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Abstract: The Hyogo-ken Nanbu earthquake January 17th, 1995 caused major damage of the harbor
facilities constructed in Hansin region. Most of waterfront structures, i.e. gravity caisson quay wall type,
were laterally moved toward the seawater area and settled in a few meters. The site investigation after the
earthquake made clear that there was reduction of the stiffness of the saturated soil layers. It is considered
that the reduction of the saturated soil stiffness was caused by gradually buildup excess pore water
pressure. In this paper, the analytical study using three-dimensional nonlinear parallel finite element
method is discussed to get better understanding of the dynamic interaction between structures and
saturated soil layers that is the relation of the large movement of the waterfront structures with the
reduction of the stiffness of the saturated soil layers, which was caused by strong ground motion. The
analytical results of a comer(gfhrt of the Port of Kobe show that the multi-directional shear stress in the
saturated soil layers increase the pore water pressure excessively, and consequently, reduces the frictional
resistance at the beneath of the structures. Reducing of the frictional resistance at the beneath of the
structures make the structures easily to move due to their inertia forces. As the waterfront structures move
toward the seawater area, the backfill-saturated soilf@behind the structures then fail and the stiffness of
the soil layer was reduced. As a consequence. the pore water pressure was increased. The pore water
pressure responding in an isotropic manner, which was effectively simulated by the current three-
dimensional analysis, atfected the sequence of the waterfront movement.

Keywords: Hyogo-ken Nanbu Earthquake, 3D nonlinear finite element analysis, parallel computation, saturated
soil layers, soil structure interaction problem

1. Introduction

Port of@bbe is located on an artificial island, Port
Island, southwest side of Kobe City, Japan. The island
was constructed within period 1966 and 1981 for the
first stage, and the second stage was started reclaimed
on 1986. Up to 1995 have been landfilled about 755
ha. The caisson gravity quay walls were constructed
waterfront structures in this port. Those structures
were constructed on loose saturated decomposed
granite which had been used to replace the alluvial
clay layer in order to attain the required bearing
capacity for the structure foundations [1].

On January 17" 1995  the Hyogo-ken Nanbu
earthquake caused great damage of these waterfront
structures. They displaced about one to five meters
toward the seawater area, settled approximately one to

In order to simulate the damage of the waterfront
structures mentioned above, however requires an
accurate estimate of the complex dynamic interaction
between of the waterfront structures and the saturated
soil layers. One of source a complexity comes from
the dynamic response of the saturated soil layers
where the soil grains and the pore water interact each
other. In the previous study, authors have developed
three-dimensional non-linear parallel finite element
computer codes, which is applicable for analyzing the
dynamic interaction between structures and saturated
soil layers [4, 5. 6]. In the current study, the computer
codes have been extended to capture the
hydrodynamic effect of the seawater wave.

2. Review Formulation of 3D Nonlinear Parallel

Finite Element Method (FEM)

two meters and titled about four degrees. It was
believed that the displaced of the waterfront structures
are caused by decreasing of the stiffhess soil layers
beneath and behind of the waterfront structures. Soil
investigation after earthquake on the Kobe Port site
had proved it presumption as it was shown as low
values of the Standard Penetration Test results |2, 3].

The parallel 3D nonlinear parallel FEM in this study
was developed in the basis of the Domain
Decomposition Method to separate a whole of interest
domain into several non-overlapping subdomains. A
traction force was introduced to enforce the continuity
condition on the subdomain interfaces such that a
boundary value problem then can be converted into an
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interface problem [7, 8. 9]. A weighted residual
method was applied to governing equations written in
Eqgs (1) and (2) to define the spatial discretization of
the finite element. A shape function was used as the
weight function [10, 11, 12, 13]. In order to achieve
an efficient parallel algorithm, the balancing
processor  load  works and  inter-processor
communication should be considered. The works in
each processor should be balanced as possible and the
inter-processor communication should be as less as
possible. To satisfy it consideration, the parallel
algorithm was implemented as a Single Program
Multiple Data programming model. By this algorithm,
the inter-processor communication was only required
when solving the interface problem.

