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SYNOPSIS

In shallow lakes or estuaries, cohesive bottom sediments undergo repeated
deposition and resuspension. They are suspended by current and wave motion, and
dissolved nutrients in the bottom sediment pores are released into the upper
waterbody. To estimate the released nutrient, it is essential to determine the
amount of resuspended sediment. In this paper, the resuspension rate is studied
experimentally and theoretically. We applied dimensional analysis to experimental
results to obtain the dimensionless function of the resuspension rate against bed
shear stress. Furthermore, we made a physical model to estimate the resuspension
rate. Cohesive sediments are thought to be dislodged from the bottom by different
three styles of detachment; sliding, lifting and rolling. We determined that for
cohesive sediments sliding detachment predominates. By establishing the equation
of motion for sliding sediment, and considering the fluctuations of the tractive
force, we deduced the dimensionless resuspension rate function and compared the
theoretical predictions with experimental results.

INTRODUCTION

There are two different viewpoints on the resuspension of cohesive sediment;
continuous body or aggregation of cohesive particles (which have various forms and
sizes). We have adopted the latter on the basis of our past study (7). The
elementary factors to consider for this viewpoint are the critical shear stress,
the resuspension rate and the duration of the suspension period of the cohesive
sediments. In this paper, we discuss the resuspension rate. Cohesive sediments,
having very small particle size and containing 10 - 20 % organic matter, show
strong cohesive and weak gravitational resistance against current. It is very
difficult to estimate the cohesive resistance quantitatively at the inter—particle
power level. In order to estimate it, we used the viscosity and yield stress,
which are macroscopic parameters showing the physical properties of cohesive
sediments as a continuous body, assuming that they reflect the inter-particle
cohesive bond. We propose a model for the apparent density Qg and diameter dg for
representative flocculated sediments concerning detachment phenomenon.

The resuspension rate p, 1is defined as follows:

Pp (PQEO/td)(l/Eo) = Po/td (1)

where Py = probability that ¢ > T fo = time scale of f}uctuation of bed shear
stress ; with which the incipient moion is considered; ppty = duration time over

which the bed shear stress can dislodge the sediments; ty = duration time re-
quired for cohesive sediment to be dislodged. T = bed shear stress by
current; and T. = the so-called critical shear stress. We have to estimate py and

tg in order to evaluate p_ theoretically. To estimate pj, we took the fluctuation
of T into consideration, for ty, we applied the equation of motion to the
detachment of sediment from the bottom.

Since the predominant detachment style for cohesive sediments is sliding, we
estimated ty from the equation of motion for a cohesive sediment on the sliding
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detachment condition and a statistical model of the fluctuation T . Using pgy and
ty » we deduced the theoretical function of dimensionless resuspension rate Poke

ANALYSIS OF EXPERIMENTAL RESUSPENSION RATE FOR COHESIVE SEDIMENTS

If the cohesive sediments are regarded as particles, Pyxs the dimensionless
resuspension rate, is expressed as follows:

Pux = (/830 / 00dg)ty = Pyt @)

where A,, A3 = 2- and 3-dimensional geometrical coefficients of the sediment,
respectively; Pg» dO = representative density and diameter of sediments at their
incipient motion; P, = resuspended mass per unit area per unit time; ty = charac-
teristic time concerning resuspension phenomena. We considered two characteristic
times: one is 'the time independent of the flow property'; the other, 'the time
concerning mobility of particle to the flow'. The former is expressed as

tor = ﬂl/[D(pO/p~l)ng] o‘3<10/Wf (3

wheren1 = viscosity of sediments aggregation; P = density of water; g = gravita-
tional acceleration; and we = falling velocity of sediment given by Stokes' law.
The latter is expressed as

t02 = Tll/"f(“‘ do/Vo‘x(do/ud)(nl/u) ) ‘ (4)

where vy = velocity of dislodged particle; Uy = local velocity at the represen—
tative height; and W = viscosity of water. In Eq. 4, we assumed that
Vg U UMT&) for an hydraulically smooth surface condition and that
T oo U ud/do). Substituting Eq. 3 and Eq. 4 into Eq. 2, we can define the fol-
lowing dimensionless parameters about resuspension rate.

