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ABSTRACT

A series of elasto-viscoplastic ˆnite element analyses is performed to assess the stress and deformation of the Pleisto-
cene marine foundation due to construction of the 1st phase island of Kansai International Airport in Osaka Bay.
Attention is paid to the modeling of permeability for Pleistocene sand gravel layers considering the sedimentation en-
vironment because the performance of excess pore water pressure is strongly dependent on the extent of distribution as
well as the change of thickness of those permeable sand gravel layers. The concept of ``mass permeability'' is in-
troduced to model the actual process of dissipation of excess pore water pressure in the ˆeld. The mechanism for the
propagation of excess pore water pressure is also discussed. Special attention is given to the modeling of the compres-
sibility of the highly structured Pleistocene clay layers, exhibiting already signiˆcant visco-plastic deformations even in
the quasi-overconsolidated eŠective stress range. The present numerical analyses are found to describe the large and
long-term settlement together with the slow dissipation of excess pore water pressure in the Pleistocene clay and sand
gravel layers that actually has taken place in the ˆeld. A detailed comparison of the distribution of excess pore water
pressure and the diŠerential compression for the individual Pleistocene clay layers shows that the calculated perfor-
mance can well describe the actual behavior of the Pleistocene deposits due to the construction of the 1st phase island
of Kansai International Airport.
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INTRODUCTION

The development of coastal areas accomplished in
Japan has been outstanding. Kansai International Air-
port (KIX) was constructed in Osaka Bay as two man-
made reclaimed islands to minimize noise and pollution
in residential areas as well as to meet the increasing de-
mand for air transportation. Reclamation of the 1st
phase island started in 1987 and an additional heaping
was conducted in 1990. The 1st phase island was commis-
sioned in 1994. Figure 1 shows the location map for Kan-
sai International Airport constructed 5 km in the o‹ng of
Izumisano City, southern Osaka. Such a large-scale
oŠshore reclamation in Osaka Bay is accompanied with
large and rapid settlement of deep Pleistocene clay
deposits (Mimura et al., 2003). Akai and Tanaka (1999)
also reported that large and rapid settlement had been
proceeding without signiˆcant dissipation of excess pore
water pressure in the Pleistocene clay and sand gravel
deposits in the foundation ground of Kansai Internation-
al Airport (KIX). In the sense, the phenomenon taking
place due to the reclamation of KIX is proceeding far
from the conventional concept of consolidation in which

deformation advances associated with the dissipation of
excess pore water pressure.

Itoh et al. (2001) summarized on the basis of the data
from elastic wave exploration and in-situ boring logs that
the Pleistocene sand gravel deposits are not always dis-
tributed uniformly in thickness, consistently and that the
amount of ˆne contents included in them is signiˆcant.
The most serious problem originating from these sand
gravel deposits is the ``permeability'' that controls the
rate of consolidation of sandwiched Pleistocene clays be-
cause it does not necessarily follow that the net values of
the coe‹cient of permeability based on laboratory ex-
periments function as representatives for such non-
uniform sand gravel layers with occasional horizontal
discontinuity and/or variation of thickness. The quan-
titative contribution of the Pleistocene sand gravel layers
to the long-term settlement of the Pleistocene deposits
was shown by Jang and Mimura (2005). The Pleistocene
clays have distinguished structure due to the long term
eŠect of diagenesis. The compression behavior of this
kind of clay has a strong resemblance to that of Canadian
clay with highly developed structure (Leroueil et al.,
1985) where no linear relationship is found between the
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Fig. 1. Location map for Kansai International Airport
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void ratio and the logarithm of applied overburden wi-
thin the range of virgin compression. On the basis of
these ˆndings, Mimura et al. (1994) proposed the tri-
linear compression model for the Pleistocene clays of
KIX construction site. This modeling provided a rapid
advance in settlement without any signiˆcant dissipation
of excess pore water pressure, which has actually oc-
curred in the ˆeld. Mimura and Jang (2004) proposed a
concept of compression in which viscoplastic behavior is
assumed to occur even in the quasi-overconsolidated
region less than pc for the Pleistocene clays in Osaka Bay.
The procedure has been found to be versatile and allows
for the long-term settlement monitored in the reclaimed
islands in Osaka Port to be described (Mimura and Jang,
2005a).

In the present paper, the time-dependent behavior of
the Pleistocene deposits of the reclaimed foundation of
the 1st phase island of KIX is investigated based on the
elasto-viscoplastic ˆnite element analyses. Here, the per-
formance of excess pore water pressure propagation in
the Pleistocene deposits is highlighted. The mass
permeability of the Pleistocene sand gravel deposits is
selected as one of the parameters controlling the defor-
mation of the foundation ground. It is of importance to
know how far the generated excess pore water pressure
will propagate in permeable sand gravel layers because it
directly in‰uences the performance of the adjacent struc-
tures. The eŠect of the existence of excess pore water
pressure in the permeable Pleistocene sand gravel layers
on the subsequent advance in settlement of the Pleisto-
cene deposits is of great concern for predicting the long-
term settlement of the oŠshore-reclaimed marine founda-
tions. Based on trial calculations, the authors show how
to assess the actual behavior of the foundation ground
that is taking place in the case of large-scale oŠshore
reclamation such as KIX.

FRAMEWORK OF NUMERICAL ASSESSMENT

Elasto-Viscoplastic Model
The elasto-viscoplastic constitutive model used in this

paper was proposed by Sekiguchi (1977). Sekiguchi et al.
(1982) modiˆed the model to a plane-strain version. The
viscoplastic ‰ow rule for the model is generally expressed
as follows:

·e p
ij＝L

&F
&s?ij

(1)

in which F is the viscoplastic potential and L is the
proportional constant. Viscoplastic potential F is deˆned
as follows:

F＝a・ln «1＋ ·n0・t
a

exp Ø f
a »$＝np (2)

in which a is a secondary compression index, ·n0 is the
reference volumetric strain rate, f is the function in terms
of the eŠective stress and expressed in the following form:

f＝
l－k
1＋e0

・ln
sm

(sm)0
＋D {

2J2

sm
－

( 2J2)0

(sm)0 } (3)

Here, l and k are the compression and swelling index,
2J2 and s?m are the second invariant of shear stress and

mean eŠective stress, and D denotes the dilatancy
coe‹cient. The subscript, 0 means the stress at the initial
condition.

