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Summary

Packaged KBasin sludge will be transported to the T Plant on the Hanford Site where it will be
interim stored. The sludge will be retrieved from the storage containers and processed for disposal. A
sample ohigh uranium conterganister sludge, designated 98 , -diessmd ft ed o during | ab
storage. This sample was uncharacteristically strong compared to expegssihKnaterial.The
purpose for this work is to evaluate the potential retrieval of such sludge afteestibthg TPlant via jet
erosion.

The specific objectives of this report ared&giermine the modes of erosion and the methods used to
measure/assess the erodibility parameters of sludgelaniify those parameters applicable to jet
erosion. The erodidity parameters of sample 93 are characterized to the extent possible. These
objectives have been met based on literature review, past experience at Pacific Northwest National
Laboratory, and observation of sampleXBvideo during hetell activities

Sample96-13 ischaracterized as a heterogeneous cohsswed i ment wi t h Apasteod me
shear strength 3 to 5 kFa)ningfichunk® ( esti mated shear strength 380
shear strength is estimated at 15 to 65, kiPéch is within the range of shear strengths for cohesive
sludges used for erosion investigatiod$ese shear strength estimates are taken from visual observation
of the96-13 sample settling study disassembly vided are based on estimated applied forces
approximated contact areas, and the application of an estimate of the relation of compressive and shear
stresses and must therefore be treated as qualitative. The estimatedtirehgtr results are qualitatively
in agreement with the measured shei@mgjth for hydrothermally treated-Basin samplesGeneral
recommendations for measuring the shear strength of materials such as sab3seprovided.

A summary of erosion phenomena for and application to both impinging and parallel wall jets for
cohesive and nowcohesive materials is presentdebr cohesive materials, the material yield stress in
shear (shear strength) provides an upper bound for the applied shedrastrélss jet necessary to
initiate materiakrosion. The critical shear strggsvides anateriatdependeniower bound for the
applied shear stress required to initiate erositime erosion rate is a function of the applied stress.
Recommendations for the determination of the critical shear stress for the onset bulk erosion for
application with hotcell samples are summarized. Additional characterization/assessment of potential
non-cohesiveness material inBasin sludge is recommended to confirm that a material layer with an
erosive resistance greater than the capacity ofrtseom source is not created.






CHPRC
CSM
DOE
DIT

KE

KW
PCB
RH-TRU
SD
TSCA
UCs
ubsS
WD

Acronyms and Abbreviations

CH2M Hill Plateau Remediation Company
cohesive strength meter
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1.0 Introduction

Irradiated netallic uraniunfuel from the N Reactaon the Hanford Sitevas stored in two water
filled concete pools, 10K East Basin (KEBasin) and 105 West Basin (KWBasin), at theJ.S.
Department of Energy 6 D O EHasfgrd Site Radioactive sludgefrom the storage and corrosion of
this fuel are present in the-Basins. The sludge is a mix of fuel corrosion products (including metallic
uranium and metal oxidation products), iron and aluminum hydroxides/oxides, concrete grit, sand,
infiltrated soil, and operational and biological debris (Delegard et al. 2007).

One of the primary DOE objectives for the CH2M Hill Plateau Remediation Company (CHPRC)
contract is to complete the removal of alBésin sludge remaining in the K®asin, tlereby enabling
demolition of the facilities and safe storage of the KW reactor building itself. Completion of this work
will in turn enable CHPRC to complete the remediation of soil and groundwater contamination to protect
the Columbia River and complétee remediation of the last waste sites in the River Corridor.

