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SYNOPSIS

It is necessary to investigate the earthquake-resistance of existing
railway structures against a supposed earthquake in order to implement

earthquake-resistant reinforcement.

This paper describes the method of

predicting the degree of damage that may be caused by a supposed earth-
quake based on estimation of the surface earthquake motion. The paper
will be of help for selection of the structures that require reinforce-
ment and for determination of the extent of such reinforcement works.

INTRODUCTION

Earthquake-resistant reinforcement has
been implemented for railway structures to
prepare for the Tokai earthquake which is
anticipated to occur in the near future. A
reasonable way to reinforce structures
against a supposed earthquake is first to
investigate the earthquake-resistance of
structures for selecting the structures
that require reinforcement and then to
implement the reinforcement that satisfies
the requirement for strength. This
requires an accurate assumption for the
nature of the surface motion in the location
of a railway which will be caused by the
earthquake. Since a railway system is a
serial system in the meaning that overall
earthquake-resistance is controlled by the
weakest structure in the system, high
accuracy is needed for the evaluation of
the earthquake-resistance. Therefore, the
presumption for surface earthquake motion
should also have a high accuracy. In the
case of a railway, fortunately, relatively
sufficient amount of information on the
ground is available that is urgently neces-
sary for the estimation of the earthquake
motion. Effective use of such information
makes it possible to more accurately esti-
mate the surface earthquake motion.

This paper describes the detailed
classification of ground with an emphasis
being placed on the response characteris-
tics of surface layer ground. An approach
for predicting the surface earthquake
motion based on such classification is also
described. Further, a method to estimate
the degree of damage from the earthquake
motion assumed with this approach is
examined.

CONCEPT FOR SURFACE EARTHQUAKE MOTION
PREDICTION METHOD

Seismic waves radiated from a hypo-
centre propagate in a hard crust and reach
a surface layer, where they are amplified
or transformed during propagation as a
surface earthquake motion. Therefore, by
setting a so-called seismic basement at a
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proper depth and assuming a wave incident
on the basement, the surface earthquake
motion spectrum is given by the product of
the basement-incident spectrum and the
vibration characteristics of the surface
layer ground.

~ Therefore, the following procedures
are proposed for the estimation of the
surface earthquake motion:

(a) Classify the surface layer grounds
along a railroad according to the similar-
ity of the amplification characteristics.

(b) TFor each of the kinds of surface
ground obtained above, determine the rela-
tionship between the maximum acceleration
of the base ground and the maximum values
of earthquake motion in the surface ground
(referred to as the ''response curve' here-
inafter). Then estimate the maximum values
of the surface ground motion in a particu-
lar location for a supposed earthquake.

No definite opinion is available for
determining the layer in which the earth-
quake basement should be set. There is
much argument about it. From an engineer-
ing point of view, it should be the region
below which the dynamic nature can be con-
sidered to be little different. In actu-
ality, however, it is arbitrarily set
depending upon the purpose of the study
and the data to be used. 1In this paper,
the earthquake basement is set in the layer
that can be regarded as a support layer for
structure foundation from an engineering
point of view, such as alluvial gravel
sand. If an influence on structures is
considered, an accurate grasp of the motion
of soft layers is required. Compared with
soft layers, the support layer is suffici-
ently rigid and the amount of response from
the region below this layer can be consi-
dered much smaller than that from the
region above it. Therefore, in principle,
a surface ground layer having the N value
(1) of more than 50 and the S wave velo-
city of more than 500 m/s has been selected
as the earthquake basement, including allu-
vial gravel.

Many researchers, including Dr Kanai,
have made it clear that, in short period
regions, the multiple reflection phenomenon
of SH wave is the dominant factor that
specifies the vibration characteristics of
surface layers (2). Based thereon, the
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study of vibration characteristics is limi-
ted to the multiple reflection phenomenon
in the horizontal layers in this paper. As
the surface earthquake motions, shearing
strain and shearing stress, etc are con-
gsidered in addition to acceleration, velo-
city and displacement. Among much research
that has been done with respect to the
ground-incident acceleration wave used for
determining a response curve, no definite
one is available for the frequency region of
0.2 Hz to 5 Hz, which is handled in this
paper. Therefore, two kinds of incident
waves are considered: relatively long-period
predominant wave and short-period predominant

