ABSTRACT

KEBEDE, YULIAN ABAY. The Characterization and Impact of Fluidized Zone Geometry
and the Application of Impinging Jet to Estimate Soil Erosion. (Under the direction of Dr.
Mohammed A. Gabr).

The work presented in this thesis deals with the investigation and characterization of
fluidization zone geometry caused by deep impinging jets in relation with the validation and
improvement of the newly developed In Situ Erosion Evaluation Probe (ISEEP). The ISEEP
device has a deep impinging jet probe that advances into the subsurface profile; the jet flow
velocity and the probe advancement rate are later correlated with stream power value and soil
erodibility potential to predict erosion rate and magnitude. In order to validate this newly
developed test and its data analysis process, laboratory and field tests were performed.
Results from these tests were compared with monitored erosion data. Series of laboratory
tests were also conducted guided with numerical simulation results to characterize the
fluidized zones created by the advancement of the ISEEP in deep soil strata. The test results
were used to create contour plots that demonstrate the vertical and horizontal expansion of
the fluidization zones. Numerical modeling simulations were also used to compare and
validate the laboratory test results. A reasonable skin friction reduction approach to be used
for the ISEEP was proposed using the numerical simulation and the laboratory test results.
Using these results, the necessary amount of weight can be calculated and added on to the
probe in order to achieve a smooth penetration test without the probe being held due to high

skin friction forces as it penetrates deeper into the sub surface soil strata.
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CHAPTER 1

INTRODUCTION

11 BACKGROUND

Scouring is a process of erosion happening around a structure such as bridge pier or
abutment. Scour evaluation is an integral element in the process of assessing the stability of
several types of critical infrastructures during design and post construction stages as well as
throughout the structures’ operational life. Briaud (2002) suggested that significant numbers
of bridge failures in the U.S. are caused by excess scour under the bridge piers or abutments,
leading to serious structural damage. Within the purview of civil infrastructures, the
assessment of scour and erosion rate is critical not only for bridge foundations but also for
other structures such as culverts, dames, levees, and stream banks. The knowledge of scour
potential and depth is critical for specifying and designing various types of hydraulic
structures in the design phase and for development of maintenance priorities and establishing

replacement schedules during the operational lifetime Gabr et al (2012).

Figure 1.1: Illustration of Scour Damages (Source: WSDOT)



1.2 OBJECTIVE

Understanding the fluidization zone geometry along with the effect that it has on the
penetration of the ISEEP probe is needed to refine the data analysis process of the ISEEP
methodology and make it a more effective tool. The mapping and characterization of deep
impinging jet fluidization zone geometry in an effort to calculate the magnitude of skin
friction reduction that occurs during the penetration of the ISEEP probe is the primary
objective of this research. Validation of the ISEEP testing and data reduction methodology
was also another objective of this research. This was achieved through comparison of the
ISEEP’s predicted scour values with measured scour values recorded from a single storm

event in the coast of North Carolina.

Data from ISEEP contributes to reducing vulnerabilities and the uncertain consequences of
failure during severe events by mapping scourable soil areas supporting the foundation
system of critical infrastructure. Such data are essential for guiding retrofit of critical
infrastructure and planning for lifeline utilization under severe storm conditions. For
example, the applicability of ISEEP was evaluated at an area around the inlet formed by
2003's Hurricane Isabel, at a bridge site in Wake County, and at the temporary NC-12 Bridge
over the Pea Island breach caused by Hurricane Irene (Kayser, 2014). These deployments

illustrated the viability of using ISEEP in practice for assessing soil erodibility parameters.



CHAPTER 2

LITRATURE REVIEW

Major forms of soil erosion include surface erosion, mass erosion, and fluidization as
presented, for example, by Partheniades (1965) and Mehta (1991). During bed erosion, all
three modes may be present in some proportion, though one typically dominates (Mehta,
1991). For coarse, non-cohesive materials, surface erosion occurs when the applied shear
stress is at or above the sediment’s critical shear stress. For surface erosion, Briaud et al
(2001) reported the dominant means of particle motion (erosion) are sliding, rolling, and
plucking. For cohesive soils, much of the erosion occurs in a process known as mass erosion.
In mass erosion, material is transported away from the bed in the form of flocs or pods
(cohesive groups) of grains. The rate of surface erosion also increases with the app lied shear
stress. Partheniades (1965) identified the macroscopic shear strength of the bed at which the
sediment can fail along an entire plane below the surface, allowing all of the material above
the failure plane to be transported downstream. Briaud et al (2001) and Seed et al (2006)
reported that sands may erode at rates of 10,000 mm/hr versus clay-type soils that may erode

at1to 1,000 mm/hr.

Scour downstream of many hydraulic structures such as culverts and spillways may be
treated as analogues to jet scour. Doodiah et al (1953), Sarma (1965), Beltaos, and
Rajaratnam (1974), Aderibigbe and Rajaratnam (1997), Hanson et al (2002) and others have

all made contributions to this field. Most of these studies were concerned with describing the



maximum scour depth as the jet is held stationary on the surface. There is, however, a need
for a better documentation of the erosion behavior produced by a jet that is embedded
internally to the material. Niven and Khalili (1998a, 1998b, 2001, and 2002) discussed the
mechanics and application of vertical, internal jets in a series of papers with their analysis
mainly concerned with in situ fluidization of sand beds for environmental site remediation. In
this case, the internal diameter of the jet was 75 mm and it was operated at relatively high
flow rates on the order 5-13 I/s (80-206 gpm). They showed that jet penetration depth

(fluidization zone depth) is proportional to the jet velocity and is a function Froude number.

Soil erodibility is defined as the rate of erosion that soil continues to experience once erosion
process begins. This property is used to measure and predict erosion rates for different soil
types. In the case ofa vertical impinging jet, when fluid exiting the jet impacts the soil with a
high enough velocity to induce shear stress higher than the soils shear strength, the flow is
able to displace the local soil causing erosion. Vertical jetting techniques have been
researched in relation with erosion; nevertheless, the main focuses of these studies are scour

depth and scour geometry not scour rate Chatterjee et al (1994).

To be able to correlate jet flow velocity with the critical level of shear stress that needs to be
applied in order to cause erosion, the following properties must be known:

1. Exposed soil property

2. Exposed surface area

3. Applied jet velocity



Briaud (2001) reported that the critical shear stress and the average particle size of a particle
are proportional and within an approximate value of one another. This observation agrees

with the relationship developed by Shields (1935) shown in Equation 2.1.