To complete this task, CHPRC must remove and package the sludge that is or will be located in the
six large engineered containers (SCSON- 210,-220,-230,-240,-250, and-260) in the K WestKW)
Basin. Upon exiting the #Basins, the packaged sludge will be transported to T Plant on the Hanford Site
where it will be managed as remdtandled transuranic waste (RHRU) and regulated as a
polychlorinated biphenyl (PCB) remediation waste underTtoxic Substances Control Act (TSCA).
After interim storage in T Plant, the sludge will be retrieved from the storage containers and processed for
disposal@

K-Basin sludge samples have been collected, characterized, and evaluated since 1995 to suppor
sludge management. The compaction and dryout properties of K EadB@ikiB)sludge samples during
long-term storage were characterized by Delegard et al. (2005). One canister sludge sample with high
uranium content, designated-263 , -diesmad rf hdecouldl noabe rsuspended into supernatant liquid
at the end of the 28onth settling test periodlhe retrievalof such sludgafter interim storage in
T Plant via jet erosiors addressed in this reporThe objectives of this report are to:

e Determie the modes of erosion and the methods used to measure/assess the erodibility parameters of
sludge.

o Identify those parameters applicable to jet erosion.

e Characterize erodibility parameters of samplel96

A summary of jet erosion, emphasizing those phea pertinent to sample-48, is provided in
Section 2 along with a summary of the literature for jet erosion mechanics for cohesive -aotiesine
materials. The parameters for characterizing the erosion sediment are described. Measurement
technique based on literature review and past experience at Pacific Northwest National Laboratory for
specific sediment parameters are discussed in Section 3, again with regard to the characteristics of sample
96-13. In Section 4, characterization of samplel86s provided based on visual observation of €196

@ Letter, CJ Osso, DOE Richland OperationslGd_ehew Ill, CHPRCfiContract No. DEAC06-08RL 14788
External Technical Review (ETR) of the Hanford K Basins Sludge Treatment Projectq8FAMRC-0173,
0901904A, dated August 19, 2009.
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sample video. An evaluation of jet erosion in hydrothermally treatBaidth materials with similar
characteristics to that of 983 is conducted. Conclusions are provided in Section 5.



2.0 Jet Erosion Mechanisms

To provide a basis for the discussion of jet erosion, the general characteristics of sah#hbr®6
summarized in Section 2.1. Jet erosion mechanisms are summarized in Section 2.2, and the key sediment
parameters for erosion are listed in acP.3.

2.1 Sample 96-13 Summary

Sludge sample 963 was a KEBasin canister sludge sample that had evaporated to dryness before
the longterm storage investigation of sixBasin sludges presented in Delegard et al. (2005). T& 96
sample was crushed arelwetted for the longerm storage characterization.

As reported in Delegard et al. (2005), thel®Bsample had a high uranium concentration relative to
the other five sludge samples considered. No correlation was identified in the drying (watestess) t
between the water loss rates and the composition/radioactivity of the six samples. With the exception of
one sample with an observed high-gaseration rate, the settlstldge density changed little from 7
days to 28 months. The settled sludgesitgrnwas observed to increase with uranium concentration in the
sludge solids.

The effect of vibration on sludge compaction was tested 112 days into the settling test (Delegard et al.
2005). The vibration testing was conducted by agitating the sampdealoratory vortex mixer. The
mi xer was described to provide high oscillatory f
vertical vi brla3t idoind onotSahnapviee f9ggood mi xi ngo HA. .. ev.
maximum vetex mixer speed setting applied to-88) while mixing was observed in the other samples
(maximum vortex mixer speed setting of 3.5).

At the end of the 28nonth settling test period, the settled sludge samples were returned to storage
jars. With the exqation of 9613, the sludge materials weresespended readily and could be
transferred to storage jars by repeated slurrying and decanting steps.-I't32 96 a mp | € had fsel
cement edo a n dsuspeaded imto snperhatatt kguid, @en when thiedgy was inverted
and shaken. Delegard et al. (2005) reported that thaggldmeration of 94 3, although more
pronounced, was similar to the physical form of-B&sin sludge plus fugliece samples investigated by
Schmidt et al. (2003). No otherBasin sample has been observed tecthent at hot cell conditions,
provided that the samples are kept immersed in water.

