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The Hyogo-ken Nanbu Earthquake (Jan. 17, 1995) caused devastating damages in and around Kobe city.
Noteworthy is the fact that the heaviest damages of JMA intensity 7 were centered in the so-called
"disaster belt zone" along the coast. The authors, focusing on the geological features in a north-south
section of Kobe, have performed the computer simulation for the 2-dimensional in-plane seismic (P and
SV) wave propagation based on the FEM-BEM hybrid modeling. The nonlinear soil behavior was
emphasized to better interpret the soft alluvium amplification that depends on the given distribution of

soil properties in Kobe.
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1. INTRODUCTION

In the Hyogo-ken Nanbu Earthquake (1995) a
severely damaged belt zone called "Seismic disaster
belt of JMA intensity 7" emerged. Ishikawa et.all
gave a detailed site investigation report on this by
focusing on the surface geology of Kobe. Many
investigators have looked for some clues for the
cause in the Kobe's unique geographical and
geological features. A survey of these publication
has been made in Ref. 2.

In the previous paper# in order to get a
firsthand insight into the soil amplification of the
seismic waves by the alluvium deposits in Kobe, the
authors carried out a linear out-of-plane (SH wave)
and in-plane (P and SV waves) response
computation for a simple wedge-shaped model.
They pointed out a complex wave field in the
alluvium as the results of interference between the
horizontally and vertically propagating waves that
lead a big amplification of the surface response
across the seismic disaster belt. Hence, they termed
this phenomenon as a "bump effect". However,
noticed there is also an unrealistic highly amplified
acceleration at the coastal area with less structural
damage except for the harbor facilities by
liquefaction. In order to overcome this problem, a
more realistic distribution of soil properties by
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Fig.1 Representative north-south cross section of Kobe D)

location is taken into account based on the bore hole
test data provided by the Kobe City Office. Fig.1

(cited from Ref.1) depicts a representative vertical

section of Kobe from the Rokko mountains toward
the Inland sea.. Concerning soil deposits profile at
the upper 20 m depth, the Holocene clay
predominates the coastal area due to the past sea
bed sedimentation, whereas the sand and gravely
sand soils are accumulated by the river from the
damaged area toward the Rokko mountains foot.
The soft soils are supposed to have behaved
nonlinear hysteric during the strong ground motions
in the Hyogo-ken Nanbu Earthquake. Therefore, in
what follows such analysis is conducted by
extending the previous liner BEM-FEM solution
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method® amenable to a modified Hardin-Drnevich
stress-strain model in the FEM domain. This hybrid
method utilizes advantages of the respective
discretization methods; namely, the BEM fulfills the
infinitely extending boundary condition while the
FEM accommodates a given stiffness change by the
response level. Then, a system of incremental
governing equations are solved for an assumed
seismic wave, as a vertical incidence SV incidence,
by the Newton-Raphson” method with use of the
initial stiffness at small strain state. Thus obtained
nonlinear results are adequately interpreted in terms
of the surface soil amplification of seismic motions
in connection to the aforementioned heavy seismic
damage belt zone. Comments are also given to a
convenient linear analysis with a scaled viscous
damping ratio to the nonlinear hysteric response.

2. MODELING OF SOIL NONLINEARITY

Soils exhibit a pronounced nonlinear shear
behavior under strong loading which leads decrease
of the shear modulus with increase of the shear
strain. Under a symmetrical cyclic loading,
hysteresis loops are formed by the nature of
softening and therefore the material damping, being
largely independent of frequency, is produced. If the
initial loading curve is described by a function form,
the hysteresis loops can easily be constructed on the
rule of the Masing's hypothesis® to model the
behavior ‘under repeated symmetric loading. The
shear stress-strain relationship for the Davidenkov-
class models is expressed in a generalized form as

- 1

T =Tc+ Gmax (¥ —Yc)[LH(;! Y —Ycl)] (H
in which y. and =, are the values of shear strain and
stress, respectively, at the last reversal under cyclic
loading; Gmax is the initial tangent shear modulus;
and H is a function that describes the stress- strain
relationship. The factor n = 1 is applied for initial
loading and n = 2 is for unloading and reloading
process.