wave. '"Hachinohe' and "shin-Kikugawa'' are
selected from among the waves actually
observed as such waves. ''Hachinohe" is a

relatively long-period type wave in which
frequency component of 1 Hz or lower is
predominant and was obtained by converting
the NS component wave (3) observed at
Hachinohe Port in the Tokachi-oki earth-
quake (M = 7.9) in 1968 into an incident
wave on an earthquake basement (-17 m).
"Shin-Kikugawa" is the EW component wave
observed at the Shin-Kikugawa substation
(Tokaido Shinkansen) in Izu-Ohshima-kinkai
earthquake (M = 7.0) in 1978 and is a short-
period type wave, in which 2 Hz to 5 Hz
component is predominant. Figure 1 shows
these waveforms and Fourier Spectra.

GROUND CLASSIFICATION

A classification method for surface
layer ground is described here based on
the geological data available to a section
along Tokaido and Sanyo bullet train line
(Shinkansen between Tokyo and Hakata, see
Figure 2). This method can also be applied
to any other areas.

For our purpose, geological data inclu-
ding soil pillars along the bullet train
line were collected to make soil profiles
of the section. Based on the data, ground
along the railway line is classified, taking
the similarity of the structure into con-
sideration. As a result, ground between
Tokyo and Hakata was classified into 1,647
except tunnels. The classified ground was
then grouped into 446 types by comparing
the soil pillars with the N value distribu-
tion for integrating the ground of similar
layer construction and thickness, which is
called First Ground Classification.

To analyse earthquake response of the
ground for determining the response curve,
iterative convergence calculation is per-
formed for an equivalent linear response
analysis by taking it into account that
ground rigidity reduces due to the shearing
strain. It is rather impractical since it
requires a large amount of calculation to
investigate the characteristics for 446
ground types obtained by the first ground
classification. Therefore, integration of
the first ground classification was inten-
ded according to the similarity of vibra-
tion characteristics of surface layer
ground, which is called second classifica-
tion.

GROUND CLASSIFICATION BASED ON VIBRATION
CHARACTERISTICS

By giving layer thickness, density and
S wave velocity to each of the 446 kinds of

ground extracted by first classification, a
horizontal multi-layer model was formed to
obtain a transfer function H(w) of wave
according to the multiple reflection theory
of SH wave. The ground constants for model-
ling are determined from Table 1 by using
the information on soil nature and N values.
The propagation velocity of S wave, Vs
(=/G/p), shown in this table was determined
from the data of PS logging performed for
the vicinity of the section with corres-
pondence to N values being investigated for
each soil nature. The density was set
based on the soil nature test data at the
time of construction. The damping constant
of each layer used in obtaining the trans-
fer function H(w) was set to be 1 percent
fogemicro strain level in the order of

1 .

In general, the first order peak is
relatively predominant to a great extent in
the transfer function, which is in the con-
verged state by equivalent linear iterative
calculation. Therefore, to classify ground
based on the earthquake response character-
istics it is considered to be appropriate
to pay attention to the first peak of the
initial state transfer function. This
allows the secondary classification to be
based on the combination of the predominant
frequency and the amplification factor of
the first order peak.

Figure 3 shows the distribution and
the classification of the first order peak
of the initial state transfer function for
446 kinds of ground. The amplification
factor axis is divided into 4 (2-3x, 3-5x,
5-10x and more than 10x) by taking into
account that the difference in the amplifi-
cation factors between the ground becomes
much less compared with the initial state
because the amplification factor of the
first order peak reduces in the finally-
converged state transfer function. The
frequency axis is divided into eight, in
equal ratio because of the limitation in
actuality for the total number of classi-
fication. Division according to the diff-
erence in predominant frequencies is not
considered in the region where the res-
ponse amplification factor is smallest
(2-3x), because the basement is similar to
exposed ground. As the secondary classifi-
cation, 25 kinds of ground (Hw-1 to Hw-253)
are obtained as shown above. The data in
the section between Tokyo and Hakata are
in 21 kinds.