T.=0.63Dsp  (Shields, 1935) Equation 2.1

Where: 1. = Critical Shear Stress (N/m?)

Dso = Median Grain Size (mm)

The Shields (1935) equation was letter modified by Julien (1995) to represent a
dimensionless critical shear stress as shown in Equation 2.2. It can be concurred that particle
size distribution has a significant effect in determining the magnitude of critical shear stress

with directly relates with the soil erodibility.

™ = prU*/[(Ys=ym)d)] (Julien, 1995) Equation 2.2

Where: u*= Critical Shear Velocity

pm = Density of Fluid Mixture
vs= Unit Weights of the Sediment
ym =Unit Weights of the Fluid Mixture

ds= Representative Particle Size



The use of water jets in the study of erosion and scouring can be traced back as early as
Rouse (1939). From the early studies of scour and water jets, it can be concluded that scour
can be directly correlated with jet velocity and the depth of erosion caused by the water jets
can be considered as scour (Utley, 2008). Hanson and Simon (2001) performed an analysis
and determined that the commonly shields (1939) diagram, derived from Equation 2.1,
overly conservative when used to determine critical shear stress for cohesive soils. Soon
after, Hanson and Cook (2004) presented the resulting stress distribution from impinging jet

as shown in Figure 2.1.
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Figure 2.1: Vertical Jet Apparatus and the Resulting Stresses
(Hanson & Cook, 2004)



"Potential core™ is the part of the jet where water does not lose its initial velocity. Once the
potential core distance has been achieved by the water jet, a linear loss of velocity with
distance occurs. The relationship between the applied shear stress and the potential core

distance is expressed as follows:

To= Cip Ug?  (Hanson and Cook, 2004) Equation 2.3

Where: T,= Applied Bed Shear Stress (N/n)

Uo =Average jet velocity (m/s)
p = Water Density (kg/m?®),

C+ =Friction coefficient = 0.00416

As previously stated, the depth of the score hole linearly increases since the velocity within
the core is constant. As the depth of the eroded hole expands beyond the potential core, the
erosion rate decreases until steady state is reached. At this point, no further erosion would
take place meaning the horizontal shear stress would equal the critical shear stress. Based on
this relationship, Hanson and Cook (2004) developed the expression for the critical shear
stress shown in Equation 2.4.Using this excess shear stress model, erosion rate, mass rate of
erosion per unit area, can be expressed as the function of shear stresses exceeding the critical

shear stress value (Mehta, 1991); the expression of erosion rate is shown in Equation 2.5.



Where:

Where:

Tc= ro(Zp/Zt)2 (Hanson and Cook, 2004) Equation2.4

Tc = Critical Shear Stress

Z, = Erosion Depth < Potential Core Depth

Z; = Total Scour Depth

To = Maximum shear stress at nozzle, or within the potential core.

E = kg (T—Tc)* (Mehta, 1991) Equation 2.5

E = Erosion Rate

K4 = Detachment Coefficient

Tc = Critical Shear Stress

T = Applied Shear Stress > T

o = Assumed to be 1 (Hanson and Cook, 2004)



The detachment coefficient (Kg) is the normalized erosion rate with respect to shear stresses
exceeding the critical shear stress value hence, causing erosion. This erosion analysis method

can be found as ASTM standard D5852.

The concept of stream power to measure the magnitude of the induced flow erosive potential
was introduced by Annandale (1995). This concept is able to better predict turbulent flow
regimes. Annandale (2006) also expressed P in terms of shear stress (Equation2.6) for the
case of impinging jet and indicated that such an approach accounts for the near boundary
turbulent effect and should be used for reducing data from the impinging jet configuration.
Based on derivations from the boundary layer theory, Annandale (2006) recommended that

the Ct (Equation 2.3) to estimate the shear stress value is taken equal to 0.016.

P=ygH=1Uo (Annandale, 2006) Equation 2.6

Where: P =Stream Power (Watts/m?)
(1 Watt = 1 N*m per sec or Kg*m? per sec *)
v= Unit Weight of Water
q = Discharge per Unit Area
H = Energy Head

Uo= Induced Velocity



Internal fluidization is defined as the process in which granular soils behave fluid- like due to
the loss of shear strength (Alsaydalani and Clayton, 2013). The study of internal fluidization
can be applied in various geotechnical scenarios such as Leakage from water distribution
pipes (Van Zyl et al, 2013); leakage through the clutches of sheet piles (Cashman and Preene,
2001); jetting tp facilitate pile penetration (Tsinket, 1988) and Jetting to aid jack-up spudcan
extraction (Purwana et al., 2011). Granular materials are the focus of fluidization research
because they are most susceptible to fluidization; other soil types are more resistant to

fluidization due to the nature of their chemical composition.

Niven and Khalili (1998) characterized the erosion geometry as open fluidization and closed
fluidization zones. Open fluidization occurs at the depth shallower than a critical depth where
maximum erosion is achieved. This is a parabo lic-shaped erosion zone that occurs around the
embedded impinging jet. Once critical depth is reached and the jet is embedded past that
critical depth, closed fluidization occurs. This is when the erosion shape transforms from an
open parabolic shape to a closed cavity near the tip of the jet. Work in this thesis focused on
characterizing the geometry of the fluidization zone in deeper regions. Data presented covers
a range of depth down to 2.43 m (8ft) embedment in uniform sand and provides the change in
the fluidization zone geometry with depth and jet velocity. This is also used to determine a
skin friction reduction value for deep impinging jets due to the fluidization zone that occurs

around the tip.

10



CHAPTER 3

METHODOLOGY & DATAREDUCTION

In previous publications, Gabr et al. (2013) evaluated critical stream power value by
extrapolation stream power value from the penetration rate versus stream power plot
assuming a linear relationship between penetration rate and stream power. It was later
determined that the critical stream power value obtained through this linear relationship
assumption ends up being much different than the critical stream power values published by
other researchers. This is because the relationship between penetration rate and stream power
plots as a curve as opposed to being linear (Kayser, 2014). The corrected ISEEP data analysis

and calculation method is presented as follows:

STEP 1 - Obtaining Penetration Rates For Different Layers:

Penetration depth versus time plots are generated from the ISEEP field tests. Different soil
layers are determined by a sudden slope change in the Penetration depth versus time plot as

shown in Figure 3.1.