A simple but meaningful model to represent the
soil behavior may be constructed by a hyperbolic
function as proposed by Hardin and Drnevich®). The
stress-strain relationship H is then defined by

Y

H(‘y)z__Y_"_
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Yr

where yr is a reference strain defined in a quotient
of the maximum shear stress tmax Of soil in its
initial state to the initial tangent modulus Gmax.
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The skeleton curves and the original Masing's rule
lead to hysteresis loops for cyclic loading. Under
irregular earthquake loading, on the other hand,
some additional criteria are needed to describe the
complex behavior. Takemiya and Ishiyamal®
detailed the procedure to implement those rule in
the 2-dimensional FEM computer program.

3. NONLINEAR SOLUTION METHOD

The 2-dimensional modeling is made for the
surface soils and surrounding far field. The FEM
for the former domain takes quadrilateral plane
strain elements. The BEM for the latter domain
takes linear geometry elements whose
displacement and traction are presumed constants
over individual element and vary stepwise with

time increments. The associated governing
equation has a time marching recurrence
expression. The FEM equilibrium is also

expressed in the dame time marching discrete
form!D but with the finer time step since the
explicit presence of inertial force in the governing
equation in contrast to the BEM including it
implicitly in the Green function priori. Therefore,

the BEM time step At is divided into N numbers of
an equi-time step Aty for FEM The coupling of
FEM and BEM is performed at At (or every N
steps) while the governing equation is solved at
each time step Atr.!2 In reference to the previous
linear response analysis,?*®) the coupled
equations of FEM and BEM is formulated where

the interface nodes and other remaining nodes are
identified by the subscripts I and O, respectively, as
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with superscript K denoting the BEM step and i
the FEM step. The concerned matrices without
partitioning are
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where Mg, Cg and Kr represent respectively the
mass, damping and stiffness matrices for the FEM

domain, and Kgg the stiffness for the BEM. The
coefficients involved for the numerical integration
are set t0 g=1/2. B= 1/4, y= for the use of a

linear symmetric welghtmg function at origin®.
Suppose the incremental solution is known up to

the time step K+(i-1)/N
Eq.(5) for the next time step K+i/N based on
these. -

For the nonlinear analysis, the dynamic
equilibrium conditions are established to satisfy at
each specified incremental times. Takemiya and
Ishiyamal® applied an iterative solution method

for the FEM soil dynamic analysis. Herein, the
same method 1is taken with appropriate
modification to Eq.(5).

The equilibrium at time t+ At (k+L), given the
response at t(K+l), is stated as

REY - (FR + AFSN) = 0 ©)

where R¥W denotes the externally applied nodal

forces, at t+At and AF*'N is the incremental nodal
forces corresponding to the generated element
stress at this time. The Eq.(6) is solved by taking a
step-by-step incremental equilibrium procedure.
An assumption for the displacement variation of
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, then we can solve
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Fig. 3 Modified Newton-Raphson method with use of
the initial stiffness

with AFST,
displacement,
as

being the incremental nodal point
leads the equilibrium at time t+At

KK+L-P%_ Au K+_ RK+_ FK+1 1 (8)
The Eq.(8) can be solved by iteration method with
use of the initial stiffness, which can be formulated

as

j .
Ko 3 AR = ARSIV Z AREN (9)
or . )
i i i
Ko AUyN= ARGN+ ARep N (10)

. . K+ .
in which AROJ)N accounts for the difference

between the actual nonlinear stresses and the
assumed linear stresses.

elements

K+i K+l
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The out-of-balance stresses { Adeu );Qlﬁ is

obtained by following the above iterative scheme.
The details are explained in Appendix.