Figure 4, the initial state transfer
functions that belong to the same kinds of
ground are superimposed. By taking into
consideration that, in the final state,
higher order peaks almost diminish and the
first order peak becomes dull, it can be
recognised that the transfer function that
belong to the same kind of ground almost
have similar amplification characteristics
exists among the separate kinds of ground.

The mark O in Figure 3 locates around
the centre of each section of the kind of
ground and is used as the representative
ground of each section for making a model
for response analysis.
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SIMPLE ASSUMPTION METHOD FOR THE FREQUENCY

AND AMPLIFICATION FACTOR OF FIRST ORDER PEAK

If the first order peak in the initial
state can be found, the classification
method described above permits identifica-
tion-of a specific kind of ground. By using
the response curve corresponding to that,
the maximum response value can be assumed
without any complicated calculation for res-
ponse. Therefore, a simple assumption
method for the first order peak is studied
below:

If the velocity structure of horizon-
tal multi-layers is known, the first order
predominant frequency F and the amplifica-
tion factor A can approximately be given by
the following equations:

n-1
F=1/(4 3z (H.,/Vs.)) (L
j=1 J ]
n-1
A=2/R, R=H/(Vn.  (H./Vs.)) (2)
j=1 J J

where H, and Vs, are the thickness and the
S wave %elocity of the j-th layer, respec-
tively, H is the depth to the basement, Vn
is the S wave velocity of the basement
layer, and R is the ratio of velocity of
basement to the average velocity of surface
layer. Equation (1) and equation (2) are
given by extending the equations for a 2-
layer ground to a multi-layer ground on the
basis of equivalent layer thickness.con-
cept. One thing to be noted is that, as
regards amplification factor, an influence
due to the difference in density is
neglected.

Figure 5 shows the comparison of the
assumed values from Equation (1) and
equation (2) with the values calculated from
the transfer function. They agree very
well.

By substituting equation (1) for equa-
tion (2), the amplification factor A is
given as a function of predominant frequen-
cy F, surface layer depth H and basement
propagation velocity Vn as shown below:

A = Vn/ (2HF) (3)

Since the depth of a surface layer and
the propagation velocity at the basement
can be supposed from the data obtained at
the time of construction, the amplification
factor can be assumed from equation (3) by
obtaining the first order predominant fre-
quency from the measurement of micro-
tremors. This allows determining the kind
of ground.

ASSUMPTION OF RESPONSE CURVE

Response calculation according to the
equivalent linear method was performed with
respect to the representative ground of
each classification (mark O in Figure 3).
Figure 6 given by Iwasaki and Tatsuoka (5)
was used as the strain-dependent curves for
shear rigidity and damping factor. The
incident waveform on the basement is as
described above. As the maximum accelera-
tion at the basement, two values, 150 cm/s?
and 300 cm/s?, were adopted to cover the
range of maximum accelerations predicted to
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be observed at the time of a large earth-
quake. The response curves are given as a
relationship of each maximum surface res-
ponse value with respect to basement acce-
leration. Average shear strain and shear
stress are also determined as surface res-
ponse values in addition to acceleration,
velocity and displacement.

Figure 7 shows the response curves of
surface acceleration, velocity and displace-
ment obtained as hyperbolas that pass three
points; two points corresponding to the
results of response calculation for two
basement inputs (150 cm/s? and 300 cm/s?)
and origin.

The figure reveals that the accelera-
tion response values are greatly influenced
by the kind of ground and also by the inci-
dent waveforms of earthquakes. The response
values of velocity and displacement are also
greatly affected by the incident waveforms
of earthquakes, but the influence of the
kinds of ground is sometimes little like
the "Shin-Kikugawa' wave input. For velo-
city and displacement, ''Hachinohe' wave
input gives much response values.

The shear strain and shear stress in
the ground are important indices in assu-
ming the movement of the ground such as
liquefaction of sand ground and flank flow
of clay ground and also in evaluating earth-
quake-resistance of the foundation of
structures. Various approaches are avail-
able for determining representative values.
In this paper, the distribution of maximum
strain and maximum stress up to 5 metres
from the surface of the ground is simply
averaged. Figure 8 shows the response
curves of shear strain and shear stress by
interpolating or extrapolating the response
values calculated for two kinds of maximum
basement acceleration as was performed for
surface earthquake motions.