The961 3 sample settling study disassembly video h
cement ed o cederizewdnithis visuas observatioas a heterogeneous cohesive sediment
with fipast® material joiningiichunks 0 The paste materi alFigure2l1isoft o r

shows the sample in the graduated cylinder,Fagdre2.2 shows a fracture plane and side view of the
sample after the graduated cylinder was broken and the sample removed.-dpal@se of the sample
is provided inFigure2.3. The paste is silver in color, whillke chunks are black and may be up to 1.3 cm
in length@ There are no visually observable differences in the composition of the undisturbed sample

@ Each graduation on the cylinder is approximately 0.21@68(inch).
2.1



that was at the vessel wall to the material that was exposed when the sample was broken
sample with paste surrounding chunks is showFigare 2.4; the hexwrench is 0.25 inch.
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Figure 2.1. Sample 9613 in the Graduated Cylinder (3.8 cm outer diameter)
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Figure 2.2. Sample 9613 Fracture Plane and Side View After Removal from the Graduated Cylinder
(3.8 cm outer diameter)
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Figure 2.3. Sample 9613 Closeup After Removafrom the Graduated Cylinder. Upper left is fracture
pl ane, cenfterrmado swyiaeeterdfgmduatedrcylinder is 3.5 cm.
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Figure 2.4. Sample 9613 Piece with 0.28nch HexWrench
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2.2 Summary of Erosion Mechanisms

Erosion is the removal of material by physical means from a surface or body. For the purpose of this
report, the mechanisms of erosion for particulate material, compacted slurries (sediments), and pastes will
be discussed as oppogedonparticulate materials such as metals, ceramics, plastics, etc. Particulate
material can be separated into two categories:cobesive and cohesive materials.

Non-cohesive, or cohesionless, materigfscally consist of largeliameter particles(75um)
where mechanical interaction (e.g., packing, interlocking, size variation) provides the majority of the
material bed strength, and particle size and density govern the erosion process. The weight of the particle
scales with the diameter cubed I(uoe) and the drag/lift forces scale with the diameter squared-(cross
sectional area). The submerged weight (difference between weight and buoyancy) of the particles is a
dominant force to be overcome for erosion to occur. -daresive particles react ftorces imposed by
fluid, and the movement of the particles is dominated by the particulate characteristics, such as size,
shape, density, and packing.

Particles less than 748m but greater than 2m may behave as narohesive material; however,
particlesin this size range are subject to colloittakes (inter particle attractive and repulsive forces) that
can depend on the pH and ionic content of the interstitial liquid and material constituents. Materials in
this size range tend to exhibit some degeeohesive behavior.

Cohesive materials consist of particle sizes less thamm/5The resistance of cohesive material to
erosion depends on the strength of the cohesive forces binding the particles. Cohesion may far outweigh
the influence of the physal characteristics of the individual particles. In most cases, the submerged
weight of the individual particles in a cohesive bed is so small it is considered negligible. Once erosion
takes place, cohesive material may becomeaobesive with respead ttransport. For particle sizes less
than 2um, forces contributing to the cohesiveness include van der Waals forces, Coulombic attraction,
electrical double layer forces, and hydration forces.

Within the literature, the breakup or disassociation of palette materials is discussed in terms of
material failure, mobilization, and erosion. Material failure is the initiation of relative movement of the
particulate such as deformation, fracture, shearing, and initial particle/material separation (removal).
Simplified examples are the creation of a footprint or the insertion of a tool.

Mobilization is the rearranging of the spatial order of the bulk material beyond that of the initial
failure. Bulk volumes of the material change their location with respeather bulk regions of the
material. A simplified example is plowing or spading. Bulk regions of material change position relative
to one another, but no material is removed. Erosion is the combination of both material failure and
removal of the mat@&l. For erosion to exist, the following must occur: material detachment,
entrainment, and transport. Material detachment can be in the form of individual particles, flocs, or larger
masses (e.gi ¢ hun k s 0, Rdfectb Sentipns2@.1..

For the pupose of this report, the terms mobilization and erosion will be considered interchangeable,
and no distinction will be made as to whether the material can be transported away after mobilization.
Material failure tends to be the process most readily qireohfiér assessing the erosion/mobilization
potential of materials (e.g. shear vane, penetrometer, and particle movement). Section 2.2.1 presents the
various modes of erosion that can occur for particulate materials. Section 2.2.2 identifies the garameter
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that influence the erosion process, and Section 2.2.3 discusses operational factors that influence the
erosion of a particulate bed via a jet.

