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PREFACE

The determination of the erodibility of materials disposed at the
Alcatraz open-water disposal site, documented in this report, was performed
for the US Army Engineer District, San Francisco, with additional support from
the Improvement of Operations and Maintenance Techniques (IOMT) research pro-
gram sponsored by the Office, Chief of Engineers, US Army, under IOMT Work
Unit No. 31765, "Fine-Grained Shoaling in Navigation Channels.”

This report is Report 3 of a series., The first report was published as
"Alcatraz Disposal Site Investigation," Miscellaneous Paper HL-86~1. The
second report was published under the same report number as "Alcatraz Disposal
Site Investigation; Report 2, North Zone Disposal of Oakland Outer Harbor and
Richmond Inner Harbor Sediments."

The study was conducted in the Hydraulics Laboratuvry (HL) of the US Army
Engineer Waterways Experiment Station (WES) during tbe period January to
April 1986 under the general supervision of Messrs. Frank A. Herrmann, Chief,
HL; Richard A, Sager, Assistant Chief, HL; William H. McAnally, Jr., Chief,
Estuaries Division; and George M. Fisackerly, Chief, Estuarine Processes
Branch. Additional testing was performed by the University of Florida,
Gainesville, under contract to WES.

The HL work was performed and this report prepared by Mr. Allen M.
Teeter, Estuarine Processes Branch. Mr. James Hilbun was the technician for
this study, with additional support from Messrs. Larry Caviness and Billy
Moore, all of the Estuarine Processes Branch. This report was edited by
Mrs. Marsha Gay, Information Technology Laboratory.

Cation exchange capacities and analyses necessary to compute sodium ad-
sorption ratios were performed by the Analytical Support Group, Environmental
Laboratory, WES, Ms, Ann B. Strong, Chief., The IOMT Technical Monitor was
Mr, James Gottesman.

The University of Florida work was performed and Appendix B was written
by Mmes., Catherine Villaret and Mary Paulic, Coastal and Oceanographic Engi-
neering Department, University of Florida. Dr. Ashish J., Mehta was the prin-
cipal investigator for the University of Florida work. Appendix B was also
published as "Experiments on the Erosion of Deposited and Placed Cohesive
Sediments in an Annular Flume and a Rocking Flume," UFL/COEL-86/007, sponsored
by WES under Contract No., DACW39-84-C-0013.




COL Allen F. Grum, USA, was the previous Director of WES. COL Dwayne G.
Lee, CE, is the present Commander and Director. Dr. Robert W. Whalin is

Technical Director.
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. %y ALCATKAZ DISFPOSAL SITE INVESTIGATION
L

]
9:2? SAN FRANCISCO BAY-ALCATRAZ DISPOSAL
HR

SITE ERODIBILITS

PART I: INTRODBUCTION

1. The Alcatraz dredged material disposal site in San Francisco Bay is
clagsified as a dispersive site. It is intended that the strong ebb currents
at the site prevent accumulation of disposed materials and transport them sea-
ward in the direction of the Golden Gate Bridge. The dicposal site has heen
in use for 90 years, and for the last 14 years has been the only authorized
disposal site in thz lower bay.

2, Recent loss of depth at the site has raised doubts as to the ability
of the site to disperse new work and maintenance material dispused there. A
mound of muterial developed which at one time reduced water derths to less
than 9.1 w wllw.* Mound development at the Alcatraz disposal site has had the
following effects:

a. Beacome a potential hazard to navigation in the existing shipping
lane, which has a project deptan of 12.2 m.

e
. b. Threatened the capacity of the site to assimilate future dredged
B material.
),
[%% c¢. Raised the possibility of new disposal sites, most probably in-
‘3 3 creasing overall dredging costs.
i
B
‘fSﬁ To eliminate this disposal site mounding, the US Army Engineer District,
18 . .
=5 San Francisco (SPN), has proposed specifications for the disposed material
o based on water content.
Pt
T?& 3 Sediments from San Francisco Bay were subjected to erosion tests at
.;5" .
';‘i the Hydraulics Laboratory, US Army Engineer Waterways Experiment Station
é%ﬂ (WES), and at the Coastal and Oceanographic Engircsering Department of the
;é”i University of Florida at Gainesville (UF). The WES ercsion studies are pre-
§,§ sented in Appendix A and the UF studies in Appendix B.
ifég
v % All elevations (el) and stages cited herein are in metres referred to mean
§§; lower low water (mllw).
,§§§
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Objectives

4  The purpose of this study was tc provide information for the manage-
ment of the Alcatraz disposal site, specifically to reduce the retention of
disposed materials at the site. The objective of the testing program was to
provide this information by establishing .he critical shear stress for erosion
and erosion rates above threshold for a range of sediments typical of thouse
disposed at the Alcatraz site. The objectives of this repcrt were to summa-

rize the erosion studies and to apply those laboratory results to the erodi-
bility of the disposal site.

éggroach

5. The two laboratory erosion studies form the basis for this report.
The two studies are summarized and resuli> compared in this report. Differ-
ences in the results of the two erosion studies are discussed. Results from
the erosion studies are applied to the disposal site to assess the suspended
settling of material to the bed, erosicn rates for constant curreants and vary-
ing bed density, and, finally, the erosion capacity of the site for varying

bed density and actually occurring current speeds.
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PART II: DISCUSSION OF EROSION TESTS
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Test Materials

6. The WES erosion testing was conducted on two composite sediment

3% materials. Core sectlons from the Alcatraz disposal site were supplied by SPN
L and combined intc the first composite sample. Core sections from Redwood Har-
é@ bor were combined into the second composite sample. The samples were sieved
g% to remove coarse materials. Both composite samples tested had similar Atter-
3% berg limits and other characteristics.

;i 7. UF tested a third composite sample made from five core sections from
Ly Larkspur-Richmond Longwharf provided by SPN.

Description of Tests

8. The WES tests were run in series with three levels of moisture or
bulk wet density {BWD)* and three levels of adcded sand: 0, 15, and 40 per-

cent., A total of 18 flume runs were made in this test matrix. A tilting

flume was used for testing, and sediments were molded into small recessed
S chanbers in the floor of the flume.
§§ 9. UF first tested the third composite material molded into their annu-
lar flume. Subsequent tests were performed in rocking and annular flumes on
depositad material. In these subsequent tests, sediment was eroded and al-
iowed to settle and consolidate before =rosion testing was conducted. Five
tests were performed. Descriptions of the testing facilities and procedures
for the WES and UF tests are pr vided in Appendixes A and B.

10. Both the WES and UF erosion studies used the modified Partheniades

erosion function as a basis for testing:
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* TFor convenience, symbols aad ab reviations are listed in the Notation
(Appendix C).




where
E = erosion rate
M = erosion rate constant
T = bed shesar stress, N/sqm
T, = critical shear stress for erosion, N/sq m

The objective of the testing was to determine M and T, o

Erosion Test Results

1i. The WES tests showed that the addition of sand to the test sample
had little or no effect on T, - A power law fnnction was £it to the combined
results, yielding an exponent of 3.29 and a constant of 17.62. The resulting
equation is

_ 3.29
T, = 17.62v, (2)

where Ye is the specific weight of the fines in the material in grams per
cubic centimetre. Average values of M were calculated for each material.
There was a statistical difference between M values for the two sediments
tested, but they were within a factor of 3 of each other. Sediment erodibil~
ity as a function of current speed U , as developed from the WES tests, 1s
shown in Figure 1, The average M value of 0.048 g/sq cm/min determined from
the WES tests was used to develop the curves in Figure 1.

UF's term

12. The UF tests indicated a linear relation hetween

for BWD, and Tc :

Db ’

T = 1.04(BWD -~ 1) (3)

where BWD i3 expressed in grams per cubic centimetre, It should be roted that

BWD in the WES tests an: in the UF tests are interchangeable., The UF

p
b
tests had sufficient temporal resolution to determine M for individual

tests. Results were combined into an expressiorn

M = 0.00166 exp (~2.33t ) (4)

where M 1is expressed in grams p« square centimetre per minute. Curves

developed from these expressionz are given in Figure 2,




13. The values of Ty required to develop the curves in Figures 1 and

2 were calculated using Manning's equation

pgn2 2
T, = U (5)
b H1/3
where
p = fiow density (1,025 kg/cu m)
g = gravity (9.81 m/secz)
n = friction coefficient (0.020)
H = flow depth (10 m)
U = depth-averaged current speed, m/sec

0.24 1 T T
020 |~
BWD =
1.2G/CU CM
0.16 |~
BWD =

z 1.3G/CU CM
2
5 .
G 012 =
i
Q
o

0.08 [— —

BWD =
1.4 G/CU CM ~ _
0.04 |-
( |
0 0.4 0.08 1.2 16 2.0

U, M/SEC

Figure 1. Erosion rates for constant currents based on WES
flume tests




1x1072 =

E, G/sQ CM/MIN

sx10~3 |-

ix1073 }-

0 0.4 0.8 1.2
U, MSEC

Figure 2. Yrosion rates for constant currents based on
UF flume tests

Variations in Results

14. Resistance to erosion is a combination of a sediment's T, and
M . The WES tests showed a much stronger dependence of T, on BWD or Py »

or solids concentration. The T values for a BWD of 1.2 g/cu cm were very
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similar, 0.28 N/sq m for the WES tests and 0.20 N/sq m for the UF tests.
However, at a BWD of 1.6 g/cu cm, WES tests indicated a T, of 14.1 N/sqm
versus only 0.62 N/sq m for the UF tests. The WES tests therefore indicated a
higher resistance to erosion in terms of the threshold for erosicu than did
the UF tests.

15. Results for M had an opposite trend. The value for M was found
to be about 100 times greater in the WES tests than in the UF tests. The WES
tests therefore indicated a lower resistance to erosion in terms of M than
did the UF tests.

16, No standard testing procedure exists for the erodibility of uncon-
solidated marine sediments. Test procedures for these and other previous
testing studies varied. Complete descriptions of test procedures used in the
two erosion studies can be found in Appendixes A and B, Differences between
the WES and UF results could be attributed to any of the following:

. Different cediments were tested.

lo* I

. Different methods were used to prepare sediment beds for
erosion.

c. The WES tests did not recirculate eroded sediment over the
sediment beds, while UF tests did.

d. The WES sediment test beds had nearly uniform shear stresses
across them, while UF test beds extended to sidewalls and had
greater variation of shear stress across them.

e. The WES erosion rates were calculated by erosion depth measure-
ments which detected only significant bed erosion, while UF
erosion rates were calculated from suspension concentraticn
changes which couvld detect much lower erosion rates.

Differences among sediments tested were probably not that important to their

erosion characteristics, judging from other characterization test results and

the repeatability found in the WES tests between sediments. The differences
in bed preparation could have been important. The deposited beds used in the

UF tests, although more natural, may have had sediment sorting from settling

velocities, resulting in vertical variations in BWD. Also, sediment recir-

culation in the UF tests may have enhanced erosion above the critical shear
stress level and may have changed the frictional characteristics of flows.

Finally, lateral shear stress across channels in the UF tests would result in

peak shear stresses being higher than average values, resulting in reported

critical shear stress values lower than actually applied.

17. Typical laboratory relationships between E and Ty show two

10




regimes or modes of erosion., At low shear stresses, erosion has been found by
Hun~ (1981) to proceed first as surface particle flaking which has a low
threshold and a lower value of M . At higher values of T, s @ break point
is pacsed at which M increases sharply. Extrapolating the higher erosion
mole vields a relatively high apparent critical erosion threshold. Figure 3
shows an example plot of the general form described. The UF and WES results
might reflect measurements of the lower and higher modes, respectively, and

ma,; in fact be conszistent from a phenomenological perspective.

