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Synopsis

In recent years, as the scale of structures has been enlarged and the construction works have been car-
ried out in deeper sea areas, the loads due to constructions has become close or larger than the consolida-
tion yield stress, p., of the Pleistocene clay layer beneath the Holocene layers. In this report, the
compression and shear characteristics of aged Pleistocene clay in Osaka Bay, were reviewed with related
to the case study on Kansai International Airport project.

1) The concept of standard compression curve (SCC) of marineclays was proposed. The standard compres-
sion curve consists of ultimate standard compression curve, USC, and the standard compression curves
from an initial void ratio, SCC(eg). Both curves are determined mainly by the liquid limit of clay and the
void ratio at the beginning of consolidation. Using the specific volume index, I, defined as In (1+¢} / In
(1+e;), USC and SCC(eg) were given as a unique I, — log p relationship.

2) By comparing in-situ specific volume of clay with value on of SCC, the degree of structure of marine
deposits can be evaluated. It is shown that Osaka Bay Pleistocene clay seems to have well-developed
structure due to aging, because the in-situ values of I, are much larger than those of SCC-marine.

3} The consolidation characteristics of Osaka Pleistocene clay was examined with the purpose of investi-
gating soil structural effect. At the pressure increment spanning the consolidation yield stress, effective
stress increasing with elapsed time showed sudden decreasing tendency. The cause of this unique behav-
ior seems to be attributed to the fact that radical increase of compressibility by the yielding of soil struc-
ture would surpasse the excess pore pressure dissipation. This behavior is particularly relevant to clays
with a well-developed structure such as Osaka Pleistocene clay.

4) The undrained shear strengths and deformation characteristics of Pleistocene clay were studied by the
recompression method with triaxial tests. The Pleistocene clay at large depths is brittle and shifts very
rapidly from elastic deformation to plastic failure. Although the safety factor of slip circle which passes
through the Pleistocene clay layer was larger than 1.20, the margin of the safety were not so much. The
accurate estimation of the shear strength of Pleistocene clays and the field observations and construction
control will be necessary to complete the projects safely.
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Evaluation of structure and mechanical properties of Pleistocene clay in Osaka Bay

1. Introduction

In the research of soil mechanics, remolded and recon-
stituted clays have been used in laboratory test to avoid

scatter of experimental results. However, it was clarified 0 1
that mechanical properties of remolded clays are quite dif- 20 kR \'-\
ferent from those of natural clays, because natural clay has a0 - \::‘-\.‘
a structure due to secondary compression and/or cementa- B AN
tion effects during sedimentation. (Tavenas and Leroueil, Nt 8 r \'\.\ \"‘3-::,-_»;“___
1977; Jamiolkowski et al., 1985). Although these differ- 5 80 N i
ences are observed in Holocene clays, they have raised =200 b - . T
important engineering problems in the construction pro- % 120 b | gz;::g \.\"‘“As.,____
Jjects on Pleistocene clays layers, o b | Point C o
In coastal regions of Japan, Pleistocene clay layer is of- === Poim D
ten located beneath a Pleistocene gravel layer, which lies A S ve—— 5000 2500 3000 3500

under a 3 to 30 m thick Holocene clay layer. In most con-
struction projects before 1970, the Pleistocene gravel layer
had been considered as a stable layer that could support
the superstructures, and the engineers seldom consider the
behavior of Pleistocene clay layers beneath the gravel
layer. In recent years, however, as the scale of structures ou |[pilpg| set [o] @ b, (consolidation yisid stress) (py
has been enlarged and the construction works have been (m) {(myJg"| Mame /=) 200 400 600 800 1000 1200

carried out in deeper sea areas, the loads due to construc-
tions has become close to or larger than the consolidation || ‘
yield stress, p,, of the Pleistocene clay layer at large depth. 20  EMEs \':.
Thus, the evaluation on engineering properties of the | [T & .. Wiy
Pleistocene clay layer is one of the most important issues

Elapsed Time (day)
Figure 1 Settlement of ventilation tower of undersea
tunnel in Osaka Port

T
& -]

] Preistocene] 2.0 X

for design and construction in the coastal areas. 0 g Crewel Te Yo

As a typical example, Figure 1 shows time-settlement -a8 %leﬁl&?ﬁ e
curves obtained from 4 corners of a ventilation tower for = L L \ ?% §
undersea tunnel constructed at a reclaimed land in Osaka ~60 | smmaron |20 overburden
Port (Nakashima et al., 1995). The ventilation tower was E — \‘/ pressure
constructed at the depth of 33.5m trenched down to the top = 19 \ ¢ oo 28 °
of Pleistocene gravel layer. However, as shown in Figure e I ] i |20 .
2, the soil profiles in the site, below the gravel layer, there =7 P \ v
exist three Pleistocene clay layers whose over- B 8
consolidation ratios were 1.8 — 2.3 before construction. As
the reclamation continued after the installation of the Figure 2 Soil profiles at the site (Osaka Port)
ventilation tower, the overburden stress on Pleistocene
clay layers was increased consequently decreasing the (pc) OCR
overconselidation ratios. Figure 3 is OCR profiles of 00' 1 11 1.2 1.3 1.4
Pleistocene clay layers after the completion of Tet UppéMr(r;_?gsg;aﬁok Ae @ @
reclamation, showing that all the layers are still in the
over-consolidated regions. Although the overburden stress Tel Lowd ]fter(gt;g;sn;atim A® & &)
did not exceed the consolidation yield stress, the settle-
ments of 50-130cm have taken place continuously for Tz [ e gPofn:; Age (B
2500 days. According to Nakashima et al, the predicted Arter Redtamation A x;:tc 00| o
settlements with coefficient of volume compressibility, m, Te3 (STEPS) $ Point D P
and coefficient of consolidation, ¢,, obtained by conven-
tional step loading consolidation tests underestimated the Figure 3 OCR values of Pleistocene layers under the
observed settlements, and to explain the observed setile- ventilation tower

ment, it was necessary to use larger compressibility m, and
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smaller c, in the normally consolidation region and to con-
sider the secondary settlements with the coefficient of
secondary compression,C,.

Another example is the Kansai International Airport
(KIA) construction project, which was constructed on an
artificial island in the Osaka Bay, which is 5 km off the
southwest of Osaka City (Arai, 1991;Arrai et al., 1991;
Endo et al,, 1991). The airport was inaugurated in Sep-
tember 1994, when the first phase of construction was
completed. As the airport is being operated with only one
runway, the second phase construction project commenced
in July 1999, aiming the completion of the second runway
parallel to existing one up to 2007.

Figure 4 is the soil profile of the site, showing that the
Pleistocene gravel-sand layers and clay layers are accumu-
lated alternately up to 400m depth, and the over-
consolidation ratio before the reclamation are 1.0-1.5.
When the project was planned in 1970s, most of engineers
hardly expected that the settlements of Pleistocene clay
layers might make an important problem, because they did
not have experiences of large settlements of Pleistocene
layer at that time. Figure 5 shows measured settlement
with time at an observation point in KIA, where the largest
settlement was observed (Kobayashi,1994). As shown in
Figure 5, the consolidation settlement of Holocene clay
layer improved by sand drain method ended up within 6
months after reclamation, while the settlement of Pleisto-
cene clay layer commenced when the level of reclaimed
land reached almost the sea level, and has continuned after

opening the airport. Recently the total settlements in the
island have become larger than 11m and about Sm out of
the total settlement is by the settlement of Pleistocene
layer.

The reclaimed area in the second phase has an average
water depth of 19.5 m, in comparison with 18.0 m in the
first phase. The average thickness of the Holocene clay
Iayer in new site location is 24 m (18 m in the first phase),
which will increase the volume of reclaimed sand or

Consolidation yield stress o, (kPa}
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Figure 4  Soil profiles at the site (KIA)
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gravel by 40%, compared to the first phase. The prediction
of settlement in the second phase has been carried out
based on the experiences of the first phase and the mean
predicted total settlement in the reclaimed island is 13m,
which is probably the largest consolidation settlement geo-
technical engineers have experienced. Therefore, in the
second phase project, both the observation of settlement
and the version-up of settlement prediction would be the
most important works as the construction control.

The problems of settlement prediction of Pleistocene
clay layer in Osaka Bay are summarized as follows:

1) Pleistocene clay layers often show much larger com-
pressibility than Holocene clay layers. The settlement
of Pleistocene clay commences sharply when the
overburden stress exceeds a critical value, which is
not necessarily equal to the consolidation yield stress
obtained in laboratory test.

2) Even if the overburden stress is less than consolida-
tion yield stress, large settlements can take place in
Pleistocene clay layers. In this case, it seems that the
settlement includes both the primary settlement and
the secondary settlement, although the distinction is
usually difficult.

3} Because Pleistocene clay layer exists at large depth,
counter-measures such as ground improvement meth-
ods are practically not available and the correct pre-
diction of the behavior is inevitable to design.

The research group in Port and Harbour Research Insti-
tute has been carried out intensive studies on mechanical
properties of aged clays those have structures formed dur-
ing the process of long-term sedimentation and consolida-
tion. In the former part of this report, the method for
evaluating the degree of structure is newly proposed and a
unique consolidation behavior of structured clay is pre-
sented. In the latter part, the compression and shear char-
acteristics of aged clay, are reviewed with related to the
case study on KIA project.

2 COMPRESSIBILITY OF AGED CLAY AND
STRENGTH INCREASE DUE TO CEMENTA-
TION

2.1 Compression index ratio

Bjerrum (1967, 1973) firstly pointed out the importance
of structure and aging effect of clay deposits on the me-
chanical properties. Figure 6 shows a schematic e-log p
relationship proposed by Bjerrum, where the difference
between young clay and aged clay was explained by the
secondary or delayed consolidation, i.e.; the aged clay was
characterized by the increase of consolidation yield stress
p.and the decrease of void ratio due to the secondary con-
solidation during a long-term sedimentation age.

Another type of the difference in e-log p curve between
natural aged clays and reconstituted youhg clays is fre-
quently seen as shown in Figure 7, where edog p curve
has a sharp concave downward for natural clay, while
young clay has a gentle e-log p curve. This type of change
on edog p curve cannot be explained by the concept in
Figure 6. Tsuchida et al (1991) defined a compression in-
dex ratio, r, by the following equation and measured the
values of r. for Japanese marine clays:

'rf.' = C{‘JHQX/CC* (})

where, C,,.is the peak value of C, in Figure 8 and C.* is
the C, at which consolidation pressure is 5 times larger
than p,.

Compression index ratio, r.of Holocene clays are plot-
ted with the plasticity index I, and clay content in Figure
9(a). As shown in the figure, r, clearly shows the positive

Vertical Pressure (tf/m?)

H2t5 2 3 4 5 101215 20 30
LT I S S Y B B Sy e
Instant Compressi
During Sedimentation
3 years ——
© 1.9 30 years ——._. \A/Delayed .
© 300 years - N Compression
a:a Lal- 3000 years ~——\WNB\  Additional
Y Pe Loading
o \
5 )
9 c
LE]- Instant
2

Figure 6 Schematic e-log p relationship during the
sedimentation process  (Bjerrum,1967)

Logp

Aged clay

re>1

Young clay

r.=1

Figure 7 Difference in edog p curve between aged clay
and reconstituted clay
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correlation with I, and clay content. Figure 9(b) shows r,
with depth at a site in Osaka Bay, where the landfill was
carried out after constructing sand drain. The sampling
and soil tests were conducted both before the installation
of drain and during the landfill work. As shown in Figure
9(b), r. of Osaka Bay Holocene clay increased with depth
before the installation of drain, however, during the con-
solidation with the landfiil, the r, became almost constant
value near 1.0. According to Tsuchida et al. (1991), the
values of r, of Japanese clays are from 1.1 to 3.0 in Holo-
cene clays and from 1.1 to 6.0 in Pleistocene clays and
they usually increases with the depth. On the other hand,
the r, values of reconstituted young clays are almost 1.0,

Figure 10 illustrates a schematic one-dimensional
compression curve explaining the effects of cementation
and secondary compression. If the consolidation pressure
increases until py, and ceased at point A for a long time,
the void ratio will reduce along the path AB accompanied
with secondary compression as explained in Figure 6. At
the same time, the formation change and chemical altera-
tion will take place among soil particles under conditions
not related with the volumetric compression. These
changes have the effect of strengthening particle
interlocking, namely bonding and will certainly make a
contribution to strength gain. In this paper, the component
of strength gain not associated with volumetric
compression is classified as cementation, in a very broad
sense. The cementation includes various factors, such as
flocculation, thixotropy, leaching and so on.

