with standardized geotechnical
properties. Overall the qualitative correlatiomsiirmed or created throughout this study
should be further studied to create more quantgatorrelations. A summary of the research
results is provided below in Table 6-1. Table 6Hbws for easy correlations between test

results and visual observations. The “Pushabl&inon in Table 6-1 states if a sample was
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able to be automatically advanced in the EFA. Twelling Witnessed” column in Table
6-1 notates if swelling was witnessed during EF&itey. Table 6-1 illustrates all formations
that required manual advancement into the EFA didsoour. Similarly all formations that
swelled during testing exhibited scour. From tlemtgchnical index testing, formations
containing a SPT N value greater than 60, a peroémarticles passing the #200 sieve
greater than 80, and insitu moisture content lkaa 25, and a mean particle size less than
0.003 mm will not exhibit scour. Again these ctatens are qualitative but can be used to
compare future results and observations.

Table 6-1: Summary of Results and Observations
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6.3 Recommendations

Generally, the means and methods used in this studgllect and test EFA samples
were successful. However, below are a few recondat@ns meant to improve the
interpretation of test results. The three formaicampled and not tested—the Clayton
formation, the Nanafalia Clay formation, and thehBala Clay formation—should all be
tested in the EFA. Also these three formationsukhde tested for geotechnical index
properties to determine if the data obtained camtinto follow the same correlations listed

above. The Yazoo Clay formation should be resathpfed tested to ensure that the correct
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sample is gathered. The Yazoo Clay sample acqsinedld classify as a clay with more
than fifty percent of the sample passing a numbérsteve.

Chalk formations should be sampled with rock corélse chalk samples were unable
to be automatically advanced from the continuouspa tubes do to the stiffness of the
samples. Chalk formations can be tested in the BEfAsing traditional rock cores, without
sacrificing resolution from the ultrasonic senséuture sampling of clay formations should
include at least one Shelby tube sample, if possiiol accompany the continuous samples.
These changes to the sampling procedure ensurg &wenation sampled would have a
sufficient sample for shear strength testing. Amcanfined compression test can be
performed on a prepared rock core sample to deterrthe undrained shear strength.
Likewise an unconfined compression test can beopmdd from the Shelby tube sample
gathered from clay formations. This simple changesampling technique allows future
studies to obtain shear strength parameters fdr efthe tested formations which would add
validity to correlations made with strength parangt By obtaining shear strength
parameters, the critical shear stress of the sorhfEFA testing can be compared to the
ultimate shear stress in compression.

The testing program should be expanded to incluék tEsts with a longer duration
and a higher velocity. The testing regiment shdaddexpanded to velocities upwards of 6.0
meters per second in an attempt to determine th&atrshear stress for the stiffer
formations. Similarly a longer duration test shiblle introduced to determine if scour
occurs at a lower velocity after multiple hoursexiposure to relatively low shear stresses.
This longer duration test can be altered to fitfttvenat of the multiple events test performed

on the Demopolis and Mooreville Chalk formations.
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Finally, the testing program should be expandedbeéyhe nine formations sampled.
This additional testing would create more data fnwhich correlations can be drawn, with
greater accuracy. This data can be compared witielations initially created by Briaud to
statistically advance the legitimacy of any quatite correlations. In conclusion, to
completely understand the scour behavior at anvighgial stream crossing, an extensive
unique EFA study should be performed. Howeverhweixtensive EFA testing, using the
ultrasonic sensor for higher resolution, there aseptial for creating statistically adequate

correlations for estimating scour behavior of acepeformation.
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APPENDIX A

EFA AND GEOTECHNICAL TEST RESULTS:

BUCATUNNA CLAY FORMATION
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Figure A-1. “Bucatunna 27.0_3” Test Results
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Figure A-2. “Bucatunna 27.0_4" Test Results

Formation: Bucatunna Clay
Test: Bucatanna 27.0_5
Velocity: 0.6 (m/s)

* Scour Rate: 5.00 (mm/hr)
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Figure A-3. “Bucatunna 27.0_5" Test Results
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Figure A-4. “Bucatunna 27.0_6" Test Results

Formation: Bucatunna Clay
Test: Bucatunna 27.0_7
Velocity: 0.6 (m/s)