1 i 1 1 T ¥
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Figure 3. Typical nonlinear erosion behavior
of cohesive sediment (data from Hunt 1981)
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PART III: APPLICATION OF RESULTS

Descent of Material to the Bed

18. Sediment materlals are initially diluted at the time of dredging,
devending on he method. After disposal, materials descend based on their
bulk densiiy and initial momentum. Depending on specific sediment and dis-
posal conditions, the dredged material can be considerably diluted before it
impacts the bed and spreads horizontally to repose. The deeper the water at
the disposal site and the greater the initial moisture of the disposed mate-
rial, the greater the dilution attained during descent. Other factors can in-
fluence the dilution attained during the disposal operation, such as vessel
speed and dispossl rate. Trawlie and Johnson (1986) present mathematical dis-
posal modeling results for a companion WES stucy. If sufficient dilution is
attained, fine sediment materials enter the ambient suspension, and their sub-
sequent dynamic behavior is controlled by particle settling rates. A detailed
analysis of the convective descent, dynamic collapse, and passive transport cf
dredged material disposed at the Alcatraz site is given by Trawle and Johnson
(1986).

19. Krone (1962) found that the critical shear stress below which
San Francisco Bay sediments deposited from suspension was 0.08 N/sq m, repre-
senting an average velocity of about 23 cm/sec. This velocity condition was
observed to be exceeded about 385 percent of the time in the current data from
the dispecsal site presented by Winzler and Kelly (1985).

20. Given an initial vertically uniform concentration Co of sedimeant
initially located at the center of the disposal site, an estimate of the con-

centration C of uniformly suspended material leaving the disposal site can

be made using the expression:

w-
oo [
e

robability of depositing once reaching the bed

where

>
1]

radius of the site

=
[l

settling velocity

12




Using a current speed U of 0.114 m/sec, which is half the critical value; a
probability P of 0.5; a typical settling rate Ws of 0.5 mm/sec measured
from WES characterization tests; and an average depth H of 20 m, Equation 6
estimates that about 99 percent of the suspended material would leave the
disposal site,

21. Settling experiments on completely slurried sediments, performed as
part of the WES characterization testing, indicated that the initial density
of newly settled material was roughly 1.1 g/cu cm over a period of a couple of
hours. Erosion tests indicate that material of this BWD is quickly eroded by
currents typical of the disposal site.

22. Particle settling is therefore not an important factor when consid-
ering deposition of disposed material on the bed at the Alcatraz site. Tur-
bidity clouds generated by the disposal of materials (generally which have
been diluted to concentrations less than about 20 g/%) either escape from the
disposal site or reside at the bed only for a matter of minutes to hours until
tidal currents increase.

23. Therefore, any measures increasing the fraction of disposed material
which enters suspension, such as modified disposal practices, will decrease

sediment retention in the site.

Erosion Rate Estimates

24. Once on the bed, material of sufficiently low dersity can flow or
slump under the influence of gravity or stress imposed by the overlying flow.
Material at higher density must be eroded to disperse from the disposal site.

25. Using the constants To and M , determined from experiment, cal-
culations can be made of E at the Alcatraz disposal site using Equation 1.
The value of T, was estimated using Manning's equation (see Equation 5).
Plots of the rates of erosion versus the depth-averaged flow velocity are
given in Figures 1 (WES) and 2 (UF).

26. The calculated erosion rates and an estimated deposition rate can
be compared for the site. Assuming 19,114 cu m/day are disposed at the site,
ana that material contains 0.6 g/cu cm or 43 percent by weight of solids (B¥WD
~1.39), the average deposition rate would be 0.24 g/sq cm/min, if all of the
solids were deposited evenly over the disposal site. This type of disposal is

often referred to as "thin layer" disposal. Erosion rates would have to

13
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average about 0.24 g/z=q cm/min, which represents the maximum erosion rate
plotted in Figure 1, to balance the ectimated deposition rate.

27. The surface of the disposal area has not been well characterized,
but surface BWD's of roughly 1.48 g/cu cm in areas of fine sediment accumula-
tion seem reasconable from a limited number of measurements, witl: higher values

zisewhere. The average BWD of the Larkspur-Richmond Longwharf sediments is

VA Do om il O A s

about 1.6 gfcu em, Highly consolida*ed mud with a BWD of 1.5 g/cu cm would

erode only about 2.3 cm after being subjected to a constant current speed of

1.5 m/sec for 24 br based on the curves in Figure 2.

Erosion Capacity of the Site

28. Erosion rate expressions can be combined with current statistics to

estimate the volumes of wvarions sediments which would erode from the Alcatraz

P T LR LRI T L

disposal site.

29, Current statistics, the average frequency of occurrence for certain
speed ranges, were assembled from the data of Winzler and Kelly (1985) for the
four middepth current meters deployed in the disposal site. A swmall portion
of the data was depth averaged and compared with the middepth meter values,
indicating that the latter values coull be used to characterize the currents
at the 'site. The current recexd covered 14-19 July 1985 at 15-min intervals.

30. The erosion capacity of the site was calculated and presented in
Table 1, along with current statistics rounded tuv the nearest 0.1 percent.

The erosion threshold and average erosion constant from the WES study and an
average site depth of 20 m were used to compute erosion rates. The site diam-
eter (610 m), the specific weight of the fines, and average current statistics
were used to convert erosion rates into erosion volumes for the various cur-
rent speed ranges and sediment BWD's. Sediment material was assumed to be

90 percent fines.,

31. Table 1 shows that the extremely high current speeds are important
to erosion of the denser material at the dispcsal site, even though they occur
at very low frequencies. Ercsion volumes decrease rapidly with increasing

BWD, until little or no erosion occurs at a BWD of 1.5 g/cu cm.

LI

32, The results presented in Table 1 are indirectly verified by the

e

observed BWD's of the surface sediments, which are generally 1.5 g/cu cm and

above, Sediment properties at the disposal site reflect the ability of the

14
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sediments to resist erosion asg much as the properties of the disposed mate-
rial. Observations of surface sedi:ent density are sparse, however. Also,
the record length chiaracterizing the current statistics is shert. The record
represented the time period from 14 to 19 July 1985. The highest current
range frequency was based on a single observation,

33. Note that erosion capacities are directly proportional to the sur-
face area used within the disposal site. Erosion capacity decreases in direct
proporcion to the underutilization of the site's area.

34. The BWD's indicated in T¢.le 1 and Figures 1 and 2 are uniform
average densities. An average PWD of 1.2 g/cu cm can consist of 40 percent
(by volume) clumps of 1.6 g/cu cm and the remainder of 1.1 g/cu cm slurry, for
instance., Such a material will erode differently from a completely slurried
material which is uniformly 1.3 g/cu cm.

35. To estimate the site's erosion capacity for a graded distribution
of sediment BWD's, apply class weight fractions to individual values from

Table 1 2nd sum the results.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS

Conclusioas

36. Individual fine-grained suspended ssdiment particles in suspension
are not retained in the site, and any measures which increase the fraction of
sediments immediately entering suspension subsequent to disposal will reduce
sediment retention.

37. Clumps or highly consolidated sediments with BWD's greater than
about 1.5 g/cu cm are very slow to erode at the disposal site. Most, if not

all, of this material will be retained in the disposal site.

Recommendations

38. Disposal site management strategies should target a reduction im
both the average and the maximum sediment densities or concentrations of dis-
posed material to decrease retention of sediments in the disposal site, This
might be accomplished by criteria placed on the disposed material, or by mod-
ification to dispcsal practices, or a combination of both. The combined
effects from reducing maximum and average sediment densities could reduce or
eliminate sediment retention at the Al:atraz disposal s’te by ensuring that

a. An appreciable amount of material will disperse immediately
from the site in suspension.

o

. Material which deposits at the site will be of low density.
c. Ambient currents can erode deposits faster than deposition can
create them,

39. To increase the capacity of the Alcatraz disposal site, sediments
digposed should be well slurried and of moderate solids content to ensure that
the resulting bed deposits will be erodible by ambient currents. The entire
disposal area should be continuously utilized to maximize the erodible area
and to decrease burial of sediments,

40, Monitoring the distribution of disposed dredged material densities
has never before been undertaken on a large scale, but it should be addressed.

Long-term current records from the disposal site are needed to improve current

statistics.
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Introductiog

1. Sediments from San Francisco Bay were subjected to erosion tests at
the Hydraulics Laboratory, US Army Erngineer Waterways Experiment Station
(WES), to provid: inforamation on the erosion characteristics of disposed sedi-
ments. Direct testing was raquired to make good estimates of the erosion
characteristics of fine-grained materjals, as cchesion varies between sedi-
ments of different mineralogy, pore fluid composition, and other sediment con-
ditions. The information is intended for evaluations of remedial measures by
analytical evaluations and/or mathematical simulations of the sediment reten-
tion problem. The scope of the testing included the erosion behavior and

characterization of the sediments.

Process Description

2. Because mos:t of the uaterial disposed at the Alcatraz disposal site
is fine-grained, this study is primarily concerned with the erosion of fine-
grained sediments, The hydraulic shear strength of these materials is related

to their ccl.esive nature.

~

3. The process of fine-grained sediment evosiorn by tangential hydraulic
stress in an open-channel, subcritlical-flow environment has been studied by
subjexting samples to erosive forces in the laboratory. Past studis:s have
used twe app—oaches to foym test sediment beds:

a. Remoid the sediment bed by pouring or trawling high-density
material into a chamber, producing a relacively uriferm
cenditioa,

{o

3ettle ~he sedimen” bed from a quiescent or slowly moving sus-
pension, procdacing a vertically stratifiec¢ bed in density and/or
sadiment properties.
Depending on bed conditions, laboratory fine-graiied erosion experiments under
constant flow conditions resulted in either a constant erosion rate if the bed
was remolded (4s in a), or ar. exponentially decreasing erosion rate with time
if the bed was settled (as in b). The results are comparable, however, and
the bed preparation is a matter of experimental convenience and of the
specific application of results.

4. Previous erosion studies have found erc..ion rat to be propnrtional

to the shear stress in excess of a critical value. The functional expression

A2




known as the modified Partheniades function, given in Equation 1, para-
graph 10, main text, was used as a basis for this testing. The objective of
the testing was to determine the erosion rate constant* M and the critical
shear stress for erosion T, for a range of sediment conditions.

5. A number of sediment bed conditions are known to have effects on
resistance to erosion and erosion rate. A primary condition is the consolida-
tion state of the bed as indicated by concentration parameters such as bed
density, specific weight of solids, moisture content, and voids ratic.

Tavle Al gives the correspondence between several of these concentration
paraneters.

6. Twu other conditions important to the erosion resistance of sedi-
ments are cohesiveness and grain size. Cohesiveness is known to increase the
resistance to erosion and decrease erosion rates of sediments. Increased per-
centage ¢f clay has been found to increase erosion resistance. The effect of
the mixture of coarse- with fine-grained sediments has not been reported in
the literature and is not knowm. Both of these conditions, along with bed

density, were considersed by this study.

Preliminary Tests and Characterizations

7. Before the test plan was developed and finalized, a number of pre-
liminary tests and chavacterizations were performed. Comparisons were made
betweer certain characterizations and values measured by the US Army Engineer
District, San Francisco (SPN). Erosion test conditions were compared with
field conditions using data also supplied by SPN. Limitations of experiwental
equipment in prcducing necessary flow conditions were evaluated.

