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prev1ouslv studled in relation to dredzmz and d1soosal of contaminated
sediments. It will be shown that, for svstems with substantial silt in trans-
port, dispersed particle size is an appropriate index for transport behavior
and a suitable basis for numerical transport modeling.
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ackgrou

Under DRP Technical Area 1, Work Unit “Cohesive Sediment Pro-
cesses,” a number of fine-grained sediment transport processes are being
studied. Since resources are limited, priority is given to processes most
critical to managing dredged material disposal sites, and erosion processes
are the area of focus for the work unit. However, predicting long-term
transport of materials (an important study area for Technical Area 1) in-
volves suspended transport of both cohesive clays and less cohesive silts

Suspended fine-grained, cohesive particles aggregate so
characteristics do not necessarily depend on dispersed particle
characteristics.

=

An open question, then, is whether dispersed fine-grained particle size
has any relationship to transport characteristics. The question is relevant
to modeling, which must numerically transport conservative sediment
properties and imitate important sediment behavior. Dispersed particles

» are an intrinsic character of the material, at least over short perlods of
time, and affect the characteristics of nne-gramed suspensions and bed sed-
- iments in complex ways. The question is also relevant to sorting of sedi-
nit size by field transport processes, and to whether size signatures can

the environmen
uausport paths ifi i€ envir nernt.
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Additional Information
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For additional information, contact the author, Mr. Allen M. Teeter,
(601) 634-2820, or the manager of the Dredging Research Program, Mr. E

Clark McNair, Jr., (601) 634-2070

Role of Fine-Grained Sediment Size in Transport Processes

Dispersed particle size can be important to the behavior of fine-grained
sediments under some conditions. However, particle size effects on fine-
grained sediment transport processes have not been extensively studied by
experlmentatlon nor widely reported in con]unctlon with laboratory or
field transport observations. Fine- gramed sediments (here taken as those
with dispersed pamae alameters less tnan 0.074 mm) are not only trans-
ported as indivi
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of some observed grain- size effects on fine-grained tran
the following paragraphs

Suspended Transport

Estuarine suspended transport can have a dominant impact on the main-
tenance requirements of navigation channels. Upstream suspended mate-
rial transport toward the estuary head is a common feature of low- to
moderate-freshwater inflow systems. However, a number of sediment
transport processes can operate, depending on the conditions present.
Many estuaries dlsplay upstream hmng and sorting in fine-grained (silts

c1ay3) bed sediments. Unly a few studies have correlated suspended
atenal uxes and particle size spectra (alstnbutlons) Kranck (1979 and

has "-i“‘d ed the var“"‘h'rjf and distribution of suspenaea parnc1e

O ary, and the size
ad

ence of landward- decreasmg maximum tidal cur
velocity asymmetry, that mvolved either of two lags. One d to
the response time for a suspension to settle, based on its vertical distribu-
tion and setthng velocity; the other lag was the difference between deposi-
tion and erosion critical shear stresses. Since the lags vary with parhcle
size for silts, landward accumulation may be different for different particle
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sizes. The coarser suspended size fractions of the Wadden Zee showed -
no concentration effect, the silt fractions showed the greatest effect, and

-the fine silts showed a moderate effect, although no distinct optimum size

was observed with respect to transport.

Aggregate Settling

Settling rates affect the vertical distribution and transport of sediments.
Kranck (1980) conducted detailed setthng expenments on aggregated and
msaggregated marine sut-clay mixed suspensmns and showed how dis-

persed particle size related to the semmg of aggregated cohesive sedi-

ments. Settling tests were conducted on 15-cm-deep aggregated and disag-
groaatad citcnancinng 1icing 2 ~ormcan +r NT~1 ,\..A N smamnnmd ' alonn anlis
glegdlcu ubl}e S1OILD le ls D PCLLCI[I, INAd\Ll dllu 2 peiiciit LdlpUll sulu-
tions, respectively.
Results indicated that suspended aggregates were made up of all parti-

le sizes present, an . i . i
cle sizes present, ...‘.d during the aggregate settling phase, concentrations
d_ecre sed in all discrete size classes Kranck proposed that each aggre-

ever, the coarser end of the spectra decreased fastest and the spectra
modes (initially about 0.016 m) became progressively finer and ‘reached
the 0.001-mm limit of analysis during the 12-hr duration of the tests. Ag-
gregation had a significant effect on settling, and Kranck’s tests showed
that the effect extended well into the silt-sized range.

In the disaggregated suspensions, only the coarsest fraction decreased
from the withdrawal level at any given time during the tests, indicating
that discrete particle fractions settied independently according to particle
size.