The shear strains in the ground from
Hw-1 to Hw-4 are extremely large compared
with other ground. This is because it is
soft peat. The larger the shear strain is,
the smaller the shear rigidity will be,
causing the bearing power of the ground to
reduce. Therefore, the transformation of
the structures constructed on these types
of ground will become large. A good exam-
ple is the large transformation of the
Anenuma elevated bridge near Misawa in the
Tohoku line, which was caused by the
Tokachi-oki earthquake in 1968. It is con-
structed on soft peat ground. Attention
should be paid to soft peat because of the
possibility of large transformation of the
structures on this type of ground.

GROUND MOTION AT THE TIME OF SUPPOSED
EARTHQUAKE

In the previous paragraphs the classi-
fication of surface layer ground and seis-
mic response curve of each ground classified
are discussed. As a result, values such as
the maximum acceleration, the maximum velo-
city and the maximum displacement in the
surface ground can be estimated if the
maximum acceleration of the basement at the
time of the supposed earthquake is estimated.

Methods to estimate the maximum accele-
ration of the basement have been proposed
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by many researchers. Most of those methods
can be summarised in the method to estimate
the maximum acceleration o (cm/s?) using the
magnitude M of the earthquake, and the epi-
central distance A (km) or hypocentral dis-
tance R (km) as parameters.

For example, the equation proposed by
Okamoto and Tamura* (6) which gives rather
larger values for distances shorter than
150 km is used to estimate the earthquake
motions of the basement along the
Shinkansen due to the supposed Tokai earth-
quake.

DAMAGE DUE TO ESTIMATED EARTHQUAKE MOTION

In order to estimate the damage of
structures caused hy the earthquake motion,
it is necessary to clarify the relation
between the scale of the earthquake motion
and the degree of the structure damage. We
are studying the relation not based on
experiments or response analysis but on
analysis of past earthquake damage.

Figure 9 shows a procedure to study
the relation between the scale of the
earthquake motion and the degree of the
structure damage.

CLASSIFICATION OF DAMAGE DUE TO PAST
EARTHQUAKES

The damage of structures due to past
earthquakes is classified according to
degree. Japanese National Railways-have a
plan to reinforce railway structures to
such an extent that transportation can be
easily and promptly restored after the
earthquake. From this viewpoint, the degree
of damage is classified into the following
four types:

(a) Severe damage of structures that
requires a rather long time for
restoration.

(B) Damage of structures that can be
repaired soon by emergency measures.

(y) Damage of structures that can be
repaired by ordinary maintenance.

(8§) No damage.

Detailed standards for classification
of damage of earth embankments, backfill
for bridge abutments and bridges themselves
are shown in Tables 2, 3 and 4.

ESTIMATION OF THE EARTHQUAKE MOTION AT THE
LOCATION OF THE DAMAGED STRUCTURES

Usually the earthquake force imposed
on the damaged structures is not known. So
the force is estimated based on the data
such as the scale of the earthquake and
the epicentral distance.

For the estimation of this force, it
is thought reasonable to use a similar
method to the one for estimation of the
scale of the seismic motion of the earth-
quake in question. Therefore, the maximum
acceleration of the basement is calculated
by the equation proposed by Okamoto and
Tamura (6), and then the maximum

*log),(0/1000) = (=4.93+0.89M - 0.043M%) (A+50) /100
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acceleration of the surface layer is esti-~
mated, taking the amplification character-
istics of the surface layer into consider-
ation.

The data of the surface layers avail-
able are rather insufficient as shown in
Table 5. Hence, the response curves are
required for each ground classified. For
this purpose, average response curves are
drawn, classifying the aforementioned 21
types of ground into the four categories.
Then the surface layer acceleration of the
relevant points can be obtained.

In some cases, other values such as
the maximum velocity and the maximum dis-
placement may be more suitable than the
maximum acceleration for expression of the
scale of the earthquake motion.

CUMULATIVE CURVE CLASSIFIED BY DEGREE OF
EARTHQUAKE DAMAGE

Cumulative curves are drawn by putting
the intensity of the earthquake motion
(maximum acceleration) on the axis of .
abscissa and the percentage of accumulation
on the axis of ordinate. Referring to a
relevant curve, the degree of the damage
can be obtained once the intensity of the
earthquake motion is given.