Ay Pany

Pxy = ( 5) = Pnto1 (5)

—)
Ag QOD(QQ/D‘l)ng

Pig = (Ay/A3)L(ByN1 )/ (Pedg D] = pytoy *

Applying the experimental data for Pm into Eqs. 5 and 6, we can inspect the
behaviors of pxy and Pxy against the demensionless bed shear stress if the values
of Py and dO are estimated.

Figure 1 (a) is a schematic figure of P and dO‘ We assumed here that the
bottom is composed of flocculated sediments of diameter d, and density Ogs each of
which consists of several individual particles of diameter d, and density 0 and
bondage water. On the other hand, Fig. 1(b) shows the continuous body model for
the bottom sediment. In this model, individual particles of diameter d_ and
density g are dispersed in the water and the bed is regarded as a one-phase
colloidal solution of apparent density Oy )

Assuming that the flocculated sediments are packed in a simple cubic arrange-

" ment and that the pore spaces are filled with free water, we evaluated the value
of Py as follows:

H

0o = (1/A3)(0 ~P) + © W

where

Py [o(100+w)]/[100+( 0/ p)w] (8>

w = water content(%Z) of cohesive sediments aggregation. The value of Ay is T/6 for
a sphere and 1 for a cube. In the latter case,ﬁJD is equivalent to P+ According
to Eq. 7, Py is independent of the flocculated sediment diameter. This means that
the number of individual particles of diameter d, which make up the flocculated
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Fig. 1 Schmatic figures of pO and dg Fig. 2 Definition sketch of dj

Figure 2 explains d,. Let us consider a cube with volume 13, The substan-
tial total volume of d  size particles in this volume 77 , Vs’ is expressed as
follows:

Vg = (100073)/(100p+w0) , Y )
The number-of dsize particles in volume 13, ng, is written as
ng = (1/A5)(1/d)3 [(1000)/(1000+w0)] (10)

However n, number of particles are not able to fill up volume 23 in a simple cubic
arrangement, as shown in Fig. 2(a). We considered simply that a flocculated
sediment is a complex of k numbers of d_-size particles and bondage water. Then
the number of flocculated sediments Ny is given as follows:

Ngq = ng/k = (1/k)(1/A3)(Z/dm)3[(1000)/(100p+w 0] (11)
We assumed that Ny pieces of flocculated sediment’fill up volume 13 in a
simple cubic arrangement and defined the diameter of each Ny piece as the repre-

sentative diameter dg. Hence, do is written as

dg = UMDY = (kap!/3 (10000 /(1000)1 /3 (12)

Table.l Values of representative density,p, and diameter, dg

1k. Kasumi sediment Kaolinite clay
G, =2.28, dy = 27.7 um Gy = 2.6, dp = 6.5 um
w(%) | 1450 1200 1080 980 790 360 300 250 200 150

[k(t/m3) 1.03 1.04 |1.045 [1.050 |1.053 1.15 1.18 | 1.21 1.25 1.32

fb(t/m3) 1.06 1.08 | 1.09 | 1.10 | 1.12 1.29 | 1.34 | 1.40 | 1.49 | 1.6l

do(um) | 72.6 68.7 66.0 | 64.0 | 60.0 11.4 10.9 | 10.3 9.6 8.9

do/dy |2.62 2.48 | 2.38 | 2.31 | 2.15 1.76 | 1.67 1.58 | 1.48 | 1.37

= gpecific gravity of bottom sediment or clay; d, = mean diameter;