11



300

B

S

<

o

D

&

IS Rz =0.97

© 150 |

E Layer 1 (PR=1.12 cm/s)

& opo | ®Layer 2 (PR=0.24 cm/s)
¢ Layer 3 (PR=0.65 cm/s)
x Layer 4 (PR=1.94 cm/s)

250

Figure 3.1: Penetration Depth vs. Time Plot (Kayser, 2014)

STEP 2 - Calculate Applied Bed Shear Stress:

Shear stress produced by the jet, bed shear stress, can be calculated using Equation 2.3.

STEP 3 — Calculate Stream Power:

Stream power can be calculated using Equation 2.6



STEP 4 — Calculate Critical Stream Power:

Critical stream power, the minimum stream power required to begin the erosion process,
can be obtained by multiplying the critical shear stress with the critical velocity as shown

in Equation 3.1.
P.=zyv, (Briaud, 2001; Kayser, 2014) Equation 3.1

c

Where, "7, =Dy, (Briaud, 2001; Kayser, 2014)

v, =0.35(D,,)***  (Briaud, 2001; Kayser, 2014)

["7.is in N/m?; Dsg is in mm; V¢ is in m/s] (Briaud, 2001; Kayser, 2014)

STEP5 — Generate Stream Power Versus Penetration Rate Plot:

A plot can now be generated using the penetration rate versus stream power values
obtained from calculations performed in previous steps. Penetration testing should be
repeated at least three different times for three different jet velocities. All data points
corresponding to a specific soil layer should be plotted along with the critical stream
power as shown in Figure 3.2. The plot shown in Figure 3.2 is generated by using a
power function to fit a line/curve within the data points. Kayser (2014) presents a

statistical test that determined a power function being the best alternative.

13
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STEP 6 — Calculate Detachment Rate Coefficient:

Detachment rate coefficient (k,') is a function of the applied stream power. For an

applied stream power value, k; 'can be obtained by calculated from the slope of the

erosion rate versus stream power plot that corresponds to the desired stream power.

14



STEP 7 — Calculate Erosion Rate:

The rate of erosion describes the mass rate of erosion per unit area. Erosion rate (E) as a
function of stream power exceeding the critical stream power value (P.) can be calculated

using Equation 3.2.

E=ky (P-P;) (Mehta, 1991; Kayser, 2014) Equation 3.2

Where:  E = Erosion Rate
kg’ = Detachment Rate Coefficient
P = Applied Stream Power

Pc = Critical Stream Power

STEP5 — Calculate Erosion Magnitude:

For a given applied stream power value and duration, total scour depth can be evaluated
using Equation 2.5. The detachment rate coefficient value used in this equation can be

calculated from erosion rate vs. stream power plot.

15



CHAPTER 4

LABORATORY AND FIELD EXPERIMNETS

The impinging jet device used in all the experiments presented throughout this thesis is
termed In Situ Erosion Evaluation Probe (ISEEP) Gabr et al (2012). The probe has a stainless
steel body with interchangeable stainless steel tips (Figure 4.1). Each section is 1.52 m (5 ft)
long with a diameter of 50 mm (2.0 in), so that it may be broken down for transport. The
probe has an outer sheathing that is 76 mm (3.0 in diameter) with a wall thickness of 1.65
mm (0.065 in). This is implemented to transport fluidized sediment to the surface. The flow
pump is a Gould GLSSV2 variable speed centrifugal pump coupled to an ITT PumpSmart
variable speed controller (Figure 4.2). Several tips and configurations were constructed and
tested. Results in this thesis are reported from testing with a 60° truncated cone tip with a 19
mm orifice (3/4 in). The system is capable of applying a flow rate of 2000 mi/sec (32 gpm)

and velocities as high as 12 m/sec depending on the tip size (Kebede et al, 2014).

Figure 4.1: Stainless Steel Probe w/t Sheathing & Tip (Kebede, 2014; Kayser, 2014)

16
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Figure 4.2a: Pump-Tank Connection Figure 4.2b: ITT PumpSmart Controller

Figure 4.3: The ISEEP Device during Field Testing (Kayser, 2014)
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41: LABORATORY EXPERIMENT

All laboratory tests was conducted in a liquefiable circular sand pit with a diameter of

approximately 3m (9.5 ft) and a depth of 6 m (20 ft); Figure 4.1, Figure 4.2 and Figure 4.3

show the ISEEP device and all other attachments. Located within the lowest 0.46 m (18 in)

of the pit, one water inlet and one drain outlet are placed for the purpose of infusing and

draining water to regenerate the sand bed. These lie within a filter bed consisting 0f0.23m (9

in) of #57 stone overlain by 0.23 m (9 in) of 'pea’ gravel. The test sand originates from a

quarry at Drowning Creek near Hoffman, NC, and is quartzite sand that was mined from an

underwater alluvial deposit. Table 4.1 shows the soil and soil interaction properties.

Table 4.1: Test soil Properties (Kebede et al, 2014)

Total Unit Weight (kN/m?) y 17.8
Median soil grain size (mm) Dso 0.3
Soil Friction Angle (degree) ¢’ 31

18



Two sets of experiments were performed to capture the geometry of the fluidization zone.
The first experiment was performed by embedding thin transparent tubes around the probe at
different depths in order to capture the lateral expansion of the fluidization zone. In this case,
15 thin transparent tubes with inner diameter of 3.175 mm (1/8 in) and outer diameter 0f 6.35
mm (1/4 in) were vertically embedded around the probe as shown in Figures4.4 and Figure
4.5. The tube embedment depth varied from 0.4mto 1.2m. The water levels in the tube were
monitored throughout the test; this data was used to calculate the effective stress at the
bottom of each tube which was then used to determine whether or not the soil at that location
is fluidized. The exit velocity was varied from 2.3 m/s up to 5.1 m/s for these groups of tests,

and the probe was held stationary at a known depth while each test was performed.

Figure 4.4: Plan View of Horizontal Test Setup [Modified from Kebede et al (2014)]

19



Figure 4.5a: Cross Sectional View of Horizontal Test Setup A (Kebede et al, 2014)

SlL2m im ||| o9mf 0.75m | |[o.6m [ ||0.45m

Figure 4.5b: Cross Sectional View of Horizontal Test Setup B (Kebede et al, 2014)
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The second experiment was aimed to capture the vertical expansion of the fluidization zone.
This experiment was conducted by attaching two and four piezometers at different depths
onto the probe as shown in Figure 4.6. PVC pipes (12.3 mm in diameter) were used as the
piezometers for these tests. A Geokon 500 water level meter was used to measure the water
level in the piezometers during testing at certain time intervals. These measurements were
also recorded and used to calculate the effective stress at each depth at a given time and
monitor the vertical expansion of the fluidization zone. The water exit velocities were varied
from 4.2 m/s to 6.0 m/s for these groups of tests, and the probe was held stationary at a

known depth (Kebede et al, 2014).

