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ABSTRACT: Due to the high water content and viscous propéiny Hong Kong marine deposit (HKMD) frequentlyspe challenge to
geotechnical practice, particularly to the reclégomain Hong Kong. Formation of HKMD typically gog¢krough sedimentation and self-
weight consolidation. These behaviors are time-deéeet and hard to describe. A series of one-dimeasisettling column consolidation
tests were conducted on the HKMD. Results revedl tia settling curve and settling rate are sigaifity affected by the sediment
concentration in self-weight consolidation. Soilge exhibit viscosity in self-weight consolidatioAfter the primary self-weight
consolidation, the settling rate is reduced in ‘thecondary consolidation”. Related parameters fréetches are evaluated for a better

interpretation of the consolidation behavior.

1. INTRODUCTION

Marine clays in the seabed have typically high watmtent
and high compressibility. Most marine deposits emtered
in Hong Kong are silt and sand with different clegntents
and have low undrained shear strength (Yin, 1999k
thickness of Hong Kong marine deposits (HKMD) isween
a few meters to more than 20m. Currently more amdem
reclamation works have been done in Hong Kong, mfst
which are on HKMDs. Behaviors of HKMD are partialja
time-dependent, requiring reliable soil descripti@nd
understandings. Reasonable prediction of the behdrom
both field tests and laboratory tests can improesigh,
construction, and maintenance of the structures.
Sedimentary soils are formed initially through aqass
of sedimentation either in sea or in fresh watdme€ main
sedimentation stages are defined with respect t®
concentration degree as Clarification regime, Zseitling
regime, and Compression regime (Fitch, 1983). Stady
self-weight settling of incompressible solids wagiated by

Kynch (1952), and subsequently developed by McRsbe

and Nixon (1976). The term “self-weight consolidati was
in literature proposed by Been and Sills (1981).
consolidation settling, no discrete floc is formadd the
interface settles at a constant rate. Due to tieskdtling rate,
soil layers gradually form on the bottom of the evatThe
bottom sediment consolidates due to its self-weightg
above. Finally this consolidation results in verpfts
sediments at the top with density increasing titittbm.
Actually the settling rate of dredged clay is vielaes a key
factor in land reclamation projects. The settligges of the
dredged clay in seawater are mainly of zone sgttind
consolidation settling (Imai, 1980).

The self-weight consolidation recently becomes goma

challenge in many engineering problems on the s#ash

(Mcvay et al., 1986). The settling type of marirlays in
seawater shifts from zone settling to
consolidation when the initial water content desesato less

self-weigh&

than about 1000% (Imai, 1980). The zone settling of a
clay suspension with high water content is so rapad it is
difficult to estimate. However, it has been comnyonl
accepted that the traditional consolidation theorigre
inadequate to explain the self-weight consolidat{&ills,
1981).

In the formation of the soil layer, there is no rgha
transition time from sedimentation to consolidatigm and
Williams, 1995). When the interface of sedimentesisn
consolidation, sedimentation occurs in the suspansiurry.
Major argument focused on the interface/boundarys wa
discussed by Been and Sills (1981). Based on BegrSdls’
results, the typical void ratio of the sedimentface at the
end of settling lies between 6~7, and the valuehes 9~10
when the effective stress is first measured.

Secondary compression or creep effect, on the other
ﬂand, can be important for high water content soils
especially those that contain organic matter. Tbié reay
continue to settle after the “linear region” witlower rate.
rThis creep-like  behavior has been attributed
biodegradation and gas generation. However redenties
Ir'?ave illustrated that treatment of the specimenséxterial
activity does not entirely remove the effect. Sanito creep
in oedometer condition, it is assumed thatefegt curve in
self-weight consolidation becomes a horizontal
eventually.

Consolidation testing of marine clays using tradiél
geotechnical testing methods is not practically sjims.
Among the conventional consolidation apparatusés t
settling column test is suitable for 1D settlingalysis. The
prime objective in this paper is to examine theirsedtation
and self-weight consolidation behavior of Hong Kangrine
deposits. Proper interpretation of consolidatiorH&fMD is
critical to the modeling of this type of soils amd field
applications.

t
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PHYSICAL PROPERTIES OF HKMD
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Two typical viscous marine clays (19 and 17) arepaed

For a soil with given concentration (weight of dnass

from around Nam Sang Wai and Mai Po, Hong Kong tof the soil over 0.001 ¥of soil), and for a container of a

conduct settling column tests. Before each settisg, basic
properties such as water content and specific tyraaie
determined and shown in Table 1 and Table 2.