When the sample at point B is subjected to additional
pressure increase, the natural clay generally shows com-
pression characteristics as shown by curve BCDE. Here,
the author define the difference between p. and p; as the
result of cementation. Based on the distinction, as sug-
gested in Figure 10, the compression index ratio, r,, is an

Ce

Cemax

Ce

ch max

S pCC max p
Consolidation Pressure

Figure 8 Compression index ratio

index of the effect of cementation (p.— p) and not related
to the secondary consolidation (p;— pg).
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Figure 10 Effect of cementation and secondary compres-
sion on e-og p curve

2.2 Duplication of structure by high temperature
consolidation

Tsuchida et al. (1991) propesed a method for con-
structing the structure of aged clay in laboratory, by
consolidating remolded clayey slurry under 75° C. This
method is called “high temperature consolidation
method”,

Tokye Bay clay was thoroughly remolded at a water
content more than twice the liquid limit. The slurry was
put into a 20 cm diameter consolidation cell and consoli-
dated one-dimensionally. The consolidation cell was sur-
rounded by hot water with the temperature of constant 75
C adjusted by an electric heater as shown in Figure 11.
Clay was first consolidated under the weight of loading
plate and 4 incremental pressures (10, 20, 40, 80 kPa)
were applied subsequently by the air cylinder. After the
completion of consolidation, the sample was unloaded and
cooled down at the room temperature (25 C),

Figure 12 shows a time settlement relationship of
sample consolidated under high temperature (HTC), and
conventional sample consolidated under room temperature
(RTC), for each pressure increment. As shown in the fig-
ure, the settlement of HTC under the weight of loading
plate was smaller than that of RTC. However, under sub-
sequent loading, the settlement of HTC was larger than
that of RTC. Comparing the water contents of both sam-
ples after the completion of consolidation, the water con-
tent of HTC sample was slightly larger than RTC sample.
The consolidation settlement of HTC is obviously acceler-
ated by high temperature condition.

Figure 13 shows the edog p curve obtained for both

Air Cylinder
Heater

£
§s P
[ :

,Acl:lay / Hot Water
i S|urr/y,§
- ==
Figure 11 Apparatus of high temperature consolida-
tion
Time (hour)
Oi5 I|O 5 10 50 100 500 1000
T | i T ]
[ — —~HTC Sample
50 =7 ———~RTC Sample

Void Ratic e

Figure 12 Time settlement relationship under high
temperature consolidation
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1.0+

HTC and RTC samples, where the e-log p curve of undis- Figure 13 e-log p curves of HTC sample and RTC

turbed Tokyo Bay clay is shown for comparison. As

Sample {Tsuchida et al.,1921)
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shown in Figure 13, edog p curve of HTC sample resem-
bles that of undisturbed clay which must have undergone
aging for thousands years, showing distinctive yielding
and larger compressibility after yielding. As the compres-
sion index ratio r. of HTC sample were 1.9-2.0, it can be
said that the procedure of high temperature consolidation
is a useful technique to reproduce the structure as Holo-
cene clay deposits have in the laboratory. Based on the
concept shown in Figure 10, as the water content of HTC
sample was slightly larger than RTC sample, it is consid-
ered that be the main cause of the acceleration of cementa-
tion action will the effect of high
consolidation.

Kitazume and Terashi (1994) used a procedure of high
temperature consolidation to make a model ground in cen-
trifuge model test of slope stability. Figure 14 shows com-
parison of deformation in slope when the model slope
failed. As shown in Figure 14, the mode! slope of HTC
clay failed suddenty and the deformation was concentrated
around a sliding surface, while the model slope of RTC
clay failed after large deformation of the whole model
slope. It can be said that the slope of HTC clay shows brit-
tle behavior analogous to natural slopes. The procedure of
high temperature consolidation is a useful technique to
duplicate aged clay in laboratory

temperature

2.3 Increase of strength due te the cementation effect
As mentioned above in Figure 10, the strength gain
with time can be divided into two components. One of
them is associated with volumetric compression, while the
other is attributed to the cementation effect. When the
shear strength gain from point A to point B in Figure 10

r RTC~clay HTC-clay

faikire O
oA e A
4 OB E g
aC aC
B, tn}
T i-q—A
h c failwe o
]

Normalized displacement, & /h (%)

Tnh/e,
{ v :unit weight of clay, n; centrifugal gravity,
h: height of slope, ¢, residual strength of clay )

Figure 14 Deformation of slope at failure in centrifuge
model test (Kitzume and Terashi, 1994)

are shown as As,, it can be assumed that the strength gain
due to the volume decrease will be given as (s./p) (pi—
Po) , where (5,/p) is a strength increment ratio of normally
consolidated condition. Accordingly, the strength incre-
ment due to the cementation is obtained as ( As,—(s./p)
»i~ po)-

Using this assumption, Tan and Tsuchida (1999} inves-
tigated the shear strength gain by cementation effect
experimentally, and showed that the strength increment by
cementation is proportional to elapsed time, and the in-
crement is related to the overburden stress. Figure 15

¢ Sedimentary {vare, Kumamoto clay)
— A gedometer (fall cone, Honmoku clay)
@ 2 O, ¥ Large ozdometer (vane, Honmoku clay)
.g O Zreik (1997, fall cone, Boston blue clay)
w 1 B Mitachi et al (1987, triaxial, Hayakita clay)
[~] = O .
® = " ( o ; Ohnegai clay)
v 0.5¢ O Yasuhara et al (1983, direct shear, Ariake clay)
5 i © Ue et al(1997, triaxial, Okayama clay)
PIPSTIPRPN H 5
'g) 0.2} = # Mesri(1995)
7]
2 0.1
b b~
bt -
& (.05
% r Ac,/dlogt=0.3/0,
= 0.02f
o =
';5 0.01 vt vl v voud v comml Ve
< 0.01 0.1 1 10 100 [1000
~ 0.001

Overburdened pressure, 0, (kPa)

Figure 15 Relationship between normalized strength increment and effective overburden pressure .
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shows the relationship between the normalized strength
increment per 1 log-scale of time, (A s,/p)/ Alog ¢, and the
effective overburden pressure p. As shown in Figuore, the
strength increment can be expressed by the following sim-
ple equation;

(As/p) Adog ) =03/ p (2)
or  Ag,=03/pAdogrt) 2y

where, p is an overburden pressure (unit: kPa), and ¢ is an
elapsed time after the end of primary consolidation.

Equation (2) and (2)° mean that the strength increment
by cementation is proportional to ¥ p and A (log 1), accord-
ingly, the contribution of cementation dominates strength
gain with time when the overburden pressure is smaller
than 100kPa, while strength gain due to secondary com~
pression becomes the main component when the overbur-
den pressure is larger than 100kPa.

3 EVALUATION METHODS OF STRUCTURE OF
AGED MARINE DEPOSITS

3.1 Ultimate Standard Compression Curve (USC)

In the previous sections, the mechanical properties of
aged clay have been examined experimentally. In the prac-
tical sense, it seems that the method to evaluate the degree
of the structure quantitatively is necessary. Recently the
author has proposed a concept of standard compression
curves (SCC) for marine clays to explain the various as-
pects of e-log p relationship of clays in a unified manner.
Here the SCC concept is introduced and it is shown that
the degree of structure of marine deposits can be easily
evaluated, using the SCC concept.

A number of studies have been carried out on the e-Hdog
p relationship of clays. An early study by Skempton
(1944} showed the following fondamental findings;

a) Compressibility index, C, has a strong relationship
with the liquid limit w;.

b) Sample disturbance of natural clay and the initial wa-
ter content of laboratory-prepared clay have important
effects on the e-log p relationship.

c¢) There exists some discrepancy between the laboratory
compression curve and the sedimentation compression
curve, which is obtained as the relationship between
in-situ void ratio and the overburden stress in geologi-
cally normally consolidated layer.

The empirical relationship between C, and wy has been
studied by a lot of researchers. Terzaghi and Peck (1969)
proposed the well-known equations based on the experi-
mental data by Skempton as follows:

25
o 2
3 ; i
215 Ariake Clay Z o~ Ishikari Clay]
£ Ogawa & Matsumoto Eq(4}
0 .
£ ! et Eo®)
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I+ - el .
O 05 ot 5T T Egyptian Clay
Lo Brazilian Clay
o4
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Liquid Limit, w,_
Figure 16 Comparison of empirical equations on C.wy
relation
C.=0.007 (w;—10) for remolded soil 3
C. =0.009 (w,—10) for undisturbed so1l (4)

However, as the above equations do not always give good
estimation of C, especially for undisturbed soils, various
empirical equations for different clays have been proposed
as follows:

C,=0.015(w,— 19}, for Japanese marine clays
{Ogawa and Ogawa, 1978)
for Ishikari clay
{(JSSMFE, 1966)
C.= 0013w, forAriake clay, (JSSMFE, 1966)

C. = 0.0063(w; — 10), for Egyptian clay

(Abdrabbo and Mahmoud, 1990)
C. = 0.0048(w; — 10}, for Brazilian clays,

(Bowles, 1979)

C. = 0.014(w; — 20),

Figure 16 shows the comparison of above equations.
Looking at Figure 16, a question arises such as “why is
the compressibility of natural soil so much different
among the soil types?”. The concept of standard compres-
sion corve is to provide a unified model to explain the
compressibility of different clays with a few fundamental
parameters, such as, liquid limit, sensitivity and initial
void ratio.

Let us consider some typical characteristics of edog p
curves of clays. Figure 17(a) is edog p curve of reconsti-
tuted Osaka Bay clay, showing a typical linear relationship
between void ratio e and log p, while Figure 17(b) is ~Hog
p curve of undisturbed sample of Osaka Bay Pleistocene
clay. As mentioned in Chapter 2, in cases of these struc-
tured clays, e and the log p are not linear in normally
consolidation region.
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Figure 17(c) shows the change of edog p curves due to
the sample disturbance (Okumura, 1974). As shown in
Figure 17(c), when the clay sample is disturbed or is
given some shear strain before the consolidation, the bend-
ing of edog p curve at consolidation yield stress becomes
obscure and the void ratio decreases as a whole by the dis-
turbance. Figure 17(d) is edog p curve of Kumamoto Port
clay, which is consolidated carefully from slurry of 400%
water content to the maximum consolidation pressure of
IMpa. As shown in Figure 17(d), the edog p curves from
p=0.01 kPa to 1 Mpa is not linear but shows a convex to
the bottom. It has been known that edog p curve is not lin-
ear when clay is consolidated from the extremely high wa-
ter content condition (Imai,1982).

In Figures 18(a),(b),(c) and (d), the same data in Fig-
ure 17(a),(b),(c) and (d) are plotted in In f—log p system,
respectively, where fis a specific volume of soil and equal
to (1+e), and In and log mean natural and common loga-
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rithm, respectively. In Figure 18(d), the linearity between

In f and log p is recognized as a whole, and in Figures

18(a),(b} and (c), In f - log p seems to be close to a

straight line as the consclidation pressure increases.

Summarizing Figures 17 and Figures 18, the follow-
ings are obtained;

The linearity between ¢ and log p is not commonly

recognized, depending on the existence of structure,
sample disturbance and initial water contents.

*However, in all 4 cases, focusing on the relation where

the consolidation pressure is large enough, a linearity
between In fand log p seems to exist. This is because
the effects of the structure, disturbance and initial void
ratio will disappear with the increase of consolidation
pressure.,

Based on the above considerations, the following as-
sumption on the existence of Ultimate Standard Compres-
sion Curve (USC) is made;

a) When clay is consolidated one-dimensionally from
shurry with large initial void ratio, it shows the linear
relationship between In f (=1+¢) and log p. This curve
is named Ultimate Standard Compression Curve (USC),
and it can be determined mainly by the liquid limit of
clay.

b) In case that natural sedimentary clay has a structure
due to aging, the void ratio ey can be larger than the
value given by USC. When natural clay sample is con~
solidated after it is disturbed or remolded with an void
ratio, its void ratio becomes smaller than the value
given by USC,

¢) By consolidating clay samples with the consolidation
pressure much larger than the consolidation

yield stress p,, the effect of structure due to aging and the

effects of the sample disturbance or initial void ratio dis-

ST T 7

Nagoya Port clay

¢ Undisturbed
~—8— Undisturbed

A 15% Comp.
—0— 15% Comp.
—¢— 30% Comp.
—-a-- Remolded

Specific Volume, f
[ -]

1 10 100 1000 10000
Consolidation Pres, p (kN/m®)

Figure 18(c) 1n fHog p curve of disturbed sample

|
.I
m \\4&?.