2.2.1 Modes of Particulate Erosion

The bulk of the literature and past work associated with particulate erosioo layped flow has
been associated with the erosion of soils due to estuary and channel flows, which is dominated by flow
parallel to the material surface. Additional work has been conducted for jet erosion witmiinant
flow parallel to the materialusface as in the configuration of the waste tank jet mixer pumps afidvior
perpendicular to the material surface asgripinging jetsused forsluicing operations. The bulk of the
work reviewed for impinging jets addresses assessing the erodibidliffesEnt materials using an
impinging jet. Sections 2.2.1.1 through Section 2.2.1.7 summarize the various modes of erosion and
discuss the applicability of the different modes to cohesive andolmesive materialsSince the focus
of this report is Sapie 9613, the emphasis of the discussion will be directed toward cohesive materials.
The applicability of the different modés jet flow will also be discussedrhe descriptions of the various
modes provided in the following sections assume a homogeswbids material (solids bed) and a dilute
liguid (minimal entrained solidgs well asa two-dimensional flow field.

Sections 2.2.1.1 through 2.2.1.4 summarize the four modes of cohesive erosion; entrainment, floc
erosion, surface erosion, and massierpsas categorized by WinterweapdVan Kesteren (2004). The
characterization of these modes is not unique within the literature. For some authors, floc erosion is
included as surface erosion. However, the summary presented follows that outlineatdiyfpand
Van Kesteren. These four modes of erosion are not sequential and depend on the material bed properties
such as strength and permeability. Additional modes of erosion are summarized in Sections 2.2.1.5
through 2.2.1.7.

2.2.1.1 Entrainment

Entrainmen (also referred to as fluidization) occurs when the material strength is waak (
negligible or approaches zero) and the particle size small such that the material bed behaves as a viscous
fluid under the applied stresseAll material beds will notxhibit entrainment behavior. The eroding
fluid can have the effect of

¢ inducingflow in the upper region of the bed material causing a mixing of the bed material and the
overlying fluid that results in a rapid dilution of the solids material

e penetratingnto the pores of the bed, thereby relieving the loads of the skeletal forces and eliminating
the bed structure.

Erosion of the top surface of such material readily occurs when turbulent flow is applied via the overlying
liquid for even a short duratipgudh as wave action or intermittent jet flow. The top surface of the bed is
readily entrained and mixes with the turbulent liguidche bulk mixingof the solids with the liquidccurs

faster tharthetransportof the solids by the fluid If turbulent flowis induced in the bed material, as in

the case of an avalanche, the moving solids layer can entrain the overlying liquid layer.

For materials that are readily entrained, the surface of the solids layer does not provide a true physical
boundary from which @aterial is eroded as single particles (refer to Section 2.2.1.3) or clumps of material
(refer to Section 2.2.1.4). Instead the flow penetrates or is induced in the upper region of the bed

2.€



material. The material is readily disassociated into individuaicpes, for a depth, h, greater than the
particle diameter,gsuch that h >>hlmost instantaneously. The bed surface behaves as an interface
between two liquids.

The phenomenon is possible with rorhesive solids if the applied stress is large gh@and the
submerged weight of the solids small. This would be for solids smaller than approximatety 75
However, for most conditions where entrainment occurs, the particle size is relativelyasodtihg in
the material exhibiting some form of ale cohesive behavior.

Entrainment occurs if the bed behaves as a viscous fluidlieeresistive forces are small compared
to those resulting from the applied streasi)d the applied stress at the interface between the liquid and
the solids layer sigficantly exceeds the bed (sediment) yield stress in shg@rany, of the solids bed.
Figure2.5is a schematic depicting entrainment for a homogenous material bed.

Entrainment

Figure 2.5. Depiction ofEntrainmenin Bed of Homogenous Material

2.2.1.2 Floc Erosion

Floc erosion is the removal of individual flocs of material from the bed surface as a result of the shear
applied via the overlying fluid where a floc is a clummaggregat®f weaky bound particles created
through aggregation of suspended particles. The flocs are removed when timelflogd shear stresses
on the bed exceed the strength of the adhesion of the flocs to the bed. Floc strength and adhesion strength
may decrease itime because ofyclical application of the applied shear stress resulting from turbulent
flow. Floc erosion is influenced by

e The number of flocs exposed to the flow

e The relative alignment/packing of the flocs within the bed

¢ The strength of floc adhesido the bed

e The nature and magnitude of the applied shear stress to the bed.surface



Flocs are not considered to exist in homogenouscobesive beds of particulate. A schematic
depicting floc erosion is provided Figure2.6.