Deposition
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Erosion

Particle size has not been found to be well correlated to the erodibility
of cohesive fine-grained sediments in general. Krone (1963) described
how individual suspended particles first formed primary aggregates and
then formed successively higher order aggregates under various shearing
conditions. Aggregate strength and density varied inversely with the

W
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order of aggregation. Thus, aggregate strength has the most pronounced
effect on the erodibility of recently deposited sediments, rather than
particle-size characteristics. However, Dash (1968) and Hunt (1981) found
that, for a given sediment mixture, increases in clay content increased the
mixture’s resistance to erosion, indicating that particle size has an indirect
effect on erosion through its effect on cohesion.
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arying particle size distributions to accurat

A trend analysis was recently adopted to identify temporal and spatial
changes in suspended sample size-distributions which might be correlated
PR R | /1TNors

with transport. McLaren and Bowles (1985) proposed two trends in

[y

AAAAAA 1

particle-size summary statistics associated with general transport. Based
on a simple transfer function model in which transport is related to size
classes, these investigators suggested that the mean, sorting, and skewness
of transported sediment grain-size spectra follow progressive trends which
indicate direction of transport and sedimentation conditions. Lag deposits
formed by the transport process were predicted to have similar trends in

size distribution statistics.

Swift, Ludwick, and Boehmer (1972) used a Markov chain model to test
assumptions about continental shelf sediment transport systems, and also
found progressive sorting of transported and deposited sediments along
transport systems. Various input sand-sized distributions and transition
probability matrices were tested. Distributions were broken into size
classes of differing transport characteristics. Standard deviation tended to
decrease, and skewness increased, especially if transport competence de-
clined across the system.

Two statistical trends associated with transport were described by
McLaren and Bowles (1985). Case B was defined as progressive fining,
better sorted, and skewed more toward larger sizes along a line in the di-
rection of transport. Coarsening, better sorted (a smaller sorting value),
and skewed more toward finer sizes in the direction of transport was de-
fined as Case C. Case B is associated with deposition (reduced transport
capacity in the direction of transport), and Case C is associated with ero-

transport).

Although this technique was proposed for sediments in transport, it has
previously been applied only to bed sediments. However, the underlying



model was developed without specific assumptions about the mode of
transport, and should apply equally well to fine-grained suspended trans-
port. It is critical that samples used in the analysis represent sediment
that is subject o transport. Suspended sediment is under transport at the
time of its sampling, while bed sediments reflect some earlier transport or,
more problematical, some relict transport. Conditions ot transport associ-
ated with suspended samples can be more easily defined in relation to
those of bed material samples.

Lo s P SRy IV TRV (ISR FS. IR, NSRS VL. S B IR PRI RSP [ Sk [y

I'ne size spectra trend analysis i1s an empirical technuque usea to 1aen-
L3y ~tntictinnalle; cineilimnnsmt Alhasiarnc 1 ctrn ormarbea Ceonnrtbra cbabictisre 110ad
tiry statisticauy significant cnanges in size Specita. opecira Statistics usea
in tha frand analvcic wwrara ~ralrrilatad hyy an aviandad oranhical moethnd in
AL LT uicliu mlal)’ 210 VVTILICT Ld4diLuiialcu v Alil TALLCLLIUUCWU Blﬂtl.luLuL AALC LIV 5L
nhi 1mite SQizoc wore internnlated at 5 10 16 25 37 50 AR 5 aqn
pru WS, JILATS WULT Ll PUIaite av J, 1y, 1Y, &9, I, O, VO, T, U, S,
and 95 percentiles on cumulative frequency curves, and used to compute
means, sorting (standard deviation), and skewness. The method was

tested against analytical functions, compared with other methods, and ap-
pears to be accurate. It is anticipated that the method minimizes the ef-
fects of local variations in experimentally determined spectra as compared
with graphical methods that use only three or five points from the spec-
trum. The method excluded the extreme 5 percent from both ends of the
spectrum, reducing the effects of spectra tails on central tendencies as com-
pared to the method of moments. The particle size analysis covered only
part of the entire spectrum (0.004 to 0.100 mm), and excluded the portion
between 0.00045 and 0.0039 mm. b5ize spectrum statistics are theretore con-
sidered comparative rather than absolute.
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earlier. Every possible pair alon

nce was compared, re:
in a single-tailed, paired analysis of the three statistics. A Z score was

aQ

culated for each of the possible eight trends along a line as follows:
7 = x_ﬂ
(Npg) ¥

where x is the number of pairs in the sequence with the trend, N is the total
number of pairs, p is the random probability of the trend (0.125), and g =1 - p.
The greater the Z score, the more pronounced the trend. A sequence of at
least eight samples, containing 28 total pairs, is required to obtain meaningful
results. McLaren and Bowles (1985) indicated that a Z score of 1.65 has only a
0.05 probability of occurring randomly, and a Z score of 2.33 has a probability
of 0.01 of occurring at random. However, numerical experiments conducted
by the author indicated that a Z score of 3 had a probability of 0.05 for uni-
formly distributed random sequences of statistics. Thus, a Z score ot 3.0 was
used as an indication of statistical significance.
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Site Description and Background