D:— ‘:J/_C'.S”P\.-'CPipe
0.5” PVC Pipe \ Tt

0.5m

0.3 m

<‘.?-c:>
G‘_
\ /
Figure 4.6: Cross Sectional View of Vertical Test Setup (Kebede et al, 2014)
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Figure 4.6 illustrates the test setup; in this experiment, four piezometers were directly
attached to the walls of the probe and jetted down to a desired depth of 2.4 m. The probe was
then fixed at that depth and testing was performed 24 hours after the jetting process in order
to dissipate the jetting effect and allow the soil to settle. Three different tests were performed

for three different jet velocities of 4.2 m/s, 5.1 m/s, and 6.0 nVs (Kebede et al, 2014).

4.2: ISEEP FIELD EXPERIMENT

Field testing with the ISEEP was conducted at various locations throughout the state of North
Carolina. These tests were conducted in both coastal and inland locations that are susceptible
to erosion. This section presents a set of field experiments performed with the ISEEP device
at Jennette’s pier located in Nags Head, North Carolina. The results from these tests were
compared and contrasted with scour activity monitored using Nortek acoustic scour monitor
installed at Jennette’s pier (Figures 4.8 and 4.9). This monitor was installed ona 0.6 m by 0.6
m square pier pilling on the seaward end of Jennette’s pier on January 24, 2013. Even though
the original deployment depth was 6 meters above seabed, it was later moved down to 3
meters above seabed; this device was able to provide hourly wave height and wave period
data (Dubbs et al, 2014). The change in water level due to tidal action was recorded and
obtained from NOAA tide gauge station in Duck, North Carolina with the mean tidal range at

0.98 meter (Dubbs et al, 2014).
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Figure 4.7: (b.) Satellite View of Jennets Pier Test Site (Source: Google Maps)
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Locations

Figure 4.8: Jennette’s Pier (Source: www.jennettespier.net)
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Figure 4.9: Nortek Acoustic Scour Monitor Illustration (Dubbs et al, 2014)

24


http://www.jennettespier.net/

Soil samples from the site were collected and grain size distribution test was performed in the
laboratory to classify the collected soil. As shown in figure 4.10, it was determined that the

average grain size distribution (Dsg) was 0.25mm for the top layer and 0.3mm for the bottom

layer.
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Figure 4.10: Grain Size Distribution for Jennette’s Pier Soil (Kayser, 2014)
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CHAPTER 5

NUMERICAL MODELING AND LABORATORY RESULTS

5.1: NUMERICAL MODELING

The CFD software, FLOW-3D, is used to perform numerical simulations for mapping
fluidization zone geometry. FLOW-3D (2011) is based on the fundamental laws of mass,
momentum and energy conservation. It simulates the flow process using the standard Navier-
Stokes flow equation. The domain is discretized using finite difference blocks, and the
governing equation is solved for each computational cell. The fractional area-volume
obstacle representation (FAVOR) method is utilized for modeling solid obstacles within the

domain (Hirt and Sicilian, 1985; Kayser and Gabr, 2013).

5.1.1: SCOUR MODEL

A sediment scour turbulence model can be used to simulate the scour around a cylindrical
object, which represents the ISEEP probe. According to Brethour and Burnham (2010), the
sediment scour model can simulate the deposition and entrainment of sand, silt and other
non-cohesive soils as suspended and packed sediment. According to FLOW-3D (2011),
suspended sediments are typically of low concentration and advect with fluid. Packed
sediments exist in the computational domain at the critical packing fraction, as defined by the

user.
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The input parameters of the sediment scour model are: diameter and density of the sediment
(d, p), the critical Shields parameter, entrainment coefficient (Ce), drag coefficient (Cg), bed
load coefficient (Cp) and angle of repose (®) (Kayser and Gabr, 2013). When the critical
Shields parameter is not assigned during the numerical simulation, FLOW-3D calculates the
value from the Shields curve (Brethour and Burnham, 2010). The definitions of Ce, Cq4, and

Cpare as follows:

1. C. describes the lifting of the sediment in the bulk flow of fluid. According to FLOW-3D
(2011), the entrainment coefficient predicts the rate of sediment erosion at a shear stress

higher than the critical shear stress (Kayser and Gabr, 2013).

2. Cq quantifies the resistance of the sand particles to the fluid flow (Kayser and Gabr, 2013).
Engelund and Hansen (1967) proposed Equation 5.1 for natural sands and gravels based on

laboratory measurements:

Ce2 +15 Equation 5.1
Re

For a large Reynolds number signifying turbulent flow, the Cq is approximately equal to 1.5.
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3. Cy is related to the transport of heavy particles along the top of the packed bed by the flow
of water; in this process, the bed load coefficient is used to predict the rate of transport at a
shear stress higher than the critical shear stress (Kayser and Gabr, 2013). The default value of
the bed load coefficient is 8.0 in FLOW-3D (2011) following the Meyer-Peter and Muller
(1948) equation. Nnadi and Wilson (1992) reported a Cy, value of 12 for a sheet flow regime,
and Ribbernik (1998) suggested a Cb of 5.7 for bed load data that are very close to the
incipient motion. A typical Cy, value for sand and gravel is 5.7 (Ribbernik, 1998), (Fernandez

and Beek, 1976), (Kayser and Gabr, 2013).