Kumamoto Port clay

T i
o Sedimentation tost

A Low Pras. CRS
O Step Loading Test

I

0.01 a.\ 1 10 100 1000
Cansofidation Pras. (kN/m?)

Specific Volume, f
B

T 010

Figure 18(d) In Hog p curve of clay with high water con-
tent

o~

”~
logp

Inf-logp System

Figure 19 Ultimate standard compression curve, USC



Takashi TSUCHIDA , Yoichi WATABE and Min-Soo KANG

appear, and finally the e-log p relation converges into USC.

Figure 19 illustrates the USC concept in the log f - log
p system, USC can be described by the following equa-
tion;

Inf=—=C(log p—1) +Infp &)

where, f is specific volume and equal to the void ratio e
plus 1, f; is the specific volume when p=10 kPa on the
standard curve. C is a gradient of USC, given by the com~
pression index C. and e as follows;

C=C./(1+e) (6)

C is the parameter called compression ratio (Terzaghi and
Peck,1967). Butterfield (1979} firstly proposed the linear-
ity between In fand log p as shown in Eq.(5). By the dif-
ferentiation of Eq.(5), the following is obtained;

df/f=—0.434 C(d p /p) Q)

d f/f is a natural strain of soil, while dp/p was named
natural stress by Butterfield (1979), who pointed out that,
Eq.(5) expressing linearity between natural strain and
natural stress, will be a fundamental law of geo-materials.

3.2 Existence of a unique USC determined by ligiud
limit
To study the validity of the existence of USC, 725 con-
solidation test data of 18 marine deposits listed in Table 2
were analyzed by the following procedure:
1) To plot the specific volume f and the consolidation

Table 1. List of Data of Consolidation Tests

Clay Number of Liquid limit w;
Data (%)
1. Haneda,Japan 270 31.1-1250
2. Yokohama Port, Japan 67 547-1299
3. Kasumigaura,Japan 51 66.9 -205.0
4. Sakata Port, Japan 14 63.1-102.8
5. Osaka Bay Holocene, Japan 56 488 -117.7
6. Osaka Bay Pleistocene, Japan 58 404 -138.0
7. Hachirogata, Japan 12 946-225.6
8. Kuwana, Japan 16 50.3-92.1
9. Maizuru, Japan 27 33.0-91.6
10.Kinkai Bay Japan 17 53.5-1129
11.Tamano, Japan 7 520-92.5
12.Jzumo, Japan 12 61.6 -138.0
13.Ariake, Japan 38 54.5-1374
14.Banjarmasin, Indonesia 27 76.8-1374
15.Singapore 19 50.5 -82.3
16.Bankok, Thailand 10 458 -99.6
17.Drammen, Norway 14 31.6-55.2
18 Bothkenar, United Kingdom 10 55.2-76.9

pressure p in ln f-log p system.
2) To ascertain the linearity between In f and log p in the

regi

on that p is 2 times larger than the consolidation

yield stress p, and to determine the straight line
{USC) for In f - log p relation,

3} To calculate the compression ratio, C ,and the specific
volume on USC when p= 10kN/m?, iy

Inf

e-log p curve of CRS test

Determined
usc

Reconstituted
Yokohama clay

Figure

20{a) In f - log p relationship and determination
of USC (Yokohama Clay)

e—log p curve obtained by CRS

Determined USC

{

Undisturbed Pleistocene
clay

Figure

3 logy

20(b} In f - log p relationship and determination

of USC (Osaka Bay Pleistocene Clay)
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Figure 20(a} and Figure 20(b) are the In f - log p rela-
tionships of Reconstituted Yokohama clay and Undis-
turbed Osaka Bay Pleistocene clay, which were obtained
by the constant rate strain consolidation tests, respectively.
In both figures, when the consolidation pressures are 3 - 4
times larger than the consolidation yield stress, the linear-
ity of In f and log p were observed. The determination of
USC was made with the regression analysis of data of
these range. In Yokohama Clay, the specific volume f was
smaller than USC in all the range of consolidation pres-
sure, however, in Osaka Bay Pleistocene Clay, the specific
volume was larger than USC when the p was close to p,
and with increase of the consolidation pressure, the In f~
log p relationship con-verged to the USC.

Figure 21(a) and Figure 21(b) are the relationships be-

10kPa f 10
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tween C and wy, fjy and wy of Osaka Bay Holocene and
Pleistocene clays, respectively. As shown in the figures,
both C and fj increase with the liquid limit and the corre-
lation is fairly good. These results are seen in other marine
clay. Figure 22(a) and Figure 22(b) are C -w; and f5 - w;
relationships of Haneda clay and Yokohama clay, located
in Tokyo Bay arca. The relations are similar to those of
Osaka Bay clay.

Figure 23(a) and Figure 23(b) are the same figures of
Hachirogata clay, Sakata clay, Maizuru clay, Izumo clay
and Kasumigaura clay, which are located at coastal area
facing to Japan Sea or Kasumigaura Lake. Figure 24(a)
and Figure 24(b) are the same figures of Kinkai clay, Ta-
mano clay, Ariake clay and Kuwano clay, which are lo-
cated at coastal area in Western Japan. The results for non-
Japanese clays, such as Indonesia, Scotland, Norway, Sin-
gapore and Thailand, are shown in Figure 25(a) and Fig-
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ure 25(b). In all these figures, common relationship is ob-
served.

Figure 26 and Figure 27 are C-w, relation and fi-w;
relation of all of 18 marine clays, respectively. As shown
in the figures, both C and i, correlated with w; fairly well,
and the assumption that the USC is determined mainly by
the liquid limit of soil seems to be valid for these marine
clays. The regression analyses gave the following equa-
tions for C and fi,:

C=00027 w,.+0.1 (8)

fio™ 0.042 w, + 0.55 ©)

UJSC is the e relationship, where the e curves con-
verge ultimately with the increase of consolidation pres-
sure. Using Eqgs.(8) and (9) with Eq.(5), USC is given by
wy as follows:

Inf = —(0.0027w,+0.1) (log p— 1)
+ In (0.042w,+0.55) (10)

Here we consider the interrelationship between USC
concept and the C,.—w; relations. Conventionally, C, is
determined as the maximum value of A e/ A (log p) in nor-
mally consolidation region.

On C.—w, relationship of undisturbed clays, Eq.(4) by
Terzaghi and Peck (1967) is well-known, while the fol-
lowing equation by Ogawa and Matsumoto(1978) is often
referred for Japanese marine clays;

10kPa, f 10
n |

fis 0.042w+0.55

Specific Volume at p

! 1 i

0 50 100 150 200

Liquid Limit w(%)
Figure 27 fjy - wyrelationship (all data)

C.=0.0150v,—19) (11)

Figure 28 present C,—w, relationship of Osaka Bay
Clay and Haneda Clay, C and f},, of which are plotted in
Figure 21 and Figure 22, respectively. As shown in Fig-
ures, Eq.(11} is fitting the data well and Eq.(4) is giving a
lower boundary of C.. Instead of C, as the maximum value
of Ae/A(log p) , C.ips, Which isAe/Alogyy p) at the
consolidation pressure p = 1000 kPa, were calculated and
plotted with w; in Figure 29. The relationship between
C.io0 and wy is approximated well by Eq.(4).Using the
concept of USC, C,soq is the compressibility on USC at
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p=1000kN/m’, which does not include the effect of struc-
ture of aged clay. On the other hand, when the clay has a
structure due to the aging, C, obtained as the maximum
value of Ae/A(log p) become lager than C.jge. Accord-
ingly, the difference between Eq.(4) and Eq.(11) may be
explained as follows:

C. = 0.009 (w;—10) : for undisturbed soil without
structure due to aging

C.=0.015(w;,—19)
structure due to aging

: for undisturbed soil with

3.3 Normalization of USC on liquid limit of clays

In Figure 30 and Figure 31, instead of water content at
liguid limit, w; , C and fjo are plotted to the specific vol-
ume at liquid limit , f; ., respectively. As shown in Figures,
the following equations are obtained by the regression
analysis:

C=027Ins; (12

In fig=1

s | 7'--';

Specific Volume at P=10 kPa, fio
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Figure 30 C—Inf; relationship (all data)
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Infip = 1.201nf; {13)
Using Eqs(12) and (13) with Eq.(5):

Inf=—027Inf.) (fogp) +1.20Ins; {14)
Dividing both terms by In f; :

Inf

Infy

= —0.27logp + 1.47 (15)

Here a specific volume index I, is newly introduced to
normalize specific volume of different soils on the liquid
limit. I, is defined as follows:

Io=Inf/Inf; (16)

Using the specific volume index, USC is simply given by;
I,=—027logp + 1.47 (17)

Although it has been known empirically that the liquid
limit of clay is a useful index for the compressibility of
clay, there seems to be no theoretical explanation why the
compressibility of clay is determined mainly by liquid
limit of clay. Using the USC concept with Eq.(17), the in-
terpretation can be given as follows:

Figure 32 shows USC by Eq.(17) in I,- log p system.
As shown in figure , I, is equal to 0, i.e.void ratio of clay
is equal to 0, when p=280MN/m’ on USC (point X). The
pressure of 280MN/m? is close to the rupture strength of
soil particle, such as quarts, feldspar and limestone (Ya-
shima, 1986). Therefore, I,= 0 at p=280MPa on USC
means the ultimate state that voids cannot exist in soil be-
cause of rupture of soil skeleton. This consideration is
supported by some experimental data. The In flog p
curves in high-pressure range are shown in Figure 33,
which are the data of Osaka Bay Pleistocene clay in

Specific Volumu Index, &

- Romalding

=1
(Liquid Limit)

05 [

0 . . . ; X
ol 1 10 100 000 10000 100000 000000

) Consolidation Pressure (kPa)

Figure 32 USCin I, — log p system
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CRS(constant rate of strain) consolidation test up to the
maximum pressure from 30MN/m? to 50M N/m? of con-
solidation pressure. By extrapolating In f~og p curves of
high pressure range, it seems that the void ratios finally
become near zero when the consolidation pressure reaches
200 ~ 400M N/m’.

In Figure 32, the consolidation pressure p; =55kN/m’
on USC, when f=f; and I,=1 (point S in Figure 32). At a
void ratio of liquid limit, the shear strength in thoroughly
remolded (point Q in Figure 32), (5,J11, ranges from 1.0 to
2.0kN/m® (JSSMEFE,1992). As the shear strength of point
S is given by {s,/p)usc *ps ,where {5,/p)ysc is strength in-
crement ratio on USC, the sensitivity, s, , at the liquid Hmit
is given:

5= (5/Pluse " D SdrL (18)

Using typical values, for example, (s,/p)ysc = 0.25 -
0.35 and (5,);; =1.0 - 2.0kPa, the calculated sensitivity s,
for p, =55kPa ranges from 7 to 19, which agrees well with
measured values of typical marine clays. When the sensi-
tivity at liquid limit and strength increment ratio on USC
are given, p, at the point § is determined by:

Ps= (S 5/ 5/P)use 18y

USC is given by Point X and Point S in Figure 32, and
the former is related to the rapture strength of soil parti-
cles, and the latter is related to the sensitivity at liquid
limit and the strength increment ratic on USC. If we as-
sume that both parameters are almost constant in different
marine clays, it can be understood that USC is determined
mainly by the liquid limit of soil.

3.4 Standard Compression Curve from an initial void
ratio SCC(e,)

In most of clay samples, consolidation pressure p has
to be increased to as much as 2-4 times larger than p, in
order that the e-log p curves converge into the USC, as
shown in Figure 19.When the p is not large enough, the
void ratio e is larger or smaller than USC due either to the
effect of structure or to the effect of low initial void ratio.
Especially, in the range of small consolidation pressure,
the effect of low initial void ratio is important.