New Bedford Harbor is located on the north shore of Buzzards Bay and
is the estuary of the Acushnet River. As shown in Figure 1, the harbor is
about 6.4 km long from the hurricane barrier to the Saw Mill Dam, the
limit of tide and the point of greatest freshwater inflow. The harbor is di-
vided by two artificial constrictions, the hurricane barrier and Coggeshall

Street Bridge. The upper harbor has an average depth of only about 1 m

mean low water, and bed sediment contaminant concentrations are high-
est there. The Acushnet River drains 48 sq km, has an average freshwater
discharge to the harbor of about 0.85 cu m/sec, and carries relatively little
suspended material compared to the tidal flow at the Coggeshall Street
Bridge. The mean tide range at New Bedford Harbor is 1.1 m, and the
spring range is 1.4 m. Little tidal damping or phase shift appears to
occur between the outer and upper harbor areas, or around Buzzards Bay.
Current speeds generally decrease upstream, except at constrictions.
Surface-to-bottom salinity differences are generally less than 0.5 ppt.

Fine-grained bed sediments in the Buzzards Bay area are composed pri-
marily of chlorite, mica, and minor amounts of quartz (Summerhayes,
Ellis, and Stoffers 1985). Clays are mostly illitic. Pruell and others (1990)
found that the total organic carbon of the upper 5-cm bed sediments in-
creased steadily from 2.9 percent by dry weight near the hurricane barrier
to 12 percent near the location of station 9 (Figure 1), and then decreased
sharply farther up the Acushnet River

Bed sediment characteristics vary widely over the harbor. The clay frac-
tion is nil at the hurricane barrier, but increases rapidly to about 40 per-
cent in the inner harbor navigation project west of Popes Island. Outside
the project, the clay fraction is typically 10 percent for the inner and
upper harbor areas. Sand fractions are about 30 percent for the inner har-
bor navigation project, and 30 to 70 percent elsewhere. A small fraction
of gravel occurs near the hurricane barrier opening. Bed-surface bulk wet
densities are typically 1.5 g/cu cm in the upper harbor, and sediments
classify as organic sandy, clayey-silt, or silty-clay.

Suspension Sampling and Measurementis

-~ _. o -1
s method using Nucle-
1 Ll cirabas omsa

t1
parti
fice and resolves the displacements into 128

dominated bed sediments, a 0.240-mm orifice v;r;;used for these analyses,
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for analys1s Sample particle counts lasted 43 sec, durmg which 3, OOO to
8,000 parhcles were counted and sized. The particle sizer calculated the
total sediment volume analyzed, which was converted into volume
concentration. '

Laboratory Sediment Tests

Settling, deposition, and erosion testing were carried out on a composite
sediment sample from the upper harbor. The composite sample was col-
lected at four locations in the upper harbor using a box corer, and then ho-
mogemzea for use in a suite of reasmluty study tests to assess the behav-
ior of dredged sediments and contaminants in various disposal environ-
ments. The composite contained :)u percent sand, 2.5 percent orgamc car-

5 cer ay er

bon, and only 2.5 perce

formed on the sediment material th"t was less th""l 0.074 mum, or about

68 percent of the composite. The test sediment was therefore an organic
silt, highly plastic, and contained less than 5 percent clay-sized material.

,,,,,,,,,,,,,,, ciills = vwele pellioliiice

ditions of sediment to a water tunnel. The water tunnel ha
cross section of about 342 sq cm, which changed from rectamzular in the
horizontal, depositional/resuspension sections to circular in the vertical set-
tling and pumping sections. Settlmg tests were performed in one of the
water tunnel’s vertical tubes at the end of the tests immediately after the
flow was stopped. Details of the sediment water tunnel tests are de-
scribed in Teeter (1988) and Teeter and Pankow (1989). In addition to the
settling tests performed in the sediment water tunnel, two additional high-
concentration settling tests were performed to fractionate the sediment

and s'tudy con‘taminan‘t-par‘ticle association. Composife sample sediment
was mixed w1tn sue water tO aDout 2. 4 and 17 g/ L initiai concen‘tra'tion

Erosion, deposition, and settling tests were performed b prog-essive ad-
d a uni

t:.