Table 4.2 provides values of the different parameters used for sandy soil. These value ranges
are used as input parameters in the sediment scour model As explained earlier, the ‘Critical
Shields Parameter’ value cell is blank in the table for the numerical simulations because the
number is computed from the Shields curve (Brethour and Burnham, 2010). The Cq4 value
was varied from 1.0 to 2.0 (Rubby, 1933); (Wu and Wand, 2006), the C. value was varied
from 0.009 to 0.036, and the Cy, value was varied from 4 to 8; these ranges are assumed based
on consideration of the data found in the literature (Kayser and Gabr, 2013). The RNG model
is used in this study because it can describe low intensity turbulence flow with strong shear
regions more accurately than the other models (YYakhot and Orszag, 1986) and, in this case,

seems to better fit the jetting scheme (Kayser and Gabr, 2013).
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Table 5.1: Parameter Values Used in Numeric Simulations (Kayser and Gabr, 2013)

Parameter Value
Density, p 1500 Kg/m®
Entrainment Coefficient, Ce 0.009 to 0.036
Drag Coefficient, Cqy lto2
Bed Load Coefficient, Cp 4108
Angle of Repose, @ 31°

5.1.2: SIMULATION DOMAIN

Figure 5.1 shows the domain used for the fluidization simulation. Since the diameter of the

probe is about 0.02 meters therefore finer mesh 0f 0.01 meter was defined around the probe

within a zone of 0.1 m from the center of the probe in all directions. In this simulation, the

probe embedment depth was setat 0.5 m.
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Figure 5.1: Discretized Domain for Fluidization Zone Geometry Simulation
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5.1.3: NUMERICAL MODELING RESULTS

Fluidization zone geometry has been characterized by taking a cross sectional view of the
sand profile. Figure 5.2 shows the fluidization zone at four different run times. The
simulation was continued for 120 sec but the steady state fluidization was reached after a
minimum of 80 second run time. Looking at the simulation at a run time of 90 sec and jet
velocity of 4 m/sec (Figure 5.2), the fluidization zone vertically extends about 0.3 meters
above the probe tip. For the horizontal fluidization zone expansion, the modeling simulation
shows that the fluidization zone expanded to a width of 0.25 meters at a jet velocity of 4m/s
after 90 seconds run time (Figure 5.2). The laboratory test results showed that the fluidized
zone horizontally expanded to about 0.3 meters. Both of these tests were run at a 0.5 meter
probe embedment depth. The laboratory test results showed a fluidization zone that is 5 cm
greater than the simulation results. This difference may be because the laboratory jet velocity
was 0.1m/s greater than the jet velocity used in the simulation. It should also be noted that
the laboratory test instrumentation technique used is not accurate enough to record to a 1 cm
precision. It can be concluded that the simulation results matched well with the laboratory
test results. More simulations must be performed at different jet velocity and probe
embedment to better understand and calculate the fluidization zone geometry. For the vertical
fluidization bulb expansion, the laboratory test results indicated a fluidization zone that was
less than 0.4 meters above the probe tip. Even though the modeling results are in accord with
the laboratory test results, it is difficult to make an accurate comparison since the embedment
depths were different. More simulation models are needed to better compare with the

laboratory test results.
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Figure 5.2: Numerical Simulations of Fluidization Development with Time
(@) 10 Sec; (b) 20 Sec; (c) 40 Sec and (d) 90 Sec
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5.2: FLUIDIZATION ZONE GEOMETRY

Effective stress and pore-water pressure values for recorded time intervals were calculated
using the soil properties and the experimental data. By designating zero effective stress as a
state of total fluidization, the fluidized zone is estimated. To better visualize and understand
the horizontal expansion of the fluidization zone, stress contours were generated. The
horizontal and vertical axis of these stress contours represent the horizontal and vertical
distances from where the probe is vertically embedded into the soil. The color-filled contour
map shows the effective stress of the soil at a time where the fluidization bulb forming
around the probe reaches steady state, having no further expansion. This time was observed
to be greater than 15 minutes (Kebede et al, 2014). The stresses are measure in Pascal (Pa)
units and the legends for the contour colors are given on the right side of each stress contour

figure.

Probe tip was fixed at 0.5 m embedment depth below the ground surface for the first two
tests performed with 2.3 m/sand 2.7 m/s jet velocity shown in Figure 5.3 and Figure 5.4. For
the next three tests, shown in Figure 5.5, Figure 5.6, and Figure 5.7, the probe tip was fixed

at 0.8 membedment below ground surface (Kebede et al, 2014).
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Figure 5.7: Stress Contour at Jet Velocity of 4.5 m/s (Kebede et al, 2014)

Results from the contour maps illustrate the fluidization zone with increased depth and
increased jet velocity. The fluidized zones shown in Figure 5.3 and Figure 5.4 appear to be
similar since the increase in the jet velocity is not enough to cause a significant amount of
change. After increasing the embedment depth and the jet wvelocity, a more noticeable
expansion in the fluidization zone can be observed in Figure 5.5, Figure 5.6 and Figure 5.7.
A jet velocity of 3.8 m/s causes a maximum lateral distance of the fluidization zone that
extends 0.3 m from the probe. At jet velocities of 4.2 m/s and 4.5 m/s, the lateral distance of

the fluidization zone reaches about 0.4 m and 0.45 m, respectively.
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As explained in the previous section, a different test setup was used to study the vertical
expansion of the fluidization zone. Figure 5.8 shows the effective stress versus time recorded
at the probe embedment of 2.4 meters below ground surface. These results are used to
understand the vertical advancement of the fluidization zone above the jet. Since the
horizontal and vertical fluidization zone expansions were studied in two different types of
laboratory tests, the results were plotted in separate plots. Figure 5.9 shows the effective
stress versus time relationship; but, since the test was ran for a shorter time, only the initial
and the transitional phases were able to be shown. Figure 5.8 shows results for fluidization
experiments that were able to be continued for an extended amount of time; thus, the phase

changes can be clearly observed.

In the vertical expansion experiment, the piezometers tubes were directly attached to the
probe. This provides for a better result since the piezometers are close to the probe and
securely attached. In the horizontal expansion experiments, the piezometers were embedded
in the soil at various distances from the probe. Because of this setup, the tubes would become
unstable as the fluidization bulb expands thus restricting the length of the test. Since Figure
5.8 and 5.9 are at different probe embedment depths and have different run times, further
tests are needed to make an accurate comparison. Never the less, the provided data shows a
similar nature in the fluidization zone expansion natures with a flatter slope for the initial

phase line and a shorter transitional phase.
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From Figure 5.8, the rate of change of the effective stress with time can be categorized to
three different phases. The initial phase can be seen as the linear drop starting from the initial
time down to where the curve begins to form. This phase represents the formation of a
fluidization zone as the jet fluidizes the soil around it. The second phase, which is referred to
as the transition phase, occurs when the curve is forming after the sharp drop of effective
stress in the initial phase. This zone demonstrates the gradual increase of the fluidization
zone before it reaches its limit. The final phase, which is also referred to as the steady state
phase, can be seen as the change in the effective stress gradually decreases and approaches a
horizontal line. This phase happens when the fluidization zone has reached its maximum

dimensions and is no longer expanding.