Table 1 Water content and density of HKMD samples

Sample Water Content  Bulk Density Specific
P (%) (g/cn?) Gravity(g/cn?)
19 71.0 1.75 2,52
17 68.8 2.01 2.62

Table 2 Basic properties of HKMD samples

Particle size distribution (%)

Sample Wp WL Ip
ID *0) (%) (%) Clay Silt Sand Gravel
19 305 593 2838 30 43 25 2
17 293 575 282 33 35 29 3

3. TESTING APPARATUS AND PROCEDURE

The soils were artificially sedimented at differémitial water
contents in order to obtain both segregated andbenmeous
sediments. In settling column consolidation, ihitigater
content of the soil-water suspension is one ofitmgortant
factors controlling the settling behavior of sdjlmai 1980,
Sridharan and Prakash 1999). The soil slurry ipgmed with

given volume of 0.015 Mthe soil dry masMs will be 1500g.
The mass of water is:

Mw = oV = PwMotal ~Vsoild) = Pw(Motal =~Ms/Gs) (1)

where p,,is the density of waterg,is the specific gravity of

soil particles.

In order to avoid destruction of organic materialsoil
during drying, the original wet soil is used to dirthe
required dry mass. The original soil in a box isrtdughly
mixed first to make the soil uniform. After thisyd soil

specimens are taken to find the initial water conw,, of

the soil. The dry density and the dry mass areutatied as
follows:

__ P _Ms - p _ M

= =Ys M=y -V
P Tow v ST lvw 1+w 2
M =Ms(@+w)

According to the procedure illustrated in FigurenBce
the weight of wet soil is determined, the raw sdilknown
water content and weight was mixed with the wateform
slurry, and then the water content was increasedetired
value. A high-speed rotary mixer is used to preplagesiurry.
The soil-water mixture was thoroughly mixed andahsfarred
to the test jar of 0.95 m for free settling. Thethe
sedimentation and subsequent consolidation stBhnts.level
of the interface between the clear water and seatine
recorded manually at a series of time intervalssd& 30 sec,
1 min, 2 min, 4 min, 8 min, 16 min..., until the coleyon of
the whole consolidation.

water content sufficiently high, yet maintaining eth :
homogeneity (Sheeran and Krizek, 1971). At verhlhigtial Determine
S - . - Column setup » soil mass and

water contents, grain size sorting takes placeyltieg in water mass

segregated sediments. In contrast, when the intiaier For agiven concentration

content is below a limiting value, mutual mechahica

interaction among the settling soil particles/flatsminates, Mix water Determine

which results in homogeneous sediments. and wet soil weight of wet |«
The settling column setup by Delft Hydraulics (2p&7 to required soil and water

adopted to establish total six perspex columns witbrnal concentratio

diameter of 130mm and height 1 m (volume=3.14x0xQ65

0.01327 ). In this setup as shown in Figure 1, scale length v

is nearly 100 cm; distance between two ruler tickd cm
with readable resolution 0.1 cm.

Figure 1. Column setup to for settling column te&slvised
by Delft Hydraulics, 2007)

Pour the slurry
into column and
monitor the
interface height

Sampling and
measure density
of soil along the
soil thickness

Determine the soil fraction profile

A

Figure 2 Flow chart of the experiment procedure

The experiments were conducted using site watdr avit
pH of about 7.2. Two soil samples in different eslavith
site water were tested. By varying the initial @orif
segregated and homogeneous sediments were obtairtbd
same soil. The sediments formed were left undisaifor a
sufficiently long time to allow the self-weight cewlidation
to complete for all practical purposes. Resultsmfr¢the
settling tests are presented and discussed indit@ving
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section. All the tests were carried out under tbastant Time (Iog scale) t (min)

laboratory temperature of 20+1°C. o0 - ! N 1 1000 oo
The time to reach full consolidation depends on the

initial concentration of the sample used to fik ttolumn. By 20

doubling the concentration, the duration also (iy¢aoubles,

requiring a four times longer consolidation timevéry low

initial concentration certainly results in a shexperiment P e concena

time, a thin final layer and a low effective strefs these 80 —0—1ogg/IConcemrati0n

tests, the duration of time varied from about 7sdfoy soils

with 20g/L concentration to about two months foilssavith

Sample 19

40

Vertical strain € (%)