8. The preliminary characterizations indicated the following results:

a. The densities of the sediment core samples from the Alcatraz
disposal site are reiatively high, 1.5 to 1.75 g/cu cm, and are
in agreement with SPN measurements.

b. The liquid limits of sieved sediments were similar to one

another, and only about half those of original, urdisturbed
values,

c. Maximum flume currents of about 1.4 m/sec, or the associated
shear stress of 2.1 N/sq m, were sufficient to erode sediments

*# For convenience, symbols and abbreviations are listed in the Notation
(Appendix C).
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with moistures of greater than 120 percent (density less than
1.4 g/cu cm).
Results of liquid and plastic limits, demsity, and moisture content, and
erodibility information from preliminary tests were used to set a framework
for the main test series. Selected preliminary test data have been included

in the main text.

Description of Tests

Test materials

9. WES performed erosion tests on two sediment materials. Core sec-
tions or samples designated by SPN as 93130 and 93263 from the Alcatraz dis-
posal site were combined into one sample, designated CL. Farmer (1985)%*
provides the exact locations and geotechnical test results on tihese samples.
Core sections from Redwood Harbor core sections 94974 and 97979 were combined
into the other sample, designated CH-2, Samples were passed through a
No. 200 sieve to remove coarse materials, Two other materials (designated
CL-2 and CH) were constituted from core samples by WES, as described in the

following tabulation, and used in characterization tests.

Core Test Sediment

Sample CL CL-2 _CH CH-2
1 93130 93146 93140 94974
2 93263 93162 97979

10. The sediment materials were combined with salt water from the flume
to adjust density. The material was not dried at any stage of the testing.
The fine-grained material appeared to contain large amounts of iron, which
stained containers and even clung to magnetic stirring bars. Iron content has
been found to increase the erosion resistance of fine-grained sediments in
previous studies.

11. The salinity of salt water used in the flume was 32 ppt. The salt
water was prepared by mixing about 250 kg of commercially available flaked
sodium chloride with the water in the sump of the flume. The pH of the salt

water used for the tests was 7.90, while the pH of the tap water used to make

* References cited in this Appendix are included ir the References at the end
of the main text,
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the salt water was 7.77. The pH of the rame salt water used in the consolida-
tion tests and after settling was 7,54.

12, Sand from a Mississippi River bar south of Vicksburg, Mississippi,
known as Reid Bedford, was added to tha fine-graincd test materials, as de-
scribed in paragraph 14. The sand passed a No. 40 sieve and was retained on a
No. 100 sieve.

Erosion test procedures

13, The following tests were performed:

a. Erosinn threshold and rates on two sediments each for nine test
conditions,.

b. Settling rate on three sediments at various suspeasion concen-
trations and quiescent conditions.

c. Consolidation rate on two sediments at various high initial

concentrations.
d. Atterberg (liquid and plastic) limits at various sediment con-
ditions (sand content and sieve treatment).
e. Bulk wet density (BWD) of original &«nd test materials.
f. Cation exchange capacity (CEC) on three test materials.
g. Sodium adsorption ratios (SAR) on three sediment pove fluids.
h. Loss on ignition on three sediments as a measure of organic
content.
i i. Size analysis on three undispersed sediments.
i The following tabulation details how tests were applied to the four test
bobe sediments:
1f; Test Test Sediment
45 Performed CL Cr-2 CH CH~2
ff: Eros ic'm X X
e Settling X X X
7;" Consolidation X X
Atterberg X X X
BWD X X X X
CEC X X X
SAR X X X
Percent loss on ignition X ¥ -
Particle size X X X

14, Testrs were carried ocut in accordance with the proposed sceope of

AS
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work and the preliminary tests, Erosion tests were run on two sediments in
B series with three levels of moisture or BWD and three levels of added sand:
:‘;ﬁ 0, 15, and 40 percent. A total of 18 flume runs were made in this test
% matrix. A tilting flume was used for testing, and sediments were molded into
ﬁ small recessed chambers in the floor of the flume.
F 15. For each test, material was mixed to the desired consistency,
'é tested for bulk density, and molded into the test chamber on the afternoon
5; prior to the test day. The material in the chamber was covered with a thin
:: layer of salt water and a dome lid to prevent drying. The tests startecd the
; following morning, allowing a setup or gelling period of about 16 hr for each
test.,
jﬁ 16. Before testing, the elevation of sediment surface was measured at
?: 30 locations using & point gage. The accuracy of these measurements was
;f £0.0003 m.
%* 17. Erosion tests were performed starting with a very gentle flow, then
?: increasing flows in steps until the erosion thickness became appreciable or
;z until the chamber edges became exposed. A maximum of eight steps of 1-hr du-
3

ration were made until test termination. Tests lasted between 4 and 8 hr a

RO

day over a 6-week period. The flow, slope, and tailgate settings were ad-
justed to predetermined valiues within about one-half minute at the beginning
cf the step period.

18. After the termination of the tests, the sedimen. surfaces were

AT

regaged, and the remaining sediment removed.

Description of flume

19. The flume used for the erosion testing is called the temperature

flume at WES because the temperature of the recirculating water and of the

]
i

laboratory space the flume occupies can be controlled. Temperatures in the

flume for this test were 20.6 to 21.7°C. The flume is a 24.4-m tilting chan-
y nel constructed of aluminum, supported by a pivot at its center and mechani-
cally coupled screw jacks along its length. The tilt can be adjusted within
b +0.0003 m to produce uniform flow.
20. The flume is 0.92 m wide and has a maximum depth of about C.3 m,
controlled by an adjustable tailgate. Three pumps can be used to supply the

head tank of the flume: a 0.l4-cu m/sec centrifugal, a 0.057-cu m/sec cen-

trifugal, or a 0.042-cu m/sec axial flow. For these tests the 0.042-cu m/sec

;{ axial flow pump was used because of the associated corrosion-resistant
16

[

e A6




. b oy B it gt e g e R TS R RS T R L A T S S R R P T T O W T AN R T AT U SIRA R MR PRSRIE d UR FLacRai iy
.ﬁ;...-.. ity oty " " T =% : T

§%§. plumbing available to handle salt water. The flume spills into a sump and the
%;(j flow is recirculated. The volume of water in the system is about 11.33 cu m.
* 21. Flow in the flume was measured using a Data Industrial Series 900

' flowmeter with a model 228 impeller sensor. The meter was calibrated with a
;\}: V-notch weir, traceable to volumetric standards. The accuracy of the meter
%; was 2 percent of the reading in the range used.

%ﬁu 22. Water-surface slopes were measured with point gages located at 3,
N 12.2, and 21.4 m along the length of the flume. The point gages were read to
ﬁ S +0.0003 m, but the presence of ripples on the water surface lir.ced accuracy
%zé to roughly *0.0006 m. The shear stress on the flume bed was calculated from
?ﬁ; the bed and water-surfac2 slopes, flow rates, and sidewall correction factors.
s Sidewall correction factors were computed using the method given by Vanoni
i};* (1975).

ig’ 23. Two small chambers held sediments for erosion tests. The chambers

were 0.20 m long in the direction of the flow by 0.15 m wide by 0.041 m deep,

.f*:gﬁf

i

and were located 0,30 m from each wall and 22.9 m from the head of the flume.

The chambers were specially constructed for these tests to accommodate the

small samples available for erosion testing.

Ty
Pl

AR Characterization test procedures

. 24, Settling tests were performed by combining measured amounts of test
%5 sediments with 19.4 £ of natural seawater, vigorously mixing them for 5 min,
[

introducing the suspension into a transparent 0.l10-m-diam by 1.80~-m~high set-

tling colunn, and withdrawing samples over the following several hours. Sam-

-

PRI
SR St

ples were withdrawn from near the bottom of the column and analyzed for cotal

C

S
'M
X

nonfilterable solids using a standard method.

25. During most of the settling tests, it was possible to observe the

Lo
§§t thickness of the sediment deposit on the bottom of the column. As sediment
&,E settled to the bottom, the deposit thickness increased about 1  =rly with
%iﬁ time until the suspension concentration neared depletion. The peak deposit
§§§ thickness then occurred, and subsequently thicknesses decreased. ¥rom the

%S concentration and deposit thickness histories, average deposit densities were

calculated.

26. Consolidation tests were performed by mixing test sediments with
natural seawater and introducing the high-coacentration (88 to 323 g/2)
suspensions into transparent cylinders. Cylinders were about 0.37 m high and

had diameters of 0.060 m and 0.079 =m, the latter used for higher test
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ﬁ concentrations. At these high concentrations, suspensions behaved as a mass

% and slowly collapsed. A sharp interface formed between the sediment and clear

g overlying layer, The initial rate of descent of the interface is equal to the

. hindered settling valocity Wh of the initial concentration Co .

f} 27, Atterberg limits were determined to characterize sediments. The

;V test device was manufactured by Soiltest, Inc. (model CL-204). Standard

%ﬁ methods were used, and modified only to accomplish specific testing variations

Eﬁ such as sample sieving or sand addition.

%- 28. BWD's were determined using 25-cu-cm widemouth pycnometers. The

s accuracy of these determinations was better than *0,005 g/cu cm.

§§ 29. CEC and SAR are measures of the cohesiveness of the material and
the jon balance of the pore fluid, respectively. A standard method was used

? to determine CEC which employed ammonium acetate extraction. Isopropyl

%: alcohol was used to rinse dried sediments. SAR is derived f{rom the amount of

;j sodium (Na), calcium (Ca), and magnesium (Mg) in the pore water of the test

4 material as shown in the following equation:

2 SAR = [Na

1/2
1 1
\-2-|Ca| + '2'|M8|>

30. Loss on ignition determination was used to characterize sediments

for organic content, A standard method was used to measure the weight loss of

o dried samples after heating at 550°C for 1 hr. Several replicates of each

\ sample were run,

§f 31, Size analyses were performed to characterize test sediments. A

;: 128-channel electronic particle counter (Particle Data model 80 X-Y) was used.
?? A very small subsample of material was diluted in particle~free, 2 percent

&

)

sodium chloride and analyzed immediately in an undispersed state., This method

2 a¥

s measures aggregate particle size distribution, representative of the dynamic
42
i behavior of sediments, rather than the dispersed, elemental particle size dis-
;; tribution used for geotechnical classification. The range of this analysis
B35
%’ was from about 4 to 75 um.
2
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Data Analysis

Erosion tests

32. Raw data from the erosion teswus consisted of the shear stress at
the termination flow, the concentration of the test sediment, the volume
eroded during the termination flow step, and the time over which the erosion
took place. The T, for the sediments was between the shear stresses of the
termination step and the previous step., Therefore to estimate the two unknown
parameters T, and M , the following procedure was used:

a. The maximum excess shear stress was calculated as 7T, - T,

where 7T, 1is the bed shear stress at the termination steﬁ~1i

R § .
and i-1" refers to the previous step.

b. An average M was calculated for both sediments by dividing

the average erosion rate E by half the average maximum shear
stress.

c. The average values of M for each sediment were then used in
Equation 1, paragraph 10, main text, to estimate T .

With this method, computed critical shear stresses were below the :hear stress
at the termination step. This difference depended on the ratio between the
observed E for the test and the average M for all tests., If the value of
E was high, the critical shear stress was well below the termination step,
and if E was low, it was nearly the same as the termination step.

" 33. Another method of data analysis was employed which attempted to fit
M and a constant and exponent of a T function simultaneously by iterative

nonlinear regression techniques. While the residuals were small, the result-

ing values of M were physically meaningless (negative), and results were not
used.