ANALYSIS RESULT

Damage to railway structures was ana-
lysed based on the reports on the damage
caused by eight earthquakes as shown in
Table 6.

Figures 10, 11 and 12 show the fre-
quency distribution of damage to embank-
ments, bridge abutments and bridge piers
respectively. It is noticed that the seis-
mic scale of Japan Meteorological Agency is
inappropriate to be related to the four
damage types - o, B, Yy and § - because
actual damage due to earthquakes occurs
mostly at the seismic scale V and VI of
the Japan Meteorological Agency. There-
fore, we decided to estimate the maximum
acceleration of the surface layer as des-
cribed in the previous paragraph in order
to study the relation between the accelera-
tion and the degree of damage.

Figures 13 and 14 show the relation
between the maximum acceleration of the
surface layer and the subsidence of
embankments and bridge abutments respective-
ly. In the figure the data of rather small
subsidence are omitted. However, most of
such data seem to be located in between thé
two lines in the figure.

Figures 15 and 16 show the cumulative
curves of damage o, B and y to embankments
and bridge abutments respectively. As to
the data of embankments, those of Tokachi-
oki earthquake in 1968 are included. The
data of the Tokachi-oki earthquake seem to
be different in characteristics from the
others because there was a lot of rainfall
before the earthquake and the damage was
consequently caused by combined effect of
both the rainfall and the earthquake.
Therefore, the two types of data are shown
separately using O marks for the Tokachi-
oki earthquake and ® marks for the others.
With this classification, it is understood
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that a smaller acceleration in the surface
layer causes damage to embankments when com-
bined with rainfall.

As to the data of bridge abutments,
the damage seemingly increases sharply at a
certain maximum acceleration of the surface
layer (8 marks). It is because the same
types of structures were concentrated at a
particular area. To eliminate such a bias
of the data, the cumulative curves in
Figure 16 are drawn, representing plural
data as one point for the case of Niigata
City at the time of the Niigata earthquake
and for the case of Tohoku cargo railways
at the time of the Miyagi-ken-oki earth-
quake.

For further study, the data of the
Tokachi-oki earthquake of 1968 are excluded
and the data of the Niigata earthquake and
Miyagi-ken-oki earthquake are analysed for
the damage to bridge abutments.

It is possible that the damage of o
and B occurs due to the acceleration larger
than the upper limit of the acceleration
that causes the damage of y, similarly, the
damage of o occurs due to the acceleration

larger than the upper limit of the accelera-

tion that causes the damage of B.

As to the possibility of damage of a,
B, v and § at a certain acceleration of the
surface layer, it is not clearly known due
to insufficient data. In the case of
embankments and bridge abutments, the degree
of damage can be expressed as a continuous
quantity and the damage can be roughly esti-
mated, using Figure 13 and 1l4.

Figure 17 shows the relation between
the degree of damage and the surface layer
acceleration by illustrating the surface
layer accelerations that correspond to fre-
quency accumulations of 10 percent, 50 per-
cent and 90 percent with respect to each
damage scale of embankments, abutments of
bridge and bridges themselves. The surface
layer accelerations corresponding to damage
excluding the accumulations of 10 percent
and 50 percent of bridge abutments decrease
in the order of o, B and y, as is easily
presumed.

The reason why the data for bridge
abutments are rather abnormal may be attri-
buted to the fact that the amount of data
corresponding to y is small and that the
data corresponding to B are biased.

Table 7 shows the values corresponding
to the frequency accumulations of 50 percent
of the damage types a, B and y for each
structural type in order to approximately
give the relation between the seismic
accelerations and the structural damage.

To implement earthquake-resistant
reinforcement in order to realise immediate
restoration of operation, it is necessary
to reinforce structures so as to minimise
occurrence of. the damage of class a. If
values of seismic motion corresponding to
the frequency accumulation of 90 percent
are chosen as the minimum seismic force
that causes the damage of class o almost
inevitably, the values are defined as 570
cem/s? for embankments, 560 cm/s? for bridge
abutments and 600 cm/s? for bridges. 1In

each case, the damage of o will occur almost
surely if the acceleration exceeds 600
cm/s?.