100

(a) Relationship between vertical strain and elapiseel

100g/L concentration. Permeability k (m/s)
Delft Hydraulics (2007) used a "conductivity proke" 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03
measure the density of the soil along the soikiéss. Using 24

this method calibration must be done properly.hiis study,

a direct method is used. After free-settling foffisient time,
the water above the sediment was siphoned out and
specially made spatula (bent horizontally at end} wmserted
for sampling layer by layer from the top to thetbot of the
sediment. The soil is carefully transferred intoasgl
containers. The container with the wet soil is jpuan oven

—&—20g/I Concentration
—%—50g/I Concentration
—©—100g/I Concentration

13

Void Ratio e

Sample 19

to dry for 24 hours at the standard temperaturg05°C and (b) Relationship between permeability and void ratio
then weighed to get the dry mass. In this way, Wager Figure 3 Consolidation behavior of sample 19
content distribution and hence, the void ratio pesfover the
. ) . . Time (log scale) t (min)
entire depth of the sediment were obtained baseshaation 001 o1 . T 100 1000 10000
3. 0t
p= Vs 20 Sample 17
v g
o s p £ 40
= = Me =V 3
PdSTiw™ v ST 1+w k] .
3) S 60 —&— 20g/I Concentration
Os =& 3VS = b; Ps = GSpW ( E —%— 509/l Concentratio
VS Ps > 80 —o—100g/I Concentration
Vs Ms V. p 1 p _ 1Pl
V.  Vps Vpgl+tw pgl+w Gg l+w (a) Relationship between vertical strain and elapisee
Permeability k (m/s)
1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03

where ¢ is the soil fraction (volume of solid mass ovee th 24
total volume).

The effective stress at any depth was calculatégus
the effective weight of the soil mass above thaitlleThe
segregated layers were carefully identified vigua#l the thin
scrapped layers were taken out. Grain size analysae
carried out to confirm whether the sediments formezte
homogeneous or segregated. 2

—&—20g/I Concentration
—%—50g/I Concentratio
—6—100g/I Concentration

13

Void Ratio e

Sample 17

(b) Relationship between permeability and void ratio

4 SETTLING BEHAVIORS AND DI SCUSSIONS Figure 4 Consolidation behavior of sample 17

Typical settling results for both samples with eiint __1he void ratio vs. permeability curve is presented
concentrations (20g/l, 50g/l and 100g/l, respettjveare Figures 3(b) and 4(b) in term of the void ratio otes depth
presented in Figure 3 and Figure 4. In Figures ata) 4(a), of sediment. As .the initial HKMD concentration isduced
both soils first settle quickly, and then the setflbecomes (Water content increased), the initial part of tberve
slower and slower. Initially some grain size satitakes Pecomes steeper. The e-k curves due to self-weight
place during settling. After the particle segregatithe self- consolidation converge at a later stage, whichorssistent
weight consolidation begins, which makes the durve a With the findings in Sridharan and Prakash (2003). _
straight line. A more flattened curve means a more YSing the settling-column technique, the compressio
homogeneous soil. The curve with higher soil cotregion ~CUrve over a very low stress range can be obta(iredi

is obviously more flattened. Thus, initial soil cemtration 1981; Umehara and Zen 1982; Scully 1984). Combittireg
has critical impact on the settling behaviour. Tbi ratio of V0id ratio profile and the effective stress vadatiith depth,
the sediment surface at the end of zone settlifiguisd to be the void ratio vs. effective stress relationshiphwdifferent
about 10.5~15.6 for sample 19, and about 8.5~1813 fconcentrations can be established and shown inréigu

sample 17. These values are slightly larger thamseh Data used to plot the compression curve (@&4ogs’ or w-log
reported in Been and Sills (1981). d, wherew, e, and¢’ are the water content, void ratio, and

the effective overburden pressure at any depth)ewer
measured from the top of the soil sediment. In FEgb(a),
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the void ratio reduces rapidly with the increasesfiéctive
stress. Also the soil concentration influences #edtling
curve. However when the void ratio reaches abouwll4he
settling curves coincide to form a compression.line

For the HKMD slurries, water content is much higher

than the liquid limit. Therefore the soil grainedtulate in
water. Despite that some deformations occur dugh®
reduction of pore water in the settling, the pressactually
does not dissipate until the grains are in mutwaitact. In
Figure 5(b), variation of porewater pressure dusatiling is
illustrated. Similarly the porewater increases #oim the
beginning, and then speeds up with the effectivesst
increase.