Settling tests

34, Raw data from the settling tests consisted of total suspeaded
solids at sampling times. A second-order polynomial regression equation was
fit to the data by the least squares method. Coefficients from the regression
equation were then used to calculate the settling velocity distributions by
the pipette method.

35. Tests with values of C0 greater than about 1 g/% exhibited inter-
ference among particles which made settling velocities almost uniform. For
these tests, a method described by Owen (1970) of visually following the de-

scent of the strong concentration gradient was also used to estimate median

settling velocities.
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36. The densities of deposited sediments were calculated from observed
deposit thicknesses and mass of material settled from suspension. Average
densities were determined at the peak thickness time and at an intermediate
time.

Validity of tests

37. It is difficult to assess the validity of the erosion tests. No
standard methods exist for erosion testing. No practical way exists to repro-
duce all aspects of prototype flow conditions in the laboratory. The flume
must be considered as a physical model of the prototype and compromises must
be made. Erosion rates were determined under known hydraulic shear stresses
in the flume which reproduced the most important prototype hydraulic condi-
tion. However, the Reynolds numbers in the flume were much smaller than in
the prototype.

38. Test sediments were representative of prototype sediment grain size
and CEC, the main contributors to interparticle cohesion. Some other con-
tributors to cohesiveness may have been altered in the flume. Organics within
the test sediment matrix were disturbed and/or removed. Ion composition
within the test sediment matrix and the flow had different SAR's from the pro-
totype. The minimal amount of sediment transport in suspension could have

affected results.
Results

39. A summary of the application of erosion and characterization tests
to the four sediments is given in paragraph 13, this Appendix.

40. Erosion tests lefr sediments with a rough or jagged appearance, an
unexpected result for sediments with such low BWD's and soupy consistencies.
Erosion was often not uniform during flow steps, nor uniform across the sur-
face of the sediment. Erosion rates were therzfore spatial and temporal
averages.

41. Table A2 gives test conditions for the main erosion test matrix.
Figures Al and A2 present values of T, plotted for each of the two test
sediments and three concentrations of sand.

42. The average erosion rate constant M for the CL material was
0.0004 g/sq cm/sec, while the value of M for CH-2 was 0.0013 g/sq cm/sec.

The average value of M for all tests was 0.0008 g/sq cm/sec.

AlQ
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43, Table A3 shcws settling velocity distributions for three test sedi-
ments at various concentrations. The following tabulation presents the median
settling velocity estimates made using Owen's methcd (Owen 1970) and the aver-

age densities of newly deposited sediments made during the settling tests:

Initial Median Settling
Concentration Veloclity Average Concentration
of Suspension by Owen's Method of Deposit

Sediment g/8 mm/sec g/

CL 0.93 0.69 113

3.33 0.55 78

5.31 0.46 70

CL-2 0.94 - 117

2,77 0.56 83

4,91 0.43 84

CH n.59 - 83

3.27 0.50 79

5.07 0.45 69

44, The following Atterberg test results compare WES and SPN values for

the same core (but not the same sample):

Core Sample

93156 93162
WES 77 90
" SPN 84 93

Note: Core sample 93162 tested at 42 liquid limit after being
passed through a No. 40 sieve.

The effects of the addition of sand to erosion test materiais are shown in the

following tabulation:

Sample
Percent Sand Test CL CH-2
0 Liquid 1imit 44 41
Plastic limit 34 31
40 Liquid limit 30 29
Plastic limit 30 18

CEC and SAR values for test materials are as follows:

Al3




CEC

Sediment meq/100 g _SAR
CL 53.3 3.35
CH 71.9 0.61
CH-2 60.7 .51

45. Plates Al-A3 show plots of the undispersed particle size, with
mean, median, and modes of the distributions for fhree test sediments.

46, Plates A4-Al5 show plots of consolidation test data, least-squares
line fits to the beginning of interface descent curves, and values of Wh for

the two test sediments over a range of CO values,

Discussion of Results

47, Erosion tests showed a strong relationship between T and density
or specific weight of the sediment material. Sediment CL had higher values of
T, and lower values of M than did CH-2 for the same bulk density, indicat-
ing a higher resistance to erosion (Figure A3),.

48. “The CL sediment had a lower CEC than the CH-2 and a much nigher SAR
value. Higher CEC's are normally associated with increased erosion resis-
tance. Increases in SAR have been found in other studies to cause decreases
in erosion resistance (Hunt 1981). It 1is not known what caused the SAR of the
pore fluid of CH-2 sediment to be low, possibly some soluble material in that
sediment. Both sediments were mixed with the same saltwater stock. The CL
sediment was somewhat finer than the CH-2 sediment, aad increesed clay frac-
tions are generally associated with increased resistance to erosion.

49. Apparently, among the factors of grain size, CEC, and SAR for these
tests, the dominant factor in determining the erosion resistance of the mate
rial was the grain size.

50. The fine fraction of the solids concentration of the materials was
correlated with T, - Figures A4 and A5 show plots of T, plotted against
the specific weight of the fines Ye in grams per cubic centimetre for the CL
and CH-2 sediments, respectively. This again points to the importance of the
fine fraction to the erosion resistance of the material,

51. A power law function was fit to the combined results, yielding an

exponent of 3.29 and a constant of 17,62 (Figure A6):
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_ 3.29
T, = 17.67Yf

52. Settling rates were higher than for most other fine-grained sedi-
ments from other areas tested previously by WES. Settling velocities were
fairly uniform for the concentration range tested. Owen's method (Owen 1970)
yielcded rasults which were gererally lower by about 15 percent than resulte
from the pipetie methnd.

53. Figures A7-A9 are plots of combined settling and consoliidation test
results., The onset of hindered settling occurred at 1- to 2-g/% concentration
for the CL-2 sediment. Althcugh it could nct be determined from the other
tests, the onsct appeared to be similar. %he onset of layer formation (shown
on log plots of Figures A7 and A9) was interpireted as occurring at about
20 g/% for both sediments. Values of Wh were relatively high (about
0.01 mm/sec) for newly deposited sediments (70 to 120 g/%), and decreased
rapidly above about 150 g/%.

Cenclusions

54, Information on the erosion characteristics of San Francisco Bay
muds was developed from flume tests. Characterization tests on the material
were ‘used to explain differences in experimental rcsults, to relate results to
previous scudies, and to provide supplemental data for transporc calculations.

55. Erosion test results can be combined with infcrmation of the flow
regime at the disposal site and characteristics of the deposited materials to
make escimates of erosion ratec, Results can also be incorporated into numer-
ical simulations, such as those using the US Army Engineers TABS numerical
flow and sediment modaling system.

56. Characterization results ifor settling and consolidation can be used
to improve disposal modeling and/or numerical sedimenc modeling of the

disposgal site.
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Table Al

Concentration Parameters

Specific
Weight or

Concentration Moisture Conceutration Concentration BWD Voids
g/ 5 percent by Volume by Weight g/cu cm ratio
25 4,061 0.009 0.024 1.040 0.991
50 2,011 0.019 0.047 1.056 0.981
75 1,328 0.028 0.070 1.071 0.972
100 986 0.038 0.092 1.086 0.962
125 781 0.047 0.113 1.102 0.952
150 645 0.057 0.134 1.117 0.941
175 547 0.066 0.155 1.132 0,931
200 474 0.075 0.174 1.148 0.920
225 417 0.085 0.193 1.163 0.909
250 371 0.39% 0.212 1.178 0.898
275 334 0.104 0.230 1.194 0.887
300 303 0.113 0.248 1.209 0.875
325 277 0.123 0.265 1.224 0.864
350 254 0.132 0.282 1.240 0.852
375 235 0.142 0.299 1.255 0.839
400 218 0.151 0.315 1.270 0.827
425 202 0.160 0.331 1.286 0.814
. 450 189 0.170 0.346 1.301 0.800
475 177 0.179 0.361 1.316 0.787
500 166 0.189 0.375 1.332 0.773
525 157 0.198 0.390 1.347 0.759
550 148 0.208 0.404 1.362 0.744
575 140 0.217 0.417 1.378 0.730
600 132 0.226 0.431 1.393 0.714
625 125 0.236 0.444 1.408 0.699
650 119 0.245 C.457 1.424 0.683
675 113 0.255 0.469 1.439 0.667
700 108 0.264 0.481 1.454 0.650
725 103 0.274 0.493 1.470 0.633
750 98 0.283 0.505 1.485 0.615
775 94 0.292 0.517 1.500 0.597
800 89 0.302 0.528 1.516 0.578

(Continued)

Note: Values are given for a liquid density of 1.025 and a solids density of
2,650 g/cu cm.
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Table Al (Concluded)

Specific
Weight or

Concentration Moisture Concentration Concentration BWD Voids
g/% percent by Volume by "leight g/cu cn ratio
825 86 0.311 0.539 1.531 0.559
850 82 0.321 0.550 1.546 0.539
875 78 0.330 0.560 1.562 0.519
900 75 0.340 0.571 1.577 0.498
925 72 0.349 0.581 1.592 0.477
950G 69 0.358 0.591 1.6C8 0.455
975 66 0.368 0.601 1.622 0.432
1,000 64 0.377 0.610 1.638 0.409
1,025 61 0.387 0.620 1.654 0.385
1,050 59 0.396 0.629 1.669 0.360
1,075 57 0.406 0.638 1,684 0.334
1,100 55 0.415 0.647 1.700 0.308
1,125 52 0.425 0.656 1.715 0.280
1,150 50 0.434 0.665 1.730 0.252
1,175 49 0.443 0.673 1.746 0.223
1,200 47 0.453 0.681 1.761 0.193
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Table A2

Erosion Results for Test Matrix

Terminal Maximum

Specific Specific Bed Excess Erosion
Sediment/ Weight Weight Shear Shear Erosion Rate ©
Percent Total Fines Stress Stress* Time Total c

Sand g/cu cm  g/cu cm N/sqm N/sqm sec g/sq cm/sec N/sq m

CL/0 0.533 0.533 2.13 0.32 3,600 2.94E-5 1.98

0.465 0.465 1.62 1.38 3,600 1.16E-5 1.57

0.380 0.380 0.68 0.33 1,200 C.11E-5 0.56

CL/15 0.577 0.490 2.13 0.32 1,800 4,69E-5 1.90

0.530 0.450 0.68 0.33 3,600 8.8E-5 0.56

0.413 0.351 0.68 0.33 1,200 1,65E-4 0.48

CL/40 0.705 0.423 1.62 1.38 1,800 1.00E-4 1.29

0.569 0.341 0.68 0.33 900 1.58E-4 0.49

0.460 0.276 0.68 0.33 600 3.51E-4 0.36

CH-2/0 0.495 0.495 1.62 1.38 300 2.37E-4 1.37

0.403 0.403 0.68 0.33 1,200 8.09E-5 0.64

0.333 0.333 0.68 0.33 300 6.23E~-4 0.46

CH-2/15 0.564 0.479 2.13 0.32 2,400 6.09E-5 2,03

0.465 0.395 0.68 0.33 3,600 5.24E-5 0.65

0.397 0.337 0.68 0.33 300 6.09E-4 0.46

CH-2/40 0.771 0,463 2.13 0.32 2,700 4.00E-5 2.06

0.605 0.363 0.68 0.33 2,820 8.51E-5 0.64

0.491 0.295 0.68 0.33 300 7.99E-4 0.42

¥

* TLT T (See paragraph 32 of this Appendix.)
*% Based on average erosion rate constant for each sediment,
= 3,96E-4 g/sq cm/min for CI. and 1.30E-3 g/sq cm/min for CH-2.
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(Previously published as "Experiments on tne #ro-ion of Depesited
and Flaced Cohesive Sediments in an Annular Ylume cnd a Rocxking
Flume," by Catherine Villaret and Mary Paulic, Repwzi &n. U¥L/COSL-
86/007, June 1986, Coascal and Oceanographic Engineeriug tepartwent,
University of Florida, Gainesville, Florida.)
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PART 1. KAOLINITE AND CEDAK KEY MUD