The concrete form of the model is also shown in the
reference (Mimura and Sekiguchi, 1986). The resulting
constitutive relations are implemented into the ˆnite ele-
ment analysis procedure through the following incremen-
tal form:

sDs?t＝[C ep]sDet－sDsRt (4)

Where sDs?tand sDetare the associated sets of the
eŠective stress increments and the strain increments re-
spectively, and [C ep] stands for the elasto-viscoplastic
coe‹cient matrix. The term ssRtrepresents a set of
`relaxation stress', which increases with time when the
strain is held constant. The pore water ‰ow is assumed to
obey isotropic Darcy's law. In relation to this, it is fur-
ther assumed that the coe‹cient of permeability, k, de-
pends on the void ratio, e, in the following form:
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Fig. 2. Compression modeling for the Pleistocene clays
Fig. 3. Plan view of the 1st phase island of Kansai International

Airport and the location of the monitoring point
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k＝k0・exp Øe－e0

lk
» (5)

in which k0 is the initial value of k at e＝e0 and lk is a
material constant governing the rate of change in
permeability subjected to a change in the void ratio under
the condition that the coe‹cients of consolidation, cv are
constant for the individual Pleistocene clays. Note that
each quadrilateral element consists of four constant
strain triangles and the nodal displacement increments
and the element pore water pressure is taken as the prima-
ry unknowns of the problem. The ˆnite element equa-
tions governing those unknowns are established on the
basis of Biot's formulation (Christian, 1968; Akai and
Tamura, 1976), and are solved numerically using the
semi-band method of the Gaussian elimination.

Compression Modeling for Quasi-overconsolidated
Pleistocene Clays

Based on the in-situ measured data, long-term settle-
ment has been found to take place in the reclaimed is-
lands of Osaka Port even in Pleistocene clay layers that
do not undergo plastic yielding (Mimura et al., 2001). As
it is also stated, the seabed deposits of Osaka Bay have
been formed due to the soil supply from the rivers on the
sinking base. Therefore, those sediments such as the
Pleistocene clays should be normally consolidated even
though they exhibit an apparent overconsolidation with
an OCR of 1.2 to 1.6. The authors consider those quasi-
overconsolidated Pleistocene clays as ``normally consoli-
dated aged clays'' with seeming overconsolidation due to
the diagenesis eŠect. In this sense, the following assump-
tion is introduced:

The Pleistocene clays in Osaka Bay are ``normally con-
solidated aged clays'' that exhibit the elasto-viscoplastic
behavior even in the region p0＋DpÃpc, while an elastic
behavior is assumed to occur in this region by the conven-
tional constitutive models. Figure 2 shows the conven-
tional and the proposed compression models schematical-
ly. Here, the Pleistocene clays are assumed to exhibit the
time-dependent behavior not only in the normally con-
solidated region but also in the overconsolidated region
when the positive loading increment Dp is applied (p?Ã
p0).

The stress, pc in the proposed model does not denote
the conventional yield stress but is regarded as one change
in the phase of clay deformation on the reference consoli-
dation curve for monotonic compression due to the fad-
ing structural eŠect. The procedure with the proposed
concept is found to provide descriptive accuracy for
predicting the long-term deformation of the reclaimed
Pleistocene deposits in Osaka Port (Mimura and Jang,
2004, 2005a). In the present study, the elasto-viscoplastic
ˆnite element code with the proposed compression model
is also used to investigate the stress-deformation charac-
teristics of the Pleistocene deposits due to the oŠshore
airport ˆll of KIX.

FOUNDATION MODEL AND PARAMETERS

Foundation Model and Hydraulic Boundary
A series of elasto-viscoplastic ˆnite element analyses is

performed to assess the long-term settlement and the
generation/dissipation process of excess pore water pres-
sure for the Pleistocene foundation of the 1st phase is-
land of KIX due to oŠshore reclamation. Figure 3 shows
the plan view of the 1st phase island of KIX together with
the location of monitoring point 1, where the diŠerential
settlement of the individual Pleistocene clay layers as well
as the excess pore water pressure at various depths, both
in the clay and the sand gravel layers, have been meas-
ured. A series of elasto-viscoplastic ˆnite element ana-
lyses is carried out along the section shown by A-A? in
Fig. 3. The model foundation used is schematically
shown in Fig. 4, and the construction sequence is shown
in Fig. 5 with the increasing process of the applied stress
due to reclamation. The prescribed ˆnal overburden due
to airport ˆll construction amounts to about 430 kPa at
the monitoring point 1. Here, Ma and Ds denote the ma-
rine clay and the Pleistocene sand gravel layer respec-
tively, and the individual names of the Pleistocene clay
layers have been updated to the present ones based on the
geological ˆndings from the boring KIX18–1 (Kitada et
al, 2009). Ma13 is the Holocene marine clay whereas the
others are Pleistocene in origin. The original foundation
is set from the elevation of －18 m to －166 m. For the
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Fig. 4. Schematic cross-section of the foundation ground of Kansai International Airport for ˆnite element analysis

Fig. 5. Schematic cross-section of the airport ˆll and the construction sequence
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normally consolidated Holocene clay deposit, Ma13,
sand drains are driven in a rectangular conˆguration with
a pitch of 2.0 to 2.5 meters to promote the consolidation.
The modeling of sand drains is simulated by the macro-
element method (Sekiguchi et al., 1986). The lateral
boundary of the clay layers (A-A? lines) in Fig. 4 is as-
sumed to be undrained while that of the sand gravel lay-
ers is assumed to be fully drained. The bottom boundary
is hence assumed to be undrained because Ds10 is under-

lain by Ma3 whose permeability is low enough to be im-
permeable. Mimura and Sumikura (2000) reported that
insu‹cient distance to the hydraulic boundary causes the
dissipation of excess pore water pressure to be overesti-
mated, and that the permeable sand gravel layers play a
signiˆcant role in controlling the rate of consolidation. It
is natural that the calculated results are seriously in-
‰uenced by the setting of boundary conditions. In the
case of KIX, as there are alternating permeable sand
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Fig. 6. Distribution of preconsolidation pressure (pc) with depth

Fig. 7. Set up Overconsolidation Ratio (OCR) for the Pleistocene
clays
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gravel layers sandwiched by the Pleistocene clay layers,
the propagation of excess pore water pressure through
those permeable sand gravel layers should be of concern.
Then, the eŠect of the mesh size in terms of the distance
to the seaside boundary merits due consideration with
regard to the subsequent deformation.

Mimura and Jang (2005b) reported that when the dis-
tance to the boundary is set to be about 10 times of the
loading area, the eŠect of the hydraulic boundary condi-
tion can be ruled out. Based on the ˆndings, the FE mesh
used in the present study is shown in Fig. 4. As shown in
Fig. 4, while the loading area by reclamation of the 1st
phase island is 1,440 m, the distance to the right bound-
ary is set to be 5,000m, which is the actual distance from
land. For the opposite oŠshore side boundary, it is set to
be 11,440 m to make the numerical results free from the
eŠect of the hydraulic boundary. The larger distance for
the left boundary was set after considering that the 2nd
phase island will be constructed on this side in future.

