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Purpose

The purpose of this note is to establish a background that can be used
for subsequent Dredging Research Program (DRP) development of criteria
for defining the limiting depth for safe navigation in areas of fluid mud
and as rational means of characterizing fluid mud deposits 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 Lorps of bnglneers A subsequent technical note will use viscosity
as a key element 1n the ana1y51s of frictional effects on vessels operating

with no underkeel clearance in fluid mud areas.

Background

The Corps of Engineers has the mission to maintain Federal navigation
projects. Much of the sediment materials dredged from waterways are
fine-grained, cohesive muds, some with densities ranging from 1. 05 to
1.25 g/cu cm. Unlike sands, fine-grained fluid muds are slow to con-
solidate 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-
ies where fine sediments are often trapped If the density and viscosity of
a particular mud are suff1c1ently low, it is navigable; however, the margin
between nav1gable and nonnavigable fluid mud conditions is ill-defined,

1eaamg to either unsafe nav1gat10n, inefficient dredgmg, or both.

The material property 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 density can be measured in situ.

de s "’""‘O
rapid survey of depth and density in mudd

measurements of den51tV will Drov1de more comt)lete less amblguous mfor—
mation on channel condltlons than present conventlonal acoustlc surveys.

Technical developments are being made by the DRP which wi
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of the channel bottom. This information could reduce maintenance dredg-

J

" definition of the elevation of the navigable bed: an operational definition

® Providing the means for more accurate scheduling of dredging
operations.

® Identifying that sediment which actually impedes navigation.

i

Depth and density, combined with other site information, will allow the

ing costs by:
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r describing sediment material removed by dredging operations.
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Additional Information

Contact the author, Mr. Allen M. Teeter, (601) 634-2820, or the manager
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2070, for additional information.
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Pure water has a viscosity () of about
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The viscosity of a material is its resistance to change in form, expressed

in SI (metric) units of pascal-seconds (Pa-sec) or units of poise (dyne-sec-

.

onds per square centimeter).
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Pa-sec which is related to its molecular properties and varies only slightly
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SHEAR STRESS r =F/A (N/sg m or Pa)

SHEAR RATE Y = V/d (sec)
VISCOSITY M - T/Y (Pa-sec)

Figure 1. Definition of terms used to describe the deformation of a fluid block

A suspension of rigid spheres has an effective viscosity n* which is
made up of the suspending fluid viscosity, and an additional component
related to the solids. The concentration of solids has an important effect

A 11

on T] Albert Einstein was the first to serlously consider the effective vis-

cosity of a suspens1on and he developed the following theoretical relation-
ship between m* and solids content:

nx=n( + 52 ¢)
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hag lhonn vrorifind fam 33T scmaatsAlao 133 v ¥ 10 mare carmnlay and alan
11dd> Pl vIoilicu 1U1 iucal l.)dlt \,ICD, ﬂuld lllud Ti 1> 111VUIC U 11[})15)\ a ld IDU
depends on flow properties, particle size distribution, particle shape, ionic
content of the suspendine fluid, and organic content (Teffrev and Acrivos

pending fluid, and organic content (Jeffrey and Acrivos
1976)
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ered to be a cohesive fine-grained sediment suspension with a concentra-
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more importantly, include those which exhibit cohesion. Cohesion is very
important to viscosity, as will be discussed later. Fluid mud generally re-
fers to suspension concentrations ranging from about 50 to 350 dry-g/L,
corresponding to a bulk wet density range from about 1.05 to 1.25 wet-

In some cases fluid mud can move with the flow, or it 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 near the bed. Figure 2 shows a typical fluid mud verti-
cal structure.
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Figure 2. Schematic vertical structure of fluid mud in a navigation project

Cohesive suspensions such as fluid muds have viscosities which depend
quite strongly on vy, and are thus termed non-Newtonian. Non-Newton-
ian behavior can be a nonlinear stress-strain relationship, or a yield stress
haolawr arhich A cbroace mradiiene e doafarrastinnm (afvain) (Al acin T bvarnain
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particles creates flow units of varying size and shear strength, and is
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re%ponqlble for the non-Newtonian behavior of fluid mud suspension (Krie-

ger and Dougherty 1959).
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fluid muds. Several simple models can express the relationship (Herbich
and nthore 10R0)
dlitu vllici1io 1707y
@ Power Law Model
n—1
1’]* =m "Y

14 i

where 71, is the Bingham yield stress in our case defined over an appropriate
time scale, and mj, is the high-shear limiting viscosity. The important roles

T, and 1, play in forces on vessels will be discussed later.
a Carroat nAdal:
- nodlilivdu lvivudca.