0y =P U;—pp W; =0 b

W.| prg
—pu i i |- o =
P;=Pp|U;+ £ " W, =0 (2)

In the equations above, o; denotdfflle components of
total stress of the saturated soil, p is the pore water
a:ssurc; w; and w; are the components of
displacement of the soil grain and the displacement of
the pore water relative to u;. respectivelfli) The
superposed dot implies time derivative; ( ); denotes
the derivative with respect to coordinates x;. For gj
and p tensile stresses are defined positive. k is the
permeability and g is the gravitational acceleration.
These governing equations of motion werd@erived by
assuming the saturated soils compose of the soil
grains and the pore water as is written in Eq (3).

=(1 f) g+ 1 ©)
;

Where f is the porosity, p is the density of the
saturated soil, p, is density of the soil grains and py is
fluid density. The constitutive relations for the above
governing equations were derived following works of
Dafalias [14] as are written in Eqs (4) and (5). For the
saturated soil. the constitutive relation is expresgeclin
total stress. i.e. as a summation of the effective stress
and the pore waler pressure. The constitutive relation
for the pore water was obtained by applying the mass
conservation law to the flow of the pore water in
saturated so1l layer.
g, = D].jkl €y +a? 6ingl‘6kl £, +Q Kgrﬁij [ (4)

ij

p=Kye (o g+ )
Where
_1.=.L+_1. (6)
Kgr Kg K,
D
=1 ij 3I|_|<k| kl (N
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6= 4w+ u5) ®

2
C - wi,i (9)
In which gand p are the rate of the total stress and

the pore water pressure, respectively. K, Krand Ky
are the bulk nahlle of the soil grains, the pore water
and coupling of the soil grainf¥ith the pore water,
respectively. o is a measure of compressibility offle
soil grains representing the contact areas of the soil

grains to the pore water. D;EI represents the elasto-
plastic stress-strain relation of the soil grain. I-J-is the

component of the Kronﬁer’s de]ta,éijandéare the

strain rate of soil grains and the volumetric strain rate
of the pore water, respectively. The elasto-plastic

stress-strain relation D:ﬁl is expressed in Eq (10).
ll(L) DEmn Pmn qu D;qkl
H+Q D:bcd Pcd

D =D

ijkl ijkl (o)

ab
L is a loading index; u(L) is the heavy-step function,
1e. u(L)=1 for L =0 and u(L)=0 for L<0; D?jkl 1s the

elastic stress-strain relation: P;; are the components of
the @tic strain direction; Q; are the components of
the normal direction to the yield surface and H is the
plastic hardening modulus. In order to specify the
clasto-plastic stress-strain relation in Eq (10), a
simplified bounding surface plasticity model has been
introduced by authors referring the previous study of
Dafalias and Crouch and Wolf [14, 15]. Detail
explanation about its plasticity model has been well
documented by authors in references |4, 5].

The final equation of motion for the finite element
analysis then can be written as in Eq (11).

Ns Ns T
E[Mts)am +DOAE L KOO ]=2[F“’ _B® 1] an
5=l

s=l
With respect to the continuity condition,

Ns
BSd® =0 (12)

s=1

Where s denotes subdin number; Ns is number of
subdomains; M*, D and K" are the mass, damping
stiffness matrices for each subdomain. The
stiffness matrix K consists of the tangent stiffness
matrix for the soil grains part, the equivalent stiffness
matrix for the pore water and the stiffness of the
coupling of the soil grains and the pore water. L is
traction forces on the interface of each subdomain. d
is the displacement vector; superposed dot Ecates
time derivative. The matrix B signs the Boolean
matrix, which localizes a subdomain quantity to the
subdomain interface. For solving the equation of
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motion written in Eq (11), the Hilber-a for constant
time step twas applied by using the following
approximation [13].

d® =d® + q® (13)