G
s
w = water content in percent of dry weight.
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According to Eq. 12, dO increases with increasing of water content and the number
of original dm—Size particles in the flocculated sediment. Since it is difficult
to determine how many particles are contained in a flocculated sediment, we as-
sumed that it consists of one particle and bondage water as shown in Fig. 2(b).
Table 1 shows the values of pt’ P 0> do (for k = 1) and do/dm of precipitation
matter in Lake Kasumi and Kaolinite, for given water contents. The water con-
tents listed in Table 1, varying with the sediment type as shown, are the
possible values near bottom surface for a usual accumulation process. We mea-
sured the diameters of sediments suspended in flow and found that they were 1.2 -
2.0 times larger than the original diameters (7). From the above we can conclude
that dy values shown in Table 1 are useful to study sediment detachment. However,
other models are possible and the mechanism of flocculation should be carefully
studied in future. :

Figure 3 shows examples of the relations between pxp and (T/TCZ)- The
experimental data are scattered depending upon water content even for the same
kind of sediment, and more widely scattered for different kinds of sediment. TFor
experimental data on P versus T, please refer to Reference (7). On the other
hand, the relations between pxy and T/TCZ vary little with water content condition
for the same sediment. In Fig. 4, approximate linear relations are drawn between
Px) and '?:/TC2 on a log-log scale for eight different sediments. Though the lines
are somewhat scattered, they can be grouped as a formulation independent of
sediment kind as follows:

Pxy Cz(T/Tcz)Ocz (13)

where Cy, 05 = experimental coefficients. Using the characteristic time tog, we
are able to obtain the resuspension rate function experimentally, independently
of water content and sediment kind (8).
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DETACHMENT STYLE FOR COHESIVE SEDIMENTS

The results of Fig. 4 show that the viscosity is a very important factor
controlling the resuspension rate. Viscosity is a representative property of
material in flowing conditions; therefore, it 1s not correct to analyze the resus—-
pension process as an instantaneous phenomena in which the static balance between
the tractive force and resistance forces breaks down. Since detachment of the
sediment from a bed takes some time, we should deduce the resuspension rate p_  on
the basis of the the equation. of motion for a dislodged sediment. To express the
detachment motion of cohesive sediment kinematically, we have to decide first what
the predominant detachment style is. A particle is torn up from the bed into the
water by the 1lift force under the condition of rolling and lifting detachment, and
is torn away from the bed by shear force under the condition of sliding de-
tachment. According to our preceding study, the gravitational resistance against
the current is negligible in the case of cohesive sediment (9). Evaluating the
impulses (defined as the product of force and time), which act on a sediment to
tear up and away, and comparing the two impulses, we determined the predominant
detachment style.

Figure 5 (a) and (b) is a sketch of the tear-up and tear—away processes,
respectively, in the contact section between the detaching particle and the
bottom. A - cylindrical coordinate system is introduced: the origin is the center
of the contact section; and the axes of r and 6 are taken in the horizontal
plane. For simplicity, the contact section is assumed to be a disk, whose area is
(1/4)d4* and thickness is hg, at the initial stage of detachment. It is also
assumed that the contact section is filled with cohesive material of viscosity ny.

In Fig. 5(a), we assume that tear-up detachment is completed when the dis-
tance hg of the contact section approaches infinity. The behavior of the cohesive
matter in the horizontal plane is assumed to be isotropic. The volume of cohesive
matter, which passes through the lateral face section of the cylinder with radius
r and thickness hf per unit time, is expressed as

v, = 2mr(he3/12n))(dR/dr) (14)

where P = normal stress. The volume of transformation of contact section per
unit time due to movement of the cohesive material is expressed by Eq. 15

v, = mr2(dhg/dt) | (15)
tear-up tear - away
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Because Vy = V,, the following equation is deduced.
dp/dr = (61 /h.>)(dh./de)r , (16)

Integrating both sides of Eq. 16 with respect to r with the boundary condition P =
0. at r = R, we obtain the following expression for P.

P = (3n;/hg>)(dhg/de)(rR?) an
The tear—up force F has the the following relation with P.