I. INTRODUCTION

The erosion of fine, cohesive sed’ments in estuaries is important to bsth
the engineer and the scientist. The resuspension &nd transport of flne
sedinents can cause shoaling iu ship channels resulting in increassd time and
cost of dredging. Froum an envivormental perspective, resuspension of sedimant
increases turbidity, thus Jdegrading water quality and possibly harming aquatic

organisms.,

Undcr mild to moderate flow conditions in the estuary, srosior of the mud
surface typically occurs by the entraimment of aggregates rather than by mass
erosion. Th2 erosional behavior of a mud bed depends on four princiral
frctors; physico-chemical properties of the mud, chemtical properties ¢f the
eroding fluid, flow characterlstics, and bed structure (Parchure and Mehta,
19C5). Bed strvcture can be classified as eithes placed or deposited, in
relaticn to the procedure for bed preparation. For the purposec of zhis
report, a placed h=2d s defined as nne in which the bed has been prepared by
placing a thick alurrv of mud into the laboratory apparatus. A deposited bed
is produzed by allowinz & dilute mud suspension to settle from the water
column and conwolidate. The deposited bed represents the top sediment layers
of &n ext:zrine sediment which are frequently resuspended by the action of
waves and currents. A placed bed is more representative of the lower sedimenc

layers which do net regularly receive perturbations from waves and currents.

The influence of the first three parameters on ths erosion rate of
cohesive iediments has been extensively studied (Parchure and Mehta, 1985).
The majority of laberatory experiuents performed have used only one bed
otructute anrd fiow reglme wiithout comparative studies of different bed
structures and flow regimes. ‘he main purpose of this study wvas to show the
effect of buxd structure on the rute of surface erosion under both steady and
cecillatery currents. Two different apparatuses, a rotating annular flume and
a rocking flime, weve used to generate a steady current and an oscillatory
current, reepectively. Bota bed types, using both kaolinite and estuarine
mud, were tested 1. each apparatus. Table 1 is a list of the experiments

performed.
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Table 1. Experimental Design

Sediment/Bed
Apparatus Kaclinite Estuarine Mud
Annular Flume . Deposited bed Deposited bed
Placed bted Placed bed
Rocking Flume Deposited bvad Deposited bed
Placed bed Placed bed

Bed Structure

The primary difference between placed and deposited beds is the
distribution of bed shear strength (and density) with depth. A deposited bed
showz an increase in shear strength with increasing depth into the hed (Figure
1) This is a Type I profile. Placed beds have a n2arly constant shear
strength from top to bottom (Figure 2). Such a profile is referred to as Type
11 (Parchure, 1984; Hunt and Mehte, 1985).

‘A profile of density with depth is critical to Jdetermining erosion
rates. Bed Jensity iucreasec in 2 depositad bed from top to bottom. On the
other haud, a placed bed has aearly wiiform density from top to bottom.
Deposited teds undergo both primary and secondary consclidfation as compared to
mainly secoadary consolidation for placed beds (Farchure, 1984}. Due to their
mode of prevaration, deposited beds are generally wealer (lower density a:d

shear 3treng.:} than placed beds for a comparable period of consolidaticr.

{oucentration~Time Profiles

For a deposited bed the rate of erosion, € (the time-rate of change of
guspended sediment mass per unit bed surface area), which is proportional to
the time-rate of change of suspension concentration, decreases as ercosion
proceeds and eventually stops. Once this steady state condition has been
reached, the concentration of suspended mass remains constant, as in Figure
3a. Erosion is no longer occurring. At this stage, the bed shear strength at
the mud-fiuild interface is equal to the applied shear stress, Ty.
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Placed beds behave differently. The suspended sediment concentration
increases linesrly with time for a given shear stress in excess of the shear
strength, as in Figure 3b, Thus, the rate of erosion of these beds 1is

constant for a given shear stress.

Erosion Rate Expressions

Erosion cf a depouited bed can be empirically modeled as a logarithmic
relationship correlating the a~rosion rate to the excess shear stress above the
bed shear strength. This relationship is:

1
-t (2] 72 (1)

€
leg — = afT,
where € 18 the erosion rate, 1, i8 the time-mean bed shear stress, Ts(z) is
the bed shear strength as a function of depth, z, below the bed surface, a is
an empirical rate constant and €¢ is defined as the floc erosion rate
(Parchure, 1984; Parchure and Mehta, 1985).

The erosion rate of a placed bed can be related to the bed shear stress

by:
(1, - t.)
e-M.—.—g__s- (2)
T
8
vhere 1, is the constant (critical) bed shear strength and M is an empirical

coefficient (Parchure and Mehta, 1985).

II. METHODS AND MATERIALS

Agoaratus

Two different flumes were used for these experimenis; a rotating annular

flume and a rocking flume.

Annular Flume. The annular flume had a channel width of 20 cm, depth of

46 cm, and a mean radius of 76 cm. Inside the channel a 20 cm plexiglass
annular cing was suspended by means of four vertical supports sttached by
horizontal supports to the central vertical shaft (Figure 4). The equipment
was calibrated to oroduce a bed shear stress up to 0.9 N/mz. Complete details

of flume celibration are contained in Mehta (1973). The total depth of
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sediment and water in the flume could be up to 33 cm. For the described

experiments a bed of 7 cm depth and water column height of 23 cm were used.

When the ring was rotated, a shear stress was transmitted to the sediment
bed through the water column. To operate properly the ring was required to be
in complete surface contact with the water column. During operation the ring
and channel were rotated in opposite directions to minimize the effects of

secondary currents and to maintain a uniform flow in the channel,

Taps were located on the outside wall of the channel to allow sampling
from the water column. Samples were collected over a variable time regime.
Total suspended sadiment was determined by filtering water samples with a 0.45
micron Millipore filter and filtering apparatus. Samples were then dried at
50°C for at least two hours and then weighed on a Mettler balance (model HS80)

with &«n accuracy of 0.1 mg.

Rocking Flume. The rocking flume was constructed of 1.25 cm thick

plexigiass. It was 2.4 meters in length and 36 cm high with an inner width of
15 cm. A false bottom was buili into the flume at a height of 7 cm. The
actual depth of the flume channel was therefore 29 cm. Figures 5a, 5b and 6a
illustrate plan, elevation and side views of the flume. The entire assembly
was mounted on a table with dimensions of 2.75 meters in length, 91 cm in
width, and 91 ¢m in height. The flume was mounted on a pivot 16 cm above the
table allowing it freedom of rocking motion. Directly above the pivot the
channel had been deepened an additional 5 cm for s length of 54 cm to allow
for the placement of a sediment bed. The flume was operated by a hydraulic
transmisison attached to a 3/4 hp motor. A metal shaft (rocking arm) at ome
end of the flume was attached by a circular hub to the flume and to the
hydraulic transmission by a hub attached to a rotating plate (Figures 5a,b and
6a). When the flume was in operation, the transmission turned a staft which
turned the rotating plste. This caused the shaft to move up and down
resulting in the flume rocking back and forth. Different periods of rocking
could be obtained by increasing the speed of the motor and the attached

s8haft. Amplitude of rccking motion could be varied by changing the

eccentricity of the rocking arm/rotating plate connection.

When the flume was opsrated & standing wave was produced which had 1ts
node at the center of the flume, in the middie of the sediment bed. The waves

produced were of shallow water type so that the oscillatory velocities were
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nearly uniform over depth. Maximum herdfzontal displacement occurred at the

node where th. velocity was predominantly in the horizontal direction, along

the bed surface. Wave period could be determined by timing the rotation of

ia? the plate. Wave amplitude could be determined by measuring the vertical

4§%§ displacement of water from still water level at the end of the flume.

%q{, A modification was made to the flume t- increase the flow velocity at the

‘?Vf bed surface. A plexiglass top constriction of height 19 cm and 54 cm length

;%f{ was placed in the water column above the sediment bed (Figure 6b,c). The =nds

égéﬁ of it were sloped to reduce turbulence at the entrance to the bed. Its height

,iéa- above the bed could be varied. With the top constriction in place, free

f‘* surface flow in the flume was thus replaced by flow in a “tunnel” in the

ég@ crentral portion of the flume. Over time the current generated at the sediment
Q? surface had a sinusoidal velocity variation.

§§% Flume Calibration. The flume was calibrated to produce a maximum shear
%f% stress up to 0.8 N/mz. Maximum shear stress was calculated as 0.5 pfuumz,
g%gi where p is water density, fw is the coefficient of friction, and u, 1s the

;H% maximum horizontal water velocity. A number of different techniques were used
%3?’ to determine velocity. These included direct measurement of the displacerent
e of the water level relative to the mean, mean surface particle displacement at
fgS] the node, and velocity of the water above the bed. For these experiments a
§§;: water depth of 10 cm was maintained above the bed and 17.5 cm at the ends.
gg? Complete details, calculations, and calibration curves are contained in the
~j Appendix.

& 3 N

§§!% Bed Preparation

b £

Tk
P

3151 §

Placed Bed. A thick slurry of sediment and salt water (salinity 10 ppt)

™

was mixed for one hour i{n a mixer and then placed into the flume to uniform

o
?%%_ depth. Water was then carefully added to the flume to the appropriate
%%:§ depth. A sgeparate bed was placed in a bucket for determination of bed
B
Bl density.
N
§J; Veposited Bede An appropriate volume of sediment was added to the
?\}f annular flume and water added to a depth of 30 cme The flume was then rotated
RS
4 to generate a bed shear stress of 0.9 N/mz, in order to assure complete

nixing., After 24 hours, the flume was stopped and the sediment allowed to

5]
N’
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settle under quiescent conditions. After mixing, but before significant
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settling of the sediment, water containing suspended sediment was withdrawn
fre- the channel and deposited into removadle beds (Figure €d) that could be
placed directly into the rocking flume., The ends of these beds were
temporarily sealed with plexiglass to allow a water column to be poured over
the bed. A second sample was withdrawn from the annular flume and allowed to

deposit in a bucket. This was later used for ded density measurement.

Test Procedure

Annular Flume. For esch experiment six different shear stresses were

selected. They were applied in 2 etep-wise fashion atarting at 0.l N/m2 and
continuing until 0.6 N/m2 in increments (90 min duration) of 0.1 N!mz.

Xq?‘ Suspension samples were removed, i{in approximately 50 ml aliquots, at 2,5,10,
;%3 15,20,25,30,40,50,60,75, and 90 minutes with an initial sample taken at the
%3% start of the test. Samples were taken from taps at the top and bottor of the
3%{‘ water column to give an average suspension concentration for the entire water
ég% column, Salt water was periodically added to the flume to maintain a 23 cm
;t water depth.

2#;; Rocking Flume. Shear stresses sele~~-* ¢n this flume were 0.1, 0.2, 0.3,

and, in some cases, 0.4 N/mz. Note that these are wave-averaged rather than
maximum values. Samples were collected over the same time regime as for the
annular flume, excluding the 2 minute sample. Samples were taken from the
center of the flume, at one~quarter reach and at one end, including the top
and bottum at each location. Salt water was added periodically to the flume to

replace the volume of water lost to samples.