492 T A0 4 [1-T1d® +[1- L |acd®, (a4
n ﬁ ﬁt B 1'|-1 B ( )
. 1Y .
d“)=—E = Ad®) - Mtd‘:_’ ( 2_5] @, as
2
o i
L - o;--%; -( 4) (16)

The subscripts n and in the above equations are
introduced for signing a time step number and an
increment, respectively. Solution of the equation of
motion is obtained by substituting the Eqs (13). (14)
and (15) into Eq (11). Finally, converts the time-
integrated equation of motion from the boundary
value problem into an interface problem. For each
non-linearity iteration k, the equations may be written
as follow.

E[B‘S)K(S" BO" ]""M E[B(*’K‘*" ®ar®| (17)

§=1

With respect to the continuity condition

Ns
ZB(%) (k) ng)_o

(18
s=l
Where
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At first, the increment of traction forces ANl is
defined in parallel manner by using an iterative solver
of the Conjugate Gradient algorithms. Further, the
increment of displacement vector for each subdomain
at current tteration k can be calculated by Eq (22).

K Ag6) _ g [ ®) AR _p®" ®
Ad®) =K ( AR B¢ M“) 2)

The iterative process for solving the non-linearity is
terminated when satisfy to a given convergence
criterion. The stresses state 1s evaluated based on the
above displacement increment. Finally, the dynamic
response for each subdomain at current time step can

be computed using Eqs (13), (14) and (15) in term of
the displacement, the velocity and the acceleration
vectors, respectively. Detail explanation of these
algorithms has been well documented by author in
reference [5].

T

Area for FEM Analysis
[ ]

OsakaBay
\u:ﬂoﬂ of Accelometer

First Stage -

Second Stage

Figure 1 Site Map of the First Stage of the Port
Island

3. Finite Element Analysis Model

For a finite element analysis model, a corner part of
the first stage of the Port Island as is shown in the
dark area in Figure 1 has been chosen. The
dimensions of the finite element model are 276 meters
long, 240 meters wide and 48 meters depth. The
model was meshed into more than 12000 of 8-node
brick isoparametric elements and resulting more than
50000 degrees of unknowns. The model was
partitioned into 14 subdomains and was solved by
using 14 individual processors in the SGI Origin/2000
machine. Partitioning of the meshed models 1s shown
in Figure 2 and Figure 3 for the seawater and the soil
layer/structures areas, respectively.

Figure 2 Mesh Partition of Finite Element Seawater
Model

EAST 106 WAL

Figure 3 Mesh Partitions of Finite Element Soil Layer
and Structure Model
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Figure 4 Typical Cross-section of the Finite Element
Analysis Model

In the finite element analysis model, the waterfront
structures, i.e. the gravity caisson quay walls, were
treated as an equivalent homogenous solid material
and stress-strain relation was assumed to follow the
linear elastic response with small strain amplitudes.

G AND MAKOTO KAWAMURA

The soil layers behind and below the slm@cs were
idealized as a two-phase system coupling of the soil
grains and the pore water. The stress strain relation for
the soil grains was represented by the simplification
of the bounding surface plasticity model. lts plasticity
model has been described in detail by authors in
references [4.5]. Th@@mplified bounding surface
plasticity model has 8 parameters to be determined for
a particular soil type. These parameters defining the
soil layer properties were determined using the
standard tests results as were reported in reference [2]
for the soil layers located in the Port Island. Then,
these parameters were compared to the works of
Wolf-Crouch [15] and Been [16]. The parameters’
values for the structure and the soil layers markecnl
the circled number shown in the cross section of the
finite eld@ent analysis model in Figure 4, are
tabulated in Table 1.