Effective Stress o' (kPa)
0.01 0.1 1 10
24

—&—20g/l Concentratio
—%—50g/I Concentratio
—O—100g/I Concentration

13

Void Ratio e

-
- —

Compression Line

- — "
—

2

-
-~

(@) Relationship between effective stress and void ratio

Porewater pressure u (kPa)
0.01 0.1 1 10
24

—&—20g/I Concentration
—%—50g/l Concentration
—©—100g/I Concentration

13

Void Ratio e

(b) Relationship between porewater pressure andratii
Figure 5 Consolidation of sample 19

The final density profiles after self-weight coridation
are exhibited in Figure 6. It can be seen in Figuthat the
slope of soil height over volume fraction generatigreases
with the increase of soil concentration, which aades more
sediment at the bottom. Once fitted by power flondi
straight lines are obtained in log space. All thapss and
exponents increase with the increase of soil canaton.
Data in Figure 5 can be used to compute the effediress
parametekK, in equation (4).

100

Sample 19

7
7/
N

10 y=86.41x1800_| y = 246.2x2610
— R?=0.979 R?=0.945
5 “ |
£ X 7
) y=115.9x2270 \ %f‘
2 1 R?=0.986 / 7 —0— 20g/I Concentration =

o —%— 50g/l Concentration
7
2
e 7 —e—100g/l Concentration
01 A T
0.01 0.1 1 10

¢ (sediment volume fraction)

100 |

10 |
y=268.6x1989 ;
1 R2=0.974 /
\// /‘<
7/

y'= 1103x3242
R*=0.988

Sample 17
y = 334.0x2514
R*=0.984

Height (cm)

—0—20g/l concentration |—|

—%— 50g/l concentration

—o— 100g/I concentration
I

01—
0.01 0.1 1 10

¢ (sediment volume fraction)

Figure 6 Relationship between sediment height ahthwe fraction

According to Merckelbach (2000) and Merckelbach and
Kranenburg (20044, b), the settlement of the iatarh(t) in
self-weight consolidation may be determined as:
D-1
3-D

logh(t - 2) = Iog[ loge (4)

2K, ]+
(D-D(ps —pPw)9

whereps is the density of the solid particlgs; is the density
of pore water and can be taken as 1.0 Mghd is stress
parameter;n=2/(3-D), D is the fractal dimension;p is

sediment volume fraction, namely the volume of Hudid

particles with respect to the total volume.

In all the settling progress, the paramefgris a key
factor governing permeability, which can furtherfeaf
settling rate.

-2
k=cymypy =Ky 3D )
where k is the permeability;c, is the coefficient of
consolidation; andh, is the compressibility.

Table 3 Summary of parameters from the settlinggtes

ID Concen. ) (cf'n) D 'f"kr%l/sg) (k}|<30a) gn%g
19 20g/L 9818 120 260 079 4508  7.53
509/l 9629 2.99 266 027 8272 554
100g/L 99.30 5.98 271 0.07 13379 2.80
17 20g/L 9818 120 260 079 4508  9.80
50g/L  96.40 2.88 2.62 4.09 6472  6.86
100g/L. 9657 575 263 114 10646 3.21

Using equation (4), the coefficient of consolidatig,
can be determined and summarizedrable 3. The value of
Cy is obtained based on equation (6).

__k@+edo _ 2 KgKg 1+e

= 6
pwg de 3-D pug e ©)

It can be seen from Table 3 that the coefficient of
consolidation increases with the reduction of HKMD
concentration. The fractal dimension however insesawith
the increase of concentration. Another fact carfdumd is
that Sample 17 consolidates “faster” than Sampléedhuse
Sample 17 contains more sand while Sample 19 dghibi
more viscous property. The value qf slightly varies with
the void ratio and thickness of soil in column.
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5. CONCENTRATION AND SETTLING RATE 6. SECONDARY SELF-WEIGHT CONSOLIDATION