Floc Erosion
>
N
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Figure 2.6. Depiction ofFloc Erosionin Bed of Homogenous Material

2.2.1.3 Surface Erosion

Surface erosion is the basic mode of erosion most often consatetextcurs whemdividual
particles are removeftom the bed surfacefFigure2.7 is a schematic representation of surface erosion
from a bed of homogenous material. Surface erosion occurs when the shear stress applied by the fluid to
t he surface i s acalshearstrashforemsiat, hTae clitieatishear steessifot i
erosion is ideally the applied shear stress above which particulate will be removed from the bed surface.
Because this parameter tends to be obtained from experimental measyri¢mesiieen defined as

e The applied shear stress at which a defined minimum erosion rate is obtained

¢ Or the shear rate obtained when experimental measurements for various applied shear rates are
extrapolated to a zero erosion rate or condition.

The determinationfor, has been varied and somewhat subjective. Refer to Section 3.2 for various
methods used to obtata

For surface erosion, the rate of particulate remoaalbefaster than the rate at which the removed
particulate mixes with the overlying fluid. €@hemoval of a particle from the surface is accompanied by
the replacement of an equal volume of liquid, which creates a resulting flow of liquid into and out of the
poresat the surface of the bed he flow induced at the bed surface by the removalpairicle can have
the effect of increasing the bed porosity at the surface. In instances where the bed porosity at the surface
is affected, the bed swells as a result of hydrodynamic pressure fluctuation increasing the bed porosity,
which reduces the shestrength at the bed surface.
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Surface Erosion
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Figure 2.7. Depiction ofSurface Erosiofrom aBedof Homogenous Material

For noncohesive materials, the forces acting upon an individual particle are the particlg Wgjgh
and buoyancy, & and the viscous drag force,, Fesulting from the fluid flow past the particle. There
actually exists both a drag and a lift force on the particle. For this simplified summ&ygdsumed to
be the resultant force due to #fects of lift and drag. Assuming a spherical particle with a diamgter d
and densitys in a liquid with densityp,, then

7Z'd3
F = —%p J (2.1)
7Zd3
F= pr.g 2.2)
C.A pU?
- _ _DApzf" (2.3)

where g = gravitational acceleramn
Cp = drag coefficient for the particle
U = fluid velocity surrounding the particle
A, = area of projection of the particle perpendicular to the {

2

d
For a sphereAp = Tp The difference betwedfy and k is referred to ake submerged weight, W

Therefore, a simplified conclusion is that for raphesive materiakrosion is expected to occur
when F, >W,. Actually, the vertical component of;fnust exceed that of Yior the particle to be lifted
from thesurface. A particle resting on the surface can initiate motion if the drag force is sufficient to
overcome the frictional force of the particle on the bed surface, which is dependent ddditional
factors that influence whether the applied sheassian remove the particle from the bed is the packing
or interlocking of the particle relative to the adjacent particles. A more detailed analysis of the particle
would take into account the moments created by the drag and lift forces about a pinming poi
representing t he @wstreamstdtienanspariceent act wi th a d
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Regardless of the detail of the analysis, the governing parametexsparé), g, ¢ andp wherep is
the dynamic iscosty of the liquid. Through dimensional analysis of re@ameter sethe following
relationship can be obtained.

pY”___ f{dp”'UJ (2.4)
g(ps_pl)dp H

The lefthand side oEquation 24 represents a form of Froude numbég square root of which is
referred to as the densimetric Froude numberisitite ratio othe applied shear stress to gravitational
force per unit volumeThe righthand side is a particle Reynolds number, which approximates the ratio
of the particle diameter and the thickness of the viscoutagel. The dimensional analyses found in the
literature take slightly different forms and will often include additional geometric parameters related to
the geometry of interest, often assted with free surface flows.