The specific expression of Eq.(10), when Eq(5)
is used for the governing equation, can be driven
as

i1
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in which the restoring forces of the FE-domain are
calculated from elements as
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with the element stresses {Oe} '~ and {Oe)
being the converged ones at the time specified by
the superscripts (Appendix). The interface nodal
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N

forces {RBI}K+§ are defined in Eq.(5) but
(RB1)¥X should be replaced by
i-1 0 ]K+ir:Tl
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w |

The convergence criterion used here is
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Besides the hysteric damping a small amount of
viscous damping is additionally included. In this
study, the element-wise viscous damping matrix cis
defined as proportional to the element stiffness
matrix k and the mass matrix m, which leads the
Rayleigh damping of

c¢=am +bk (19)

where a and b are constants. It is assumed that since
the kinematic energy is dominantly contained in the
lowest vibration mode, the average damping ratio §
within elements is given by the constants

a=Loi, b=l/n,; (20)

where ®; is the first natural frequency to be
determined from the solution of eigenmodes
decomposition of the FEM soil domain under the
fixed condition along the interface with the far field.
Along with the nonlinear analysis,
corresponding linear analysis is also conducted in
which an equivalent viscous damping is introduced
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to account for the hysteric energy dissipation. The
nonlinear computations are therefore preceded to
determine the average strain level produced
throughout the FEM meshes over the duration time.
Then the areas of resulting stress-strain hysteresis
are traced to obtain the equivalent damping ratios
for the linear analysis. This procedure was proposed
by Marsh et al.!® and referred to as a scaled
damping. Thus determined damping matrices for
each element are assembled into the global matrix
by the standard finite element formulation.

4. RESULTS AND DISCUSSION

The BEM-FEM model is shown in Fig.4 along
with the soil material numbers for different portions
of the model. The meshing is carried out for the
clements size to be smaller than one-fifth of the
smallest wave length concerned by assuming the
maximum frequency is around 10 Hz. The location
of Py roughly corresponds to the coast, P, being
taken as the origin in the x-direction in the
succeeding analysis, to the fall down site of the
Fukae section of the Hanshin Expressway viaduct
and Ps to the KBU. The sever nonlinearity is
expected for the soft soil around the coastal area,
and gradually decreased toward the foot of the
Rokko mountains.

Table 1 Soil parameters used for nonlinear analysis

Material No.  Density Shear wave  Refrence strain

(Un?)  velocity (m/s) ¥r
1 1.7 120 0.00060
2 1.7 140 0.00080
3 1.8 160 0.00080
4 1.8 180 0.00150
5 1.8 200 0.00200
6 1.8 220 0.00250

Fig.4 FEM-BEM descretization for numerical analysis
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Fig.5 Horizontal nonlinear acceleration time histories due to
incident Ricker wavees of different periods.

The soil properties for the site analysis is referred
to the bore hole test data. The shear velocity is
estimated from the N-value by the formula!4

VS =68.79 NO‘WIX HO"QQX E xF (22)

where H is depth, E=1.0 for alluvium 1.303 for
diluvium F=1.0, 1.056, 1.066, 1.135, 1.448 for clay,
fine sand, medium sand, coarse sand, and gravel,
respectively. The resulting values are listed in Table
1.

The Hyogo-ken Nanbu Earthquake acceleration
records showed different periodic contents at
different sites. The Kobe University (KBU) records
which is located on a firm soil, showed a
predominant period longer than 1.0 s reflecting the
close-by fault rapture. The Japan Meteorological
Agency (JMA) records, which are considered to be
affected by the local shallow alluvium site condition
had a predominant period shorter than 1.0 s.
Therefore, in order to grasp the global response
characteristics of the soil deposits, first Ricker
waves of different characteristic periods T, are
assumed for the input motions at the far field. Note

12.00

12.00

12.00

23s

: a. Displacement
i<t Seismic dlsaster belt —

Horizontal displacement (cm)

1 t
500 1000

X-direction (m)

1500

b. Velocity

L Y R PRP P : ;
G Seismic disaster bell —t

Horizontal velocity (cm/s)

— ,
0 500
X-direction (m)

! : ¢. Acceleration

<G Seismic disaster bel(———bi

............ et e g gt ce et

T
1000 1500

1000

Horizontal acceleration (gal)

T T
0 500
X-direction (m)

—8— Tp=067s

T f
-500 1000 1500

—&— Tp=20s

—8— Tp=10s ~o— Tp=050s

Fig.6 Maximum horizontal nonlinear responses due to incident
Ricker waves of different periods.

that the Ricker waves have specific period contents
that distribute densely around the period Tp ;
namely, in the range 0.3<T/Tp<5 ( in frequency
0.2<f/fp<3Hz). The incident wave for the analysis
is prescribed by the displacement.