By characterizing fluidization as the soil state where effective shear stress is zero, a line was
developed where the pore water pressure equals the total stress for the test soil. All values
plotting on or right of this line are fluidized and the values plotting left of the line are not
fluidized. The recorded values at the ending time for corresponding jet velocities were
converted to pore-water pressure values and plotted against the vertical embedment depth
where the piezometers are located. A 95% horizontal confidence zone was also created from
the fluidization line to capture the points that are very close to the fluidization threshold. The
strength state of the soil at the end of each test can be seen on Figure 5.10. The lower jet
velocity of4.2 m/s did not fluidize the surrounding region above the 2.1 membedment depth.

The other jet velocities were able to fluidize the soil up to the 1.5 m embedment depth.
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Looking at the 1.5 m zone, the 5.1 m/s jet velocity is at the 95% confidence zone, showing
that it is very close to the fluidization threshold. The probe tip is located at an embedment

depth of 2.44 meters below ground surface in Figure 5.10.

Pore Water Pressure (Pa)

20000 25000 30000 35000 40000 45000
1.00

1.20
Fluidized

&

E
£ 160 —— Fluidization Line
] o 416m/s
o
Eim ”_i 0 5.07m/s
E 2.00 o — — ¢ 6.0mfs
=
W .

2.20

Non-Fluidized (N
2.40
2.60

Figure 5.10: Vertical Expansion of Fluidization Zone (Kebede et al, 2014)
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5.3:  SKIN FRICTION REDUCTION

The term skin friction also known as side friction is commonly used to refer to the frictional

resistance developed between a pile and adjacent soil in an embedded pile foundation system.

This frictional resistance along with the toe bearing is utilized to transfer the superstructure

load (column load) into the soil. Skin friction analysis can be performed using two methods:

1. Total stress analysis also known as the alpha (o) method

2. Effective stress analysis also known as the beta () method

Since the effective stress method has been proven to yield a more accurate result, the B-

method (effective stress analysis) was used in all skin friction analysis throughout this thesis.

The mechanics of skin friction can be described using a simple sliding-friction model as

follows:

Where: Fs
c’h
Ka
(|)int
¢7

Fs=0o"n ta'rlq)int

Skin friction resistance
Horizontal effective stress
=Ka * 6 vetical
Lateral earth pressure (active)
= tan? (45 - % )

soil-pile Interface effective frictionangle

soil-soil effective internal friction angle

Equation 5.2
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Various studies have been done to better understand interface friction values in the case ofan
object such as a pile is penetrated into soil. Kulhawy et al (1983) and Kulhawy (1991)
suggest that the interface friction angel between a smooth steel surface and surrounding soil
equals half of the soil’s effective internal friction angle. To calculate the horizontal effective
stress, the lateral earth pressure is multiplied by the vertical effective stress. Kulhawy et al
(1983) and Kulhawy (1991) suggests that the coefficient of lateral earth pressure to be
reduced by a factor of 0.5 — 0.7 to account for the loosening of the nearby soil due to the

jetting effect. After considering these adjustments, the skin friction can be rewritten as

follows:
Fo=0* KOK% * %*tan [6°] Equation 5.3
Where: If—a Lateral earth pressure reduction factor

= 0.5 for the ISEEP case

$n nterface friction reduction factor

= 0.7 for the ISEEP case
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Using Equation 5.3, a corrected skin friction is calculated and compared with the un-reduced
skin friction value in Figure 5.12 and Table 5.1. All the corrected skin friction values shown
in Figure 5.12 were generated from the fluidization zone experiment that was presented in
Chapter 4 of this thesis. \ertical piezometers were used to monitor the advancement of the
fluidization zone. Figure 5.10 illustrates the amount of skin friction reduction that occurs as
the fluidization zone forms and expands until reaching the steady state phase. The presented
data was calculated from tests performed at 1.2 meter probe embedment depth and 2.4 meter

embedment depth with a jet velocity of 6 m/s.

As shown on Figure 5.12, a significant amount of skin friction reduction can be seen
throughout the entire test. In comparison of the unreduced skin friction forces with the

reduced values, the following conclusion can be made:

1. During the initial fluidization phase at jet embedment of 1.2 meters, a skin friction force
reduction of approximately 5 Newton is calculated. This accounts for a 30% reduction of skin

friction.

2. During the Transition fluidization phase at jet embedment of 1.2 meters, a skin friction

force reduction of approximately 10 Newton is calculated. This accounts for a 56% reduction

of skin friction.
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3. During the initial fluidization phase at jet embedment of 1.2 meters, a skin friction force
reduction of approximately 17.3 Newton is calculated. This accounts for a 100% reduction of

skin friction.

4. During the initial fluidization phase at jet embedment of 2.4 meters, a skin friction force
reduction of approximately 3 Newton is calculated. This accounts for a 4% reduction of skin

friction.

5. During the transition fluidization phase at jet embedment of 2.4 meters, a skin friction
force reduction of approximately 11 Newton is calculated. This accounts for a 17% reduction

of skin friction.

6. During the steady state fluidization phase at jet embedment of 2.4 meters, a skin friction
force reduction of approximately 21.2 Newton is calculated. This accounts for a 31%

reduction of skin friction.

At the shallow embedment depth of 1.2 meters, a very high percentage of skin friction
reduction can be observed. When the fluidization phase reaches a steady state phase, the skin
friction totally disappears. This was visually confirmed during the test since the fluidization
zone expanded all the way up to the soil surface; this parabolic shaped fluidization is referred
to as open fluidization. With the deeper embedment depth of 2.4 meters, the fluidization zone

forms as a cavity around the jet tip without being able to reach to the soil surface.
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Knowing the skin friction value experienced by the ISEEP probe as it penetrates into the sub-
surface can be used to calculate the amount of weight that needs to be added on to the probe
to achieve a smooth penetration while testing is being conducted. This handle shown in
Figure 5.10, is made out of stainless steel and has a weight of approximately 15 Kg, same as
the weight of one probe section. This weight also serves as an extraction handle to pull out

the probe after the completion of a penetration test as shown in Figure 5.11.