Substitution can be used to modify the form of Equatidn Assuming turbulent éw and the
conditions necessary for the magnitude of the velocity to result in the critical sheanstiesag
applied then 7, ~ pUZ where U is the fluid velocity corresponding tg being applied. Kinematic

viscosity,v, can be sultguted for the quantity/p, and the specific weight, for the quantity g where
the subscripts | and s represent liquid and solid, respectively. Equaticeinthen be rewritten as

Tc _ deC
—— = 25)

for the condition corresponding tioe critical shear stress being applied. This is the form of the
relationship used to define the Shields diagram (Simons and Senturk 1992), which is readily found within
the literature associated with the mobilization of+cohesive materials. The teon the left side of

Equation 25 is often referred to as the Shields ParameBecauser, ~ p,UZ, the right hand side of

/r
d [fe
p
Equation 25 is often presented as—p' Shields generated a graphical representation of the ainset
1%

particle motion (Shields Diagram) by measuring the-load transport for various valueswfys - v))d, at
least twice as large as the critical value and then extrapolated to the point of vanishing bed load. This
indirect procedure was used to avtid implications associated with the random orientation of patrticles
and variations in localized flows in conditions close (both greater than and less thai®iteons and
Senturk 1992).

The use ofhe Shields diagram to predict the onset of particléiomohas its difficulties since the
dependent parametersand ¢ appear in both the ordinate and abscissa parameters for the didgraam
preventing a simple and direct relationship between the two properties. This has led to attempts to define
additional parameters and diagrams defining the onset of particle motion faohesive particulate.
Descriptions of the various methods are beyond the scope of thisambduggested works includlee
fiTask committee on Preparation of Sedimentation Mardi@dg), Simons andentirk(1992) Gessler
(29771, p. 22, and Julien (1995).
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The bulk of the work done to investigate the initiation of particle motiorusednearly uniform size
particul ate of one const it ue nh-cohesivE materidistwithnenpp!l i cat
uniform particulate and multiple constituents, a representative particle size and density must be
determined for the bed material.

For Cohesive materials, the chemistry (g8, ionic strength, organic matter) of the parée and
liquid influence the bed structure. The relative orientation of the particles can be clasdigddeato
facep fiface to face or fiedge to edge(van Olhen 1977) and can significantly impact the strength of the
bed structure. While cohesivneaterials exhibit a critical shear stress such tat, efforts to develop a
comprehensive tool for predictinghave been limited. The consensus of past studies ig ihateases
with increases ins, compressive strength, and plasticity index ardecreases with increases in porosity
and moisture content. No consistency has been observed in correlating these parameterstto predict
The difficulty associated with obtaining consistent correlations is partially contributed to the various types
of materials used to conduct investigations and the different definitian feefer to Section 3.2.
Examplesof predictive correlations for, include:

¢ Relating the critical shear stress to the bulk density of the bed. An increase in bed densilly genera
increases the number of bonds between the particledetdiag tohigher shear strength. The
following relation developed by Mitcheenr et al. is presenteWhyerwerp and Van Kesteren
(2004). Parameters are in Sl units.

0.73

T, = 0.015(,0b —1000) (2.6)

e Relating the critical shear stress to the plasticity ingexThe relationship developed by Smerdon
and Beasleys presented bWinterwerp and Van Kesteren (2004).is in percent. It is worth noting
thatthe following relationship was dewgded based on experiments with clay having remolded shear
strengths ranging from 0.1 kPa to 10 kPa. The critical shear stress is in units of Pa.

r.=0.1632% (2.7)

¢ Relating the critical shear stress to bogland }. The relationship devabed by Dunn is presented
by Garde and Raju (2000). The relationship was developed from tests with materials having

geometric mean sizes ranging fromd to 319um. The term in square brackets is in degregs,
in kPa, and. in Pa.

7, = (5 +8619TAN[30+1.73, ] (2.8)

YongHui et al (2008) and Garde and Ranga Raju (2000) provide an overview of correlations developed
for 1. as a function of various cohesive material properties.

