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Techmcal Notes

‘The Vlscous Characterlstlcs of Channel Bottom
“Muds

| -Purpose

The purpose of this note is to establmh a background ‘chat can be used
for subsequent Dredging Research Program (DRI dcve_lopment of criteria
for defining the limiting depth for safe navigation in areas of fluid mud

_and as rational means of characterizing fluid mud dcpoelts that affect navi-
- gation. - Establishing a navigable depth criterion will require evaluation of
- mud characteristics and terminology not widely applied within the U.S.

Army Corps of Engmeers A subsequent technical note will use viscosity

asa key element in the analysis of frictional effects on vessels operatmg
. w1th no underkeel dearance in fluid mud areas.

‘Ba‘ckgrOund

The Corps of Engincers has the mission to maintain Tederal nav igation

projects. Much of the sediment materials dredged from waterways are

fine-grained, cohesive muds, some with densities ranging from 1 Oa to
1.25 g/cu cm. Unlike sands, fine-grained fluid muds are slow to con-
solidaie and can persist in a fluid-like state for long periods. Thick layers

of fluid mud occur at some times and at some places, especially in estuar-

ics ' where fine sediments are often trapped If the density and viscosity of
a particular mud are sufficiently low, it is navigable; however, the margin
between navigable and nonnw1gab]e fluid mud conditions is ill-defined, -
leading to either unsafe na\rlgatlon, incfficient dredging, or both.

The materml properly which produces greatest frictional effect is vis-
cosity. Although density and viscosity are related, that relationship can be
complicated by other factors. However, of the parameters most directly re-
lated to navigability, only densltv can be measured in situ.

Tcdmlcdl developments are being made by the DRP which w 111 enabla
rapld survey of depth and density in muddy navigation channels. Direct
‘measurements of density will provide more complete, less ambiguous infor-
mation on channel conditions than present conventional acoustic surveys.

US Army Engineer Waterways Experiment Station |
3909 Halls Ferry Road, Vicksburg, MS 39180-6199
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Depth and density, combmed w1th other site information, wxll allow the
"deflmtlon of the elevation of the navigable bed: an operational definition
of the channel bottom This information could reduce maintenance dredg-
mg costs by: :

. Identlfymg that eed:ment Wthh actually zmpedes navngatlon

R I"ipr wing d c dgi ging 'pri orities by better 1uc.uifying sho*lihg hazards.
. Provxdmg the means for more acaurate scheduhng of dredgmb
L operahona ‘ o

' '® ‘Bett tter uescrmmg sedlment materlal removed by dredgmb operatmn';. g
AdditiOnaI Informafion

Contact the author. Mr. Allen M. Teeter (601) 6'34-2820 or the manaeer .
of the Dredging Research Program, Mr. E. Clark McNair, Jr., (601) 634-
‘2070 for addlhonal 1nformat10n. o

2 What foll lows mcludes an mtroduchon to the stress-strain relanonsmps -
: fur ﬂu ds and 1deai suspensions, 1eac1mg toa aescrlptmn of obeervea vis-
nisions termed flui '
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The viscosity of a materlal is its resistance to Change in form, expressed o o

‘1n SI (metric) units of pascal-seconds (Pa-sec) or units of poise (dyne-sec- TR

“onds per qquare centimeter). Pure water has a viscosity (11) of about (0.001

Pa-sec which is related to its molecular propertles and varies only slightly
with temperature and dissolved solids. The stress-strain relationship for

laminar flow can be expressed as:

..where T isthe shear mre in pascals (N per sq m), and ¥ is the shear rate of

“the fluid. This is the Newtonian model for flows — stress proportionalto
strain — when 7 is considered to'be a constant. Though they uightbe al-
most enhrely water, suspens1 ns have different stress-strain relat nships.
Fi onre 1 shows deflmtlon:: r terms related to fluid deforma !1011 ’

Technical Note DRP-3-04 (july 1952)
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. Figure 1. Définition of terms used to describe the defot;natioq of a‘ﬂuiyd block
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A subpenslon of rigid sphereb has an effective vmcocaty 1] whlch is
-made up of the suspending fluid viscosity, and an additional component
. reiatwl to the solids. The concentration of solids has an 1mportant effect
on T*. Albert Einstein was the first to seriously consider the effective vis-
: c051ry of a suspemlon, and he aevemped the fohowmg theoretlcal reiamm-

Lomand,

bhi‘p between || cmd solids content:

=n(1+529)
. where ¢ is the volume concentration of the sohus Whnc this felaho sh1p
has been verified for ideal particles, fluid mud n* is more comp""' and also
depends on flow properties, particle size distribution, p*rti(’le e hape, ionic
content of the suspending fluid, and organic conth..t Jeff oya Acrivos
1976). S . ‘
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| Flu‘id Mud

Fhud mud does not have a prec isc cu.fmltlon, but is gcncr'uiy comld—
ered to be a cohesive f rme~gramoa sediment suepen%mn with a concentra-
tion below that réquired for the formation of important soil structure.
Fine-grained sediments are less than 74 pm (pass the No. 200 sieve), and,
‘morc rnpurtan.ly nchude those which exhibit cohesion. Cohesion
important to viscosity, as will be discussed late '
fers to sus pr\nsion oncentrations ranging from about 50 to 350 dr Y-8
~ corresponding to a bulk wet density range from about 1.05 to 1.25

cm solids/cu cm mud

. _g/cu cm or to ) of 002 to 0.13 cu

\-.u

In some cases fluid mud can move with the ﬂow or lt can remain sta— "
tionary and gradually consolidate by settling and self-weight into a heavy
sediment. Fluid muds generally form a lutocline, an area of steep vertical
density gradient ncar tho bed. Figurc 2 shows a typlcal ﬂuld mud verti-
cal structure. : .
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_ Figure 2. Schematic vettical structure of fluid mixd ina na\}igatidh project

Models of Fluid Mud Viscosity

‘Cohesive suspcn.slon-; such as fluid muds have viscosities which depena

o ‘qulte strongly on ¥, and are thus termed non-Newtonian. Non-Newton-

- ian behavior can be a nonlinear stress-strain IeidilOl’l:-nip, or a yicld stress
~below which a stress produces no deformation (strain). C"ﬂé%iﬁ“l between

‘ y—:rncles creates flow units of varying sive and shear s*"engm, and is

Technical Note DRP-2-04 (July 1952)
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responslble for the non-Newtonian bLhﬁVlOI' of ﬂuxd mud quprnmon (Kric-

1 ger and Dougncrtv waw

Many models have beer applied to describe the viscometric behavior of
fluid muds. Several simple models can express the relationship (Herbich

@ Power Law Model:

n* = m .;{M 1

where #t is the consistencv (Viqcoqit') at y = l per sec) and » is the flow
(an non-New h ter of the fluid).

3 - . < - . - £l
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e Bmgua*: Plastic:
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‘where 1, is the Bingham yicld stfcss in our case defined over an appropriate
time sca[e and 1 ‘;, is the hlzh-shear 11m1f1ng v1scos1tv The 11nportant roles

e Carreau Model:
e

“where M, 15 the low-shéaf Newtonian viscosity, K isa characteristic time

constant, and b = (1 - n)/2. The parameters in these models, with the excep-
tion of b, are dependent on solids content, particle characteristics, and fluid
chermstry, and are therefore hlghly variable. This model simplifics to other
models in special cases. Note in particular that whenn,, > > n* >> 1y, and

=1/ 2 it reduces to the Bingham Plaqtlc model where:
'Cb; = n(’ K 1

Dlscusswn of u1d Mud Models

Of the three models de@cnbed carlier, the Carrcau model was found to
‘best represent experimental data in a recent study of channel muds
(Herbich and others 1989). Figure 3 shows an example of 1o and mnp

s



fora 5ed1mcnt plotted agamqt concentration and shows the relative
~magnitude between 1o and Mp . The parameter b was taken to bt., a

- constant with a value of about 0.5, and thus the Carreau model was equlv-
alent to the Bmgham Plastic model for the sedlments tested.

. The Carreau model tells us that fluid mud has Newtoman plateaus at
low and high shear rates (Figure 4). However, instrument limitations in
~that study prcwnted the high shear plateau from being measured directly,
~and extrapolatlons were made from lower ¥ values. Muds from several
_sites were tested, and results varied between sltee and between samp]eb

: from the same qxte

| Since for fluid muds gcncrally n<l and suspensions become thmner or
less viscous as § incrcases (shear thinning), the frictional effect of fluid
mud M* on a moving vessel is nonlinear. Shearing in fluid mud flows
becomes confined and intensified, relative to clear water, in the boundary °
~layer next to the hull, and this partially compensates for low-shear viscos-
ities. Viscositics near the high shear limit might become most important
in the case of a movmg vessel as W111 be described in a subsequent techni-
~cal note ' : v