F =I§2an dr ; ; (18)
Incorporating Eq. 17, Eq. 18 becomes

F o= -(31/2)R*M 1 /b 3)(dh./dr) (19)

The bulk V, of cohesive material is constant during the tear—up process and it is
expressed by

Vi = (/4)d,%hy = TR%h, - 0)

Substituting Eq. 20 into Eq. 19, and integrating both sides with respect to time
on the condition that hy >« at t = ty, we obtain the impulse required for the
sediment to be torn—up as follows:

Fry = —(3/8M)(V,2/n )0 = -(31/128)(d," /2o, @1

Next, we discuss the impulse required for the sediment to be torn—away under
the condition of sliding detachment. In Fig. 5(b), we assume that the shear
stress is constant during the separation process, and consider that detachment is
completed when the contact area between the detaching sediment and the bottom
decreases to zero. The contact area AC is defined as

Ac = 2r2(6°sin6c056)

(d*z/Z)[arccos(t/td)—(t/td)(l'(t/td)z)l/Z} (22)

where t = time; and ty = time when the detachment is completed. The impulse is
expressed as follows:

T T
fod F' dt = fod A np(dv/dz) dt (23)
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where F' = tear—away force; nl(dv/dz) = ghear stress; and v = velocity of sliding
sediment. Substituting the relation, dv/dz = d*/(h*td), into Eq. 23, we obtain
the impulse ?Ed required for the sediment to be torn-away, as follows:

Tty =f(t)°‘ Pdr = (1/3)(d° /B, e

where F = mean tractive force during the time of £4

Equations 21 and 24 show that the two impulses are independent of t;. We
judge which detachment style is more likely to occur by comparing the absolute
values of both impulses; |F|ty and |F|ty.

(F|egd/(|Flt) = |E| /1T = 5y
= (97d,)/(128hy,) & 0.221(1/ay) C(25)

where a; = hg/d. Figure 6 shows the dependence of Fy on ag. When a, < 97/128,
Fye > 1. The smaller a, is, the larger F, becomes. Now, we imagine that sedi-
ments are packed in a simple cubic arrangement in which case a; is a maximum. The
pore volume V, between two contacting sediments is expressed as (6-m)d /6; and
the contact area of two facing sediments Sy, is expressed as ('!T/Z)d0 (see
Fig. 7). Because it is very difficult to estimate the distance hy between two
touching spheres (a), the model was simplified to two contacting disks (b). Rep-
resentative thickness hy, defined as V,;/Sy,, is then given as (6-T)dy/37; and
representative diameter dy, defined asﬂ4/ﬂ)8*ﬂ/2,as /ido. Substituting both
values of hy and d, into Eq. 25, we obtain the following value of Fy.

Fo = (97/128)[3V27/(6-m)] & 1.03  (ax = 0.221) o (26)

This relation is plotted as point 'A' in Fig. 6. The above discussion shows that
the impulse for tear—away is almost the same as for tear-up even for such a simple
cubic arrangement. The condition, ay, << 1, is generally acceptable anytime the
cohesive force predominates, which is exactly the case for cohesive sediments.
Therefore, we conclude that sliding detachment (tear—away) is mostly likely, while
rolling and lifting (tear—up) is unlikely for cohesive sediments. This conclusion
is confirmed by observation of the detachment phenomenon, that is, the sediments
were almost torn—away and then transported with sliding, rolling, sultating and
suspending motion.

PREDICTION OF DIMENSIONLESS RESUSPENSION RATE FOR COHESIVE SEDIMENTS

As mentioned in the preceding section, the sediment's detachment does take
place not instantaneously but gradually, thus we should use the equation of in-
cipient motion to estimate the resuspension rate. In this sense, the basic
method to deduce the resuspension rate for cohesive sediments is same as for sand
particles (5). Differences between cohesive sediments and sands are as follows:
for cohesive sediments, resistance force versus tractive force is not a gravita-
tional force as it is for sand, but a cohesive force; a sediment reaches its
equilibrium velocity as soon as it begins to move because the viscosity of sedi-
ment is so high that the inertia force is negligible, while for sands, the veloci-
ty increases gradually during detachment; according to the conclusion of the pre-
ceding section, the detachment style is most likely to be sliding for cohesive
sediments, while for sands, all three detachment styles are possible.