Figure 5.11: Attachable External Probe Weight with Handle

Figure 5.12: Attachable Probe Weight Being Used as an Extraction Handle
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Table 5.2: Tabulated Values for Reduced and Unreduced Skin Friction Forces at

6 m/s Jet Velocity

Probe Skin
Embedment Fluidization Friction Unreduced Skin
Depth Zone Height Force Friction Force
z (m) Fluidized Fs (N) Fs (N)
Initial 1.2 0.2 12.0 17.3
Phase 2.4 0.05 66.5 69.3
Transition 1.2 0.4 7.7 17.3
Phase 2.4 0.2 58.3 69.3
Steady 1.2 1.2 0.0 17.3
State Phase 2.4 0.4 48.1 69.3
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Figure 5.13: Reduced vs. Unreduced Skin Friction Forces at 6 m/s Jet Velocity
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CHAPTER 6

FIELD RESULTS AND APPLICATION

Following the ISEEP data reduction approach mentioned abowve, critical stream power and
detachment rate coefficient values were obtained for the ISEEP field test performed at the
Jennette’s Pier test site. Figure 6.1 shows the applied stream power values versus penetration
rate values. The detachment rate coefficient (kd’) was then calculated for a corresponding

stream power value using a straight line portion of the curves given in Figure 6.1.
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Figure 6.1: Penetration Rate vs. Stream Power Plot for Jennette’s Pier (Kayser, 2014)
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The above predicted erosion data was able to be compared with monitored data from the
values reported by Dubbs et al (2014). Using the acoustic sensors, Dubbs et al (2014)
reported wave periods with corresponding wave heights (Figure 6.2) along with hourly
vertical depth below mean sea level (MSL) with the corresponding wave heights (Figure

6.3).

i1
i
£ &
3 ;
Ko . t . 3
< A i
s ; g A
o oo * 3 ! s X% .
g i;'. k Y % ; ¢ 5 ] . :
E S : B A " k i
1 i ri‘.?'*’ K {‘r\;‘f.,,v bal g iR 3
1 .‘;.‘l . H { *I 203, R M .
VE T LG WL AvY
5
o
<
(0]
=
c
o
—
0
= . .
;’é\ : :ﬁ‘..: ” .l .. MW
E & ....};":- : :‘ ) \
5 g ;-
© ‘.\‘: M
© EE
S o .
o ‘i

T T 1 T 1T T 1T 1T 1T 1T T T"1
D D909 9,9 9,099,099 9,959,999 CN I I I e )
q/Q’\ (]/Q\ (79\ Q/Q\ Q,Q\ Q,Q\ Q/Q’\ CLQ\ Q,Q\ Q,Q\ {19\ f]/Q\ q/Q’\ Q,Q\ N N N N N N N N N
VAV W ol (VAT 3V a0 3V o (VoS

WA XV 0T NN V0 WO N Y
I I PP HFHTNTNP

2 )‘6,_
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Dubbs et al (2014) reported that a storm event occurred beginning March 6" 2013 and lasted
for few days. This event was defined by strong winds and changes in wave properties such as
wave heights and wave period. Dubbs et al (2014) also reported that the wave height was

elevated for several days even after the storm has passed. Since the ISEEP field test at
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Jennette’s pier was conducted before this storm event, the predicted erosion estimations were

compared with the recorded erosion values.

All the wave data were taken from the recorded valued from March 6 2013 to March 10"
2013.The maximum wave height recorded for this specific storm period was taken as 5
meters (Figure 6.3) and a corresponding wave period of 17 seconds. This was then used to
calculate the wave length for the wave with the given height and period. The wave length

equation, Equation 6.1, was used to calculate the wave length (Reeve etal, 2012).

(w?*d) / g=k*d tanh (k*d) (Reeve etal, 2012) Equation 6.1

Where: ®: Angular Frequency (rad/sec)

=2n)/T

T: Wave Period (sec)

d: Water Depth (m)

g: Gravitational Acceleration

k: Wave Number (rad/sec)
=(2m) /L

L: Wave Length (meter)

tanh: Hyperbolic Tangent
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After calculating the wave length, the following step would be to calculate the maximum
orbital wave velocity (Un) just above the boundary layer, the top of the bed soil. This can be

calculated using Equation 5.4 given below.

H .
Un= % (Reeve etal, 2012) Equation 6.2
Tsm—L
Where: Um:  Maximum \elocity (m/sec)

H: Wave Height (m)
T: Wave Period (Sec)
d: Water Depth (m)

L: Wave Length (m)

Using equation 6.2, a maximum orbital velocity of is obtained. After performing this
calculation, the following step is to acquire the applied bed shear stress caused by this orbital
wave velocity. Prior to calculation the bed shear stress, a wave friction factor value must be
calculated by using Equation 6.3. After the wave friction factor is calculated, Equation 6.4

can be used to calculate the bed shear stress.
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Where: fw:

Un:

ka

Dsp:

Where: Th:

p:

Um~x*T
2m*kb

fw=0.04* (Reeve etal, 2012)

Wave Friction Factor
Maximum Wave \elocity (m/s)
Wave Period (sec)

Bed Roughness Factor

=3* Dxg

Average Grain Size Distribution (mm)

To= 0.5*f*p*un®  (Reeve etal, 2012)

Applied Bed Shear Stress (Pa)

Density of Water = 1000 Kg/m®

Equation 6.3

Equation 6.4

52



After the applied bed shear stress is calculated, this value is then converted to a stream power

value by using Equation 6.5.

P=Tp* Uy Modified from (Kayser, 2014) Equation 6.5

Where: P:  Applied Stream Power (Watts/m?)

Th: Applied Bed Shear Stress (Pa)

Umn:  Maximum Applied Wave \elocity (m/sec)

From this calculation, an applied stream power value can be obtained. The straight line plot
for the corresponding stream power value from Figure 6.1 can now be used to calculate a kd’.
This process was done for the top and bottom soil layers and corresponding detachment rate
coefficient (kq’) values were obtained. Using the kd’ value along with Equations 3.1 and 3.2,
the rate of erosion for the Jennette’s pier at this specific storm event is calculated. The
resulting maximum erosion rate for this storm event was approximately 7 centimeters per
second for the top layer and 2.2 centimeters per second for the bottom soil layer. Figure 6.4
and Figure 6.5 present calculated erosion rates with varying wave period and wave height.
These wave period and wave heights represent the recorded wave period and height values
recoded during the storm event presented in Dubbs (2014). The top layer is more susceptible
to erosion in comparison with the bottom layer. It can also be seen that erosion rate increases

with increasing wave height but decreases with increasing wave period.
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Figure 6.4: Erosion Rate vs. Wave Period for Varying Wave Heights (Tope Soil Layer)
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55



From Figure 6.2, a 5.5 meter of maximum erosion magnitude was reported for the March 6
2013 storm event (Dubbs et al, 2014). By converting the wave forces to stream power values,
erosion rates were able to be calculated for the wave heights and wave periods that occurred
within the storm period reported by Dubbs et al (2014). Figures 6.6 and 6.7 show the time it
takes to causes a 5.5 meter of erosion depth which is the maximum amount of erosion that
occurred during the reported storm event at Jennette’s pier. Figures 6.8 and 6.9 show the time
it takes to cause a 1 meter erosion depth at Jennette’s pier for the recorded water wave
characteristics. A5.5 meters erosion depth could occur within 1.2 minutes at the top soil layer
and 4.2 minutes at the bottom soil layer for maximum wave height and minimum wave
period. A 1 meter erosion depth could occur within 15 seconds at the top soil layer and 55

seconds at the bottom soil layer for maximum wave height and minimum wave period.