Table 1: Material Properties of the Wa.ferﬁm Structure and the Soil Layers

Property Symbol Ehdlit  Caisson Layer1 Layer2 Layer3d Layer4 Layer3
Elastic shear modulus G KN/m®  26x 10°
Effective frictional angle ter degree 33 31 32 38 35
Slope of 1sotropic cons. line s 0.035 0.06 0.02 0.25 0.13
Slope of elastic rebound line K 0.004 0.0021 0.0026 0.05 0.015
Parameter def. shape of ellipsc R 2.25 225 225 225 225
Elastic nucleus parameter S 1.0 1.0 1.0 1.0 1.0
Hardening shape factor hel/he2 0.1/0.001 0.03/0.002 0.03/0.001 0.04/0.1 0.03/0.01
hel/he2 0.1/0.001 0.03/0.002 0.03/0,001 004/0.1 003001
Initial void ratio [ 0.5 0.35 0.392 14 0.5
550N's ratio v 0.25 0.25 13 k¥ 0.342 0.33 0.334
Bulk modulus of granular soil K, kN/m’ 4.0 aUT 40x10" 37x107 23x10" 3.8x10
Bulk modulus of pore water K;  KN/m’ 2.08x10° 2.08 x 10° 2.08 x 10° 2.08 x 10° 2.08x 10°
Density of saturated soil p kN/m’ 270 260 230 270 26.0
Density of dried ps  KNm' 170
Density of pore water pr KkNm' 187 10.0 10.0 10.0 10.0
Coefficient of permeability k m/s 1.0x10° 1.0x10° 12x107 12x107 7.0x107
Table 2: Material Propertiegfar the Joint Surface Element
Property Symbol  Unit Eﬂt 1 Joint 2 Joint 3 [ 14 Joint 5
Normal Stiffness k, KN/m” 1.0x10" 1.0x10° 1.0x10° 1.0x10° 1.0x10°
Shear Stiffness ks KN/m' 25x10° 16x10° 12x10° 12x10° 0.75x 10"
Friction angle b degree 38 35 35 35 36
Hardening parameter h 0.0001 0.01 0.01 0.01 0.01

The joint surface elements were introduced based on
the two-dimensional isoparametric element to
represent the interaction between the waterfront
structures and the soil layers. The joint surface
elements were also placed between the soil layers.
Formulation of this joint surface element was derived
following works of Beer [17] and Toki [18] in term of
the traction force and relative displacement behavior
on the surface of the element. The parameters for
defining the joint surface element properties were
collected from several sources such as were reported
in references [17,18,19]. The parameters’ values for
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ISSN 0974-5904, Vol. 09

the joint surface element marked in the boxed number
shown in Figure 4, arc tabulated in Table 2.

The equation of motion for the seawater wave was
derived based on the total fluid energy of the fluid
movement, the potential energy on the surface wave
and the kinematics energy affected by the velocity of
the wave as has been proposed by Wilson and Mehdi
[20]. The hydrodynamic affect of the seawater was
approached by uses the displacement of the seawater
as the unknown. The fluid strain energy was
considered according to [l linear “strain-
displacement” relation and associated with the

o
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5
compressibility of the fluid. The gcthod involves the
introduction of the “constrain’ of zero fluid rotation at
the integration point of the fluid element. To eliminate
the increment of the fluid sifffness due to high order
integration, the method uses reduced integration point
to produce a single element fluid ‘stiffness’ matrix.
The material properties for the seawater elements are
only bulk modulus of the water K; and a non-
dimensional multiplier constant for defiffZ} the
rotational bulk modulus of the water o,. A value of
bulk modulus of the water K; was taken as 2.08 x 106

depth of 48 meters below the surface of the Port
Island. A location of the accelerometer is marked as a
filled circle in Figure 1. The accelerations of these
ground motions are plotted in Figure 5. The analysis
was conducted for 15 seconds excitation with constant
time step  t=0.005 second and Hilber-o parameter -
0.25.