Fig.5 shows the resulting response time histories
for horizontal acceleration along the soil surface.
We note the horizontally traveling waves generated
by the edge as observed in the linear analysis,?%
especially for short period motions. The difference
arises in the amplification at the coastal area in the
present analysis in such a way that the nonlinear
behavior subdues the response. More specifically,
the soil nonlinearity reduces the vertically
propagating waves and the resonance of the surface
soil deposits. The surface waves, although it exists
substantially near the surface, get only a slight
effect by the soil nonlinearity.

Fig.6 gives the maximum horizontal response
profile for the cases in Fig.5. Except that the
maximum responses have significant reduction in
the coastal area, the similar response trend is
obtained to those from the linear analysis39
namely, the short period motions are more
amplified than the long period motions. The



maximum amplification is centered to the heavily
damaged area from zero to several hundreds meter
in x-direction as indicated in Fig.6. Therefore, we
may state that this response trend is due to the site
characteristic and is less affected by the nonlinear
soil behavior.

Next, for earthquake response simulations, the
following different incident seismic motions are
considered:

(1) Based on the outcropping condition, one half of
the KBU records to represent the long period
motions.

(2) Deconvoluted motions of the JMA records, to
represent the short period motions. For this
information, see the authors' previous paper. 4

(3) A set of Ricker waves which indicate the long
period motions to simulate the major components
of KBU records.

(4) A set of Ricker waves of short period motions
to simulate the major components of JMA records.

Fig. 7 depicts the response time histories for the
decomvoluted JMA  motions.  Since the
displacement component is primarily governed by
the long period motions, the short period motions
are not so clear being embedded in these long
period motions. However, in the velocity and
acceleration components the short period vertically
propagating motions become appreciable in this
order. The motions at the coast are forced to be
longer in period and reduced in amplitude, when
compared to the linear results®)®), due to the
nonlinear behavior. The horizontally traveling
waves from the Rokko mountains toward the coast
can also be observed as in the previous linear
response analysis. Although the time histories for
other input motions are omitted, these response
trends are almost the same with those in the linear
case.

Fig. 8 gives the computed maximum responses
profile. The case for the deconvoluted JMA records
results in the higher responses than other cases and
the amplification is centered to the observed disaster
belt zone with the maximum value more than 1,000
gals in acceleration and around 100 kines in
velocity. These response values agree well with the
estimation from other investigators,!3).16) as marked
in the same figure by symbols although the soil
models for analysis differ from the present model.
The observed data at Fukiai Osaka Gas station are
also included in Fig.8 at a possible location, and the
JMA data (820 gals and 90 kines ) are supposed to
be located at x=1,000m in the same figure. Those
comparable values substantiates the present
simulation. The KBU data are referred to later. The
short period motions gives the same acceleration
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Fig.9 Stress-strain hysterisis curves at representative nodes

profile with the decomvoluted JMA-Kobe but the
lower velocity and smaller displacement response
than it. This difference is attributed to the fact that
we use the same input acceleration amplitude for
the short period motions with the deconvoluted
JMA record but with the respective integrated
velocity and displacement. The KBU record and the
long period motions results in much lower values
than other input motions with almost the same
response value all along the soil surface. This trend
was noted in the linear analysis. 3%

In Fig.8 the acceleration at Ps supposed to be the
foot of the Rokko mountains are larger than the
actually observed value 430 gal at the KBU record.
This can be modified as in what follows by
considering additionally the deep stiff Osaka Group
layers. Concerning the abrupt dipping of the
underlain base rock at the foot of Rokko mountains,
we have found in the pervious work®) that the
deamplification occurs in horizontal component in
the range around 300 m from the edge while the
amplification in the vertical component. Since the
soil behavior at this area remains almost linear, we
may include such effect by calibrating the current
response accordingly. Then, the modified responses
turns out compatible with the observation at the
KBU as indicated by the dashed lines.
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Fig.10 Fourier transforms of linear and nonlinear responses at
different locations due to the JMA input motions.