" n() - T]h

=mn, +

n nh 1 + (K~ \2 \b
1 T Uy )

where n, is the low-shear Newtonian viscosity, K is a 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 highly variable. This model simplifies to other
models in special cases. Note in particular that whenn, >> n* >> 1, and

=1/2, it reduces to the Bingham Plastic model where:

1

T, = T]O K™t

— e

Discussion of Fiuid Mud Modeis

Of the three models described earlier, the Carreau 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 mo and n;
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for a sediment plotted against concentration and shows the relative
magnitude between 1M, and 1, . The parameter b was taken to be a

- constant with a value of about 0.5, and thus the Carreau model was equiv-
alent to the Bingham Plastic model for the sediments tested.

The Carreau model tells us that fluid mud has Newtonian plateaus at
low and high shear rates (Figure 4). However, instrument limitations in
that study prevented the high shear plateau from being measured directly,
and extrapolations were made from lower 7y values. Muds from several
sites were tested, and results varied between sites and between samples
from the same site.

Since for fluid muds generally n < 1 and suspensions become thinner or
less viscous as ¥ increases (shear thinning), the frictional effect of fluid
mud mM* 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. Viscosities near the high shear limit might become most important
in the case of a moving vessel, as will be described in a subsequent techni-

cal note.

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
certainty (James, Williams, and Williams 1987). Because test results
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Figure 3. Example 1, and 1, dependence on density for Canaveral Barge Canal,
Florida, mud (from Herbich and others 1989)
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drauhc shea rength (Krone 1963 and Otsubo and Muraok 1988) Ves—
sels starting from rest in fluid mud must overcome the yield stress for
that mud over the entire area of contact. Vessels moving through fluid
mud must overcome the yield stress at their bow sections to initiate shear
in the mud. '

1 Lmsrmne Ama e AYD 1 1~ ~F 3
1er forces are proa wnere 1 mua is capabie of transmitfing
nnarmal ~Arrne thrniioh A nnnnn_f«”]:nn— ofvrvirtrtivn Thic nrr11ive 2 hichar rn]a,
11U 11L1AL 1UVUILCDO Lll.«luuéll a Dt}a\,c 111111[6 otiuLiulc. LI11D UL uld at 1l1611C1 1Cia
tive concentrations beoinning at about ¢ = 006 1.12 wet-o/cu cm. or 150
LUVl AauiviIww V\'bllllllllb UL avuue \V UOUU, B Ay AA A Y 6/ w \..lll, L A
dry-g/L. Customarily, the complete viscometric function is expressed as
three scalars: the shear viscosity (n*) and two normal stress quantities

with pressure eliminated. Simplifying somewhat, total stress (1) can be ex-
pressed as a tangential or viscous (1:) component and a single normal (ty)
component.
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=TT,

~ Arelationship for the normal stress component developed for bentonite clay
(Wright and Krone 1987) was:

T,=a - b 1n vy

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 7, 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 definition of navigable depth in muddy
areas.

Effective flow properties of muds depend on interaggregate spaces, and
hence on the concentration or density of the material and its flocculation
state. Factors such as cohesion, particle size distribution, organic content,
and pore water chemistry affect the behavior of fluid mud. Therefore,
fluid muds from different locations can act differently, even at the same
concentration or density.

Basic descriptors which have been discussed and will be useful in the
process of establishing navigable depth criteria include:

® Yield stress - the apparent stress required to initiate mud motion.

Low-shelar viscosity - the effective viscosity of muds at or below about
vy=1sec".

® High-shear viscosity - the effective viscosity of muds at y = 300 sec’!

or greater.

However, the actual navigable depth criteria will be based on other
field-measureable parameter(s) such as density.

Fluid muds are non-Newtonian fluids whose flow properties depend
strongly on their rate of shear. They are generally shear thinning, but have
a lower-limit viscosity at high shear rates. Fluid muds may have a finite
yield stress which could affect vessels just getting underway differently
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 sediment. These

Technical Note DRP-2-04 (July 1992)



normal forces are responsible for vessel groundin wilar m
such as sand. However, similar forces ca n develop at relatively low con-
centrations due to the ability of cohesive sedlments to form contmuous

space-filling structure at volume concentrations only on the order of 0.06.

aQ
5

granular material
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