Soil Parameters
The Pleistocene clays in Osaka Bay exhibit slight over-

consolidation due to the eŠect of diagenesis, such as the
aging eŠect and/or development of cementation among
clay particles. In this analysis, the Pleistocene clay layers
are assumed to be lightly overconsolidated, and the
values of OCR are assumed to about 1.2 to 1.6 based on
the result derived from conventional step loading consoli-
dation test. Figure 6 shows the distribution of pc with
depth in the Pleistocene clay deposits at KIX. According
to the report by Akai and Sano (1981), the values of pc-p0

are almost constant for the upper to middle Pleistocene
clays. Based on the this, the mean values of the scattered
data of the consolidation yield stresses are selected as the
representative values of pc shown by the solid line in Fig.
6. Here, the values of OCR are assumed to be identical
for the individual Pleistocene clay layers. As a result, the
values for some layers have been set on the safer side. The
resultant proˆle of OCR for the Pleistocene clays is
shown in Fig. 7. The values of OCR are decreasing with
depth, showing the largest at the top of the Pleistocene
clay with 1.60 and the smallest at the bottom with 1.20.
The Pleistocene sand gravel layers, which are expressed
by Ds, are also assumed to be linear elastic material.

The model foundation for ˆnite element analysis
shown in Fig. 4 is assumed to be horizontally continuous
for the sand gravel layers sandwiched by the Pleistocene
clay layers. However, how the sand gravel layers under
the Pleistocene marine foundation are distributed in
practice has not been deˆnitely conˆrmed. Due attention
should be paid to the fact that the thickness, the horizon-
tal continuity and the ˆne contents of the sand gravel lay-
ers are the in‰uential factors which control the process of
the generation and dissipation of excess pore water pres-
sure in the Pleistocene deposits. In present study, the con-
cept of ``mass permeability'' is introduced. It is true the
values of the coe‹cient of permeability, k were derived
based on the experiments, but for such a large scale recla-
mation, those experimental values are meaningful as long

as the distributed structure of the sand gravel layers are
rationally modeled over a wide range. At present, no de-
tailed distribution model for them can be established.
Furthermore, the permeability controlling the advance in
consolidation is not the one derived in the laboratory but
the one that actually functions in the ˆeld. The authors
consider this practical permeability as ``mass permeabil-
ity'', the permeability that eŠectively controls the process
of excess pore water dissipation in the ˆeld. The ``equiva-
lent coe‹cient of permeability'' is hence introduced as a
representative of ``mass permeability'' by considering the
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horizontal continuity, the change of thickness horizontal-
ly and the degree of ˆne contents for the Pleistocene sand
gravel deposits. For convenience, the sand gravel layers
are assumed to be level and continuous and the equivalent
coe‹cients of permeability are provided for the individ-
ual sand gravel layers following the above-mentioned
judgment.

No comprehensive laboratory tests have been conduct-
ed for deriving the coe‹cient of permeability of the
Pleistocene sand gravel materials because of the di‹cul-
ties in obtaining the high quality undisturbed samples
from deep sedimentation. Furthermore, the Pleistocene
sand gravel layers were considered perfectly drained at
the early stage of the projects. The importance of the
permeability of the Pleistocene sand gravel layers was
recognized through the in-situ measurement of the excess
pore water pressure in the individual layers (Akai and
Tanaka, 1999). On the basis of the ˆndings by Itoh et al.
(2001), Takemura and Nakaseko (2005) summarized the
status of the Pleistocene sand gravel deposits at KIX
based on the geophysical and geological investigation.
The brief evaluation for the individual sand gravel layers
(Ds) is explained as follows:
Ds1: This unit is correlated with the Tenma Formation at
Osaka Plain. The seismic re‰ection proˆle shows that
Ds1 is widely and consistently distributed beneath KIX.
Ds2: This unit is deposited in marine environment at tem-
poral lower sea level stage during the Last Interglacial
Period and has a narrow distribution parallel to the
present shoreline.
Ds3: This unit includes the sediments deposited in river
‰oor and ‰ood plain at lower sea level stages and widely
distributed particularly beneath the 2nd phase island.
Ds4: This unit is deposited under the deltaic condition.
The mode of distribution is similar to Ds3.
Ds5: This unit is widely distributed particularly beneath
the 2nd phase island. Relatively coarse materials are
situated in the old river ‰oor and ‰ood plain towards the
main land.
Ds6: The distributed area of this unit is relatively narrow
with deˆnite limitation of existence oŠshore. It is deposit-
ed in the river ‰oor and ‰ood plain.
Ds7: Blackish environment during regression produced
relatively ˆne sand layers. This unit includes small-scale
river ‰oor deposits to land direction with deˆnite limita-
tion of existence oŠshore.
Ds8: This unit includes the sediments in the ‰ood plain
and small-scale river ‰oor deposits. Deˆnite distribution
is expected beneath the airport islands.
Ds9: This unit has the river ‰oor deposits indicating low-
er sea level stage. A similar distribution is expected as
Ds8.
Ds10: This coarser unit is called ``basal gravel of Kukoji-
ma Formation''. Flood plain deposits are observed in the
sequence. Deˆnite distribution is found towards the main
land with occasional sandwiched clay layers. This layer is
thought to be function as a predominant permeable one
as same as Ds1.

Here, it is important to realize that the geological and

geophysical output about the qualitative evaluation for
permeability of the Pleistocene sand gravel layers has to
be transformed to the quantitative numerical values of
the coe‹cient of permeability to apply to the present
elasto-viscoplastic ˆnite element procedure.

On the basis of the above-mentioned evaluation for
permeability of the Pleistocene sand gravel layers, a series
of three-dimensional seepage analyses around the marine
foundations of KIX was conducted (Kansai International
Airport Co., 2002; Nishigaki and Imai, 2005). By provid-
ing coe‹cients of permeability in the order of 100 m/day
to 101 m/day for the individual sand gravel layers, the in-
situ generation and dissipation process of the excess pore
water pressure was reproduced. In the present analyses,
those values are introduced as references. The deˆnite nu-
merical values for the equivalent coe‹cient of permeabil-
ity as input parameters for the Pleistocene sand gravel
layers were adjusted to reproduce the measured results of
the individual layers over 14 years as shown in Table 1. It
is noteworthy to assume that the equivalents of coe‹cient
for Ds6 and Ds7 evaluated poorly permeable were
decreased drastically while ordinary values were set for
other sand gravel layers.