Fig.9 depicts the stress-strain hysterisis of the
selected elements at representative locations
indicated in Fig.4. We observe a severely nonlinear
behavior of the strain level reaching 10-2 at the
coastal area (around the location P;) outside the
disaster belt zone whereas at other area including the
disaster belt zone the less nonlinear behavior of the
strain 103 or less. Judging from these results we
may state that the sever nonlinearity has occurred
and therefore the high hysteric damping have been
associated with at the coastal area. This area in fact
suffered sever liquefaction during the earthquake
and its response may better be explained by the
effective stress analysis with the change of pore
water pressure.

As mentioned in the Section 3, we approximated
the hysteric damping by an equivalent viscous
damping ratio for the purpose of the linearization.
The calculated damping ratio varies from 5% at low
strain level of 104 up to 25% at high strain level of
1072 for the coastal area. For other areas, the ratio is
between 3% at low strain and 10% at high strain
level, depending on the locations addressed.
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The frequency contents of the surface motions
are investigated. Fig.10 shows the frequency
contents of acceleration response at representative
locations shown in Fig.4 for both the nonlinear and
the equivalent linear responses with scaled damping
due to the JMA input motions. At the coastal area,
the Fourier amplitude in the short period range (less
than 1. s) is highly reduced by the nonlinear
behavior while for the long period range it has a
very slight effect. At other locations, the amplitudes
and the predominant periods have small difference
between the equivalent linear and the nonlinear
behaviors.

5. CONCLUSION

As a succeeding work to the previous FEM-BEM
linear analysis, the authors developed a computer
program that can simulate the 2-dimensional
nonlinear soil response for an incidence of
earthquake motions.

As an application of the system, in this paper the
authors focused the nonlinear behavior of Kobe's
alluvium soils to interpret the disaster belt of IMA
intensity, from which the following conclusions may
be stated:

(1) During the Hyogo-ken Nanbu Earthquake, the
sever nonlinear response seems to have occurred at

the coastal area, reducing the unrealistic high’

acceleration at the coastal area in linear analysis
whereas less degrees of nonlinear response in other
area including the disaster belt zone. The obtained
response for the deconvoluted JMA record leads an
expected acceleration profile compatible with the
actual seismic damage degrees in Kobe.

(2) The high acceleration was still attained at the
severely damaged belt zone in use of the
decomvoluted JMA records while almost no
amplification for the alluvium in use of the KBU
records whose period contents mainly longer than 1
s. Such long input motions may not be concerned
with the present alluvium amplification which means
with the strain generation inside it.

(3) The Fourier spectra of the nonlinear ground
surface acceleration suggests that the short period
motions less than 1 s might be affected by the
nonlinear soil behavior significantly whereas the
longer motions than this might be almost not.

(4) The linear response analysis in terms of a scaled
damping for appropriately chosen soil properties
resulted in the response features similar with those
from the previous linear analysis but with less

amplified response values at the coastal area. It also
gave an adequate explanation of the site response.

Appndix: Iterative solution for nonlinear
response

Takemiya and Ishiyama!® showed a procedure to
obtain the out-of-balance stress vector in the two-
dimensional nonlinear soil dynamic analysis. They
assumed that the mean stress Op, and the diretion
angle ¥ of the principal stresses remain unaltered
during the nonliner stress adjustment. See Fig.A.1.a.
The resulting Mohr's circle of the nonlinear shear
tress is then represented by the circle B in the figure
aftrer iteration.

Here, we assume that the normal stresses are kept
linear in variation while the shear stress w4, varies
nonlinear according to thre strain level yy, The
out-of-balance is therefore described by

o
AGe,uz Aaze,u = 0
\Atxze,u I l Txze,n “Txze,l ,

The normal stresses follow the variation of the
shear stress to satisfy the equilibrium during the
iteration. Therefore, the nonlinear effect is to be
taken into account implicitly. The preseent sheme is
simpler than the previous one, althogh both of
which converge to the same value within a specified
accuracy. The iteration process for evalutating the
nonlinear shear stress for individul elements is self
evident in the illustration in Fig.A.2 The quasi-
external forces are equivalent to the out-of-balance
stresses of the whole system at the current iteration.

AOxeu

A

T Oxel = Oxen

A
Tze) = Tgen

B

Omen = Ome)

Fig. A.1 Modified Mohr's circle for
nonlinear shear stress
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