
Chapter 5

Earthquake Effects

Ruin of Sacsayhuaman fortress in Cuzco, Peru. Craftsmen of Inca Empire spent one third of their
working time for God, another one third on duty for the emperor, and the remaining one third for
themselves. With a long working time available, the stones in the photograph were cut into very
complicated shapes so that they would make perfect contact with one another. This good quality of
construction made structures survive for many years without distortion.



�  5.1  Intensity of Earthquake Motion

Traditionally, the intensity of earthquake motion was evaluated by human senses as well as damage
extents. Examples of this kind of scale are JMA scale, Mercalli intensity scale, and the MSK scale in
Fig. 5.1. Since the development of earthquake monitoring instruments in more recent times, the intensity
of earthquake motion started to be expressed by the maximum acceleration, the maximum velocity, the
maximum displacement, a response spectrum, etc. Although the maximum acceleration is the most
popular and the maximum velocity is the second, there is no single parameter that can fully take into
account the nature of complicated earthquake motion.

Whichever of the above-mentioned parameters may be concerned, the intensity of motion is affected by
the following issues

1. The distance from the source of motion
2. The size of rupture zone (fault)
3. The released strain energy in rock
4. Type of geology between the source and the concerned site
5. Local topography (�!) and soil conditions (locality) among others

Note that the significance and the manner of effects of these issues are variable, depending upon the
choice of measures: acceleration, velocity, displacement,
or others. Moreover, it has been practiced to pay attention
to the extent of damage that varies with

1. The earthquake resistant design of facilities
2. Its maintenance
3. Earthquake response of facilities (intensity of motion)
4. Importance of facilities (social impact)�among others

The cause and mechanism of damage vary with the type of
facilities. Hence, it is impossible to select any single
parameter to describe the intensity of earthquake from the
view point of observed damage. However, it has been
practiced widely to use one type of intensity for convenience.

Seismic intensity is determined by taking into account

1. How strong the earthquake motion was FELT
2. Extent of structural damage
3. Extent of ground failure (cracking etc.)

Evidently, the intensity depends upon the locality.

Three kinds of seismic intensity scales are compared in Fig. 5.1: JMA scale (Japanese Meteorological
Agency ¸¹º�"), abridged modified Mercalli intensity scale (MM scale), and the MSK scale. They
are roughly related to the maximum acceleration and velocity.

Any scale is affected by the local topography and geological conditions at earthquake observation
stations. The determined intensity may not be related with the regional extent of damage.
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 (Meteorological Agency, 1968)
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scale (European Macroseismic Scale), it has 12 divisions, each of which is defined based on human
response and extent of damage. Thus, the basic principle is identical with those of classic scales. This
scale is briefly summarized in what follows; for details, refer to the original definition
(http://geology.about.com/library/bl/blems.htm).

Table 5.1  Definition of European macroseismic scale

    Scale     Rank                            Brief description

1  Not felt
2  Scarcely felt Felt only by people at rest in house
3  Weak Felt by a few people
4  Largely observed Felt indoors by many people but not much felt outdoors.

Swinging of objects is detected
5  Strong Buildings shake; glasses clatter, and top heavy objects turn

down
6  Slightly damaging People are frightened and slight damage to many ordinary

buildings such as fine cracks
7  Damaging Most people are frightened, furniture move, and objects fall

down. Moderate damage to ordinary buildings such as small cracks
8  Heavily damaging Overturning of furniture. Buildings suffer large cracks and

possibly collapse
9  Destructive Partial collapse in many ordinary buildings and complete

collapse in a few of them
10  Very destructive Many ordinary buildings collapse
11  Devastating Most ordinary buildings collapse
12  Completely devastating Almost all structures, both above and below ground, are

heavily damaged or destroyed

Recently a new seismic intensity scale has been developed in European countries. Being called EMS
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�  5.2  Revised Earthquake Intensity

The JMA scale in Sect. 5.1 was revised in 1996 from human observation of earthquake effects (shaking
and damage extent) to instrumental observation. The new JMA scale »¼�¸¹º�" is determined by
a specially developed equipment �"½. This scale is, however, still correlated literally with observed
phenomena as what follows.