The other soil parameters for the constitutive model
are rationally determined based on the prescribed deter-
mination methods (Mimura et al., 1990; Mimura and
Jang, 2004). The determination of principal soil
parameters for analysis with proposed procedure is ex-
plained as follows:
(a) Compression index l in the normally consolidated

region.
The deˆnition of compression index l in the NC region

is

l＝0.434Cc (5)

Here, Cc is a compression index in terms of the common
logarithms of consolidation pressure, which can be der-
ived by conventional oedometer test. In general, the value
of Cc is not constant, but non-linear against consolidation
pressure particularly for clays with developed structure.
(b) Recompression index k

The deˆnition of recompression index k

k＝0.434Cs (6)

Here, Cs is a recompression index in terms of the com-
mon logarithms of consolidation pressure, which can be
also derived by conventional step loading consolidation
test. Based of the fact that most values of the ratio Cs/Cc

(k/l) are in the range of 0.02 to 0.2 (Terzaghi et al.,
1996), it is assumed that Cs is one-tenth of Cc as a
representative in the present study.
(c) Compression index lQOC and recompression index

kQOC in the quasi-overconsolidation region
In the present analysis, the above-mentioned procedure

is adopted, namely, the compression curve in the quasi-
overconsolidated region with inclination of k is assumed
to have elasto-viscoplastic component the same as in the
NC region. As e-log p relations are adopted as reference
consolidation curves for clays, the recompression index,
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Table 1. Principal soil parameters for the foundation of Kansai International Airport