Scour Rate: 4.00 (mm/hr)
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Figure A-5. “Bucatunna 27.0_7” Test Results
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Figure A-6. “Bucatunna 27.5_2" Test Results
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Figure A-7. “Bucatunna 27.5_3" Test Results
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Figure A-9. “Bucatunna 27.5_5" Test Results
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Figure A-11. “Bucatunna 27.5_7” Test Results
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Figure A-12. “Bucatunna Clay 27.5_8" Test Results
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Figure A-13. “Bucatunna Clay 27.5_9” Test Results
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Figure A-14. “Bucatunna 26.5_2" Test Results
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Figure A-15. “Bucatunna 26.5_3” Test Results
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Figure A-17. “Bucatunna 26.5_5" Test Results
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Figure A-19. “Bucatunna 26.5_7” Test Results

130

Formation: Bucatunna Clay
Test: Bucatunna 26.5_6
. Velocity: 2.0 (m/s)
\ Scour Rate: 6.0 (mm/hr)
0.5 * v ’
.
* * 3
0 . . -
2 4 6 8 16 18
0.5
-1
-
-
1.5
-2 . .
Elapsed Time (minutes)
Figure A-18. “Bucatunna 26.5_6" Test Results
0.8
Formation: Bucatunna Clay
Test: Bucatunna 26.5_7
- « Velocity: 2.0 (m/s)
. \\ Scour Rate: 2.73 (mm/hr)
* .
*
0.4 + *
‘ \\ .
0.2
&
0 \\ MY
5 10 15 * 20 o . 25 30 35
*
0.2 .
\
0.4 hd
‘ ~N
* *
*



Average Height Change (millimeters)

Average Height Change (millimeters)

15

0.5

-0.5

-15

0.5

-0.5

-15

Formation: Bucatunna Clay
Test: Bucatunna 26.5_8
Velocity: 2.0 (m/s)

Scour Rate: 6.00 (mm/hr)

* .
-
-
. * *
) 5 io\ N 15 20 N P5
.
- - .
.
.
-
PR 3
Elapsed Time (minutes)
Figure A-20. “Bucatunna 26.5_8" Test Results
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Figure A-21. “Bucatunna 26.5_9” Test Results
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Figure A-22. “Bucatunna 26.5_10" Test Results

TEST VELOCITY: 3.0 METERS PER SECOND
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Figure A-23. “Bucatunna 26.5_11" Test Results
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Figure A-24. “Bucatunna 26.5_12" Test Results

Formation: Bucatunna Clay
Test: Bucatunna 23.0_1
Velocity: 3.0 (m/s)

Scour Rate: 12.00 (mm/hr)
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Figure A-25. “Bucatunna 23.0_1" Test Results
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Figure A-26. “Bucatunna 23.0_2” Test Results
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Figure A-27. “Bucatunna 23.0_3" Test Results

134



Average Height Change (millimeters)

25

=
ol

[

o
o

o

o
o

'
[

-1.5

THRESHOLD VELOCITY TEST

>

v

10 15 20

25

Elapsed Time (minutes)

Figure A-28. “Bucatunna 23.0_4" Test Results

135

45



Moisture Content

100

90

80

70

60

50

40

30

20

GEOTECHNICAL TESTING RESULTS

LL 68

10 N=25
Number of Blows

Figure A-29. Bucatunna Clay Liquid Limits Results
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APPENDIX B

EFA AND GEOTECHNICAL TEST RESULTS:

YAZOO CLAY FORMATION

INITIAL SCOUR TEST

Formation: Yazoo Clay

Average Height Change (millimeters)

Test: Initial Scour Test 0.6 mis 1.0 mls
*
0.45 m/se—— **
P
w\
wm"’“ Sl
| -~
*
20 40 60 80 100 120 140 160
*
*

Elapsed Time (minutes)

Figure B-1. “Yazoo Clay 18.5 2" Test Results
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Figure B-2. “Yazoo Clay 18.5_3” Test Results

Formation: Yazoo Clay
. Test: Yazoo Clay 18.5_4
Velocity: 1.0 (m/s)
* Scour Rate: 7.50 (mm/hr)
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Figure B-3. “Yazoo Clay 18.5_ 4" Test Results
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Figure B-4. “Yazoo Clay 18.5 5" Test Results
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Figure B-5. “Yazoo Clay 18.5 6" Test Results
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Figure B-6. “Yazoo Clay 18.5 7" Test Results
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Figure B-7. “Yazoo Clay 18.5 8" Test Results
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Figure B-8. “Yazoo Clay 18.5 9" Test Results
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Figure B-9. “Yazoo Clay 18.5 10" Test Results
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Figure B-10. Yazoo Clay Liquid Limits Results
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APPENDIX C

EFA AND GEOTECHNICAL TEST RESULTS:

DEMOPOLIS CHALK FORMATION

INITIAL SCOUR TEST

Formation: Demopolis Chalk

Test: Demopolis Chalk 19.0_1 .
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Figure C-1. “Demopolis Chalk 19.0_1" Test Results
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Figure C-2. “Demopolis Chalk 19.0_2" Test Results
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Figure C-3. “Demopolis Chalk 19.0_3” Test Results
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Figure C-4. “Demopolis Chalk 19.0_4" Test Results
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Figure C-5. “Demopolis Chalk 19.0_5" Test Results
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Figure C-6. Demopolis Chalk Liquid Limit Results
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APPENDIX D

EFA AND GEOTECHNICAL TEST RESULTS:

MOOREVILLE CHALK FORMATION

INITIAL SCOUR TEST
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Figure D-1. “Mooreville Chalk 22.0_3” Test Results
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Figure D-3. “Mooreville Chalk 22.0_5" Test Results
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Figure D-4. “Mooreville Chalk 22.0_6" Test Results
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Figure D-5. “Mooreville Chalk 22.0_7” Test Results

149

70

80



1.4

Formation: Mooreville Chalk
Test: Mooreville Chalk 22.0_8 .
12 Velocity: 1.5 (m/s) R oy
) Scour Rate: n/a PR ..'0, ..
Q * PR 0,’.’0
9 * *
o 1 M 00 ¢0. e * .
E ’,0%00“0000,“0 R IR MRS
é 0.8
0]
o))
c
S—E 0.6
S o
=
© ¢
L 04
T
o)
g
§ 0.2
<
0 T T T T T T *
. 10 20 30 40 50 60
3
-0.2 . .
Elapsed Time (minutes)
Figure D-6. “Mooreville Chalk 22.0_8" Test Results
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Figure D-7. “Mooreville Chalk 22.0_9” Test Results
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Figure D-8. “Mooreville Chalk 22.0_10" Test Results
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Figure D-9. “Mooreville Chalk 22.0_11" Test Results
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Figure D-10. Mooreville Chalk Liquid Limits Results
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APPENDIX E
EFA AND GEOTECHNICAL TEST RESULTS:

PRAIRIE BLUFF CHALK FORMATION

TEST VELOCITY: 1.0 METERS PER SECOND

Formation: Prairie Bluff Chalk

[Test: Prairie Bluff Chalk 18.5_2 *
\Velocity: 1.0 (m/s)

Scour Rate: 1.2 (mm/hr)
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*
L 4
*
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*
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Figure E-1. “Prairie Bluff Chalk 18.5_ 2" Test Resuts
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Figure E-2. “Prairie Bluff Chalk 18.5_3" Test Resuts
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Figure E-3. “Prairie Bluff Chalk 18.5_4" Test Resuts
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Figure E-5. “Prairie Bluff Chalk 18.5_6" Test Resuts
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Figure E-7. “Prairie Bluff Chalk 18.5_8" Test Resuts
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APPENDIX F

EFA AND GEOTECHNICAL TEST RESULTS:

PORTER'S CREEK CLAY FORMATION

TEST VELOCITY: 0.3 METERS PER SECOND

Formation: Porter's Creek
Test: Porter's Creek 19.5_1
Velocity: 0.3 (m/s)

Scour Rate: N/A

iO éO éO AO 50 I60
Elapsed Time (minutes)
Figure F-1. “Porter’s Creek 19.5 1" Test Results
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Figure F-2. “Porter’s Creek 19.5 2" Test Results
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Figure F-3. “Porter’s Creek 19.5 3" Test Results
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Figure F-4. “Porter’s Creek 19.5 4" Test Results
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Figure F-5. “Porter’s Creek 19.5 5" Test Results
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Figure F-7. “Porter's Creek 19.0_1" Test Results
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Figure F-9. “Porter’s Creek 19.0_3” Test Results
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Figure F-10. “Porter’s Creek 19.0_5" Test Results
TEST VELOCITY: 2.0 METERS PER SECOND
Formation: Porter's Creek
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Figure F-11. “Porter’s Creek 19.0_6" Test Results
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Figure F-12. “Porter’s Creek 19.0_7” Test Results
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Figure F-13. “Porter’'s Creek 19.0_8" Test Results
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Figure F-14. “Porter’s Creek 19.0_9” Test Results

Formation: Porter's Creek
Test: Porter's Creek 19.0_12
Velocity: 3.0 (m/s)
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Figure F-15. “Porter’'s Creek 19.0_12" Test Results
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Figure F-16. “Porter’s Creek 19.0 14" Test Results
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Figure F-17. Porter’'s Creek Clay Liquid Limits Resuts
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