Since theses plots were generated for a varying wave height and wave period, they can be
used to estimate a scour magnitude for a given wave height and wave period. Using these
plots, the amount of time needed to cause a specific erosion magnitude could also be

calculated.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The objective of this research can be divided into two main categories:

1. The mapping and characterization of deep impinging jet fluidization zone geometry
through laboratory tests and numerical modeling in an effort to calculate the magnitude of

skin friction reduction that occurs during the penetration of the ISEEP probe.

2. Validation of the ISEEP testing and data reduction methodology by comparing the ISEEP’s

predicted scour values with measured scour values from laboratory and field tests.

Laboratory test and numerical modeling results on jet induced vertical and horizontal
fluidization zone at different depths are presented. Stress contours to map the geometric
expansion of the fluidization zone are developed. Based on the results obtained in this study,

the following conclusions are advanced:

! The expansion nature of the fluidization zones were categorized into three phases:
initial phase, transition phase, and steady state phase. The initial phase is the
beginning of jetting, when a sharp drop in effective stress occurs due to the
fluidization of sand at the jet tip. After the sharp drop, the effective stress decreases at

a gradual rate; this phase is categorized as the transition phase. The final stage, which
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Is categorized as the steady state phase, is reached when there is no further effective
stress reduction with time and is used herein to indicate the point when maximum

fluidization zone is reached (Kebede et al, 2014).

The size of the fluidized zone that was monitored with the laboratory tests linearly
proportional with the applied jet velocity. A jet velocity of 3.8 m/s resulted in a
maximum lateral distance of the fluidization zone that extended 0.3 m from the probe.
At jet velocities of 4.2 n/s and 4.5 nVs, the lateral distance of the fluidization zone

reached about 0.40 m and 0.45 m, respectively (Kebede et al, 2014).

The wvertical extent of the fluidized zone that was monitored in the laboratory was
approximately 15 times the jet diameter but also increased with the magnitude of the
jet velocity; at a velocity of 4.2 m/s, it was measured as 0.3 m, and at jet velocities of
5.1 m/s and 6 m/s, the fluidization zone vertically extended 0.9 m above the jet tip

(Kebede et al, 2014).

At a depth of embedment of 2.4 m, this maximum fluidization zone occurs as a closed
fluidization. The dimensions of this zone are a function of the applied jet velocity

(considering the values used in this study) (Kebede et al, 2014).

The numerical modeling simulation results were used to guide and plan the laboratory

test and the comparisons of the two results were in accord. From the simulations, it
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was concluded that a minimum runtime of 70 seconds is needed to achieve steady
state fluidization. For a jet velocity of 4 m/s, the fluidization zone extended 0.3
meters above the probe tip and horizontally expanded with a radius of 0.25 meters.
The obtained results matched closely with the laboratory experiment results; however,
more simulations should be performed for a better understanding of the fluidization

Zone.

Monitored erosion rates at Jennette’s pier were compared with the erosion rates calculated by
the ISEEP test and data reduction methodology. The maximum erosion depth of 5.5 meters
was reported for a single storm event by Dubbs et al (2014). Using the ISEEP test and data
reduction methodology, erosion rates corresponding to the range of recorded wave heights
and waver periods were able to be calculated. Chapter 6 also presented plots that give range
of erosion magnitudes and the required duration of eroding forces (wave characteristics).
These results can easily be used to calculate erosion rates and magnitudes for an expected

storm event.
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CHAPTER 8

FUTURE WORK

This thesis focused on laboratory and field tests in attempt to improve and validate the ISEEP
device and methodology. The laboratory tests focused on understanding the fluidization
geometry in order to better estimate the issue that skin friction has on the penetration of the
probe. As discussed in Chapter 3, multiple piezometers were inserted systematically around
the probe at different depths in the soil to monitor the pressure as the fluidization zone
expands. The water level in the piezometers was monitored visually by the author and other
graduate students. The author highly recommends an automated monitoring system for future
research in order to gather a more accurate data by eliminating human errors. The author was
also limited in the number of piezometers since visual monitoring becomes very difficult as
the number of tubes increase. An automated monitoring system can eliminate this issue and
more piezometers or pressure sensors can be installed to improve the mapping of the
fluidization zone. This could allow for the horizontal and vertical expansion of the bulb to be
mapped in every test which will allow for a better understanding of the nature of expansion

of the fluidization bulb.

More filed tests would also be very helpful in validating the ISEEP. A testing collaboration is
currently being facilitated with the Bridge Software Institute (BSI), at the University of
Florida in Gainesville, to deploy ISEEP for testing at bridge locations in Florida, Louisiana,

and Texas. A collaborative proposal entitled “Integrated Bridge Resilience Matrices for
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Standardized Operation-Decisions” was submitted in response to DHS Center of Excellence

Partners funding opportunity announcement (FOA).

Various modifications and improvements were made to the ISEEP device within the time
frame of this research but more improvements are needed. The ISEEP probe has markings on
its outer skin that is used to monitor the penetration rate. These marking usually are erased
after one or two penetration tests. The author suggests a more permanent engraved markings
the will potentially expedite testing time. The ISEEP pump and controller also has
shortcomings and needs improvement. For the future, a smaller pump that offers a wider

water output velocity can benefit the ISEEP field tests.

In regards to numerical modeling, only one successful simulation was able to be performed
through the time frame of this research. Due to the lack of modeling simulations, only one jet
velocity at a particular probe embedment depth was studied via numerical modeling. More
simulation needs to be performed to better understand the nature of the fluidization zone by
varying inputs such as jet velocity, soil type, embedment depths and the overall domain of

the model to reduce boundary effects.
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