MTYP

Quasi-OC region NC region

M n? K0
p0

(kPa)
pc

(kPa) e0
k0

(m/day) lk
Name of

layerslQOC kQOC aQOC
·n0 QOC

(day－1) l k aNC
·n0 NC

(day－1)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

48

49

50
51
52
53
54
55
56
57
58
59

0.0509
0.0532
0.0532
0.0518
0.0493
0.0510
0.0418
0.0489
0.0405

—
—

0.0239
0.0218
0.0341

—
0.0684
0.0691
0.0600
0.0613
0.0499
0.0511
0.0523

—
0.0438
0.0460
0.0306
0.0102

—
0.0610
0.0311
0.0451

—
0.0393
0.0518
0.0578
0.0754
0.0786
0.0562

—
0.0563
0.0638
0.0722
0.0765
0.0659
0.0512

—

0.1590

0.0541

0.0368

—
0.0408
0.0584
0.0343

—
0.0442
0.0387
0.0663

—
—

0.0051
0.0053
0.0053
0.0052
0.0049
0.0051
0.0042
0.0049
0.0040

—
—

0.0024
0.0022
0.0034

—
0.0068
0.0069
0.0060
0.0061
0.0050
0.0051
0.0052

—
0.0044
0.0046
0.0031
0.0010

—
0.0061
0.0031
0.0045

—
0.0039
0.0052
0.0058
0.0075
0.0079
0.0056

—
0.0056
0.0064
0.0072
0.0076
0.0066
0.0051

—

0.0159

0.0054

0.0037

—
0.0041
0.0058
0.0034

—
0.0044
0.0039
0.0066

—
—

6.06E－04
6.65E－04
6.99E－04
7.09E－04
7.14E－04
7.61E－04
6.86E－04
8.02E－04
6.98E－04

—
—

5.53E－04
5.04E－04
6.69E－04

—
1.07E－03
1.11E－03
1.02E－03
1.11E－03
9.63E－04
9.87E－04
1.01E－03

—
8.90E－04
9.16E－04
6.80E－04
2.57E－04

—
1.20E－03
6.67E－04
9.83E－04

—
9.14E－04
1.06E－03
1.14E－03
1.35E－03
1.42E－03
1.17E－03

—
1.17E－03
1.28E－03
1.40E－03
1.48E－03
1.37E－03
1.13E－03

—

2.24E－03

1.11E－03

8.81E－04

—
9.41E－04
1.16E－03
8.42E－04

—
9.91E－04
8.99E－04
1.49E－03

—
—

6.06E－07
6.65E－07
6.99E－07
7.09E－07
7.14E－07
7.61E－07
6.86E－07
8.02E－07
6.98E－07

—
—

4.12E－07
3.76E－07
4.99E－07

—
1.75E－07
1.83E－07
1.68E－07
1.83E－07
1.58E－07
1.62E－07
1.66E－07

—
9.51E－07
9.79E－07
7.27E－07
2.75E－07

—
5.65E－06
3.15E－06
4.64E－06

—
2.55E－07
2.97E－07
3.17E－07
3.76E－07
3.97E－07
3.27E－07

—
3.18E－07
3.48E－07
3.79E－07
4.02E－07
3.71E－07
3.07E－07

—

1.58E－06

7.86E－07

6.23E－07

—
1.36E－06
1.67E－06
1.22E－06

—
1.25E－06
1.13E－06
1.87E－06

—
—

0.5093
0.5321
0.5316
0.5178
0.4927
0.5097
0.4184
0.4889
0.4046

—
—

0.2392
0.2182
0.3406

—
0.6840
0.6907
0.5997
0.6129
0.4985
0.5106
0.5227

—
0.4376
0.4605
0.3063
0.1024

—
0.6095
0.3105
0.4507

—
0.3935
0.5177
0.5779
0.7538
0.7859
0.5621

—
0.5625
0.6383
0.7216
0.7646
0.6591
0.5125

—

1.5904

0.5407

0.3678

—
0.4077
0.5840
0.3430

—
0.4415
0.3869
0.6633

—
—

0.0509
0.0532
0.0532
0.0518
0.0493
0.0510
0.0418
0.0489
0.0405

—
—

0.0239
0.0218
0.0341

—
0.0684
0.0691
0.0600
0.0613
0.0499
0.0511
0.0523

—
0.0438
0.0460
0.0306
0.0102

—
0.0610
0.0311
0.0451

—
0.0393
0.0518
0.0578
0.0754
0.0786
0.0562

—
0.0563
0.0638
0.0722
0.0765
0.0659
0.0512

—

0.1590

0.0541

0.0368

—
0.0408
0.0584
0.0343

—
0.0442
0.0387
0.0663

—
—

6.06E－03
6.65E－03
6.99E－03
7.09E－03
7.14E－03
7.61E－03
6.86E－03
8.02E－03
6.98E－03

—
—

5.53E－03
5.04E－03
6.69E－03

—
1.07E－02
1.11E－02
1.02E－02
1.11E－02
9.63E－03
9.87E－03
1.01E－02

—
8.90E－03
9.16E－03
6.80E－03
2.57E－03

—
1.20E－02
6.67E－03
9.83E－03

—
9.14E－03
1.06E－02
1.14E－02
1.35E－02
1.42E－02
1.17E－02

—
1.17E－02
1.28E－02
1.40E－02
1.48E－02
1.37E－02
1.13E－02

—

2.24E－02

1.11E－02

8.81E－03

—
9.41E－03
1.16E－02
8.42E－03

—
9.91E－03
8.99E－03
1.49E－02

—
—

6.06E－06
6.65E－06
6.99E－06
7.09E－06
7.14E－06
7.61E－06
6.86E－06
8.02E－06
6.98E－06

—
—

4.12E－06
3.76E－06
4.99E－06

—
1.75E－06
1.83E－06
1.68E－06
1.83E－06
1.58E－06
1.62E－06
1.66E－06

—
9.51E－06
9.79E－06
7.27E－06
2.75E－06

—
5.65E－05
3.15E－05
4.64E－05

—
2.55E－06
2.97E－06
3.17E－06
3.76E－06
3.97E－06
3.27E－06

—
3.18E－06
3.48E－06
3.79E－06
4.02E－06
3.71E－06
3.07E－06

—

1.58E－05

7.86E－06

6.23E－06

—
1.36E－05
1.67E－05
1.22E－05

—
1.25E－05
1.13E－05
1.87E－05

—
—

1.40
1.40
1.40
1.40
1.40
1.40
1.40
1.40
1.40
—
—

1.10
1.10
1.10
—

1.30
1.30
1.30
1.30
1.25
1.25
1.25
—

1.20
1.20
1.20
1.20
—

1.25
1.25
1.25
—

1.25
1.25
1.25
1.25
1.25
1.25
—

1.25
1.25
1.25
1.25
1.25
1.25
—

1.25

1.25

1.25

—
1.25
1.25
1.25
—

1.25
1.25
1.25
—
—

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.33
0.33
0.38
0.38
0.38
0.33
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.33
0.37
0.37
0.37
0.37
0.33
0.36
0.36
0.36
0.33
0.36
0.36
0.36
0.36
0.36
0.36
0.33
0.36
0.36
0.36
0.36
0.36
0.36
0.33

0.36

0.36

0.36

0.33
0.36
0.36
0.36
0.33
0.36
0.36
0.36
0.33
0.33

0.540
0.540
0.540
0.540
0.540
0.540
0.540
0.540
0.540
0.540
0.500
0.607
0.607
0.607
0.500
0.561
0.561
0.561
0.561
0.572
0.572
0.572
0.500
0.583
0.583
0.583
0.583
0.500
0.572
0.572
0.572
0.500
0.572
0.572
0.572
0.572
0.572
0.572
0.500
0.572
0.572
0.572
0.572
0.572
0.572
0.500

0.572

0.572

0.572

0.500
0.572
0.572
0.572
0.500
0.572
0.572
0.572
0.500
0.500

4.0
12.3
20.8
29.6
38.9
48.7
57.7
65.9
76.2
99.6

133.9
156.8
167.9
178.4
188.5
198.3
208.3
218.9
230.3
239.8
246.9
254.1
284.1
315.4
326.6
340.0
353.6
384.6
412.3
418.8
425.8
453.9
489.9
508.3
521.3
533.1
544.6
557.1
583.4
611.4
627.7
643.4
658.9
675.1
690.5
712.3

733.6

750.3

775.0

804.4
828.3
845.5
861.3
910.9
961.4
979.4
997.4

1035.9
1095.3

19.1
25.3
31.6
39.2
47.9
57.6
66.9
80.5
91.7
—
—

250.9
268.7
285.5
—

297.5
312.5
328.4
345.4
359.6
370.4
381.1
—

425.8
440.9
459.0
477.3
—

556.6
565.4
574.8
—

612.4
635.3
651.6
666.3
680.7
696.4
—

764.2
784.6
804.2
823.7
843.9
863.2
—

880.4

900.3

930.0

—
994.0

1014.6
1033.6

—
1153.7
1175.3
1196.9

—
—

3.20
3.00
2.80
2.65
2.45
2.35
2.05
2.05
1.90
—
—

1.16
1.16
1.55
—

2.21
2.10
1.94
1.76
1.59
1.59
1.59
—

1.46
1.51
1.25
0.99
—

1.54
1.33
1.29
—

1.15
1.44
1.54
1.80
1.76
1.40
—

1.40
1.49
1.58
1.58
1.41
1.27
—

2.55

1.43

1.09

—
1.17
1.52
1.04
—

1.23
1.15
1.23
—
—

8.64E－04
8.64E－04
8.64E－04
8.64E－04
8.64E－04
8.64E－04
8.64E－04
8.64E－04
8.64E－04
2.16E＋01
2.16E＋01
1.73E－04
2.07E－04
1.81E－04
1.30E＋00
1.90E－04
1.47E－04
9.07E－05
9.50E－05
5.62E－05
5.62E－05
5.62E－05
1.08E＋01
9.50E－05
9.07E－05
7.08E－05
5.27E－05
3.89E＋00
5.88E－05
6.05E－05
6.48E－05
3.89E＋00
3.80E－05
4.49E－05
7.60E－05
6.13E－05
5.23E－05
5.18E－05
2.59E－01
9.50E－05
9.07E－05
9.50E－05
9.07E－05
7.34E－05
6.91E－05
8.64E－02

2.85E－05

7.78E－05

1.30E－05

2.16E＋00
1.30E－05
2.42E－05
3.02E－05
2.16E＋00
3.54E－05
4.49E－05
2.59E－05
6.92E＋00
6.92E＋00

0.509
0.532
0.532
0.518
0.493
0.510
0.418
0.489
0.405

—
—

0.239
0.218
0.341

—
0.684
0.691
0.600
0.613
0.499
0.511
0.523

—
0.438
0.460
0.306
0.102

—
0.610
0.311
0.451

—
0.393
0.518
0.578
0.754
0.786
0.562

—
0.563
0.638
0.722
0.765
0.659
0.512

—

1.590

0.541

0.368

—
0.408
0.584
0.343

—
0.442
0.387
0.663

—
—

Ma13U–1
Ma13U–2
Ma13U–3
Ma13U–4
Ma13U–5
Ma13U–6
Ma13L–1
Ma13L–2
Ma13L–3

Ds1–1
Ds1–2
Dtc–1
Dtc–2
Dtc–3
Ds2

Ma12U–1
Ma12U–2
Ma12U–3
Ma12U–4
Ma12L–1
Ma12L–2
Ma12L–3

Ds3
Ma11U–1
Ma11U–2
Ma11U–3
Ma11U–4

Ds4
Ma11L–1
Ma11L–2
Ma11L–3

Ds5
Ma10–1
Ma10–2
Ma10–3
Ma10–4
Ma10–5
Ma10–6

Ds6
Ma9–1
Ma9–2
Ma9–3
Ma9–4
Ma9–5
Ma9–6
Ds7

Doc5 &
Ma8–1
Doc5 &
Ma8–2
Doc5 &
Ma8–3
Ds8

Ma7–1
Ma7–2
Ma7–3
Ds9

Ma6–1
Ma6–2
Ma6–3
Ds10–1
Ds10–2
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k is assumed to be the compression index in the quasi-
overconsolidated region (p0ÃpÃpc). Here, p0, pc and p
denote the initial vertical stress, the consolidation yield
stress and the current stress respectively. Therefore, the
compression index in the quasi-overconsolidated region,
lQOC is introduced in the present study as follows:

lQOC＝k (7)