The test procedure with regard to the applied shear stress is summarized
in Figure 7 for both flumes. Necte that with respect tov deposition and
consolidation, the duration of deposition was typically quite small compared
with that of comsolidation. In what follows, the combined duration is

referred to as consolidation period.

Materials

Estuarine Sediment. The mud was collected from a tidal flat in Cedar

Key, Florida. Mineralogically it was composed of 73X montmorillonite, 212
kaolinite and 6% quartz. Prior to being used, the mud was sieved through a l
3

mm ecreen to remove shells and plant materials. The median (dispersed)
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particle size was ~ 2 microns, as obtained by hydrometer (ASTM, 1981). The
cation exchange capacity was = 100 millequivalents per hundred grams. Total
organic matter corresponded to 11X loss on ignition, #s obtained by standard
procedure (American Public Health Association, 1976).

Kaolinite. The kaolirtte was obtained from a commercial source. It was
prepared by soaking 90 kg dry kaolinite in thirty gallons of salt water
(salinity 10 ppt) for one month. The kaolinite-water mixture was stirred
every few days to ensure equilibration of the sediment with the fluid. The
median (dispersed) size was ~ 1 im. The cation exchange capacity was ~ 6

milliequivalents per hundred grams and loss cn ignition was 122,

Fluid. All experiments were performed with salt water at a salinity of
10 ppt. Sslt water was prepared by mixing sodium chloride in tap water.
Salinity was checked by a refractometer. Fluid temperature during the tests
was 1n the range of 24°-27°C, The pH varied from 8.5 to 9.5.

Density Measurement

The method used for determining bed density followed the procedure of
Parchure (1984). The apparatus used consisted of a 2.0 cm diameter coring
tube and a 15 cm diameter plexiglass cylinder with a 2.5 cm diameter metal
tube in the middle (Figure 8). Cores were taken from the bed and then the
cylinder was placed over the coring tube. The inside of the cylinder was
filled with ethanol and dry ice to snap freeze the cores in gitu. Once frezen
the cores were sliced into thin sections between 2 mm and 10 mm, dried at 40°C

and weighed.
II1I. RESULTS

Density Measurement

Deposited Bed. The density of deposited bed typically increases with

depth. Such a trend was observed for both kaolinite and estuarine mud.
PDensity (dry) profiles are contained in Figure 9 for kaolinite and Figure 10

for mud.

Placed Bed. The density of a placed bed is fairly constant with depth.
Dengity (dry) profiles are contained irn Figure 11 for kaolinite and Figure 12

for mud. The measured values indicate deviations from uniformity with depth.
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g%% Concentration-Time Profiles

%?i Deposited Bed. Figures 13 through 16 are plots of suspension

'%Jf' concentration versus time. Where deexad important, comments on the cobserved

?%ﬁ trends have been made within the figures, e.g. Figure 16. Most comments made

G here and in subsequent figures are either self-explanatory, or are discussed

ﬂ%’g in the text. The total {(instantaneous) suspension concentration is

? represented as a depth-averaged value for each flume. 1In general, deposited

{; beds in both flumes exhibited a series of steady states (characterized by

\‘-}f constant final concentrations). Higher suspension concentrations were

§&2§ obtained with kaolinite than with mud at the same applied shear stress. At
high shear stresses, particularly in the annular flume, plots appear to

0 indicate a nearly linear increase of concentration with time {Figure 15). 1In

’?1; these cases, either the samples were not collected for a sufficient time

;iﬁi period to reach steady state concentrations, or the bed shear stress had

%iz‘ exceeded the maximum bed shear strength (Parchure, 1984).

s

iqi Placed Bed. Figures 17 through 20 are concentration-time profiles of

é%g placed beds. Again, the suapension concentration is a depth-averaged

&jff quantity. In general, the profiles are linear. The placed mud bed in the

; _ annular flume, Figure 19, exhibits an initial pattern of steady states at low

?%éé shear stresses. This behavior occurred because it was difficult to add water

‘é% to the flume initially without disturbing the bed; thus the top sediment

‘3§§ layers behaved like deposited beds. Also observed in this figure is a sudden

}% drop in the concentration at the beginning of the last three steps. It should

lﬁ? be noted that the concentration plotted here is based on measurements at a

B 3

single elevation approximately half way between the suspension surface and the
bed. The concentration drop can be attributed to a change in the vertical
concentration profile, rather than deposition, as a consequence of a change in
the inter-particle collision frequency at the beginning of each step
(Parchure, 1984). In the rocking flume, little erosion of the placed beds
occurred before 0.3 N/mz. In particular, the placed mud bed in the rocking
flume Figure 20, did not start to erode until 0.4 N/mz. Note that erosion
occurred suddenly without any increase in applied shear stress. This type of
behavior may be attributed to a decrease in the bed shear strength (bed

softening) under the oscillatory velocity field in the rocking flume (Maa,
1986).
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Bed Shear Strength

Deposited Bed. The final, steady state suspension concentration for each

shear stress was first converted to mass ner unit bed area and then pletted
against the applied bed shear stress. Two linear plots cf slopes M and Mz
are obtained (see for example Fig. 21). By extravolating the M, iine back to
the abscissa the bed surface shear strength Tgo» corresponding to initiation
of erosion can be determined (Parchure end Mehta, 1985). Likewise the point
of intersection of lines My and HZ gives the characteristic shear strength,
Tge» above which the rate of erosion increases significantly. Bed surface
(z=0) shear strength, Tso? and characteristic shear strength, Tser values are
given in Table 2. Figures 21 and 22 are plots of suspended sediment mass per
unit bed surface area versus applied shear stress from which the values given
in Table 2 have been obtained. Both the rocking flume and the annular flume
data are on the same plot. For the kaolinite beds, Figure 21, the same curves
were obtained in both flumes. Values of 7, and T,, in Table 2 suggest that

80
the mud generally had a somewhat higher resistance to erosic: than kaolinite.

Table 2. Bed Surface Shear Strength, 1g,, and Characteristic Shear Strength,
Tges Of Deposited Beds in the Annular Flume and the Rocking Flume

Kaolinite Mud
Tgo Tsc Tso ise
Apparatus (N/m2) (N/m?) (N/m?2) (N/m2)
Annular Flume 0.08 0.25 0.18 0,40
Rocking Flume 0.08 0.25 0.03 0.20

Placed Bed. Table 3 contains values of t2d shear strength (uniform over
depth) for placed beds in each apparatus. Figures 23 and 24 are plots of

suspended sediment mass eroded per unit bed surface area per unit time (i.e.

rate of erosion) versus shear stress for placed kaolinite and mud beds,
respectively. These plots were used co obtain values given in Table 3. The
mud bed may be considered to have a somewhat higher shear strength than the
kaolinite bed. However, contrary to the bed softening trend expected in the
rocking flume, the shear strength was higher in this flume than in the annular

fiume. A poscible explanation is noted later.
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Table 3 Shear Strength of Placed Beds in the Annular Flume and the Rocking

Flume
Ts
(N/n?)
Apparatus Kaolinite Mud
Annular Flume 0.25 0.22
Rocking Flume C.28 0.40

Relationship of Shear Strength to Depth

The density profiles coupled with concentration-time profiles presented
easrlier were used to produce profiles of the bed shear strength with depth.
Details of procedure are given by Parchure and Mehta (1985).

Depcsited Bed., Figures 25 and 26 are plots of bed shear strength versus

deptt. The same d:nsity profile for a given sediment was used for both
flumes. The bed shear strength is observed to increase with depth below the
bed surface. For the kaolinite bed, the profiles resulting from the two
fiumes are nearly coincident., For the mud bed, the profiles from the two
flumes differ; the shear strengths from the rocking flume are lower. This

difference is believed to be duve to ded softening.

At corresponding depths in the bed, the shear strength of the mud is
generally higher than that of kaolinite in the annular flume. In the rocking
flume, shear strengths of kaolinite and mud at corresponding depths are nearly

the same.

Placed Bed. The kaclinite bed yielded a constant depth versus shear
strength profile, with a shear strength of 0.25-0.28 N/mz, see Table 3, with
only a small difference between the values obtained in the two apparatuses.
Figure 27 is a plot of depth versus shear strength for the placed mud bed in
the annular flume. Unlike the kaolinite beds, the profile is not constant,
but has a lower shear strength in the top few millimeters, due to the
deposited bed-like behavior noted previously. The shear strength of the
placed mud bed in the rocking flume was 0.40 N/mz, as estimated from
Figure 24.
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Erosion Rate

Deposited Bed. For a deposited bed under a constant shear stress the

rate of erosion decreases with tise. The relationship given by Bq. 1
describes the rate of erosion. The calculated rate coefficients a and € are
contained in Table 4 (Parchure anrd Mehta, 1985). Figures 28 and 29 are plots
of the log of the erosion rate versus the square root of the applied shear
stress minus the bed shear strength, i.e., square root of the excess shear

stress.

Table 4, Values of a and €¢ for Deposited Beds

Kaolinite Mud
Apparatus a Ef a €f
(w/8Y2) (ng/cmZhr) | (w/nY2) (vg/cm2-hr)
Annular Flume 5.1 2.1 x 1073 7.9 3.2 x 1073
Rocking Flume 5.1 2.1 x 1073 7.9 2.0 x 1073

Placed Bed. For a placed bed the rate of erosion is given by Eq. 2. The

values of M and 1. are given in Table 5. Figures 23 and 24 are plots of

s
erosion rate versus applied shear stress for kaolinite and mud, respectively.
The erosion coefficient, M, was the same in both flumes for the kaolinite beds
until the applied shear stress equalled 0.4 N/m2 at which point the erosion
rate increased rapidly in the rocking flume. However, there were insufficient

data points to evaluate the coefficient M. The same situation occurred with

Table 5. Values of M and Ts for Placed Beds

Kaolinite Mud
Apparatus M Tg M g
(ag/cm2-hr) (N/m2) (mg/cm2hr) (N/m2)
Annular Flume 18:6 00 25 508 Oo 22
Rocking Flume 18.6 0.28 - 0.40
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the aud bed in the rocking flume, It is noteworthy that in the rocking flume,
the erosion rate increased suddenly in both cases (ksolinite and mud) in spite
of the fact that the shear stress was constant at 0.4 N/:n2 (see ¥Pigs. 18 znd
20). It is believed that bed softening under oscillatory current was a

possible cause of thias behavior.
IV. CONCLUDING KEMARKS

A comparison of results obtaiued in both the annular fIume and the
rocking flume indicates trend similarities ss well as quantitative differences

in the erosional behavior of the two cohesive sediments.

Conparisons have been made of concentration-time profiles, shear strength
variation with depth as a function ¢f bed structure, and erosion rate. T%xe2
concentration-time profiles for deposited beds were characterized by a serles
of steady states in toth flumes and for both sediments. At high shear
stresses (equal fo or greater than 0.5 N/mz), the concentration typically
continued to increase linearly for the entire sampling period. The
explanation for this behavior is the nature of the vertical distribution ot
shear strength. With increasing depth the shear strength increased, but at
smaller rates until it was nearly constant. A one and a half hour sampling
period was apparentiv insufficient to erode away the material to a depth at
which the applied shear stress equalled the shear strength. Alternativeiy,
the game type of behavior can be ghown to result if the applied bed shear

stress exceeds the maximum bed shear strength {Parchure and Mehta, 1985).