Figure 8 shows the case where the tractive force D and resistance force R
act on sediment A, and the sediment is about to be dislodged from the bed by
sliding. TFor this case, the lifting and gravitational forces are neglected. The
equation of streamwise motion for the sediment is written by follows:

A3(14C,) (0 g=0)d>(dv/dt) = kA (ugmu)dg + kApvdg = 0 (27)

where A = l1-dimensional geometrical coefficient of the sediment; Cy = added mass
coefficient; k3, k4 = coefficients concerning tractive and resistance forces; u, =



critical flow velocity; and T = 'viscosity of sediment aggregation. The second
term of the left~hand side of Eq. 27, the tractive force, and the third one, the
resistance force, are expressed by use of Stokes' law because dy is very small;
the bottom bed is considered to be an hydraulically smooth surface; and T is very
high. )

Ud A
D v
Rv
Fig. 8 Definition sketch
The solution of Eq. 27 is expressed by

v/vO = 1 - exp(-kANt) (28)
where

Ay = Ay/1A5(14C, )00 )dy2 ] (29)
and vy = equilibrium velocity of sediment given by

Vo = <k3/k4)(p/ﬂ)(ud"uc)‘ (30)
Assuming that the tractive force acts on the upper half and the cohesive force
acts on the lower half, kg =k, = 1/2. We can assume that a sediment moves with
vy if Ty is much larger than t_, where T4 = time required for the sediment to move
the diameter length; t_ = time to accelerate the particle speed from zero to 90%
of vy. Using the value of pO and dO for the two models shown in Fig. 1, we
calculated Td/t values and listed them in Table 2. The values of t_ in Table 2
were calculated on the condition that it would become as high as possible; the
values of T,, as low as possible. As a result, we can approximate the sediment

motion with an equilibrium velocity Ve

Table.2 Values of tp, Ty and Td/tp

Po d A< 10% | £ x10 $| 1yx10° T4/t

(g/cm®) | (um) (s) (s)
(ay | 1.2 38 | 4115 0.001 6.33 | 6330
(b) | 2.3 | 20 | 2308 0.002 2.34 | 1670

For (a) and (b), see Fig. 1.

The resuspension rate of cohesive sediment (probability density per unit time
for a cohesive sediment on the bed to be dislodged), P is given as Eq. 1. We
need to estimate p, and t4 in order to obtain the resuspension rate function.
The probability py for T > T, is expressed as

po = LS £(¥) dT]/fG £(1) dr] (31)
) c .
where f(1) = probability density function of bed shear stress. We define the
sediment's detachment as follows: a sediment is not dislodged from the bottom bed

until it slides a distance aldo (where a; is coefficient). According to this
definition, ty is expressed as follows:

ty = (aldO)/VO = (aldon)/(ud—uc)U (32)
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If an hydraulically smooth surface is assumed, the following equations are given
in the viscous sublayer.

Ud = (azdo/u)’t; uc = (azdo/u)TC (33)

where a, = coefficient; and aZdO = the representative height at which the tractive
force acts. Substituting Eq. 33 into Eq. 32 and taking the statistical property
of bed shear stress into consideration, we obtain

ty = (ag/ay) [1/E[T]T>T 1-T)] (34)
where E{T]T >’Ec} = conditional mean bed shear stress acting in time duration poto.
(Equation 34 can also be deduced for an hydraulically rough surface c é‘ldlt
In that case, we consider the tractive force to be proportional to (ugz“-u.”) and
apply the logarithmic velocity-distribution law for a rough surface to the u/uyg
function.) Assuming that the distribution of T is Gaussian , we deduce the
following for tge

a; n o(y.) T -1 a1 N T -1
g = o R e—— -] = 2o g (35)
ap T pg T ap; T T ‘
where ®(y) = the error function; yc= (TC—T)/OO; T ,0 and § 5 = mean value,

standard deviation and variable coefficient of £(T),respectively. Therefore,
substituting Egq. 35 into Eq. 1, we deduce the dimensionless resuspension rate
function for cohesive sediments as follows:

pox = /Doy, = (ay/a)e(T/ T pg (36)