As described earlier, fluid muds generally have yield stresses or related
- low-shear viscosities. ' Measuring the yield stress either directly or in-
directly (by extrapolating from low shears) has been difficult to do with

) certamty (James, Wllhams, and Wllhamb 1987}. Because test results
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Flgure 3. Example n, and my, dependence on density for Canaveral Barge Canal,
Florida, mud (from Herbich and others 1989)
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depend on measurement procedures, and because a finite stress cventuahy
results in a finite strain (1mplymg a zero yield stress), the yield siress haq
‘taken on a mythical quality (Bames and Walters 1980). Yield stress must
‘be defined with respect to some appropriate time scale. Recent ad\ra"C"s
in measurement techniques Lakc it possible to estimate yield stresses w 1t‘1

maors corkainty
AFL B AN “-4‘-‘-‘.—)’ L]

Studies have often concentrated on yield stress Tp or 1n1t1a1 rloldltv to

characterize fluid mud with respect to navigation (Granboulan and others

11989), to dredgeability (Cox, vanDeurson, 'md Verhoeven 1986), or to hy-

draulic shear strength (Krone 1963, and Otsubo and Muraoka 1988). Ves—
sels startmg from rest in fluid mud must overcome the y1eld stress for
that mud over the entire area of contact. Vessels moving through fluid

- mud must overcome the yxeld stress at their bow sect1ons to initiate shear

- in the mud.

Other forces are P‘:‘OuuCCd w“* ¢ fluid mud is capab
'y a) 2}

al rough a spage— lling st“u ure. Thi
1 1t
e

J

ROTIMAL fO"Lco } LE
tive concentrations beginning at abou u
_dry-g/L. Customarily, the complete "}t-,cometr!f: .Funrtx on is expressed as

thr@e %cala_rq- the shear viscosity (n*) and two normal stress quantities
~with pressure eliminated. Slm'ohfymg somewhat, total stress (1) can be ex-
‘:preqqe.d as a tangential or viscous ('c) component and a single normal (‘tu)

‘ comvonent

Technical Note DRP-2-04 (July 1992) -
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A relatlonsmp for the normal stress Lomponent developed for bcntonltc clav
1 (anht and Krone 1987) was:’

T, =a=-blny

~ where the empirical coefficients, a and b, were found to depend on the ',
- concentration of the fluid mud. Thus, the normal stress component was
found to be partly dependent on v, the rate of shear, in the negative sense.

Summary and Applicability |

" The effective viscosity of fluid mud ‘material affects the boundary layer |
stresses around the hull of a vessel moving through it, and is thus an im-
portant factor in the meaningful defmlhon of nav1gable depth in muddv

areas.

Effecttve flow propcrhes of muds depend on mteraggregate spaces and ;

o ‘hence'on the concentration or deunsity of the material and its flocculation

" state. ‘Factors such as LOhCSlOI‘l, partlcle size distribution, orgamc content
- and pore water chemlstry affect the behavior of fluid mud. Therefore, .
“fluid muds from different locations can act d1ffcruntlv, even at the bame
concentration or dens1ty ' - : :

, Baslc descriptors which have been dl“»Cu‘:bE’d and will be useful in the
» process of establmhmg navxgable depth criteria mdudc :

'3 Yleld stress - the apparent stress reqmred to initiate mud monon

' Low~shear v1sc031ty the effectwe v1sc051ty of muds at or below about

- 'y 1 sec 1, - | ‘ ‘ : -

. H:gh-shear vxscosu;y the effectwe vu;comtv of muds at y = 300 sec 1
or greater ‘ , .

_ ~ However, the actual navxgabk depth criteria will be baaed on other
: ,ﬁeld—measureable parameter(s) such as density. | :

Fluid muds are non-Newtonian fluids whosc ﬂow propertles depend
strongly on their rate of shear. They are generally shear thinning, but have”
& lower-limit viscosity at high shear rates. Fluid muds may have a finite
- yield stress which could affect \cssclq just gettmg underway dlfferently "
from those moving. - .

Effective normal stresses occur in fully settled mud, or in the concen-
tration range where fluid mud is in transition to a scdiment. These '

" Technical Note DRP-2-04 (July 1992} .*" .



normal forccs are resmmslble Fnr vessel gmund ing in aram_l_lar maiorlal

- such as sand. Howcvu‘ similar forces can develov at relauvelv low con-
centrations dué to the ability of cohesive sediments to form continuous
space-filling structure at volumc concentratlone only on the order of 0 06
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