Figure 34 is a typical edog p curve of remolded clay
of different initial void ratios, ep. As the initial void ratio is
getting larger, the void ratio according to the same con-
solidation pressure is shifting upper direction, however, all
the curves finally converge into a unique line of USC with
increase of pressure. The standard compression curve
from an initial voids ratio, ey, is called SCC(ey) in this
study. 8CCleg) is the edog p relationship, in the case that
the consolidation starts at an initial void ratio eg* and fi-
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Figure 33  fHog p relationship of Osaka Bay clays
obtained by high pressure consolidation test
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Figure 34 Typical e-log p curve of remolded clay of dif-
ferent initial void ratios

naily converges into USC with the increase of consolida-
tion pressure.

Here, the author induces the SCCleg), based on the
USC concept and the experimental study on sample dis-
turbance by Okumura (1974).

1t is considered that the remoelding is an ultimate condi-
tion of sample disturbance, and the small amount of effec-
tive stress remains after remolding (Okumura, 1974).
Figure 35 shows effective stress change when clay of an
initial specific volume £, (void ratio ep) is remolded thor-
oughly (point B-—>point A) and is consolidated one-
dimensionally. The effective stress condition at Point A is
obtained as follows:
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Figure 36(a) is the relationship between remolded
shear strength ¢, and the water content w of clays of dif-
ferent liquid limits. For a give liquid limit, log ¢, — log w
plot can be expressed by a straight line in a wide range of
cur from 10™ kN/m” to 10k N/m? (Tsuchida et al., 1999).
Figure 36(b) shows the relationship between s,. and nor-
malized water content w/w; of the same data. It can be
seen that s, linearly decreases with increase of w/w, with
a relatively narrow band in the bilogarithmic plot. The line
of best-fit line is obtained as:

5= 14wy

Using the above equation, the strength of Point A in
Figure 35, 5,4 ,is given as follws;

Sua = 1.4 (eplep) ** (19)
When the strength increment ratio in thoroughly re-

molded condition is given as (s,/p)'REM, the effective stress
at point A, p, , is determined as follows:

Pa =S ! (/D) rem
= 1.4 (eo/en) ™ / (su/Drers (20)
Measured values of {s,/p)rpy for some marine clays

ranges from 0.8 to 1.2 (Mikasa ,1988)
Point B in Figure 35 is the effective stress condition of

clay of f;* at the normally consolidated condition on USC.

From Eq.(17), the effective stress at point B, pp, is given
as follows;

log pg = (1.47— 1,5 }/0.27 @D

(54436}
p=10 (22)

where, I, = is a specific volume index of the initial con-
dition and given as Inf;/Inf;,

According to the comprehensive study on sample dis-
turbance by Okumura (1974), the effect of the sample dis-
turbance on edog p relationship can be evaluated by
disturbance ratio R, which is defined as the ratio of the in-
tact effective stress to the residual effective stress after
disturbance or remolding. In this case, R is the ratio py/p,
and given as follows;

(5443763
F 5] 10 (Su/p)REM
R = = (23)
Pa 1.4 (epfery ™’

In £ Difference of Specific
Volume, A (ln )= In fyge=In f
fuse USG
fﬂ

Rémoldirig \L

Reconsdidation

Po p Pg log p
Figure 35 Standard .compression curve and effective
stress condition of remolded clay
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When the disturbed sample is consolidated one-
dimensionally, the void ratio at each consolidation pres-
sure becomes smaller than that of sample without the dis-
turbance. The void ratio difference due to the disturbance
is determined by the reconsolidation ratio Rcp, which is
defined by the following equation;

In(p/ps)
-Reg = o ———— (24)
InR

where, p is the consolidation pressure and p, is the initial
effective stress after sample is disturbed and the consolida-
tion starts.

As shown in Figure 35, the difference of specific vol-
ume f from the USC at the same consolidation stress is
gradually reduced with increase of consclidation pressure
accompanied with R Here the reduction ratio of specific
volume ry, is defined as follows;

rr= Adnf) / Adnf (25)

where, A(ln f) is the difference of specific volume from
USC at the same consolidation pressure, and A(ln fg is
the initial vaiue when the consolidation starts(Point A in
Figure 35). At the initial condition of Point A, /=1, and r,
= (} when the e-log p carve finally reaches USC by in-
crease of consolidation pressure.

Okumura (1974) and Shogaki and Kaneko(1994) re-
ported the change of edog p curves of marine clays due to
the degree of disturbance. Using the experimental data
presented by Okumura and Shogaki et al, the relation be-
tween r; and the reconsolidation ratio Rcg is plotted in
Figure 37, where the relationship can be successfully ex-
pressed by the following equation;

} (26)

Eq.(26) means that, when the sample is remolded at an
initial void ratio and then is reconsolidated, the e-log p
curve returns to the USC when Rgy is larger than 2.5, i.e.
the consolidation pressure is larger than R *° + pg. Using
Eqgs.(17),(23),(24),(25) and (26), the Standard Compres-
sion Curve from an initial void ratio SCC(ggp), can be writ-
ten as follows:

rr=0.16(Reg — 257  (Rca=2.5)

re= 0 (Reg > 2.5)

_ 10
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Figure 37 Reduction Ratio of Specific Volume, rj
and Reconsolidation Ratio, RCR
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when p<R™ p+ 3

= 147—027logp
—0.0186(In R){ In(p/p*) /(InR)—2.5 }2

when p>R* p*

> 27)

L,=147—027logp

where, I,o= Inf/Inf

p* =14 (eoler) *>/ (s./D)rem
(544—311,0)
R=10 / p*

/

Comparing Eq.(27) with Eq.(17), the effect of the initial
void ratio of consolidation, e, is given as —0.0186InR{In
(p/p*)/ InR —2.5}* , which is the difference from USC.

Figure 38(a) and (b) show the calculated standard
compression curves of different initial void ratios as e
=1.0¢e;, 1.5¢;, 2.0¢; and 4.0e; (e, is void ratio at liguid
limit) for the conditions of typical Japanese marine clays

as (Sa/p)REM =] .O, WL=50%(EL= 1 35) or WL=100%
25 .
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Figure 39 [,-log p curve of marine clays

(e;=2.70). As shown in figures, the flog p curves calcu-
lated by Eq.(27) agree fairly well with the experiments for
the various initial void ratios.

Imai(1978) examined the sedimentation and consolida-
tion behaviors of fluid mud under gravitational force by a
series of laboratory tests with sedimentation tubes, In his
study, e-log p curves of remolded marine clays, whose ini-
tial water content were from 4 to 20 times larger than the
liquid limits, were shown. In Figure 39(a),(b),(c) and (d),
Imai’s experiments are re-produced on [, - log p relation-
ship and the USC of Eq.(17) is shown for the comparison.
As shown in Figure 39, the [ ,dog p relationship of 4
clays are not depending on the initial water content, and
are very close to the USC,

Urnehara and Zen (1982) carried out both the sedimen-
tation tube test and the constant rate of strain (CRS) test to
determine eJog p relationship of remolded marine clays
for the large range of consolidation pressure. In Figure 40,
the e-log p curves obtained by Umehara and Zen were
ploited on I;,-log p relation and compared with the calcu-
lated SCCeg=er), SCClep=1.5¢;) and SCCle,=2e.). Al-
though some scatters are seen, I,-log p relation is close to
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Figure 40 I, Jog p relationship of reconstituted clays (data from Umehara and Zen, 1982)

USC when ¢, is large, and I,dog p relations shift to

SCC(ey) when ey becomes smaller. It can be concluded z Bentonite T=1.05s Kaolin T=1.04s
that the USC and SCC(eg) obtained Eq.(27) is explaining $ 00 .
various edog p curves of remolded marine clays fairly g 2 002F o /2.
well. : Hh=
5 04
o A . . g 001 03 001
3.5 Initial void ratio of marine clay and normalized 5 02
I3 & -
SCC for marine deposit o 01
Holocene marine deposits are normally consolidated g 0 200 250 ¢ 160 1‘50
=
fine-grained soils that have been transported by river or o Water content, w(%) Water content, w (%)

tidal current and sedimented for recent thousands of years.

Accordingly, by using the concept of standard compres- Figure 41 Damping of wave height and water content

sion curves, we can obtain the void ratio - effective of bottom mud (Gomyo et al., 1985)
overburden stress relationship, if an initial void ratio at the
start of consolidation is known. It is considered that, even w /W
after the sedimentation, the soils with very high water con- 0 1 2 3 4
tent will behave like fluid, and will be moved very easily 0 T A Y
by the currents and waves. With decreasing the water con- o1t vt
tent, they will settle down at some location and the con- 0z b ££
solidation will start at this moment. 0 - AD 80

Gomyo et al. (1986) studied the interaction between T %
wave and bottom mud layer by the waterway experiment. ; e4r EC&‘
The wave actions made the erosion and the movements of § 05T [T
mud layer; at the same time, the wave height was reduced 06 I ﬁ S Torva B
by the loss of the energy due to the interaction. The rela- 07t amt 1 H;:oi:ﬂmzypm
tionship between the damping ratio of wave height and the 08 I ga ; Matsushima Bay
water content of mud layer is shown in Figure 41, where os o = Hivalske |
H and h is wave height and water depth, respectively, and '

bentonite {(w;=160%) and kaolin (w;=48%) were used as
the bottom mud. As shown in the figure, the interaction
between wave and mud showed a peak at a specific water
content, which were about 250% for bentonite and about
90% for Kaolin, regardless of the relative wave height H/h.

Figure 42 Normalized Water Content of Seabed
(Depth = 0~ 1m)
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This phenomenon can be explained as follows; when the

wio/ W

water content is small, the mud layer has enough strength 0 . 02 ' s s
to be considered as rigid bottom, making no significant in- 0 - <
teraction, while, when the water content is large, the mud o1 .
behaves like a fluid and moves with the same phase of wa- 02
ter, making minor interactions. Accordingly, the largest in- 03
teraction will take place, when the water content condition E o4
becomes a certain boundary value. As shown in Figure 42,
the water content when the interaction showed the maxi- g 05
mum were 1.5-2.0 times liquid limit of mud, which seems e o} o TokroBay |
to be the boundary for mud between solid and fluid. 07 r .

Inoue et al. (1990} also pointed out that the shear 08 & © Biva Leke
strength of remolded slurry increased remarkably when 09 | el
the water content becomes less than 2w;. This seems to 1

agree with the results of Figure 41.

In Figure 42, the normalized natural water content
wo/w of sea floor at Tokyo Bay, Hiroshima Bay, Matsu-
shima Bay, and Biwa Lake are shown with the depth. Most
of marine clays near the sea floor have the water contents
of 1.5 to 2.0 times the liquid limits. It can be assumed that

Figure 43(a) Calculated and field water content
(Depth = 0 - Im)

W()/WL

the initial void ratios ¢, at the very beginning of consolida- 0 ’ T
tion of seabed is considered to be 1.5-2.0¢,. z

Based on these findings, the void ratio e, at the start of 4r
the consolidation of seabed is considered to be 1.5-2.0 ’I:-‘ 6
times of the water content. Figure 43(a) and (b) showed :,‘; 8
the normalized water content, w,/w;, with the depth calcu- o
lated by Eq.(27) under the conditions that wy =1.5w;, wy 3 o o Hroshims
=2.0 wy, w,= 50-150%, and (s,/p)zex =1. Figure 43(a) in- 12 s Kavasek
dicates that the calculated wy’v; at the sea floor agrees 14t Pl e Yokkeioks
well with the field data in Figure 42. However, in Figure 18 ——S5CG{e0=1,50L)
43(b), most of w, /A, values in the field are larger than the 13 s GC{a 07261
calculated, when the depth is more than 10m. The reason 20 IR

of this difference seems to be that the structure is formed

Figure 43(b) Calculated and field water content
by the aging effect in the field.

(Depth is 1 -20m)

Assuming that the initial void ratios e, at the beginning
of consolidation of seabed is 1.5 ¢; or 2.0¢;, standard

2 T — e -
compression curves SCC(eo=1.5¢,) and SCC(eg=2¢,) are RS RUE R
calculated for the cases of ¢;=1.0, ¢,=2.0 and e;=3.0. Fig- : a3 ]2 e0sel wlist) .
ure 44 shows the I, -log p relationships of SCC(eg=1.5¢;) o e % C) P i :g:zg:t Ef{:&%ﬁ;ﬁ -
and SCCep=2e, ). < : fw;;;:?; § » eD=1.5el (wb=50%) . |
As shown in Figure 44, I,,Jog p relationships of SCC E N iggg g
(eo=1.5¢0) and SCC(eo=2e,) are different depending on the @ T
liquid limit of soil. However, when accepting 0.1 differ- ;3 l '
ence of I, the difference is not so large, the average I, - &
log p curve can be determined for SCC(eg=1.5e,) and g
SCC(eg=2er), respectively. The vales of I, of @ os
SCC(eg=1.5ep) and SCCfeg=2e,) are listed for consolida-
tion pressures in Table 2, where the mean of I, is also cal-
culated. Here the author calls the relation between the 0 - —
0.0% [ ] 1 100 (000 10000 100000

mean I, value and the consolidation pressure “standard
compression curve for marine clay (SCC-marine)”. SCC-
marine is the standard edog p relationship, when the ma-

4

Consolidation Pres, p (kN/m?)