Now, we rewrite T as T in Eq. 36 for convenience. Figure 9 shows the
dependence of p_ i on T/T . calculated by use of Egs. 31 and 36 with a; = 1,
= 0.75 and 50 = 0.5. The gradient of P % Vversus T/’L”C is very high when
T%T <1, and low when T/Tc > 15 Pps apptoaches a constant(= 0.75) when
T/Tc >> l. The assumptions about a GauSSLan form for f£(T) and 60 = 0.5 for an
hydraulically smooth surface have not been confirmed. Probability density
functions of shear stress, pressure and velocity fluctuations near the bottom bed
for an hydraulically smooth surface have been investigated experimentally by
Corcos (2), Willmarth & Wooldridge (10), Grass (4),and Blinco & Simons (1). No
general conclusion can be drawn from these, but their results do not seem to
conflict with our assumptions.

COMPARISON OF DIMENSIONLESS RESUSPENSION RATE FUNCTION WITH EXPERIMENTAL RESULTS

In a preceding studies (6), (7), we defined two critical shear stresses for
cohesive sediments; the limit of sediment's movement, T_.;, and that of bottom bed
destruction, TCZ' We have not mentioned which of these should be used for the
critical shear stress, Tes in Eq. 36. In deducing Eq. 36, there is no necessity
to choose between them. By taking the bed shear stress fluctuations into consid-
eration, we can define the sediment resuspension even if the mean bed shear stress
is less than the critical shear stress, T,. By inspecting which p 4 function
i.e., that against T/T c1 ©°F that against T/TCZ, coincides better with the experi-
mental results, we trled to choose most suitable function. With the following
relation between p 4 and P :

Pux = (M/Dpy = (/DA /A3)[P /(Pydg)] (37)

we rewrite the experimental data of P_ to dimensionless form, Py%, Dy assuming
that the sediment is a sphere (A, =T7/4, A3 =7/6) and by applying n; to?n, Eq. 7
topy and Eq. 12 to dO' We inspect the dependence of p 4 on ‘[/T (Fig 10) and
T/TCZ (Fig.ll), respectively. In these figures, the symbols show the experimen-
tal data obtained under the water content conditions as shown in figures; the
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dashed line is the theoretical resuspension rate curve given by Eq. 36. 1In

Fig. 10, we should examine the region T/T > 1 because when T< T the proba-
S ) : A cl cl

bility that the sediment will be dislodged is very small. In this case, the p_ x
differs from T/Tcl with respect to not only the gradient but also the value
itself. In Fig. 11, the region 'E/Tcz < 1 should be examined because the bed is
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violently destroyed by the current and Eq. 36 is not applicable when T> Teoe In
this region the theoretical and experimental result coincide well with each
other. According to the above discussion, we conclude that T,p is more suitable
for T, in Eq. 36. Using Tgp @s T,, we can estimate the resuspension rate of the
cohesive sediment, pg %, against T/TC without the introduction of any physically
meaningless coefficients. The results shown in Fig. 11 also give the reasonable
support for choosing psy and T/TCZ in the experimental data shown in Fig. 4.

The characteristics of the resuspension rate function for cohesive sediments
are as follows: it can be used when T/"ccz < 1, while for the pick—up rate of sand
particles the function can be used when T/”l?C >= 1. In cohesive sediments, when
T becomes larger than Taoos the sediments bed begins to flow not only at the
surface layer but also at the inner layer, and is quickly and violently destroyed.
In that bed condition, the tractive force would not act parallel to the bed
surface, and moreover would be concentrated at some local section, thus the me-
chanism of resuspension at the time when T/TCZ > 1 would become so different from
that at the time when 1/1_, < 1, that it would be impossible to apply Eq. 36 to
the former case.

Equation 36 can be usd in the following conditions: the sediments forming the
bottom bed has a yield value T 1 (where T 1 is related tg Tao (6), (7)); its water
content is high and its yield’stress is Yess than 2 N/m“. Many cohesive botton
sediments, especially those in lakes, satisfy the above conditions, therefore,
Eq. 36 is generally applicable.