_.
2.
N
0}

concentrations from the Dartlcle ranalvzer smular to a standard pipette
analysis. (Phi sizes are the negative log-base-Z of the particle diameter i
rrulhmeters) Settling velocities were calculated based on the settling times
and test suspension height for each size class. The result was estimated
aggregate settling velocities associated with each dispersed particle size
class.
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Results

Particle size effects were observed. Steady-state suspensions, as de-
scribed earlier, were observed as suspended sediment concen'tra'tions in
the sediment water tunnel reached constant values during deposition and

erosion tests. The cause was sorting and winnowing according to particle
size. Sediment water tunnel tests were interpreted as the superposition of
three sediment size fractions with varying depositional and erosional char-
acteristics to describe sediment behavior.

The main water tunnel test results are shown in Table 1. Deposition ve-
locities (from flowing deposition tests) were almost an order of maszmtude
lower than settling velocities ( from quiescent settlmz tests), similar to pre-

vious test results. Settling and deposmon velocities were found to in-
crease with concentrations greater “than about 75 mg/L, which is above lev-
els normally expected to occur in the upper harbor. Therefore, aggrega-
tion had a small effect on natural suspensions, and the constant values in
Table 1 apply.

T_L1_ 1
14pie L
Summiary of Erosion and Deposition Test Coefficients
Fraction
Variable 1 2 3
Critical shear stress for deposition 0.42 0.33 0.043
N/sqm
Depositional velocity, mm/sec 2.02 1.04 0.006
Critical shear stress for erosion, N/sqm > 0.6 0.38 0.060
Grain diameter, mm 0.074-0.028 | 0.028-0.014 | <0.014

The sediment identified as the slowest to settle and deposit and easiest
to erode (fraction 3) is the most mobile. The size of the mobile fraction
was less than 0.014 mm. Other, larger sized fractions had progresswely

,,,,,, <7 gemmam~ ~1 21 YATL =1 oL _ ..

mgner critical snear Stresses, and are relatively immobile. While
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an settling velocities for several tests representative of the whole

i i shown in Figure 2, along with field settling veloc-
ity tests Medlan values for hlgh-concentratlon laboratorv settling tests are
also shown in Figure 2. Figure 3 shows the time-series of concentration
by particle volume plotted against dispersed grain size for one of the high-

concentration settling tests. The initial spectrum was very well graded.
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Figure 2. Median settling velocities for the composite sediment observed in the
sediment water tunnel (O) and in high-concentration laboratory tests (A), and for

resuspended bed material tested in a field settling tube (3J)
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Figure 3. Volume distribution of particle sizes during a laboratory settling test,

starting from an initial suspension concentration of 2.4 g/L
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All sizes decreased with time, although the coarse sizes decreased fastest,
and the spectra became pro greqsivelv finer. Increases in sett,ing velocity

" with concentration indicated that aggregation took place in these tests. Re-
sults for dlsoersed size-class mean settlmg ve10c1t1es, shown in Figure 4,
represent the aggregate settling rates for individual grain size classes. The

greatest concentration effect can be seen at the smallest grain sizes.
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Figure 4 Aggregate settling velcciﬁes by dispersed grain size for two

Raw and tide-corrected total suspended material (TSM) fluxes at the
Coggeshall Street Bridge are shown in Table 2. The net flux of TSM was
always found to be in the upstream direction. Ebb and flood fluxes were
at least twice the net values. Average upstream ﬂux, corrected for tidal

nr\t\r\ 1

asymmetry, was aDout 2,200 kg per tidal cyc1e un average, 26 percen

t-!