Calladaine (1971) showed that the ratio k/l is directly
related to a coe‹cient of friction m(＝tan q?) that is con-
stant irrespective of a consolidation state. Here, q?
denotes an angle of shear resistance. Karube (1975) also
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Fig. 8. Assumed model for secondary compression index

Fig. 9. Relationship between the reference volume strain rate and the
relative yield stress
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conˆrmed that the relation of the ratio L(＝1－k/l) and
slope of critical state line M is constant for some clays. As
M is constant irrespective of the stress state, the ratio k/l
is constant for the speciˆc clay. Based on those ˆndings,
kQOC is deˆned in the following relation as is already dis-
cussed in the previous section (b):

kQOC＝
k
l

lQOC (8)

(d) Secondary compression index a
Secondary compression index aNC governing the time-

dependant behavior is determined in the NC region using
the relationship between Cae and Cc for Osaka Pleistocene
clays (Ishii et al., 1984), that is,

Cae＝0.05Cc (9)

Here, Cae denotes the secondary compression index in
terms of void ratio. A similar relation between Cae and Cc

was reported by Marques et al. (2004). The value of aNC

then can be determined as follows:

aNC＝0.434
Cae

1＋e0
(10)

Mesri and Godlewski (1977) showed that the value of a
was small at eŠective stresses less than the consolidation
yield stress, and it increased as the consolidation yield
stress was approached. Murayama and Shibata (1966) ex-
plained that Cae for the Pleistocene clays increased linear-
ly with consolidation pressure in the quasi-overconsoli-
dated region, but which became to be constant in the NC
region. In the present analysis, it is assumed that aQOC at
p0 is one-tenth of the prescribed value in the NC region on
the basis of the fact that the adopted ratio of Cs and Cc is
0.1 in this particular case and the adopted relationship
between Cc and a (Eq. (9)). Figure 8 shows the assumed
modeling for the secondary compression index together
with the co-ordinates of the modeling curve based on the
experimental ˆndings in terms of relative yield stress in-
dex deˆned by (p－p0)/(pc－p0). It is set up that a in-
creases gradually with the relative yield stress index in the
quasi-overconsolidated region thereafter remains con-
stant irrespective of the stress level in the NC region.
(e) Reference volumetric strain rate ·vo

The rate of consolidation is another signiˆcant factor
which controls the process of deformation. The ratio of
secondary compression index a to the reference volumet-
ric strain rate ·vo(a/ ·vo) refers to the characteristic time
related to the completion of the primary consolidation.
The characteristic time tc in the constitutive model is
closely related to a coe‹cient of consolidation cv. The
value of tc is determined both for the quasi-overconsoli-
dated region and the NC region as a dissipation time of
excess pore water pressure, which is calculated using cv in
the NC region obtained from conventional oedometer
test. It is because of the fact that cv in the quasi-overcon-
solidated region approaches that of the NC region,
although cv in the OC (pÃp0) region is su‹ciently large
compared to that in the NC region (Research Committee
on Ground in Osaka Bay, 2002). Based on these ˆndings,

the same values for tc are introduced for both in quasi-
overconsolidated and NC region in the present study.
Based on the parameters, a and tc, the reference volumet-
ric strain rate, ·vo becomes a constant maximum value in
the NC region. In the quasi-overconsolidated region, ·vo

decreases with the decrease in the relative yield stress in-
dex, and at p＝p0 the value becomes one-tenth of that in
the NC region as schematically shown in Fig. 9. The
values of the principal soil parameters both for the
Pleistocene clays and sand gravel layers are summarized
in Table 1.

RESULTS AND DISCUSSIONS

Performance of Excess Pore Water Pressure
Calculated distribution of excess pore water pressure is

shown in Fig. 10. As shown in Fig. 10(a), at the comple-
tion of the 1st reclamation (1800 days from the start of
reclamation), little amount of excess pore water pressure
remains in the Holocene clay layer because of the eŠect of
sand drains. In contrast, a large amount of excess pore
water pressure remains not only in the clay layers but also
in the permeable sand gravel layers in the Pleistocene
deposits. In particular, more than 200 kPa of excess pore
water pressure is kept in the middle Pleistocene clay lay-
ers, Ma10 and Ma9 as well as sand gravel layers, Ds6 and
Ds7. It should also be noted that excess pore water pres-
sure propagates through the sand gravel layers outward
from the loaded area even at the completion of reclama-
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Fig. 10. Contours of the calculated distribution of excess pore water pressure
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tion. A remarkable decrease in eŠective stress hence takes
place in the foundation where there is no reclamation
load at the time. Here, due attention should be paid to the
fact that a slight propagation of excess pore water pres-
sure takes place in Ds6 and Ds7 because the very low
permeability of these sand gravel layers functions to ob-
struct the su‹cient propagation of excess pore water
pressure. On the contrary, in the upper and lower Pleisto-
cene deposits where the permeability of sand gravel layers
is better than Ds6 and Ds7, a serious propagation of ex-
cess pore water pressure can be seen. The propagation of
excess pore water pressure in the Pleistocene sand gravel
layers of the KIX foundations is associated with the in-
su‹cient dissipation of excess pore water pressure in
these layers. The phenomenon is caused by insu‹cient

capability of permeability in the Pleistocene sand gravel
layers with insu‹cient thickness for the full dissipation of
excess pore water pressure due to the vastness of the
reclamation load. In fact, almost full dissipation is
achieved without any signiˆcant propagation of excess
pore water pressure both in Ds1 and Ds10, both of which
have su‹cient thickness and permeability. With the lapse
of time, the excess pore water pressure in the upper
Pleistocene clay layers such as Ma12 and 11 monotonical-
ly dissipates, whereas it remains unchanged in the middle
Pleistocene layers ( see Fig. 10(b)). As is explained in the
previous section, low values of the coe‹cient of
permeability are set for Ds6 and Ds7 because they are
thin, have poorly consistency and are rich in ˆne con-
tents. This low permeability of Ds6 and Ds7 causes the
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Fig. 11. Calculated distribution of the excess pore water pressure with
depth at the monitoring point 1

Fig. 12. Stress condition with depth at the monitoring point 1
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remarkable undissipated excess pore water pressure in
those layers. It is noteworthy in Fig. 10(c) that the excess
pore water pressure in those layers is found not to dissi-
pate even before the construction of the 2nd phase island
(after 4800 days since the start of reclamation). It clearly
means that the primary consolidation in terms of the
process of excess pore water pressure dissipation was not
completed in the Pleistocene deposits before the con-
struction of the 2nd phase island.