Figure 44 I, -log p relation of marine clay
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rine deposits have been normally consolidated from the
initial void ratio of 1.5-2.0¢; and not having any structure
due to the aging. Accordingly, when the initial void ratio
of marine clay is larger than that of SCC-marine at a con-
solidation pressure, the clay has a structure due to the
cementation, while the void ratio is smaller than that of
SCC-marine, the clay experiences a secondary compres-
sion or may be disturbed during sampling,

3.6 Intrinsic compression line and Sedimentation
compression line by Burland(1990)

As a method to evaluate the structure of clay, Burland

Table 2 [, on Standard Compression

Overburden {,, on Standard Compression Curve
stress (kN/m?)  SCCleg=1.5¢;) SCC(ep=2er) SCC-marine

1 1.17 1.27 1.22
2 1.13 1.22 1.17
5 1.07 1.15 1.11
10 1.02 1.10 1.06
20 0.97 1.04 1.01
50 0.90 0.95 .93
100 0.87 0.92 0.90
200 0.78 0.81 0.79
500 0.69 0.70 0.69
1000 0.61 0.61 0.61
2000 0.53 0.53 0.53
5
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- Sedimentaticn
3¢ Compression Line, SCL
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Figure 45 ICL and SCL proposed by Burland
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(1990) proposed a concept of intrinsic properties of clay.
Burland showed that, most of the eog p relationships of
remolded clays, whose initial water contents are ranging
from 1.0w; to 1.5w;, could be normalized into a unique /-
log p curve by using the void index, I, defined as follows;

Li=(eeue* )/ (€0 —eppn* )
={e—ep* )/ C* (28)

where ejpp* and e;90p* are void ratios when consolidation
pressure are 100kPa and 1000 kPa, respectively. Further,
the following equations to determine 2 parameters, C.* ( =
€100 — e1000™ ) and e0*, from the void ratio at liquid limit
€ , are given as follows;

C* =0.256 ¢,—0.04 (29)

€;00%=0.109+0.679¢, —0.089¢;” + 0.016¢,” (30)

Burland called this unique I, - log p relationship as the in-
trinsic compression line (ICL), and considered that ICL is
inherent to the clay and independent of its natural state,
that is, ICL shows the standard compression curve when
clay have no structure due to aging.

When the void index [, of normally-consolidated natu-
ral deposits is calculate with Eqs.(28)-(30) and plotted
with the in-situ effective overburden stress @ (' , there ex-
ists another unique I, — 0 ;' relationship, which is called
sedimentation consolidation line (SCL). Figure 45 shows
the ICL and SCL and the range of variation presented by
Burland (1990). According to Burland, natural deposits on
SCL have structares due to the aging effects of cementa-
tion or bonding, which constitute larger void ratios against
the same effective overburden pressure.

In this study, the concept of ultimate standard compres-
sion curve, USC is proposed. All e-log p curves finally
converge into USC, which is independent of structure due
to the aging, initial void ratio and sample disturbance.
When the initial void ratio ey is given, the standard com-
pression curve, SCC(eg) can be calculated by Eq.(27). In
this sense, the USC and SCC(e) are intrinsic properties of
clay.

A question on ICL concept of Burland is why the initial
void ratio have to be 1.0e; — 1.5¢; for ICL. Various e-log p
curves of remolded clay can be easily produced in the
laboratory when the initial void ratios are different. As
discussed above, the inittal void ratios of natural seabed
are considered to be 1.5 —2.0 times of e;, while the initial
void ratio of 1.0— 1.5 times of ¢; in ICL seems not to have
any specific meanings. In the author's opinion, ICL is one
of the SCC{ey), whose initial void ratio is 1.0 wp 1.5 w; .
Although ICL concept may be useful for the reference of
consolidation test of reconstituted clay, it does not have an
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intrinsic meaning on clay property.

Considering that the initial water content of seabed is
approximately 1.5w; — 2.0w,, the standard compression
curves were calculated by Eq.(27) for w; =70% — 110%
with assuming that wy =1.75w, . The average I, -log p re-
lationship of the calculated curves are named standard
compression curve for marine deposits SCC-marine and
plotted in Figure 46. As shown in Figure 46, void index I,
of SCC-marine is much larger than that of ICL and
slightly smaller than that of SCL. This means that most of
the difference between ICL and SCL can be explained by
the difference of the initial void ratio of consolidation. The
effect of the structure will be shown as the difference in I,
between SCL. and SC-Marine, not between SCL and ICL.

3.7 Evaluation of structuore based on L,-overburden
stress relationship

The average I, —log p line of SCC(ey=1.5e.)} and
SCC(ep=2.0er) is named SCC-marine. When in-situ void
ratio e, is larger than the value given by USC, it is consid-
ered that the clay has a structure due to aging. Using the
SCC-marine with the in-situ value of I, the effect of
structure can be evaluated quantitatively. When the differ-
ence Al is obtained as shown in Figure 47, AT, is writ-
ten as follows;

Alnf) Infy—Infice In(VpVeo
A Isvt) = = = (3 I)
II'!fL Inf:r_ lnﬁ,

where, f is in-situ specific volume, and ficc and Ve are
specific volume and volume of soil when the soil is on
SCC-marine at the overburden stress, respectively. Eq.(31)
can be written as;

€,=In(Vy/Vsco) = (A Ly ) (Infi) (32)

where ¢ , is expansive volumetric strain to the volume of
soil on SCCmarine.

Using Eq.(32), the degree of structure can be indicated
by volumetric strain. In the case thatAL,= 0.1 and f;=3
(w;=74%), £.=0.1XlIn 3 = 0.11, which means that the
volume of clay is 11% larger than that without the struc-
ture. This clay layer potentially has a large compressibility,
because the structure may be destroyed accompanied with
consolidation due to the loading.

a) Holocene seabed

Figure 48 is the relationship -between the specific vol-
ume ratio I, and the in-sity effective overburden stress o
vo' at Holocene seabed in Tokyo Bay, Hiroshima Bay,
Biwa Lake and Matsushima Bay, the largest depth of
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Figure 47 Difference of specific volume ratio, A [,

which is 20m. The average lines of standard compression
curves SCC(ep=1.5¢; } and SCC(ey=2.0e.) in Figure 44
are indicated for the comparison. As shown in Figure 48,
the I,dog G.o' relationship of natural seabed are plotted
around the two SCC{ep) lines, when p<40kPa. When
p>40kPa, some soils show larger void ratios than those de-
termined by SCC{ey). This means that the void ratios of
Holocene seabed in the shallow depth can be explained
mainly by the compression characteristics of clay and the
self-weight consolidation, and that no significant effect on
the void ratio were seen by the aging.
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b} Data collected by Skempton (1970)

The first study on the in-situ void ratio - overburden
stress of normally consolidated deposits was presented by
Skempton (1970). Figure 49 shows reproduced J,dog o
wo' relationship of 21 sites collected by Skempton. As
shown in this figure, most of data are plotted around
SCC(ep=1.5e.}, and some are plotted along SCC(eg=ey). In
the region of p> 400kPa, the values of in-situ specific vol-

ume index are larger than SCC and USC, suggesting that
the cementation in the sedimentation process had formed
structure and kept the void ratios larger. According to
Skempton, when the sedimentation of clay starts at the
tidal land, the initial water content become smaller than
the case of sedimentation at the sea floor. Although the
further study is necessary, this may be a reason of small
in-situ void ratio along SCC(ey=ey).
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c) Osaka Bay Pleistocene Clay

As mentioned Chapter 3, undisturbed samplings and
soil tests of clay up to 400m depths were carried out at the
site in Osaka Bay, where the Holocene and Pleistocene
deposits continue more than 400m, and the over-
consolidation ratios of clay layers are ranging from 1.0 to
1.5 in all the depth (Figure 4).

Figure 50 is the relationship between the in-situ void
ratio, e, and the overburden stress, 0. , at the site. As
shown in Figure 50 the void ratio decrease with the over-
burden stress increase, depending on the liquid limit. The
void index by Burland, I,, is calculated by Eqgs.(28)(30),
and plotted in Figure 51, where ICL, SCL and SCC-

marine are also shown for comparison. As shown in Fig-
ure 31, the values of I, in Osaka Bay Clay are much larger
than SCL and SCC-marine.

The in-situ specific volume index I, and the effective
overburden stress are plotted in Figure 52. As shown in
Figure 52, the values of I, of Osaka Bay Pleistocene Clay
are much larger than those determined by SCC(ey=1.5e.)
or SCC{(ey=2.0e, ), which means that the clays in these area
have larger void ratios or structures due to the cementation
effects in the sedimentation process. Taking the mean of
AL, in Figure 52 as 0.15, and the mean water content of
liquid limit w; as 80%, expansivé volumetric strain, € ,, is
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calculated by Eq.(32);

£,=0.151n (2.70%0.8+1) =0.17 35

——Depth 81m
This means that, due to the cementation effect during the sl —2—Depth128m

sedimentation process, the volume of Osaka Pleistocene (@~ Depthi61m
Clay layer are getting 17 % larger than those determined
only by gravitational consolidation. Figure 53 is typical e-
log p curve of Osaka Bay Pleistocene Clay obtained by
constant rate strain consolidation test. The extremely large
compressibility is observed when the consolidation pres-
sure gets larger than the consolidation yield stress p.,
which seems to be due to the destruction of the structure.
d) Ariake clay

Ariake clay is widely deposited around Ariake Bay in
Kyusyu Island with an area of several hundreds of square o
km. Ariake clay is known as typical sensitive clay in Japan, Consolidation Pres. (MPa)
Torrance and Otsubo (1995) reported that most of Ariake
clays have sensitivity larger than 16, with the maximum
over 1000. Ariake Bay Research Group (1965) has re-
vealed that the upper Ariake layer above 11m was depos-
ited under a marine condition, while the lower Ariake
layer below 11m was deposited under brackish condition.
The effect of salt extraction by leaching has been reported
to be an important factor causing large sensitivity of Ari-
ake clay (Torrance and Otsubo, 1995) |

Figure 54 shows the in-situ I, — 0,5’ relationship of
Ariake clays, which were taken from various sites around
Ariake Bay, with the liquid limit w; ranging from 51% to
164%. As shown in Figure 54, the values of I, of in-situ
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Figure 53 Typical edog p curve of Osaka Bay
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Ariake clay are extremely larger than those of SCC- M vy A V=E0-T

marine. It is seen that the difference in I, from SCC- ; I | P ”l | | H:“
marine is more remarkable as the liquid limit of clay was 00 ] )
smaller. The most probable explanation for this result is
that Ariake clays sedimented under marine or brackish
conditions with a high liquid limit. The leaching that oc-
cwred in the post-depositional process decreased the lig-
uid limit, while the in-situ water content had little change.

1 19 00

Querburden pressure. p {kN/m?

Figure 54 I, — 0 4 relationship of Ariake clay

Accordingly, in the case of Ariake clay, the structure was S=0==Oepth 4m
not developed by cementation, but the SCC-marine was . ::zm f’:m
lowered by decrease of liguid limit due to leaching and " i
consequently the value of I, increase drastically. E:
Figure 55 is an example of e-log p curve of Ariake clay S Ll
sample, which was taken by high quality sampler and s
tested by constant rate strain consolidation test. Although ﬁé
the reason of high Al value is different from Osaka Bay @y Ariake Clay
Pleistocene clay, the similar characteristics of structured
clay, such as large compressibility at p> p, is clearly ob- 2 .
served. 1 10 106 1000 10000
Consolidation Pres. p (kPa)
3.8 Summary
The concept of standard compression curve (e-log p Figure 55 Typical edog p curve of Ariake clay sample
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curve) of clays was proposed. The standard compression

curve comsists of ultimate standard compression curve,

USC, and the standard compression curves from an initial

void ratio, SCC(ep). USC is the e- log p relationship,

where e-log p curves converge ultimately with increase of
consolidation pressure. When the initial void ratio is small
the standard compression curve is different from USC.