Deldan dacmmncaitad 2an 2l n ccamamine Thnaslane A PRSIy :~ AC
DIIQBC uCPUbll [0 L U upycx 1divoL. NN LIGDPUI uulB altludituldauulil vl
sediments in the upper harbor has been reported (Summerhayes, Ellis,
and Stoffers 19857)
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Table 2
Survey Conditions and Fluxes of TSM at Coggeshall Street Bridge
Total TSM Flux,' kg
Freshwater Tide Suspended
Survey Inflow Range Tidal Material Tide-
Daie cu m/sec m Phase ppm Raw Corrected
3/06/86 13 1.1 Ebb 3.9 4,400
(mean) | Flood 7.2 6,400
Total 2,100 3,100
4/24/86 1.5 1.7 Ebb 5.9 -8,700
fomrinm o) ) o) RS | Q1 17 QNN
\opiuiy) rioou O.1 1£4,0UU
Total 4,000 2,900
6/05/86 0.3 1.0 Ebb 6.6 -4,400
(neap) | Flood 7.4 6,500
Total 2,100 605
! Flow x concentration.
5
Tidal average mean particle sizes are presented in Table 3 in both milli-
meters and phi units, along with phi values for sorting and skewness aver-
ages. Figure 5 shows an example time-series of particle spectra from sta-
tion 5.
Table 3
Summary of Tidal-Averaged TSM Size Statistics and Trends
Mean Dominant Trend TSM
Survey Sorting Flux _
Date mm | phi | phi | Skewness | Case | Z | Direction | Direction
3/03/86 | 0.013 | 6.21 | 0.73 0.25 C |33 + NA?
3/05/86 | 0.015 | 6.06 | 0.82 0.29 Cc |39 + +
6/03/86 | 0.010 | 6.71 | 0.61 0.08 B |66 - -
6/05/86 | 0.010 | 659 | 0.66 0.12 B (55 + +
6/07/86 | 0.010 | 6.70 | 0.62 0.10 C |33 + 0
6/08/86 | 0.010 | 6.58 | 0.60 0.16 B |56 - +
1Symbols are defined as follows: + = upstream toward the head of the estuary,
- =seaward, and 0 = neutral.
“Not available.
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Size spectra trend analysis was applied to the high-concentration set-
tling tests as a test of the method. The initial epectra were very well
zraded decreased from the coarse end, and becam er, better sorted,

and more skewed toward the larger sizes during the tests. This trend was
consistent with Case B, and indicates that the aggregate settling removed
larger dispersed particles faster than fine ones. The suspension became
more well sorted and skewed as the coarser end of the distribution was
depleted by settling. The example presented in Figure 3 for the 2.4-g/L
test had a Z score of 6.3. These tests demonstrated that the trend analysis
was capable of detecting at least extreme cases of deposition in a progres-
sion of measured suspended grain-size spectra and that, even under high-
concentranon, aggregatea conditions, these sediments have size-related be-
haviors. This might be explained if, for example, like-sized partlc1es had a
L

ht
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reater probability of colliding and aggregating together than dissimilar-

sized particles.

For application of size spectra trend analysis to tidal samples, spectra
were arranged from high water to low water by time. Thus, the ebb tidal
phase samples were used in the temporal sequence as collected, and the
flood tidal phase samples were used in reverse order, starting with the

flood-tide sample closest to high water. These sequences reoresent both
upstream sequences of the water column passing the statlon and high- to
low-water sequences at a station. Table 3 shows the results for the domi-
nant (highest Z scores) trends for the tidal sequences, and also compares
the indicated directions of transport with TSM flux directions.

Conclusions

Dispersed particle size was found to have important effects on fine-
grained sediment transport in a system with a large amount of silt. As ex-
pected, upstream tidal pumping was found to dominate transport, and
TSM concentrations increased upstream. The largest TSM source was Buz-
zards Bay. Mean particle sizes of suspended material generally increased
shghtlv upstream, and size spectra trend analysis at stations also ind,lc,a ed

0.014-mm 51ze, and reached about 0.030 mm. No distinct optlmum trans-
port size was observed, but even the slight upstream suspension coarsen-
ing that was observed may be noteworthy where deposition is occurring.

Size spectra trend analysis was found to be a sensitive indicator of trans-
port and may be useful in evaluatlng suspended sediment transport mech-

anisms. That significant trends were found indicates transport Varled
with dispersed particle size (the underlying assumption of the model).
The field suspended sediment size data were limited to only a“out 12 sam-
ples per station per tide, only a small fraction of the number of suspended
samples collected. Conclusions drawn from such a small sampling should
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Water tunnel tests indicated that deposition and erosion could be de-
scribed adequately by a few size-classes for modeling purposes. About
27 percent of the finest sediment behaved as a distinct, easily transport-
able fraction. This fraction was found to consist of sediment material less
than 0.014 mm and possessed the greatest cohesion. Other investigators
have found similar size boundaries for cohesive sediments. The critical
shear stress values for deposition and erosion were similar, 0.043 and 0.06
N/sq m, respectively, for the finest transport fraction. Coarser material

had sharply higher depositional velocities, critical shear stresses, and an in-
stmmtim e vmam banbeir i Ll maeifianl AlaAans cbmacono £ Annrncitinnm anmAd ArAci~s
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