The distribution of the excess pore water pressure with
depth at the monitoring point 1 that is located at the cen-
ter of the 1st phase island ( see Figs. 3, 4) is shown in Fig.
11. Here, the solid line, dotted line and thin solid line
denote the distribution at the completion of the reclama-
tion of the 1st phase island, after 3650 days and after
4800 days (before the start of reclamation of the 2nd
phase island) respectively. Because the upper Pleistocene
clays such as Ma12 and Ma11 have undergone plastic
yielding due to reclaimed load, a large amount of excess
pore water pressure generates at the completion of recla-
mation of the 1st phase island. Then, it dissipates steadily
because of the high permeability of the sand gravel layers,
Ds1and Ds3 above and below Ma12. Since Ma11 is rela-
tively silty with high permeability, and is divided into 2
layers by the sand intrusion, not only is the generated ex-
cess pore water pressure not so large compared to Ma12,
but it dissipates faster with time. On the other hand, the
mode of excess pore water pressure in the middle Pleisto-
cene layers is diŠerent. Because of the poor quality of
mass permeability of the sand gravel layers (Ds6, 7),
Ma10, 9 and Doc5 and Ma8 behave as if they are one con-
tinuous clay layer. Here, Ds6 and 7 do not seem to func-
tion as permeable layers at all. The rate of excess pore
water pressure dissipation is very low in those layers,
which results in that a large amount of undissipated ex-
cess pore water pressure remains in the middle Pleisto-

cene layers for a long time. The calculated performance
provides that even before the construction of the 2nd
phase island, more than 200 kPa of excess pore water
pressure remains. In the lower Pleistocene layers such as
Ma7, Ma6, the generated excess pore water pressure is
not so large compared to the other layers and dissipates
faster with time because of the high permeability of the
thick sand gravel layer, Ds10 situated below Ma6.

The stress condition with depth at the monitoring point
1 is shown in Fig. 12. In Fig. 12(a), p0 denotes the initial
vertical eŠective stress, pc is the consolidation yield stress,
pf means the ˆnal total vertical stress due to the reclama-
tion of the 1st phase island and p? denotes the eŠective
vertical stress at the completion of the reclamation of the
1st phase island. The hatched area exhibits the undissi-
pated excess pore water pressure. The eŠective stresses al-
ready surpass pc for the Pleistocene clay layers above
Ma10, while those still remain below pc for the middle to
lower Pleistocene clay layers such as Ma10, 9, Doc5 and
Ma8. Then, the upper Pleistocene clay layers behave as
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Fig. 13. Comparison of the calculated and measured excess pore water
pressure distribution with depth at the monitoring point 1
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normally consolidated and the middle to lower Pleisto-
cene clay layers behave as overconsolidated at the com-
pletion of the reclamation of the 1st phase island. It is in-
teresting that the stress condition of the airport founda-
tions is not so diŠerent even before the start of the recla-
mation of the 2nd phase island as shown in Fig. 12(b). It
is true that the excess pore water pressure at the upper
Pleistocene layers is almost dissipated before the con-
struction of the 2nd phase island, but the one at the mid-
dle Pleistocene clay layers scarcely dissipates during the
period. The one reason of this behavior is that the mass
permeability of permeable sand gravel layers, such as Ds6
and 7 is insu‹cient to promote dissipation of excess pore
water pressure and another is that the rate of consolida-
tion for those layers becomes lower because the consoli-
dation coe‹cients, cv for Ma10 become much lower due
to plastic yielding. From the results shown in Fig. 12, the
advance in settlement due to consolidation for the middle
Pleistocene clay layers is not expected in this period.

At the monitoring point 1, the excess pore water pres-
sure has been measured at various layers. The calculated
performance can be validated by comparing it with the
measured data. Figure 13 shows the comparison of the
excess pore water pressure distribution with depth. The
calculated values were compared with the measured
values at three diŠerent times. The solid line and , the
dotted line and #, thin solid line and  are the calculat-
ed and measured results at the completion of the reclama-
tion of the 1st phase island, after 3650 days and after
4800 days (before the start of the construction of the 2nd
phase island) respectively. Although the calculated per-
formance at the completion of the reclamation of the 1st
phase island slightly underestimates the measured excess
pore water pressure at the layers such as Ma12, 9 and 7,

the overall mode of distribution can well be described.
With the lapse of time, the discrepancy between the calcu-
lated and measured results decreases and both show a
good match at after 3650 days from the start of reclama-
tion as well as at after 4800 days (before the start of the
reclamation of the 2nd phase island). Long-term behav-
ior of the excess pore water pressure in the Pleistocene
deposits is found to be simulated with the present ana-
lyses.

Calculated excess pore water pressure-time relations
are shown in Fig. 14(a) together with the measured
results for the individual Pleistocene clay layers. Note
that the comparison is shown for the Pleistocene clay lay-
ers where the pore pressure cells have survived. For the
selected Pleistocene clay layers, the process of generation
and dissipation of excess pore water pressure is well de-
scribed by the present numerical procedure. Calculated
excess pore water pressure-time relations are shown in
Fig. 14(b) together with the measured results for the in-
dividual Pleistocene sand gravel layers. It is clear that lit-
tle excess pore water pressure is generated in Ds1 and
Ds10, whereas a large amount of excess pore water pres-
sure is generated and kept undissipated in the middle
Pleistocene sand gravel layers, such as Ds6 and Ds7. The
phenomenon of undissipation in Ds6 and Ds7 causes the
delay of consolidation for Ma10 and Ma9 associated with
undissipation of excess pore water pressure (see Fig.
14(a)). This diŠerence re‰ects the mass permeability of
the Pleistocene sand gravel layers remarkably well. The
calculated performance can well predict the actual behav-
ior of excess pore water pressure in the all the Pleistocene
sand gravel layers. Figure 14(c) shows the calculated per-
formance of the excess pore water pressure of the Pleisto-
cene clay and sand gravel layers where there is no meas-
ured information due to damage of the pressure cells. As
seen from Figs. 14, the behavior of excess water pressure
can be well predicted by the proposed procedure. It is
hence conˆrmed that the adopted procedure in terms of
elasto-viscoplastic ˆnite element analysis associated with
a compression modeling works well to assess the stress
condition of the reclaimed Pleistocene deposits at KIX.