SCCf(ep) is the edog p relationship that starts the consoli-

dation at an initial void ratio ey, and with the increase of

the consolidation pressure, it finally converges into the

USC.

Both curves are determined mainly by the liguid limit
of clay and the void ratio at the beginning of consolidation.
The uniqueness of USC was examined by the consolida-
tion data of 18 marine clays. Using the specific volume
index, I, which is defined as In (I+e) / In (1+¢;), USC
was shown as a unique I, — log p relationship not depend-
ent on the plasticity of clays. I, — log p relationship of
SCC(eg) was also presented based on the USC concept
and the study on sample disturbance by Okumura (1974).

It is considered that, under the conditions of marine
waves and currents, the void ratio of marine clay at the
beginning of consolidation is 1.5-2.0 times of liquid limit
;. By calculating SCC(eq) with the conditions of eg=1.5¢;
and ey=2e;, the standard relationship between I, and the
effective overburden pressure, ¢ 4, was obtained for
normally consolidated marine deposits, which is called
SCC-marine. By comparing the in-situ specific volume of
clay with the value on of SCC-marine, the degree of struc-
ture of marine deposits can be evaluated and the follow-
ings findings were obtained:

1) The void ratios of Holocene seabed in the shallow
depth can be explained mainly by SCC-marine and
that no significant effect by aging on the void ratio.

2) As the in-sita values of I, of Osaka Bay Pleistocene
clay at the site of Kansai International Airport are
much larger than those of SCC-marine, the clays
seems to have well-developed structure due to aging.

3) The values of I, of in-situ Ariake clay prefecture were
extremely larger than those of SCC-marine. The cause
of high I, value is considered to be the decrease of
Liquid limit by leaching that occurred in the post-
depositional process.

3

4. CONSOLIDATION BEHAVIOR OF OSAKA
BAY PLEISTOCENE CLAY

4.1 Separate-type consolidometer

Osaka Pleistocene clay shows a remarkable increase in
compressibility when the overburden pressure exceeding
the consolidation yield stress is loaded. It is usually re-
vealed with a high consolidation yield stress which is be-

lieved to be originated not only by the high overburden :
pressure, but also by its well-developed structure resulting :
from long-term secondary compression and aging effects.

It is therefore necessary to adopt more elaborated and
sophisticated method for the investigation on this type of 5
clay retaining peculiar compressibility characteristics in
the purpose of proper understanding on the development
of deformation and pore water pressure.

A separated-type consolidometer test, in which the soil
layer is divided into five inter-connected sub-specimens, is |
carried out for Osaka Pleistocene clay. Several researchers :
have conducted the separated-type consolidation test :
mostly in the purpose of verification of various consolida-
tion theories (Berre and Iversen, 1972, Mesri and Choi,
1985, Aboshi et al., 1985, and Imai and Tang, 1992).
However most of the soils used in their studies were artifi- :
cial reconstituted soils or undisturbed Holocene clays with :
less developed soil structure. For the typical condition of
Osaka Pleistocene clay with high consolidation yield
stress and with its well-developed structure, a separated-
type consolidometer of high capacity was specially de-
signed. With this device, the some particular consolidation
characteristics of undisturbed Osaka Pleistocene clay are |
to be investigated.

4.2 Method and procedure _
The fundamental concept of separated-type con-
solidometer test is illustrated in Figure 56. The soil
specimen is separated into several inter-connected samples
so that the consolidation characteristics of the soil by
thickness variation together with the internal variation of
pore water pressure can be examined in connected test

3
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Figure 57 Systematic diagram of the separated-type Consolidometer

cells. Those are usually impossible to be obtained in the
conventional type of oedometer test. The bottom drainage
plane of one sub-specimen is connected to the top drain-
age of the next one in the series.

Figure 57 shows the systematic diagram for the sepa-
rated-type consolidometer test. The cell is made of metal-
lic body to endure the high pressure and the drainage
between sub-specimens is also carried by copper pipes to
support high pore water pressures during the tests. Pore
water pressure is measured at the bottom of each sub-
specimen by pressure transducers. To increase saturation
of the specimen, backpressure is applied to the drainage
surface of the top specimen.

A gap-sensor of non-contact type measuring the gap dis-
tance by magnetic pulse between the sensor and the target
plate on the loading cap is employed. A scil sample
trimmed into five sub-specimens, 60mm in diameter and
10mm in thickness each, was used for this test, Each sub-
specimen was placed into the consolidometer cells, la-
beled No.1, No.2, ---, and No.5, This gives a total maxi-
mum length of 50mm for the whole drainage path. The
drainage was allowed only at the upper boundary of sub-
specimen No.l cell and the drainage volume was meas-
ured for the total volume change by a burette in which
back-pressure is applied.

Soil properties of Osaka Pleistocene clay used in this
test are shown in Table 3 Osaka Pleistocene clay tested in
this study was collected from the soil layer of 130” 170m
depth below the sea water level. The specific volume in-
dex I, is 0.682 and the difference of I, from SCC-marine,
Al 15 0.072, which means this layer is highly structured
with the expansive volumetric strain of 9.9%. Recently, it
has been known that a large amount of Diatom microfos-
sils are contained in Osaka Pleistocene clay and they may
a major influential factor for the large void ratio and the
high compressibility (Tanaka and Locat, 1999).

To compare the effect of soil structure, reconstituted soils
from the same Osaka Pleistocene clay were prepared for
the comparison of test results. For the preparation of a re~

Table 3 Soil properties of Osaka Pleistocene clay

Natural Specific
water Liquid Plastic favit
Content,  Hmit, (%)  Lmit, (%) S0

G,
W, (%)

338-578 73.6-108 31.1-366 2.69-272
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constituted sample, the soil passed with 106um sieve, was
remolded and mixed thoroughly at the water content of
above 180%, which is almost twice the liquid limit of soil
to eliminate the possible effect of soil structure. Then it
was pressurized in a cell up to 196kPa by step loading un-
til the 95% of consolidation by v t method was obtained.
Figure 58 shows the void ratio — effective stress curve ob-
tained from the consolidation test by constant rate of strain
(CRS) comparing the reconstituted and the undisturbed
soil used in this test. The consolidation behavior of undis-
turbed Osaka Pleistocene clay can typically explained by
some typical features like low compressibility in the over
consolidated range, sudden decrease of void ratio after
yielding and non linear relations for the void ratic with
logarithm effective stress in the normally consolidated
range (aiso refer to Figure 32).

4.3 Test results and discussions

The pressure of each sub-specimen by the increment of
loading are measured at a given measuring time. Back-
pressures were applied by 196kN/m” for reconstituted soil
and by 392kN/m* for undisturbed soil, Five sub-specimens
in series were used both for the reconstituted soil and
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Figure 58 Comparison of eJogp for reconstituted and
undisturbed Pleistocene clay

disturbed soil.

Figures 5% and 60 show the variation of strain and ex-
cess pore water pressure as a function of time for each in-
crement of stage loading for the reconstituted and the
undisturbed sample respectively. In the case of the recon-
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stituted sample, the delay of compression by the distance
from the drainage surface was clearly seen in both over
consolidated and normally consolidated range. This delay
of compression is due to the fact that sub-specimen nearer
to the free drainage boundary is compressed faster by

taking place of rapid dissipation of excess pore water pres-
sure.

Comparing over-consolidated compression with nor-
mally consolidated compression, no distinctive difference
of the consolidation behavior was observed except an in-
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crease in primary strain and coefficient of secondary con-
solidation in the normally consolidated range.

However, for the undisturbed sample of Osaka Pleisto-
cene clay, the consolidation behavior showed evident con-
trast between the normally consolidated and the over-
consolidated ranges as it can be seen in Figure 60. In the
over-consolidated range, primary consolidation is over
almost instantly and all subsequent strains for all sub-
specimens continue at nearly constant rate of secondary
compression. Excess pore water pressure also showed in-
stant dissipation within a minute, which means almost no
€xcess pore water pressure was developed in the over con-
solidated region. It is not so difficult to understand the ri-
gidity of the soil structure against overburden pressure.

Meanwhile it is interesting to say that the dissipation
characteristics of excess pore water pressure at the loading
stage exceeding the consolidation yielding stress of undis-
turbed soil, displayed very unique aspect. As the stage
loading closes to the consolidation yielding stress, the
compressibility of soil started to increase dramatically
with little development of excess pore water pressure.
However once the soil underwent yielding, the soil began
to display the delay of compression according to the
drainage length to the drainage surface.

Particularly it is distinguishable to see the peculiar de-
velopment of excess pore water pressure at each sub-
specimen. Once the variation of excess pore water
pressure showed the decreasing tendency at first, then it
increased again to a notable degree after the soil experi-
enced yielding. For the main reason of this, it is consid~
ered that excess pore water pressurc once barely
developed in the over-consolidated range was affected by
the rapid increase of compressibility progressing in the
loading stage shifting over to the normally-consolidated
range. This means that the rate of increase in compressi-
bility became much higher than the rate of excess pore
water pressure dissipation when skeletons of Osaka Pleis-
tocene clay with well-developed structure were yielded by
a high overburden pressure. However it is necessary to
point out that this behavior is highly affected by the size of
loading increment and consolidation yielding stress.

In the normally consolidated range, the consolidation
behavior of soil showed delay of compression with dis-
tinct delay of dissipation of excess pore water pressure
from the start of drainage. Those behaviors in normally
consolidated range revealed almost similar variation char~
acteristics to the results for reconstituted sample.

In Figure 61, the distribution of degree of consolidation,
U, to the thickness of soil layer according to the length of
drainage path is compared with theoretical solution by
Terzaghi’s one-dimensional consolidation theory. Both

soil conditions are for the loading spanning the precon-
solidation pressure.

For the reconstituted sample, the distribution of U, to the
depth of soil from measured values is incidentally well
consistent with theoretical solutions. Of course, this is al-
ways the same with different type of soils or different test
conditions. At any rate, from the figures, it can be said
that, even though the primary consolidation of undisturbed
soil is once ended up at much higher rate than that of re- .
constituted one after yielding, the consolidation process
became greatly delayed and showed complexity at the :
consolidation process.

Relations between void ratio and effective stress are
shown respectively for reconstituted and undisturbed sam-
ples in Figure 62. For the comparison, void ratio is nor- .
malized with the initial void ratio, e,. It is clear that the e-
log p’ relation from the results by separated-type con- -
solidometer test is not linear either with any load incre-
ment or with the length of drainage path for both sample
conditions. Due to the fact that, at the soil layer which is

...... Tarzaghl's Solution
— Measured
0.2 o

0.4 / g
“Z“ A
H f
06 f
08 F.
1
0 20 40 60 a0 100

Degree of consolidation, U, (%)

(a) Reconstituted soil

Degree of consolidation, U, (%0}

(b) Undisturbed soil

Figure 61 Degree of consolidation with depth of soil
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near to the drainage boundary, effective stress instantane-
ously increased, the curve for No.1 layer reveals the e-log
p’ relation almost close to the ideal no water condition
with the largest curvature. However it is notable that var-
ied relation of edog p’ by the length of drainage path for
undisturbed sample can be observed at the next load in-
crement after exceeding the preconsolidation pressure.

And also for the undisturbed soil, before the substantial
increase of compressibility after preconsolidation pres-
sure, large span of over-consolidated range with respect to
the increase of stress implies high resistance of soil struc-
ture. It is notable that sudden increase of compressibility
can be observed near the consolidation yielding stress at
almost constant effective stress for all sub-specimens fol-
lowing the same curvatures. After yielding, tremendous
decrease of void ratio took place at subsequent loading
pressures after yielding, revealed with almost two third of
total decrease in void ratio.

4.4 Summary
Using separated-type consolidometer of high capacity

designed in this study, the consolidation characteristics of
Osaka Pleistocene clay was examined with the purpose of
investigating soil structural effect. Through the tests as a
fundamental stage, undisturbed soil in the over-
consolidated range showed extremely faster expulsion of
excess pore water pressure than the normally consolidated
range and that the most part of consolidation settlernent is
occupied by secondary compression at a given pressure
increment.