7laced beds exhidited a iinear increasc in suspension concentration with
tfue. The initial period of testing may exhibit a pattern more like that of a
deposited bed, as in Figure 19. The reason for this trend is that upon
inicial addition of water to the flume some disruption of the surface occurred
ever though care was taken in the addition of water. In general, the values
obtained for suspension cnrucentration from the placed beds were lower than for
the deposited beds under the game flow conditions. Placed beds are typically

wore dense to begin with and are less erodible than deposited beds-

An imporiant observation to note abcut placed beds in the annular flume
is that after the applied shear stress was fncreased, the concentration of

sediment in suspension actually decreased, in sowe instances., A similar
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observation was made dy Parchure (1984). There are two possible mechanisms
involved in an interpretation of this phenomenon. The fire: is gimriy a delay
in the response of the bed to an increase in the shear force belng cxerted on
it. Secondly, increasing the rate of turbulent shearing in the water column
incresses the number of collisions between particles which enhancec the rate
of aggregation. larger aggregates would be able to deporzit, thereby reducing

the suspension concentration.

The deporited wmud bed had a lower bed shear strength (with respect to
erosion) when subjected to an oscillatory current (in tiue rocking flume) as
compared to a steady current (ia the annular flume). The difference between
shear strengths obtained with the two types of currentz aiso increases with
aeprh in he bed (see Pigure 24), In gauerel, the bed shear strength was
lower under oscillatory enrrents than under steady su.rents. This feature is
probably due to the bed softening vnder oscilliatory currents, implying e
degradation of bed shear atrength due to a preakdown of the sctructure of the
deposited aggregates. The coefficients a and &g of the erosion rate

expression were corparable, howeve:.

Pleced beds in the rocking flime showed a sudden lucrease in the erosion
rate vithout increasring the applfieu shear atress. The mud bed began to erole
after about ore hour at a shear stress of 0.4 N/mz, while the erosiun rate of
kaolinite approximatel” doublaed after abeat 45 mirutes at the rame shear
stress (0.4 N/mz)ﬁ Th2se sudder increaszes in evosion rate irply that at the
time uf occurrence of these changes, “he bed shear streugth decr=ases to &

level below the applied slear stress.

The bed shear strength of placed beds was nearly the same for kaolinite
ia both flumes, but was higher for mud in the rocking flume than in the
annular flume. This trend 15 sexmingly in contradiction to the bed softening
phenomenon noted. Mza (1985) however noted that under certain conditions
depending upon the initial bed structure and fiow conditions, a breakdown of
aggregate structure within the Led is accompanied by an enhanced ratec of
consolidation, If the influence of consolidation on bed erodibility exceeds
that due to stcuctural breakdown, the bed would become more erosion resistant

under oscillatory flows in comparison with steady flows.

The coefficient M of the erosion rate expression for ksolinite was the
same under YotCh types of cuzrents. The results for mud could not be comparei

bacause there were insufficient data for mud from the rockirng flume.
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As noted, differances in the results between the two flum2s mey bec the
result of softening of the bed when subjected to an oscilintory current., The
degree of softening is also dependent on the bed properties. The kaolinite
bed was weaker than the mud bed, partly because it was less cohesive than the
mud which contained montmorilloaltc as the predominant constituent. In a
sense, kaolinite was already "softer” so it was not as readily affected ty
gsoftening as mud.

The type of sediment used for an experiment had measurable influence on
the results obtained. Kaolinite had a narrower distribution of (primary)
particle size mak!’ng a more homogeneous bed. The mud contained a sand
£raction which does not erode by the same mechanism that fine particles do.
The sand fraction can move as bedload or as suspended load, rather than as
suspended load clone. Also, the mud contained an organic fraction which can

sometimes lead to increased flocculation of particles.

In conclusion, higher bed shear sirengths were generally obtained for mud
than kaolinite, making the mud more resistant to erosion than kaolinite.
Likewise, the erosion coefficient ¥ for placed teds was 3 to 4 times larger
for kaolinfite as compared to mud. The type of current (steady or oscillatory)
eroding the sediment appears to be an important factor in determining the

erosion rake.,
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PART 2. SAN FRANCISCO BAY MUD
I. INTRODUCTION

Erosion tests conducted with mud from San Francisco Bay were for the
purpose of evaluating the erosion potential of the mud at various bed
densities. The test methodology, apparatus and procedure were the same as
those of kaolinite and Cedar Key mud. Here therefore emphasis is placed

predominantly on data analysis and interpretation.
II. SEDIMENT AND FLUID PROPERTIES

The predominant clay mineral constituent in the bay mud is
montmorillonite, followed by illite, kaolinite, halloysite and chlorite.
Among the non-clay minerals, quartz is predominant. There 18 also some iron
(both structurai, replacing some of the aluminum in 11llite, and non~
structural, i.e., independent of the clay mineral) and organic matter. The
cation exchange capacity of the samples used was €] milliequivalents per

hundred grams.

Suspended or recently deposited bay mud typically has a light brown
color, while sediment from a depth of a few centimeters below the surfece has
a color ranging from light grey to black. When a sample of wet dredged
sediment is placed in a glass cylinder and thoroughly stirred in water, a
color change from dark grey to brown tak=s place. When allowed to stand, the
color siowly changes back to greenish grey, and finally back to dark grey.
These color changes occur due to the following reasons: in the dark grey
sediment f{run is present as ferrous sulfide. When stirred, ferrous sulfide is
easily oxidized due to aeration to ferric hydroxide, which imparts a brownish
color to the sediment. If allowed to stand, bacterial reduction first changes
ferric iron to ferrous iron which is greenish, and then finally back to

ferrous suvlfide.

Table 6 gives sediment sample numbers and corresponding locations within
the bay. In Table 7, sample properties - median size, bulk density, pg,
sediment density, pg, and total organic matter are given. Sample 3A contained

a gizeable fraction of sand; hence its median size (75 im) was in the fine
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sand range. This sample was therefore discarded from further analysis. The
remaining samples were mixed in approximately equal proportions sincc they all
had similav properties. Thus, erosion tests reported here are for the

composited sample, a mixture of 1, 2A, 2B and 2C.

Table 6. Bay Mud Sample Locations

Sample Location
No.

1 Larkspur Channel

2A Richmond Longwharf Manuevering Area
2B Richmond Longwharf Manuevering Area
2C Richmond Longwharf Manuevoring Area
3A Southampton Shoal Channel

Table 7. Bay Mud Sample Properties

Sample Median Bulk Sediment Total
No. cize density, opp density, pg organics

(um) (g/cm3) (g/cm?) (%)

1 3 1.52 2.76 10.0

2A 7 1.56 2.67 7.6

28 30 1.69 2.76 3.4

2C 12 1.65 2.72 4,7

3A 75 1.90 3.11 2,2

The (eroding) fluid was tap water to which sodium chloride was added to
raige the salinity to 33 ppt. The pH was maintained at ~ 9., The mean fluild

temperature was 24°C during the experiments.

In tests with deposited beds, the pore fluid composition may de
considered to have been the same as the eroding fluid composition given
above. In the single test with a placed bed at natural density, the pore
fluid composition was as follows: natt 9,700 ppm, catt 940 pom, Mg++ 1,150

ppm, k* 770 ppm, C1™ 16,930 ppm and SO4 2,640 ppm. Solution conductivity was

33 mmhos/cm.
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I11. TEST RESULTS

Test conditions are summarized in Table 8. Test 1 was with a placed
(dense) bed in the annular flume at the natural bulk density of 1.63 g/cm3
(corresponding to a dry density of 0.96 g/cm3). Tests 2 through 5 were for
deposited (soft) beds with consolidation periods of 0.5 day and 3.8 days.

Table §. Bay Mud Test Conditions

Test Appsratus Consolidation fD PB
No. (days) (g/cm3) (g/en3)
1 Annular flume dense bed 0.96 1.63
2 Annular flume 0.5 0.22 1.17
3 Rocking flume 0.5 0.22 1.17
4 Annular flume 3.8 0.40 1.28
5 Rocking flume 3.8 0.4G 1.28
v1 Straight flume® 40 (placed) 0.61P 1.36
P2 | Straight flume? 15 (placed) 0.57° 1.34

8Tests of Partheniades (1965).
bSediment densgity w~e 2,24 g/cm3

Density profiles for the dense bed (test 1) and soft beds (tests 2,3,4,5)
are given in Fig. 30. These are dry densities, py (not to be confused with
sediment density, p,). The dense bed density did not vary with depth. For
the soft beds, p and py values given in Table 8 are representative depth-mean
values corresponding to the top bed layers which eroded during the tests.

Thus they are not averages over the entire mud bed thicknees shown in Fig. 30.

Tests Pl and P2 corresponding to series I and II ot Partheniades (1965)
were conducted on remolded, placed beds. Since Parcheniades also used
sediment fvom the San Francisco Bay which is spatially well mixed (Krone,

1978), results from these tests are Included in the subsequent analysis.

Time-concentration data for tests 1 through S are given in Figs. 31
through 35. Data from Pl and P2 appear elsewhere (Partheniades, 1962).

The erosion rate, €, against bed shear stress, Ty, relationship from

test ] (annular flume) is compared with Pl (series I) and P2 (series 1I) in
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Fig. 36. The annular flume data agree with series I up to Ty = 0.8 N/mz.
Disparities for larger T, are attributed to likely corresponding differences
in the bed structure due to differences in the method of bed preparation,
i.e., the manner in which the beds were remoldec and placed. In series II,
iron oxide from rust in the return pipe of the flume uged by Partheniader
enhanced bed resistance to erosion due to cementing of aggregates.
Characteristically however, incipient erosion is observed to have begun at the

same Ty = T.,, ~ C.l N/mz, in all three cases,

In Fig. 37, eroslon rate, ¢, is plotted againat Ty, for tests 1 throuzh 5,
i.e. for dense as well as soft beds, for the mere purpose of demonstrating
similarities and differences. F¥or the dense bed, time-concentration profiles
{(Fig. 31) were characteristically linear, hence £ was constant for a given
Ty On the other hand, time-concentration response of the soft beds (Figs.
32, 33, 34, 35) was a series of steady state steps also characteristic of such
beds. For all tests, € wss calculated for each 1), by substracting the initial
concentration from f£inal concentration for each particular step and dividing
the difference by the step luration (90 minutes)., Thus, the € value is a
representative mean for the entire step. The most significant feature of Fig.
37 1s the considerably higher resistance to erosion offered by the dense bed
compared to the soft beds. In twsts with soft beds, the bed softening role of
oscillatory flow in the rocking flume is also evident, particularly in the 0.5
day consolidation test, when compared with the corresponding results from the

annular flume.

The follow’ng analysis 1s directed towards determining the erosion rate

constants, M and T. (= ts) of 2q. 2, from all the tests. is then

‘e
correlated empirically to the bulk density and, finally, M is likewise
correlated to T.. Equation 2 is an acceptable approximation for the erosion
behavior of dense beds. For soft beds, Eq. 1 is applicable (Parchure and
Mehta, 1985). However, Eq. 2 is a reasonable approximation of the erosion
behavior of soft beds, provided thz erosion rate is calculated as a

representative mean of each steady state step as noted (Fig. 37).