Measured     Human effects                       Effects on                           Effects on

scale                                                               lifelines                             ground and slope

��          0   Nothing felt

�        1 Felt by some people,
 if staying indoor

�        2 Felt by many indoor people.
Some sleepers are awaken

�        3 Felt by most indoor people;
possible to be frightened

�        4 Frightened.
Some may try to escape

�Lower 5 Many try to escape, Gas supply is cut by Possible cracking in
but not easy a home safety system. soft soil. Stone fall and
¾�¿��ÀÁ�J¼@Â Water supply and small landslide are
ÃÄ�Å9Æ��]Ç electricity may be lost possible in mountains

  Higher 5 Substantially frightened. Minor gas pipes and ditto j�ÈÉ
Cannot move easily major water pipes can
ÊËBÌÍ�Æ��]Ç be broken

  �Lower 6 Cannot stand upright ditto Cracks and landslides
Î?@���J!ÏÐ occur ÑÒJ§ÓÔ

�Higher 6 Can only crawl Major gas pipelines and ditto
 Õ��!�?J water treatment facilities

are damaged

�          7 Cannot control one’s body Overall loss of electricity, Large cracks and
gas, and water landslides occur

This revised seismic intensity is determined by special instruments. Its details are described in Sect.
5.3. Thus, the human judgment of the scale was terminated.
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�  5.3  Instrumental Determination of Seismic Intensity

The JMA (Japanese Meteorological Agency) scale of seismic
intensity is today determined by electronic instruments that monitor
on a real-time basis the seismic motion. A special attention was
paid by JMA to maintain the consistency of the intensity between
the former human and new instrumented procedures. Moreover,
the quick determination of the seismic intensity immediately after
the shaking is important.

The new procedure relies on a time history of acceleration, which
probably best accounts for the damage extent. Figure 5.2 illustrates
the schematic idea of the procedure. The three time histories in
NS, EW, and UD directions are processed by digital filters. Figure
5.3 shows the effects of three digital filters and their combination,
which remove both high- and low-frequency components from
the acceleration records. The formulae of filters are;

Low-pass filter F f1 1=
High-cut filter

  F
X X X

X X X
2

2 4 6

8 10 121
1 0 694 0 241 0 0557

0 009664 0 00134 0 000155
= + + +

+ + +
. . .

. . .

Low-cut filterF f f3

3
1= - -( ){ }exp o ,

in which f is the frequency (Hz), X f f= c , fc = 10 (Hz), and
fo  =0.5 (Hz). Hence, the total effects are given by
F F F1 2 3¥ ¥ .

Then, three records are added in a vector manner to obtain a
scalar (positive) time history, Accel (t).

The representative amplitude of Accel  is designated by ao
and is determined by the method in Fig. 5.4. The time in
which Accel  is greater than the threshold value, a, is shown
by  in Fig. 5.4 and its total value is plotted against
“a.” The total time decreases as “a” increases, and ao is the
particular a value for which the total time is t o  = 0 3.  s.

Fig. 5.4 Determination of representative amplitude of irregular time history
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This ao (cm/s2)
is finally substituted in

       I a Ko= ( ) +2 10log ,

where I is the instrumental seismic intensity and K=0.94.

Although this instrumental seismic intensity was designed to be equivalent with the traditional one (Sect.
5.2), it is felt that the new one is greater than the conventional one by roughly 0.5; real damage is not so
severe as suggested by the instrumental seismic intensity.
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�  5.4  Earthquake Magnitudes

Since the seismic intensity highly depends on locality, it is not suitable to describe the size of an
earthquake by this intensity. The size of earthquake is more appropriately evaluated by “earthquake
magnitude M,” which has several versions. One group of magnitudes depends on the intensity of
earthquake shaking, in terms of energy or amplitude, as generated by the fault rupture zone, while the
other group on the extent and size of distortion in the earth crust of the rupture zone (Utsu, 1999). Note
that a detailed discussion on magnitudes is extremely complicated and difficult.