At the pressure increment spanning the preconsolidation
pressure of Osaka Pleistocene clay, effective stress in-
creasing with elapsed time showed sudden decreasing ten-
dency after the effective stress exceeded the
preconsolidation pressure. It is estimated that the cause of
this unigue behavior is to be attributed to the fact that
radical increase of compressibility by the yielding of soil
structure surpasses the dissipation rate of excess pore wa-
ter pressure. This behavior is particularly relevant to clays
with a well-developed structure such as Osaka Pleistocene
clay.
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5 STRENGTH OF OSAKA BAY PLEISTOCENE
CLAY - CASE OF KIA PROJECT -

5.1 Importance of shear strength of Pleistocene Clays
in KIA second phase project

In second-phase project in Kansai International Airport,
the shear strength of Pleistocene clay layer at the large
depth has become important design problem. In the first-
phase project, the shear strength of Pleistocene clay was
not studied in detail because the stability analysis of the
seawall structures indicated that the safety factors against
deep-seated slip circles passing through the Pleistocene
clay layer were much greater than the required design
safety factor of 1.3, However, as the water depth and the
reclaimation become larger in the second-phase project,
the slip circle that gives the minimum safety factor possi-
bly passes through the Pleistocene clay layer.

Undisturbed samples used in this study were obtained

[—

from Osaka bay in 1995 during the in-situ investigation
for second construction phase of the Kansai international
airport. The location of boring are shown in Figure 63(a).
The borings carried out as deep as 400m indicated that the
average depth of water was 19.2m and the depth of allu-
vial soft clay was 25m. The sampling method and the
characteristics of soils collected from Osaka bay were re-
ported in detail by Horie et al. (1984), Ishii et al. (1984)
and Tsuchida et al. (1984).

Figure 63(b) shows the consistency profiles including
liquid limit, wy, plastic limit, wp and natural water content,
wy. Although, only the clay and sand layers have been de-
posited alternately, only the clay layers were studied, be-
cause the shear strength data of the clay is significant for
the stability analysis.
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Figure 63(b) Consistency profile of Pleistocene clays
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5.2 Measurement of residual effective stress of undis-
turbed sample

Evaluation of sample quality by measuring suction,
which corresponds to residual effective stress of sample,
was firstly attempt by Okumura (1974). Shimizu and
Tabuchi (1993), Shogaki et al. (1995) and Mitachi and
Kudo (1996} measured the residual effective stress of
sample and cormrected the unconfined compression
strength. As most of these researches studied on saturated
Holocene clays, the measured data of suction were less
than vacuum (98.1kN/m?). On the other hand, Mitachi and
Kudo(1996) measured suction larger than 98.1kPa in Kao-
lin clay, applying a back air pressure.

To evaluate the quality of Pleistocene clay samples, the
measurement of suction was carried out. The suction
measuring system used in this study is schematically illus-
trated in Figure 64. The system can measure the suction,
by placing the specimen under a certain high air pressure
1, (back air pressure). The specimen trimmed as 35 mm in
diameter and 80mm in height is placed on the ceramic fil-
ter which has an air entry value of 200 kN/m’ and is satu-
rated by de-aired water previously. After setting the cell,
air pressure was applied up to a certain value u,, and the
valve, which is placed between inside of ceramic filter and
inside of cell, was opened for a moment to balance both
pressures in the pedestal and in the cell.

Figure 65 shows an example of data sets measured by
suction tests, which were conducted on specimens taken

Inner cell Alr pressure; Ua
1o prevent from desiccation 5
Regulator
A
e
High air Gauge

entry ceramic |

H Valve
/) “—_’ Uw

P
Pore pressure

fransducer

Figure 64 Measurement of suction under applying back
air pressure

from the depth of 93m. The measured suction under at-
mospheric condition was approaching to the vacuum,
however much smaller than the suction when the back air
pressure was applied. When the back air pressure was Iar-
ger than 100kN/m?, the measured residual stresses became
constant with not dependent on the back air pressure. The
constant value of the suction is considered to be a true re~
sidual stress of the specimen.

Figure 66 shows the variation of residual effective
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Figure 66 Residual effective stress of sample with depth
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stresses based on the measured suction Osaka Bay Pleisto-
cene clays taken from different depths. As shown in the
figure, the residual effective stresses in Pleistocene clays
collected from large depth were equal to or more than one
fifth of effective overburden stresses. These values are
consistent with the test results of Tanaka, M. et al. (1995),
who reported that residual effective stresses of Japanese
Holocene clays are between one forth and one sixth of ef-
fective overburden stress. According to Okumura (1974),
when the residual effective stress is equal to or more than
one fifth of effective overburden stress, the disturbance ra-
tio R, an index of sample quality, ranges from 1.5 to 3,
which means that the sample quality is classified to “very
good”. It can be said that quality of undisturbed samples
of Osaka Bay Pleistocene clay are better than anticipated,
although they were collected from large depths.

5.3 Recompression method

The recompression method is aimed to reduce the effect
of disturbance, in which the shear test is conducted after
the specimen is consolidated by the in-situ effective stress
conditions in triaxial cell {Berre and Bjerrum, 1973). In
this method, a specimen from undisturbed sample is first
consolidated under K, condition at the same effective
stresses in the field, and after the completion of consolida~
tion, it is subjected to shear under undrained condition.
Hanzawa and Kishida (1982) and Hanzawa (1982) applied
the shear strength obtained by the recompression method
for stability analyses of several practical projects and re-
ported excellent agreements between the analyses and the
field behaviors. In testing procedures of Hanzawa, K-
consolidation was carried out by the end of primary con-
solidation, and the average shear strength of compression
and extension loading at strain rate of 0.01%/min were
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; } l Compression
a “F
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— Su[E)
L s
= u(E}
3
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Definition A 0
Axial strain, e

Figure 67 Typical stress-strain curve of Holocene clay

used for considering the effects of strength anisotropy and
time to failure. :
In this study, the recompression method similar to the
procedure by Hanzawa was used. It must be noted that, |
although the shear strain rate of 0.01 %/min is recom-~ |
mended, the rate of 0.1 %/min was adopted to complete a
number of tests within a limited time, and no correction on '
the shear strain rate was carried out. K, value was first de-
termined by K,-consolidation test in the triaxial test (Tsu- |
chida et al., 1989). For the recompression method, the in- :
situ stress conditions must be applied without destroying
the structure as much as possible by K, consclidation. -
Anisotropic consolidation was carried out by increasing
the stresses linearly until 0'\= 0" jando' = K, 0"y in |
720 min and this condition was maintained until the ex-
cess pore pressure was completely dissipated. After that, :
the specimen was sheared in undrained condition for com- '
pression (CAUC) or extension (CAUE) loading with the
axial strain rate of 0.1%/min.
As a simplified procedure of recompression, Tsuchida
et al. (1989) proposed the Simple CU (consolidated
undrained) test for a practical purpose. The Simple CU
test is a CIU (isotropically consolidated undrained) com- :
pression triaxial test, in which an isotropic consolidation -
under the mean in-situ effective confining stress’ of
(1+2K,)/3- 0, is carried out, instead of the K, consoli- :
dation. For the stain rate, 0.1 %/min is recommended. .
They also proposed to take 75 % of the shear strength
measured from the simplified CU test as the design
strength, to account for the strength anisotropy and time
effect.
Both in Bjerrum’'s method and Hanzawa’s method of |
recompression (Berre and Bjerrum, 1973; Hanzawa and
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Figure 68 Measured K, value with axial consolida-
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Kishida, 1982), the undrained shear strength is defined as
the average of compression strength and the extension
strength. The problem is how to determine the extension
strength. One definition of the extension strength is the
maximum strength within the 15 % axial strain.

A typical stress-strain relationship for Japanese Holo-
cene clay observed in CAUC and CAUE is shown in Fig-
ure 67. The peak strength appeared at a small strain in
compression side, while the peak strength in extension
side is usually mobilized with the larger strain or some-
times no peak strength is shown within the maximum axial
strain of 15%. When extension strength is defined as the
maximum strength within the 15% axial strain, the axial
strain at the peak strength is much larger than that of com-
pression strength. In addition, extension shear strength is
also defined as the strength at the strain when the peak
strength is mobilized in compression test. The reason for
the latter definition is that the average strength resulted
from the compression and extension tests should be con-
sidered at the same strain level. The extension strengths
obtained by the two definitions were used for design shear
strength, and the influences on stability analysis were dis-
cussed.

5.4 Test result and discussions

Figure 68 shows the observed variations of Ky-value (=
0y 7'} with consolidation stress ¢ ', normalized with
the effective overburden stress 0"y for an Holocene clay
obtained from a depth of 21m and a Pleistocene clay from
a depth of 53m below the seabed. For the Holocene clay,
the Ky-value decreases during over-consolidation range,
after that K;-value reaches a plateau at 0.5 after ¢’ On
the other hand, for the Pleistocene clay, which is relatively
an old deposit, the K,-value decreases remarkably during
over-consolidation range to the bottom level around o,
After that K, increases, it finally settles in a constant value
of 0.5, that is almost the same as that for the Holocene
clay. The difference between the alluvial clay and the
Pleistocene clay is probably due to the well-developed
structures in the Pleistocene clay. In this study, the K,
value of 0.5 observed for normally consclidation stage is
adopted to recover the in situ stresses by anisofropic
consolidation for CAUC and CAUE tests,

Figure 69 (a) shows the stress-strain relationships of
Pleistocene clay sample of 55 m depth, in which one
specimen was consolidated one dimensionally up to the
normally consolidated stage of 3 0 and for the other
one, the recompression specimen was reconsolidated by
a ', with K;=0.5. Figure 69(b) shows the effective stress
paths of the tests. In compression loading, the normally
consolidated clay yielded just at the beginning of shear,
shifting from the elastic stage to the plastic stage with
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strain softening behavior. On the other hand, the recom-
pression specimen showed larger yield stress with larger
secant modulus, while in the post-yielding region, stress-
strain relation and stress path of the recompression speci-
men were gradually approaching those of the normally
consolidated clay. In extension loading, the normally
consolidated clay did not have a maximum deviator stress,
and the strain hardeming behavior were shown even
though the axial strain was as much as 15%. However, the
specimen of recompression had peak strength with a strain
of 210 5 % and the strain softening behavior was shown
after the yielding.

Figure 70 shows the stress-strain curves of Pleistocene
clays of different depths, As indicated in the figure, the
samples from the larger depth seem to show more brittle
behaviors especially in extension loading. The differences
of shear behaviors are related to the modes of failure. The
aged Pleistocene clay failed with a clearly defined slip sur-
face for compression and with necking for extension,
while, the normaily consolidated clay collapses uniformly
without local failure. Therefore, it is able to say that char-
acteristics of shearing behavior for a clay changes from
ductile to brittle by developing structure due to aging ef-
fects.

Profiles of shear strength, s,, determined by CAUC and
CAUE tests with depth are shown in Figure 71{(a) and
Figure 71(b). The extension shear strengths were deter-
mined by the maximum strength within the 15% axial
strain (definition A, Figure 71(a)), and the strength at the
axial strain when compression strength showed the peak
(definition B, Figure 71(b)), respectively. In the figure,
the shear strengths of the Modified Bjerrum’s method
Sum.p, 18 defined by the mean of the compression strength
S and the extension strength s, and the s,y is a
strength determined by the simplified CU test with correc-
tion factor of 0.75. The strength increases with depth line~
arly, and this means that, although the geological
evidences of the periodical sea level changes are observed,
the ground has not experienced major tectonic movements
after the deposit.

The strength anisotropy, expressed as the ratio of ex-
tension strength to compression strength of Pleistocene
clays are plotted in Figure 72(a). As shown in the figure,
the ratio is about 0.6 when the maximum extension
strength is used, while the ratio is about 0.4 when exten-
sion strength is at the strain equivalent to the peak com-
pression strength, respectively, Tsuchida and Tanaka
(1995) showed that the strength ratio of the typical Holo-
cene marine clays, in which the definition A was used,
ranged from 0.6 to 0.8. It can be said that the strength ani-
sotropy of Osaka Bay Pleistocene Clay is large, compared
with other marine clays in Japan.
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Figure 73 Strain at failure with depth

Figure 72(b) shows the relationship between s, 5,/
0",y and the plasticity index 1. The values of 5,45,/ 0
are (1.3 ~0.5 when the extension strength with definition
A is used, and 0.25 ~ 0.40 with definition B. According
to the conventional consolidation tests, over-consolidation
ratio of Pleistocene clays are between 1.25 and 1.30,
therefore by dividing the 5,45,/ 0 ' With 1.30, strength
increment ratio s, /p in normally consolidation region, is
obtained. The s, /p of the Pleistocene clays were 0.29
when the extension strength with definition A is used, and
0.25 with definition B.