Surface erosion is expected to occur whenewvet.. After determining thagrosion will occuythe
next item of interest is often the erosion rate. Substantial work has been done to predict the erosion rate
of cohesive materials. Mehta (199ib. 4053) provides a summary of erosion relationships developed
by previous investigtors. Mehta (1991pp. 4053) developed the following simple equation to describe
the erosion rate that appears throughout the literature.
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E::M(T_TJ (2.9)

Tc

where M is an experimentally determined constant referred to as the erosicaraatetpr. Both the

erosion rate and the erosion rate parameter may be expressed in units of meas@)mdn other

instances, the terms are divided by the density of the solid material being eroded, which yields E and M in
terms of length/time. Theifference betweemnandr, is referred to as the excess shear stress, which in
Equation 2.9 is normalized hy. This equation has been applied to both-oaimesive and cohesive

materials. Other forms of the equation include:

E=M(r-7.)’ (2.10)
and
E=M(r-1,) (2.11)

where a is an exponent often set equal to one and M is in units of time/length eangiaanass for E
expressed in terms of mass/(twaesa) or length/time, respectively.

The difficulty in applying Equation.2 is the ambiguity associated with the definitiortobr the
subjectivemess in experimentally determining Difficulty also exists for noftohesive materials in
attempting to select representative values f@mdip, for determiningr, fromthe Shie d s 6 di agr a m.
Another issue is that M is sensitive to small errorg.inDespite the difficulties associated with applying
Equation 29, past investigations demonstrate that the rate of erosion for surface erosion tends to be linear
with respect to thexcess shear rate (j.double the excess shear stressl the erosion rate can be
expected to double). This linear increase in erosion rate is only applicable while surface erosion is the
mode of erosion. A continual increase in the excess shear witbsventually result in the onset of the
phenomenon known as mass erosion. Refer to Se&tf2adh4for a description of mass erosion. While
surfaceerosioncan continue to occur in the presence of mass erosion, thengsubsion rate will
always be greater than that of surface erosion alone.

2.2.1.4 Mass Erosion

Mass erosion is independent of particle action at the surface of the bed. It occurs when the shear
stress applied to the surface of the bed creates failure ajgageabelow the bed surface. This
phenomenon occurs when the applied shear stress exceeds a miagr@dcopic yield stress along a
planeof the bedrefer to follow on discussiorgnd results in large chunks of material being removed
from the bed. Theschunks of material are intact as they leave the bed and are not the result of rapid
localized surface erosion. The depths of the removed clamekggnificantly greaterthan the depth of
any gradient in porosity resulting from surface erosion effe&tdepiction of mass erosion is provided in
Figure2.8.
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Plane of weaker strength due to variation in bed stry

Figure 2.8. Depiction ofMass Erosiotirom aBedof Homogenous Material

For flow parallel to the bed surface, a turbuleotindary layer can be assumed flowing across a solid

surface. In an ideal homogeneous material with a flat surface, the applied shear stress required to cause

mass erosion is expected to be the yield stress of the material intghdarthis case, thdominating

force applied by the flow at a location x on the surface will be the frictional force on the material surface

resulting from the applied shear sisewhich can be expressed as

2
7, = cf[p'—;JXJ (2.12)

wherep, is the liquid densityl, is the fluid velocity at location x on the bed surface, ang & wall
frictional coefficient. For both laminar and turbulent flow boundary layers;fwetion coefficients
typically depend on the viscous Reynolds,,Reimber such that

(Bamberger et al. 2005) (2.13)

where G and b are experimentally determined constants with b often being in the range of 4 to 5 for
many turbulent boundary lags (Bamberger et al. 2005) and

(2.14)

where is the local length scale for the boundary thickness or length along the bouwatthryis the
liquid viscosity.

Experimental results however, have demonstrated that this type of failure occurs at applied shear

stresses,, less than the measureglof the naterial. Failure by mass erosion will occur when the applied
shear stress exceeds the strength of the weakest planes. Experipribigadipften observed at applied
shear stresses less than those measured for the materiaddagdabnstrumentssuwuch as a shear vane or
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