4. Analytical Results and Discussion

As was previously noted that the Hyogo-ken Nanbu
earthquake, 1995 caused major damage of the harbor
facilities constructed in Hansin region. Most of
gravity caisson quay wall type of the waterfront
structures were laterally moved toward the seawater
area and settled in a few meters. These waterfront
blocks separated one to each other’s. Several of them
were overturning respect to their original position.
This phenomenon has been made clear by the
analytical results of the current parallel 3D finite
element analysis as is shown in Figure 6. A good
agreement has been obtamned when the analytical
results are compared to the observed results as are

plotted in Figure 7.
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Figure 5 Acceleration Recorded at Port Island during
1995 Hyogo-Ken Nanbu Earthqualke

Except for the upper @iflace of the finite element
analysis model, both of soil grains and the pore water
were not allowed to move outward on the boundaries
of the model. The pore water pressures on the upper
surface of the finite element analysis model were kept
equal to zero during the analysis. The surface wave of
the seawater was enforced by their potential energy
such that the hydrodynamic pressures remain constant
even for large vertical movement.

The model was subjected to three components of
ground motion recorded by the accelerometer at the

lateral movement and settiement (meter)

180 m- cast
=3 settiement (FEM : Ts)

north 216 m.

=0 lateral movement (FEM : Ts)
—— Lateral movement (FEM : 10 5) - settlement (FEM : 10 5}
—— Lateral movement (FEM : 14 5) —m- settiement (FEM : 14 5)
-.- ) -m- )

Figure 7 Analvtical and Observed Comparison of
Lateral Movement and Settlement of the Waterfront
Structures

To understand the reasons of the large movement of
these structures, at first consider t]llcrcasing of the
pore water pressures as is shown in time history of the
pore water pressure at beneath of waterfront structures
in Figure 8. Increasing of these pore wmm)rcssurcs
were induced by the multi-direction shear stress in the
saturated soil layers as the consequences of the multi-
direction of the applied ground motion into the finite
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element model. As the results, the frictional resistance
at the beneath of the waterfront structures will be
significantly reduced, and therefore, make the
waterfront structures ecasily to move due to their
mnertia forces.

2

pore water pressure (kNm®)
-

102z 3 4 5 & 7 B 8 10 1 12 13 14 15

time {second)

Figure 8 Time History of the Pore Water Pressures
Acting at Beneath of the Waterfront Structure

When the waterfront structures start to move, the pore
water pressures will excessively increase in the
saturated soil [@ers at the behind of the waterfront
structure and at the same time will reduc@l the
effective stress of the soil grains. Reduction of the
cflbcrivasrress the saturated soil layers are clearly
shown in the effective stress path at behind of the
waterfront structures in Figure 9 and Figure 10 for the
north anathc cast structures, respectively. These
figures shows that the mean effective stress
significantly reduces and the deviatoric stress going to
critical state line. These reductions will directly
reduce the stiffness and the bearing capacity of the
saturated soil layers.

40

s
T

deviatoric stress q (kN/ni)
3 -]
T T

1 1 1 1 1
5 10 15 0 25 k] 35

mean effective stress p (kNify

Figure 9 Effective Siress Path at Behind of the North
Waterfront Structure

8
T

CsL

deviatoric stress p (kNind)
= 8
T T

1 1 1 1 1 1 J
13 10 15 20 ] n £

mean effective stress p Ikmﬁ
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Figure 10 Effective Stress Path at Behind of the East
Waterfront Structure

5. Conclusions

The current three-dimensional parallel finite element
algorithm has been successfully simulated the
damaged of the waterfront structures in the Port of
Kobe during Hyogo-Ken Nanbu earthquake, 1995.
The damaged of the waterfront structures were
initially caused by increasing the pore water pressure
which was induced by multi-directional shear stress in
the saturated soil layer beneath the waterfront
structures. Increasing the pore water pressure causes
reduction of the frictional resistance at the beneath of
the structures and makes the structures easy move due
to their inertia force. Simultaneous lateral movement
and highly build up excess pore water pressure will
reduced the bearing capacity of the soil layers. In this
study. a good agreement was also obtained when the
analytical results of the large movement of the
waterfront structures are compared to the field
observation after earthquake.
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