1. Local magnitude (Richter scale), ML (Richter, 1935)
This is the first idea of earthquake magnitude defined by

ML=log10{a(D)/a0(D)},

in which D is the epicentral distance (km), a(D) is the amplitude of record on paper obtained by a then
available Wood-Anderson seismograph, and a0(D) is the amplitude of a standard earthquake (defined to
have ML=1.0) at the same site. The standard earthquake is the one that gives a = 1 mm at D = 100 km.
Thus, the local magnitude is a ratio of a given and a standard earthquake intensity. By using a Californian
empirical formula valid for D < 600 km : log10a0 = 6.37-3log10D, together with the nature of the
Wood-Anderson instrument a=2800 ¥ A in which “A” is the maximum ground displacement in mm unit,

ML = log10A + 3 log10 D - 2.92.

This makes it possible to determine the Richter-scale magnitude in the Californian locality without a
specified instrument. Empirically, ML > 7 is very rare (Utsu, 1999). In the recent times, the W-A
instrument is not available, and media reports ML as converted from other kinds of magnitude.

2. JMA (Japanese Meteorological Agency) magnitude, MJMA

  This magnitude is calculated by

MJMA = log10A + 1.73 log10 D - 3.83

and is intended to be equivalent with the Richter scale. For the calculation of this magnitude, the single
amplitude of displacement as recorded by an instrument is divided by the amplification of the instrument,
and the amplitude of the ground displacement, A (mm unit), is obtained.

3. Kawasumi magnitude Mk (Kawasumi, 1951)
Since the geological time scale is very long, the local seismic activity can be studied only by using

historical earthquake information. Because of lack of measured intensity of seismic motion, Kawasumi 
Ö×
 1951) used the assessed JMA scale of seismic intensity (Sect. 5.2), which was determined by

interpreting historical documents on damage. He defined the first version of his seismic magnitude, Mk,
as the JMA scale at the epicentral distance of 100 km. He then found an empirical correlation between
his magnitude and Richter magnitude (ML) as

ML = 4.85 + 0.5 Mk .

In the recent times,  4.85 + 0.5 Mk is called the (revised) Kawasumi magnitude and is widely referred to.

4. Surface wave magnitude MS (Richter, 1945a)
This magnitude suits a shallow earthquake, which is recorded at a far distance. The measured

seismic motion record is dominated by surface wave propagation of a long period (about 20 s) (Sect.
4.7). This magnitude can hardly exceed the value of 8. Hence, it is not suitable for a gigantic earthquake.
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5. Body wave magnitude, mb (Richter, 1945b and 1945c)
This magnitude suits a deep earthquake. It is determined by using P and S waves (body waves,

Sect. 4.2). These waves have predominant periods of about 1 s.

6. Earthquake energy E (erg = 10-7 J)

log10E = 1.5MJMA + 11.8       empirically.

When MJMA=6.5, E=3.5¡1021 and when MJMA=7.5, E=1.1¡1023. When the magnitude increases by 1,
the energy increases 32 times. Utsu (1999) summarized many empirical relationships between earthquake
energy and earthquake magnitudes.

7. Moment magnitude, Mw
This magnitude is related with the earthquake moment, M0. It considers the stress state in the fault

before the breakage together with the fault size. The earthquake moment is defined by

M G D0 earth Fault displacement Fault area= ¥ ( ) ¥ ( )    (unit : dyne and cm)

in which Gearth  stands for the shear modulus of earth crust. Accordingly,

M Mw 0= -( )log . .10 9 1 1 5��

 The moment magnitude is used to express the magnitude of gigantic earthquakes.
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�  5.5  Time History of Ground Motion

It is a frequent practice for earthquake engineers to talk about the time history of acceleration and its
maximum value. This comes from the principle of d´Alembert in mechanics, which states that a base
acceleration is equivalent with an inertia force (Fig. 5.5). There are, however, different viewpoints in
interpreting the significance of given seismic records.

In 1995, a velocity time history was recorded at University of Kobe on a rock outcrop (CEORKA: The
Committee of Earthquake Observation and Research in the Kansai Area). A time-derivative of this
record gave an acceleration history, while it was integrated with time to be a displacement record. Figure
5.6 compares the acceleration and displacement thus obtained. The maximum acceleration (Amax ) was
270.3 Gal, Gal=cm/s2. It seems clear that the acceleration time history has a significantly shorter period
or a higher frequency than the displacement record does. The reason for this is found in an example of a
harmonic motion.