CONCLUSIONS

The results obtained in this paper are summarized below:

1) Cohesive bottom sediment can be considered to be an aggregation of cohe-
sive particles of various forms and sizes. The diameter do and density Po of the
aggregation are expressed by Egqs. 7 and 12, respectively.

2) The experimental resuspension rate can be represented as shown in Fig.4,
i.e., pxy versus T/T_,.

3) The predominant detachment style for cohesive sediments was determined to
be sliding detachment.

4) A equation of motion was used to find a dimensionless resuspension rate
function, Ppxe This function was found to show good agreement with experimental
data when plotted against T/T -

5) The dimensionless resuspension function (Eq. 36) is applicable when the
cohesive sediments have a yield value and this yield value is less than 2 N/m*.
Since many cohesive sediments satisfy these conditions, e.g., most lake muds and
estuary muds, the resuspension rate function found here has wide applicability.
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APPENDIX ~ NOTATION

The following symbols are used in this paper:

ap = coefficient about the sliding distance of sediment in detachment;
a, = coefficient about the height of flow acting on particle;

a, = hg/dy = ratio of height to diameter of modeled contact section;
AO = dimensional coefficient defined by Eq.(29);

Ay, Ay, Ag = 1-, 2= and 3~dimensional geometrical coefficient of sediment;
AC = contact area of two particles in detachment model;

Cy = coefficient in Eq.(13);

Cy = added mass coefficient;

dO = representative diameter of sediments at their detachment;

dy = mean diameter of sediment;

dy = diameter of particles in detachment model;

D = tractive force in Fig. 8;

£(1) = probability density function of bed shear stress;

F, F' = tear—up and tear-—away forces;

T = time averaged value of F';

Fax = ratio of {FIto (Ei;

g = gravitational acceleration;

g(?/Tc) = function defined by Eq.(35);

hf = thickness of cohesive material at contact section in detachment;
hy = initial thickness of cohesive material at contact section;

k - = numbers of particles of diameter dm in aggregated sediment;

k3, k4 = coefficient concerning tractive and resistant force;

7 = length of the member of fictitious cube;

ng = numbers of d size particle in volume 23;

Nd = numbers of flocculated sediments in volume 23;

Pg = probability that T>T ;

P = fesuspension rate of cohesive sediment;

- = dimensionless resuspension rate of cohesive sediment;

Px1s Pxp = dimensionless parameters about resuspension rate;

P = normal stress;



¥ Yo

N> N1

bo
Pt

%0

A A A

cl
Te2

o (y)

13

resuspension mass per unit area per unit time;
coordinates of cylindrical coordinate system;
r-distance from origin;

resistant force in Fig. 8;

confronted area of sediments in detachment model;

time;

characteristic time concerning resuspension phenomena;
characteristic time defined Egs.(3) and(4);

time scale of fluctuation of bed shear stress;

duration time required for sediment to be dislodged;
time to accelerate the particle speed from zero to 90% of wvp;
time required for sediment to move its diameter length;
flow velocity at a level zj;

critical flow’velocity;f

local flow velocity at the height of ajdgy;

shear velocity;

velocity of sediment on detachment;

equilibrium velocity of sediment;

volume of cohesive material, defined by Eq.(1l4);

volume of transformation of contact sediment;

volume of the fictitious cube (= 23);

volume of contact section in detachment model;

water content (Z);

particle's falling velocity given by Stokes law;
(t-1)/0, and (1.-T)/043

coefficient in Eq.(13);

variable coefficient of f(1);

viscosities of sediment aggregation;

viscosity of water;

representative density of sediments at their incipient motionj;
apparent density of sediment aggregation, defined by Eq.(8);
real density of sediments;

standard deviation of f(t);

bed shear stress (= T when used in Eqs. 6, 13 and 37 , and in
Figs. 3, 4, 9, 10 and 11);

mean value of £(1);

critical shear sress;

shear stress for the limit of sediment particle movement;
shear stress for the limit of bed destruction;

yield stress of sediment aggregation; and

error function.