In Figs. 38 and 39, e-7), relr.lonships for soft beds have been replotted
for clarity. Vith reference to ¥F.3. 39 as an exemple, ¥ | 18 the value of T
corresponding t:o incipient erosion, while 7. is the “operational™ or "design”

vaive of the critical shear stress for erosion applicadble to Eq. 2. M is
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&éﬂ evaluated from the slope of the second line. 1In Fig. 38, erosion rates at

g“ 7, = 0.1 N/m2 appear to bz excessively high in comparison with the trends

ﬁg implied by other data from both flumes. These values, corresponding to points
B A and B, suggest mass erosion as opposed to surface erosion behavior (Parchure
:éé and Mehta, 1935). Therefore, points A and B were disregarded.

?%i For the dense bed 8s well as tests of Partheniades, iinear approximations
}%‘ (dashed lines) shown in Fig. 36 were used to evaluate Te and M. For the soft
if beds, Parchure (1984) used an alternative procedure for estimating T.. This
5% involves plotting the final suspension concentration in a steady state step
ﬁ% against the corresponding T+ This 18 done irn Figs. 40 and 41 where Gy, is

o the (final) concentration at 90 minutes, the step duration.

;f; Results are summarized in Table 9, Characteristically, Teo values are
:;’ close to each other with a mean of 0.12 N/mz. For the same sediment,

%éf incipient erosion occurs at the same shear stress because the surface shear
gi strength (equal to applied shear stress) is unaffected by overburden. Hence
;>; bed preparation procedure or density do not significantly influence Teo® T
{éﬁ has been calculated by two methods = A corresponding to Figs. 38, 39 and B

corresponding to Figs. 40 and 41; the latter method being applied to deposited
(soft) beds only, since for dense beds the two methods yield identical

TS

W
el o

results. Values obtained by B ar: generally slightly lower (except in test 4)
than A, but are of comparable magnitudes. M values are obtained from linear
slopes in Fige. 36, 38 and 39.

- In Fig. 42, 1, (both methods) is plotted against pg. The following may

|
¥
I

be considered as a representative relationship encompassing all data:

T, = 1.04 (pg-1) (3)

¢

|
DTS

8o i,
A

?«i In Fig. 43, M is plotted agalnst T yielding the following reiationship
yé {without consideration for the influences of bed structure or flow):
X 4 - "2033 by

M= 1.06 x 10 3¢ c (4)

With respect to Eq. 3, the trend of increasing T. With bed density 1s in
agreement with previous observations (Mehta et al., 1982). Likewise, others
have previously reported the trend of decreasing M with increasing T, evident

in Pig. 43 and Eq. 4 (Ariathurai and Arulanandan, 1978; Hunt, 1981).
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Table 9. Bay Mud Erosion Rate Constants

TC
Test Teo A - B M
No. (N/n2) (N/m2) (N/m?) (g/co2-min)
1 0.12 0.65 b 2.8 x 1074
2 0.16 0.35 0.23 3.2 x 1074
3 -a 0.12 0.05 5.0 x 1074
4 0.10 0.25 0.30 7.4 x 1074
5 3.10 0.28 0.20 7.4 x 1074
P1 0.12 0.38 -b 2.1 x 1073
P2 0.12 1.20 b 7.8 x 1072

81nsufficient data

DMethod A not applied
IV. CONCLUDING REMARKS

The relationships considered to be representative of the rate of erosion

of bay mud are as follows:

i)
e-!((—_;——l) (2)
c
To = 1.04 (oB -1 (3)
M = 0.00106 exp(- 2.33 1) (&)
2
pEn
‘tbﬂ';mu (5)

noting that in Eq. 2, T, and T, used previously, have the same mesning.

In Eq. 5, n %s Manning's bottom resistance coefficient, h is depth of
flow and v is current speed. An example i1s considered in Fig. 44 where the
rate of erosion, €, 18 plotted against current speed, u, (0-1.5 m/sec), for
different values of the bed bulk demsity, pg (1.2, 1.4 and 1.6 g/cm3). h =
10 m and n = 0.020 were selected arbitrarily as typical vepresentative

estuarine values. The influence of pp (which also reflects bed "aging™) on ¢
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in this “"design chart” is .bserved to be quite significant. Soft beds (1.2
g/cma) generally have an order of magnitude (~ 10™2 g/cmzonin) greater rate of

erosion than do dense (1.6 g/cm3) beds (~ 1073 g/cmz-min) at the same speed (~
1.2 m/sec>o
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APPENDIX

VELOCITY AND SHEAR STRESS CALCULATIONS

The original plan for the rocking flume designated s height of 22 cm.
Early experiments determined that this height would not allow for sufficient
water depth to generate a large enough shear stress on the bed surface. The
height of the flume was therefore increased to 36 cm. A second modification
was made with the addition of a plexiglass top constriction over the center of
the flume (Fig. 6b,c). This constriction increased the flow velocity over the
sediment bed. The top could be set at any szlected depth over the bed.

Flume Calibration. To calculate the shear stress in the flume it was

necessary to know the velocity of water above the bed. Three different

techniques were used to measure velocity. In all cases maximum velocity was
£

t <

riaf description of the methods employed and &

comparison of the results obtained. Calculations are made of the shear stress
with and without the tor in place. Calibration marks were added to the speed
controller of the flume, so that wave period and velocity could be determined

at specific settings,

‘For a shallow water wave the velocity profile over the water depth is
fairly constant, at least within the detection limits employed. The simplest
method of measuring velocity 1s to determine the horizontal displacement of 2
particle floating on the surface a: the node. From the distance traveled the
maximum velocity can be caiculated from the relationship um-wd/T where d is
displacement and T is wave period. This measurement could only be made
without the top constriction in the flume. Once the top was in place new
estimates of velocity were made by assuming that the only effect of the top
was to increase water velocity at the center of the flume. From the equation
of continuity, the same volume of water, 17.5 cm deep, had to pass the center,
but there were only 10 cm of depth for it below the top. New velocities were
calculated from a ratio of water depths at the ends and the middle of the
flume. A ratio of 1.75 (velocity with top divided by velocity without top)
was determined. Table A.l contains velocities obtained by the method of

horizontal displacement.
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Table A.1. Maximum Velocities Obtained by Measurement of Horizontal
Displacement, without and with Top Constriction

Wave Horizontal Maximum Maximum
period, T displacement, d velocity, ug velocity, uy

without top with top

(sec) (cm) (em/sec) (cm/eec)
13.0 25 6.0 10.6
8.0 27 10.6 18.6
6.6 28 13.3 23.3
6.1 30 15.5 27,0
5.7 33 18.2 31.8
5.4 36 20.8 36.4
5.2 38 23.0 40.2
5.1 40 24.6 43,1
5.0 50 31.7 55.5

The moat direct method of measuring velocity was with a current meter.
The curreat meter was an electro-magnetic unit made by Marsh McBirney (model
523), with an accuracy of 3 cm/s. Measurements were taken at a height of 2 cm
above the bed at the center of the flume. Data were recorded on a Hewlett-
Packard strip chart recorder so that the mean maximum velocity could be
determined. Table A.2 contains velocity (and wave period) data obtained using
the meter.

The third method invelved measuring the displacement of water above and
below still water level, at the ends of the flume. Veloecity was calculated by
determining the total volume of water that moved through the flume without and
uith the top in place over one-half a wave period (see Fig. A.1). The maximum
velocity, U, without the top is

tA;:
A (A.1)

where A; 18 th: . gitndine) (verticsl) area of water displaced during one-

half period, and h is the still wa.er depth. A, 1s obtained from (for small

displacaments):
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Table A.2. Periods of Oscillation and Velocities Obtained
from Current Meter in the Rocking Flume

Period, T Max.velocity, uy
(sec) (cm/sec)
33.6 3.1
35.0 3.7
21.5 4.6
13.0 10.5
11.0 13.7

9.1 16.3
7.8 19.1
7.4 20,1
7.2 20.8
6.6 23.4
6.1 27.0
5.7 32.3
5.5 36.4
5.2 43.0
5.1 47.0

Table A3. Maximum Velocities Obtained by Considering Flow Continuity

Wave Maximum Maximum
period, T velocity, u velocity, uy

without top with top

(sec) (em/sec) (cm/sec)
13.0 4.8 8.1
8.0 9.2 15.4
6.6 12.0 20.7
6.1 14.3 26.0
5.7 15.9 32.1
5.5 19.5 36.2
5.2 20.7 45.0
5.1 23.8 52.C
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VERNCERS (A2}

shere A/2 = vertical displacement amplitude at flume ends relative to still
water level, B/Z = vertical displacement amplitude of flume bottom and L =
flume length. In Eq. A.2, the water surface profile is assumed to vary
sinusoidally. Vith the top in place, Ad was appropriately modified. Results
are presented in Table A.3.

The maximum applied shear stress was calculated from the following
relationships established by Jonsson (1966); Tmax-O.Spfwui, where p is water
density, fw is the coefficient of friction, and Un is maximum velocity. The
rnefficient of friction can be calculated as £ _=0.09 Re-o'z, where Re is the
wave Revnolds number. The Reynolds number can be calculated as ui/av, where
u, is maximum velocity, o is wave angular frequency (2n/T), and v is kinematic
viscosity of water. For these experiments the kinematic viscosity was taken

to be ]l x 16-2 cmzlsec and p 8s 1 g/cm3. These calculations are based on

fresh water.

Calculation of shear stress using Jonsson's formula yields the maximum
applied shear stress. This formula is valid for progressive waves generating
(smooth) turbulent flows. In dealing with a standing wave, the applied shear

stress is not constant, but oscillates as a square sine function. To adjust

»
&
3
k)

Sy

for this difference the maximum velocity was used to calculate a maximum shear

3

stress, T . By integrating shear stress over one-half a wave period the mean
shear stress was determined. The result is that mean shear stress is one-half
the maximum shear stress. Justification for this manipulation was based on

the correlation of results of critical shear stresses obtained in the rocking

flume compared to those obtained in the annular fiume,

A calibration curve between maximum velocity, ug, and wave period, T, s
pregented in Fig. A.2, based on data in Tables A.l, A.2 and A.3. The
corresponding relationship between the average bed shear stress, Ty, and wave

period, T, 1s given in Fig. A.3.
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Z TYPE I 2 TYPE I
Pig. 1. Variation of Bed Shear Fig. 2. Veriation of Bed Shear
Strength with Depth for a Strength with Depth for a
Deposited Bed, Type 1 Profile Placed Bed, Type I1 Profile
(after Parchure, 1984). (after Parchuve, 1984).

c-i profile of Type I
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.- dc

a1 decregsing with time

SUSFENSION CONCENTRATION (C)

a) TIME (3) —
8
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E | c-tprofile of Type I
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% «g—% = constont
prd
8
%
w
P b TIME {t) —

Fig. 3a. Concentration-Time Profile for a Deposited Bed (Type 1) (after

Parchure, 1984).

Pig. 3b. ConcentrationTime Profile for a Placed Bed (Type II) {after
Parchure, 1984}.
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:  NOTATION

APPENDIX C




BWD Bulk wet density

C Concentration
Co Initial vertically uvniform concentration
CEC Cation exchange capacity
Erosion rate
g Gravity (9.81 m/secz)
R Flow depth
M Erosion rate constant
n Friction coefficient (0.020)
P Probability of sediment depositing once reaching the bed
SAR Sodium adsorption ratio
u Depth-averaged current speed, m/sec
Wh Hindered settling velocity
Ws Settling velocity
X Radius of the site
Ye Specific weight of the fines in the material, g/cu cm
P Flow density (1,025 kg/cu m)
oy UF term for BWD
T RBed shear stress, N/sqm
T, Critical shear stress for erosion, N/sq m
Ty ~'ri“1 Maximum excess shear stress where 71, 1s the bed shear stress
at the termination step 1 and 1-1" refers to the previous
step
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