CONCLUSION

A study was made in this paper on an
approach to accurately predict the earth-
quake ground motions, which affect the safe-
ty of railway structures. Urgency to pre-
pare basic data to meet the pressing demand
for reinforcement, a certain lat itude was
allowed in the study for such indefinite
factors as basement incident waveforms
because data selectable at the present time
was insufficient.

Then the scales which evaluate the
damaging characteristics of earthquake
motion estimated by this method were experi-
mentarily obtained by analysing the cases
of past earthquake damage. The relation
between the estimated accelerations and the
damage of various structures was briefly
investigated.

In order to increase reliability of
the method, however, it may be necessary
to evaluate the degree of earthquake damage
considering the response characteristics of
structures and the surface layer seismic
movement combination.

By using the proposed method, a pre-
diction is being made for the earthquake
motions along the Shinkansen at the time of
assumed Tokai earthquake. Also an estima-
tion is being made for the surface responses
etc for the earthquakes that have already
occurred.

For further stages,.we are planning to
study the abovementioned problems in order
to establish more accurate methods for the
estimation of earthquake motion and for
evaluation of ‘its damping factor.
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Table 4. Evaluation Criteria of Bridges
Degree of
Damage a B Y 8
| Damaged Structure
Upper Girder * Fall * Dispacement |* Cracks No damage
Structure * Collision of or
Girders and No remark
Parapet
* Damage at
the End of
Girders
Support * Damage of
Anchor Bolts
* Damage of
Bridge Seats
Sub- Bridge * Destruction [* Subsidence * Surface
Structure|Pier, * Inclination Separation
* Movement * Cracks
Bridge * Cut * Cracking
Abutment
of Ground
Wing * Destruction |* Inclination
* Swelling
* Crack
Table 5. Ground Classification by Reference (7)
Ground Comment First order Period
Type Tg in s.
1 1) Rocky ground before Tertiary period Tg< 0.2
2) Thickness of Dilluvium* <10 m
1) Thickness of Dilluvium 2>10 m
II 12) Thickness of Alluvium** <10 m 0.2 <Tg< 0.4
Thickness of Alluvium <25 m and
LI Thickness of Soft Layer*** >5m 0.4 <Tg< 0.6
IV |Ground except abpve 0.6 <Tg
Note: * Including a settled sand layer and a settled gravel

layer in Alluvium.
%% Including a new sediment by a landslip, etc..
**%% Saturated sand layer (depth<l0 m, N value<lO,

uniforming coefficient Uc<6 and 0.04<D20<0.S mm)

and Clay or Silt layer (depth<3 m and

uniaxial compression strength qu<0.02 kg/cm?)

Table 6. Number of Data for each earthquake
No. | Name of rigin Tim M Number of Data
Earthquake mbanments [Bridge ridges [Total Table 7. Surface }ayer Accelerations
Abutments corresponding to each of damages
1 | kanto 1923, 9. 1| 7.9 - 1 - 1 ‘Structure | Degree of | Surface layer
5 - 5 10 Damage Acceleration at
2 | Nankai  [1946.12.21| 8.1 |—= - L L accunulation
- - - - percentagg of
3 | Fukui 1948. 6.28 | 7.3 —= 2 = 2 202 (cm/s )
3 2 5 10 Embankments o 350
s - 5 - 5 B 260
4 | Tokachi-ocki [1952. 3. 4| 8.1 15 3 11 1 Y 190
- - 5 - 5 Bridge o 330
5 | Niigata  [1964. 6.16| 7.5 &
8 2 7 18 27 || Abutments B 380
6 | Tokachi-oki [1968. 5.16 | 7.9 [——~ ! - 8 Y 280
- 18 - 2 22 Bridges o 430
zu~Oshima~- - - - - B 350
7 kinkai 1978. 1.14| 7.0 — 1 — 1 Y 150
8 Miiagikeﬂ‘ 1978. 6.12 | 7.4 12 10 - 22 As to embankments, data of
oki i 1 22 6 36 Tokachi-oki Earthquake (1968) that are
(Note) Figures in the lower line 13 30 - 43 thought to be greatly infuenced by
denote those related to Railways 44 40 48 141 rainfall are excluded.