Typical settling curves in Figure 7 are used far éimalysis of Drained creep in conventional oedometer conditias been
settling rate and accumulated settling velocity.tiivi the a research interesting area with a long historyri@Bend
first 10min, soil particles initially convert intdoose Iversen 1972; Leroueilet al. 1985; Tong and Yin 2011).
sediments, while their settling is quite slow. Aftthat, Mesri and Godlewski (1979) showed ti@atis related to the
settling of soil particles accelerates, and a ctdid-liquid compression inde&. of the soil and more precisely, that the
interface develops at the top of the column. Thigues ratio C,/C; is constant for a given soil. Ti&/C. concept has
because discrete flocs are formed from clay oroabll been confirmed for a variety of geotechnical materiby
particles. Mesri and Godlewski (1979) and many other reseasche
Time (log scale) t (min) For settling column condition in Figure 3(a) an@}(
0 10 oo oo the soil continues to settle with time after thiaéar region”,
which indicates that the structure of HKMD formsridg
free settling process (deposition). The above hebav
y=13.81In(x)- 30.92 makes the void ratio smaller than that on the cesgon
Fr=0994 curve, which further causes creep (secondary ccssjme)
during the whole consolidation.
& Vs sene T 8 As illustrated in Figure 7, for sample 17 with 1010g
R?=0877 N concentration in self-weight consolidation stadee, $lope of
_ ) the settling curve is determined to be 13.81 byeditting.
Time (logscale) t (min) .. . . . . h
10 100 1000 10000 Similarly to the creep behavior in oedometer caaditsoils
continue to settle after the self-weight consolmat The
settling rate is further reduced to 2.842 and stégje may be
called the “secondary self-weight consolidation’heTtwo
corresponding slopes for sample 19 are determinebet
: ¥=2708h(x)+ 54.85 6.978 and 2.709, respectively.
—o— 100g/Iconcentratio IR It has been proved t@,/C. ratio for natural soils lies in
(sample19) a narrow range of 0.025~0.l. Once tkg/C. concept is
100 adopted in self-weight consolidation, two ratiosnche
Figure 7 Curve fitting for relationship of obtained: 0.21 for sample 17; and 0.39 for sampleMore
vertical strain vs. elapsed time in self-weight alidation viscous soil has higherC,/C. value. The secondary

_ . _ compression has more significant influence on thele
Typical curves of settling rate vs. elapsed time arself-weight consolidation.

demonstrated in Figure 8. It is found from the feythat the
settling of sediment is closely related to soil amtration
and distribution. The settling rate is dependensaihtype as 7.  CONCLUSIONS
well. Comparatively the soil concentration has tgea
influence on settling rate profile than soil tyj@ail particles
continuously deposit on the bottom of the columriacion a
bed of loose structure. Particles in sediment whigh
concentration may easily contact with each othed thus

the slsttllllng.rate r']s re?)uced:‘ ling” (Imai. 1980 curves due to self-weight consolidation for difieresoil
ollowing the above “zone settling” (Imai, het concentrations converge at a later stage. The natid of the

sedimentation gradually transforms into Self'weighéediment surface at the end of settiing is foundbeo
consolidation. The transition point becomes lesarcivhen 10.5~15.6 for sample 19; and 8.5~13.3 for samplevfien

the .SO'I concentration increases. Cpm_pa_red with zbee void ratio reaches about 4, tlkeog p curves coincide to
settling, the settling rate of the solid-liquidenface becomes form a compression line

slow again. Moreover, self-weight consolidationrtstat the b. Soil concentration has critical influence on $ketiing

bottom while the sedimentation process startsetdp. property. In final density profile, the slope ofildteight over
volume fraction increases with the increase of soil

0.01 0.1

1
00 PN o
OO0

20

—&— 100g/lconcentratiol
40 (sample 17)

60

Vertical strain € (%)

-~ —

100

1
0 00—

20 S
y=6.978In(x)+20.13

R*=0.997
40

60

Vertical strain € (%)

80

The sedimentation and consolidation behaviors ohdHo
Kong Marine Deposits in settling column tests are
investigated in the paper. The following conclusia@an be
drawn:

a. Typical settling curves of HKMD are obtained ek

concentration. The coefficient of consolidatignis found to

LE+00 | &E%{E;::;%%M decrease with the soil concentration increase.

T ¢ il concentration of 100g/L, the, value is 2.80x18m?yr for
g P ——— 3 sample 19; and 3.21x20Y/yr for sample 17.

] oa | |7 2o0snconcentaton ampied % c. The settling rate profile indica_tes a co_nlst_afttliag

Z ~-0—-50g/l concentration (sample 1) rate at zone settling, and after reaching transifioints, the

E Leos 7 50g/ concentration (sample 1) settling rate decreases. S_ettling rate is depemderg on soil

ol . 10 100 1000 10000 concentration than on soil type.
Time (1o scale) t (min) d. Soils exhibit viscosity in self-weight consoliidan.

After the primary self-weight consolidation, thettbeg rate

is further reduced in the “secondary self-weight
consolidation”. Soil with more viscosity has high€y/C,
value.

Figure 8 Relationship between settling rate andseldpime
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