Settlement
The calculated and measured settlement-time relations

for the individual Pleistocene clay layers are shown in
Fig. 15. As seen from Fig. 11, the excess pore water pres-
sure in the upper Pleistocene layers from Dtc to Ds5 has
steadily dissipated with time. This steady dissipation has
resulted in the remarkable advance in the compression of
the Dtc, Ma12 and 11 clay layers, in particular. On the
other hand, in the middle and lower Pleistocene layers
such as Ma10 to Ds10, the rate of dissipation of excess
pore water pressure is much lower than in the upper
Pleistocene layers ( see Fig. 14) because of the poor
permeability of the sand gravel layers in this region. It
means that the primary consolidation associated with the
dissipation of excess pore water pressure is not
predominant in the middle to lower Pleistocene clay lay-
ers. Delayed compression, however, occurs during the
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Fig. 14(a). Comparison of measured and calculated excess pore water
pressure with time for the Pleistocene clay layers

Fig. 14(b). Comparison of measured and calculated excess pore water
pressure with time for the Pleistocene sand gravel layers

Fig. 14(c). Calculated performance of excess pore water pressure with
time for the Pleistocene clay layers

Fig. 15. Comparison of measured and predicted settlement in the
Pleistocene clay layers
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process of excess pore water pressure dissipation under
the condition of insu‹cient advance in primary consoli-
dation. In all the Pleistocene clay layers in the KIX foun-
dation ground, considerable time dependent compression
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has hence continued with insu‹cient dissipation of excess
pore water pressure.

The comparison between the calculated and measured
settlement is also shown to conˆrm the validity of the
proposed procedure in Fig. 15. In the upper Pleistocene
clay layers such as Dtc, Ma12 and 11, the clays undergo
plastic yielding due to the reclamation load in a short time
because of their relatively small initial stresses, po. Be-
cause the stress surpasses pc so rapidly due to the reclama-
tion load, the time dependent behavior in the overcon-
solidated region can be ruled out, and then as a typical
behavior for normally consolidated clay, the hyperbolic
shape for settlement—time relations—is exhibited for
Dtc, Ma12 and 11. The calculated performance can well
describe the whole process of compression. On the con-
trary, in the middle Pleistocene clay layers such as Ma10,
9 and Doc5 and Ma8, the stress remains within pc at the
completion of the reclamation of the 1st phase island.
However, as shown in Fig. 12, it takes a long time for
these layers to become gradually normally consolidated
by undergoing plastic yielding due to the dissipation of
excess pore water pressure. During this process, time de-
pendent compression takes place with the insu‹cient dis-
sipation of excess pore water pressure. The calculated
performance can also well describe the whole process of
deformation.

In the lower Pleistocene clay layers such as Ma7 and 6,
the mode of settlement with time is hyperbolic because of
the su‹cient permeability of Ds10. DiŠerent from the
case for the middle Pleistocene clay layers, the dissipation
of excess pore water pressure has advanced steadily with
time. The calculated performance can well describe the
measured settlement of Ma7 and 6.

CONCLUSIONS

The time dependent behavior of the reclaimed Pleisto-
cene deposits of KIX due to the construction of the 1st
phase island was numerically evaluated using the elasto-
viscoplastic ˆnite element method in which a compression
model for the quasi-overconsolidated Pleistocene clays
and the concept of mass permeability for the sand gravel
deposits have been implemented. Because of the existence
of the poorly permeable sand gravel layers in the Pleisto-
cene deposits, excess pore water pressure does not dissi-
pate well. The packed excess pore water pressure
propagates through the Pleistocene sand gravel layers
horizontally. The eŠect of the propagation of excess pore
water pressure on the adjacent foundation ground should
be considered to assess the control and maintenance of
the oŠshore twin-islands airport in future. Due to large
reclamation load up to about 430 kPa, the upper Pleisto-
cene clay layers underwent the plastic yielding in a short
time, the excess pore water pressure however dissipated
steadily in these layers because of the existence of highly
permeable sand gravel layers (Ds1 and 3) in the vicinity.
The state of stresses of the middle Pleistocene clays
remains in the overconsolidated region at the completion
of the construction of the 1st phase island. Due to the in-

su‹cient dissipation of pore water pressure caused by the
poor permeability of sand gravel layers in this region, it
takes a long time for middle Pleistocene clays to become
normally consolidated with dissipation of excess pore
water pressure. The time dependent compression hence
takes place without the remarkable dissipation of pore
water pressure in the middle Pleistocene clay layers. In
the lower Pleistocene clay layers such as Ma7 and 6, high
permeability of Ds10 overlain by Ma6 promotes the dissi-
pation of excess pore water pressure in the clay layers.
The calculated performance for excess pore water pres-
sure in the Pleistocene deposits is found to well describe
the in-situ measured results by introducing the concept of
mass permeability of the sand gravel layers together with
the structural eŠect for the Pleistocene clays.

Long-term settlement is the biggest cause for concern.
The highly developed structure of the quasi-overconsoli-
dated Pleistocene clays in Osaka Bay has large room for
compression. The authors have adopted the compression
model for quasi-overconsolidated Pleistocene clays which
was found to be versatile to explain the long-term settle-
ment taken place in the Pleistocene clay deposits in Osaka
Port. It is found that the numerical analyses with the
adopted procedure in terms of the elasto-viscoplastic
ˆnite element method functions well to explain the high
compressibility associated with insu‹cient dissipation of
excess pore water pressure that has taken place in the
Pleistocene clays of the foundation of Kansai Interna-
tional Airport. The calculated performance can quantita-
tively describe the time-compression relations for the up-
per Pleistocene clay layers, such as Dtc, Ma12 and Ma11,
that underwent plastic yielding due to the reclamation
load. It is natural that the behavior of these clay layers
can well be described with the applied constitutive model
that was originally developed for normally consolidated
clays. It is also found that the calculated results can
predict the settlement with time for Ma10, 9 and Doc5
and Ma8, which remain in quasi-overconsolidated region
even after the completion of reclamation. The behavior
of long-term settlement of the lower Pleistocene clays,
such as Ma7 and Ma6, is similar to the one for the upper
Pleistocene clays because of the advance in consolidation
due to high permeability of Ds10. Then, it can be summa-
rized that the calculated performance can well describe
the compression of the Pleistocene clay layers together
with the generation/dissipation process of excess pore
water pressure in the permeable Pleistocene sand gravel
as well as the Pleistocene clay layers.

It is noteworthy that the proposed procedure with the
elasto-viscoplastic ˆnite element method supported by
the compression model for quasi-overconsolidated
Pleistocene clays and the concept of ``mass permeability''
for the Pleistocene sand gravel layers is versatile and
capable of explaining the high compressibility associated
with the insu‹cient dissipation of excess pore water pres-
sure that has taken place in the Pleistocene clays of the
foundation of Kansai International Airport.
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