Mesri (1975) pointed out that s,/ in normally consoli-
dated region of most clay in North America and Europe
are 0.22, while Tanaka (1994) showed that the s, /p of
Japanese marine clays ranges from 0.25 to 0.35. The re~
sults of Osaka Bay Pleistocene clay confirm the results re-
ported by Tanaka (1994), Taking average value with depth
in Figares 71, 5,45,/ 0 ', were 0.34 with the definition
A of extension strength, and 0.29 with the definition B.

Secont modulous, Eg, kPa)

Figure 74 Es; with depth

The average normalized strength of the simplified CU test
was 0.31.

Figure 73 shows the profiles of strain at failure for the
recompression specimens {CAU tests), Strains at failure of
compression tests; & ¢, ranges from 2 % to 6% for the
Holocene clays, while in Pleistocene clays, most of them
are as small as 1%. Strains at failure of extension tests;
£ g are more than 15% in Holocene clays; while in
Pleistocene clays, & were decreased with depth and
ranged from 3 to 4% for the depths lower than 80m.

Figure 74 shows the secant modulus, E,,, obtained by
CAU tests and the sea simplified CU test. As shown in the
figure, the modulus determined from CAUC and CAUE
tests were almost the same, implying that the secant
modulus of Pleistocene clay is isotropic. The values of E;,
obtained from the simplified CU test were smaller by 10«
20% than those obtained from CAU tests suggesting that
the simplified CU may underestimate E;), because of the
difference of consolidation condition.
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5.5 Effect of Shear Strength on the stability of -wall

structure

Thestability analysis was carried out for the typical sea-
wall structure of Kansai International Airport in the second
phase of construction. The assumed cross section is shown
in Figure 75, The safety factor for the base slide was cal-
culated by the slip circle analysis with modified Fellenius
method. Table 4 shows the assumed material properties
used in the stability analyses.

The layer number 11 represents the Pleistocene clay
stratum in which the undrained shear strength increasing
with the depth is varied corresponding to the triaxial test

results. As shown in Figures 72(a) and (b), the strength
increase ratio; 5,/ ¢, is 0.34 for the average of compres-
sion and the maximum extension strengths (definition A),
0.29 for the average strength based on definition B of ex~
tension strength, and 0.31 for the Simplified CU test with
the correction factor 0.75. Considering these test results,
for the range of strength increase ratio, s,/ 0 'y = 0.22 -
0.36, the slip circle analysis was carried out to understand
the effect of strength on the safety factor.

Figure 76 shows the calculated variations of the safety
factor; Fs, and the bottom depth of slip circle with strength
increase ratio; s,/ 0 . As shown in the figure, Fs reached
a constant value at about 1.29, where 5,/ 0 ' 4 is larger than

20
0 ol X
E 1 Reclairm-:ciT sand
o -20
.E 40 Holocene clay Impm\Zdbv SD. Impmvg by 5.0, | Improved by $.0. 9
= Pleistocene sand layer 10
g -60 |-
80 _Plelstocene clay layer 11
..100 | 4 1 1 1 |
-150 <100 -50 0 50 100 150

Horizontal distance (m)

Figure 75 Typical cross section of seawall structure in KIA construction project

Table 4. Parameters for stability analysis

Layers Soil type Unit weight (kN/m?) Strength parameters

1  Reclaimed sand 19.6 ¢ =30

2 Concrete caisson 21.6 b =30

3 Sand 19.6 b =30

4  Sand 19.6 b =307

5  Sand 19.6 =30

6 Holocene clay, not improved 16.9 s, = 1.5z (kKN/m®)

7 Holocene clay improved by sand drain 16.9 s, =49+ 1.5z (kN/m?)
8,9  Holocene clay improved by sand drain 16.9 se=118 (kN/md)
10 Pleistocene sand 19.6 $=135

11 Pleistocene clay 16.9 strength by recompression

Z: Initial bottom of sea ( DL —19m)
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0.32.Fhis is because the critical slip circle is within the
Holocene clay layer and did not pass through the Pleisto-
cene deposit layer. When s,/ 0", is less than 032, Fsis
smaller than 1.27, where Fs is increasing linearly with
5,/ 0,0, because the critical slip circle reached the Pleisto-
cene clay deposit and the strength of the Pleistocene clay
determined the stability.

Because the shear strength of the sand layer between
the Holocene clay layer and Pleistocene clay layer was lar-
ger than the strengths of both clay layers the depth of bot-
tom of critical slip circle varied discontinuously at 5,/ ¢ 'y
of 0.32.

Figure 77 shows the critical slip circles giving the
minimum safety factor in the stability analysis. The 5,400
comresponds to the average strength with the extension
strength of definition A, and the critical circle passes in
the Holocene clay. The s, corresponds to the average
strength with the extension strength of definition B, in
which the extension strength equivalent to the same strain
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Figure 77 Critical slip circle with different strengths

level as compression, and $,sc; cotresponds to the
strength determined from the simplified CU test. In these
2 cases, the critical slip circles pass through the Pleisto-
cene clay.

As discussed above, depending on the definition of de-
sign shear strength, the critical slip circle passes in the
Holocene clay layer or in the Pleistocene clay. The results
of the stability analysis have shown that, for all the cases
of different strength definitions, the minimum safety factor
of the seawall structure is larger than 1.20, however the
margin for the safety is not so much. The cross section
used for stability analysis in Figure 74 is only an example
of the seawall whose length is as much as 10km. When the
slip circle passing though the Pleistocene clay layer at
great depth may take place, the influenced area of the fail-
ure will be quite large and possibly give the serious dam-
age to the whole construction project. Consequently, it is
concluded that the accurate estimation of shear strength
and the careful stability analysis covering all the construc-
tion sites is necessary. Further, the field cbservations and
strict the construction control will be definitely important
during the reclamation.

5.6 Summary
The undrained shear strengths and deformation charac-
teristics of Pleistocene clay in Osaka Bay were studied by
recompression method with triaxial tests. The conclusions
derived from this study are as follows;
1} The shear strength of Pleistocene clay increase line-
arly with depth, implying that a particular stress history
has not been involved.



Takashi TSUCHIDA , Yoichi WATABE and Min-Soo KANG

2) Residual effective stresses in Pleistocene clays col-
lected from large depth were about one fifth of effective
overburden stresses. The guality of undisturbed samples
of Pleistocene clay are better than the anticipated, al-
though they were collected from large depth.

3) Pleistocene clay at large depths showed brittle stress-
strain behavior and it shifts very rapidly from elastic
deformation to failure. The clays taken from the depth
lower than 80m has peak extension strength at axial
strains of 37 4 %.

4) When the undrained shear strength for design is de-
fined as the average of compression and extension
strengths, the strength increase ratio; s,/ ¢, depends
on the definition of the extension strength. The value
of 5/ 7', is 0.34 if the extension strength is defined as
a peak strength, while the value of 5,/ 7', was 0.28 if
extension strength is defined as strength at the same
strain as the compression peak strength, and the value
of 5/0°, determined by the simplified CU test was
0.31.

5) The critical slip circle in stability analysis passed
thorough the Pleistocene clay layer of the depth of 70m,
when the extension strength was defined as strength at
the same strain as the compression peak strength. Al-
though the safety factors obtained were larger than
1.20, the margin of the safety were not so much. The
accurate estimation of the shear strength of Pleistocene
clays and the field observations and construction con-
trol will be necessary to complete the projects safely.

6 Conclusions

In recent years, as the scale of structures has been
enlarged and the construction works have been carried out
in deeper sea areas, the loads due to constructions has be-
come close or larger than the consolidation yield stress, p,,
of the Pleistocene clay layer beneath the Holocene layers.
In this report, the compression and shear characteristics of
aged Pleistocene clay in Osaka Bay, were reviewed with
related to the case study on Kansai International Airport
project.

The main conclusions are summarized as follows:

1) The strength gain with time can be divided into 2 com-
ponents, one of which is associated with volumetric
compression, while the other is attributed to the cemen-
tation effect. The compression index ratio, r, is proposed
as an index of cementation effect. The value of r. of
Holacene clays and Pleistocene clays in Japan are 1.1-
3.0 and 1.1-6.0, respectively, increasing with depth,
while r. of reconstituted young clays are almost 1.0.

2} The high temperature consolidation method was pro- -

posed for reproducing the structure of aged clay in labo-
ratory, by consolidating remolded clay slurry under 75°
C. This is a useful technique to duplicate aged clay in
laboratory. '

3) Tan and Tsuchida (1999) investigated the shear strength

gain by cementation effect experimentally, and showed
that the strength gain by cementation is proportional to
elapsed time, and the increment is related to the over- :
burden stress. The strength increment As, can be ex-
pressed by the following simple equation; :

As,=03/pA(logr)

where, p is an overburden pressure (unit: kN/m®), and 1
is an elapsed time after end of primary consolidation.
Equation means that the contribution of cementation !
dominates strength gain with time when the overburden
pressure is smaller than 100 kN/m’, while strength gain
due to secondary compression becomes the main com-
ponent when the overburden pressure is larger than 100
kN/m’, :

4) The concept of standard compression curve (eslog p

curve) of clays was proposed. The standard compression
curve consists of ultimate standard compression curve,
USC, and the standard compression curves from an ini-
tial void ratio, SCC{ep). USC is the e-log p relationship,
where e~ log p curves converge ultimately with increase
of consolidation pressure. SCC(ey) is the e-log p rela-
tionship that starts the consolidation at an initial void ra-
tio ep. Both curves are determined mainly by the liquid
limit of clay and the void ratio at the beginning of con-
solidation. Using the specific volume index, I,,, which is ;
defined as In (1+e) / In (I+e;), USC and SCC(e,) were
shown as a unique /;, — log p relationship not dependent
on the plasticity of clays. :

5) Considering the initial condition of marine sediments,

the standard relationship between [, and the effective
overburden pressure, ¢ ¢", was calculated for normally
consolidated marine deposits, which is called SCC-
marine. By comparing in-situ specific volume of clay
with value on of SCC-marine, the degree of structure of
marine deposits can be evaluated. It is shown the void
ratios of Holocene seabed in the shallow depth can be
explained mainly by SCCnarine with no significant ef-
fect by aging on the void ratio, and ihat Osaka Bay
Pleistocene clay seems to have well-developed structure
due to aging, because the in-situ values of I, are much
larger than those of SCC-marine.

6) Using separated-type consolidometer of high capacity

designed in this study, the consolidation characteristics
of Osaka Pleistocene clay was examined with the pur-
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pose of investigating soil structural effect. Through the
tests as a fundamental stage, undisturbed soil in the
over-consolidated range showed extremely faster expul-
sion of excess pore water pressure than the normally
consolidated range and that the most part of consolida-
tion settlement is occupied by secondary compression at
a given pressure increment.

7} At the pressure increment spanning the consolidation
yield stress of Osaka Pleistocene clay, effective stress
increasing with elapsed time showed sudden decreasing
tendency after the effective stress exceeded the consoli-
dation yield stress. It is estimated that the cause of this
unique behavior is to be attributed to the fact that radical
increase of compressibility by the yielding of soil struc-
ture surpasses the dissipation rate of excess pore water
pressure, This behavior is particularly relevant to clays
with a well-developed structure such as Osaka Pleisto-
cene clay.

8) The undrained shear strengths and deformation charac-
teristics of Pleistocene clay in Osaka Bay were studied
by the recompression method with triaxial tests. Resid-
ual effective stresses in Pleistocene clays collected from
large depth were about one fifth of effective overburden
stresses. Accordingly, the quality of undisturbed sam-
ples of Osaka Bay Pleistocene clay was better than an-
ticipated.

9) The Pleistocene clay at large depths is brittle and shifts
very rapidly from elastic deformation to plastic failure.
The clay obtained from the depth lower than 80m has

the peak extension strength at the axial strains of 3 -4 %.

10} Although the safety factor of slip circle which passes
through the Pleistocene clay layer was larger than 1,20,
the margin of the safety were not so much. The accurate
estimation of the shear strength of Pleistocene clays and
the field observations and construction control will be
necessary to complete the projects safely.
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