When a velocity record, v, is given by

v v t= 0 sinw

the displacement (d) and the acceleration
(a) records are expressed as

 d v d
v

t
t

= = -( )Ú 0
0

0 1  sin coswt t
w

w

 a v t v t= =d d  w w0 cos  .

Note that the amplitude of the acceleration
record is w 2  times greater than that of the
displacement. This ratio (w 2 ) increases for
a greater value of w� i.e. a higher frequen-
cy. Therefore, an acceleration record inten-
sifies high frequency components, while
low frequency components are predomi-
nant in a displacement record.

This feature is clearly seen in Fig. 5.6 where
the original velocity record was differenti-
ated and integrated with time to obtain ac-
celeration and displacement, respectively.
The predominant period of acceleration is
much shorter than that of displacement.
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�  5.6  Effects of Local Soil Conditions on Maximum Acceleration

The intensity of earthquake motion depends on the following issues:
 – Type of record; displacement, velocity, or acceleration
 – Magnitude of earthquake (released energy)
 – Direction and distance from the source fault
 – Topography; plain, mountain, top and bottom of cliff, valley, etc.
 – Local geology

With regards to the local geology, an alluvial deposit
Ø����) together with an artificial ground (ÅÙ
ÚBÛ) is generally associated with a stronger
maximum acceleration. Figure 5.7 illustrates the
maximum horizontal acceleration values recorded
in the San Francisco Bay area, which was shaken
by the 1989 Loma Prieta earthquake. The epicenter
is located near the bottom of the figure, and the
Bay area in the upper half of the figure is of more
or less the same epicentral distance. With other
things same, the area of softer subsoil along the
bay coast had stronger acceleration than hilly and
mountainous areas. It seems, therefore, that a softer
deposit amplifies the earthquake motion.

The recent experience in Kobe in 1995 is not in
line with San Francisco probably because the
damaged area was above or very close to the
causative fault, and the epicentral distance was more
important than the local soil condition. Another
reason is that the three-dimensional structure of base
rock made a complicated propagation and reflection
of seismic waves that could govern the intensity of
surface motion.

There is a case in which the surface soft soil deam-
plifies (makes weak) the earthquake motion. This
occurs when the energy loss during the propagation of the earthquake wave towards the surface is very
significant and the motion loses its amplitude; for example, the surface soil is a soft mud or a liquefied
sand (Sect. 17.12). Another example is a propagation of very strong motion that produces a large
amplitude of stress and strain; see Sect. 9.1 etc. for ideas on damping ratio.

Fig. 5.7 Maximum horizontal acceleration during
  1989 Loma Prieta earthquake (original figure by
   Seed et al., 1991)

Fig. 5.7
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�  5.7  Some Famous Earthquake Motion Records

See Figs. 5.8–5.11 for several famous acceleration records.

Fig. 5.8 El Centro motion is the first-ever-recorded strong earthquake motion. This record has been
widely used in earthquake-resistant design of structures

Fig. 5.9 Hachinohe record during the 1968 Tokachi-oki earthquake is famous for its elongated period.
This is an important input motion for analysis on structures that have a long natural period

Fig. 5.10 Kaihoku ("#) motion during the 1978 Miyagiken-oki ($%&') earthquake. This record has
been considered to be a rock outcrop and has, therefore, been used as a typical input motion into
surface deposits. Actually, the observation station for this record is close to a bridge pier and is
situated on soil. For significance of outcrop motion, see Sect. 6.8

Fig. 5.11 This record was obtained at a top of a small hill in Tokyo during a minor earthquake. No
damage was caused by this. The maximum acceleration is, however, as large as 356 Gal (cm/s2)
which is compatible with the maximum acceleration in other three records in this section. Thus, the
intensity of maximum acceleration is not a�fully-reliable damage parameter
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�  5.8  Ground Motion During 1985 Mexican Earthquake

The 1985 Mexican earth-
quake is famous for heavy
damages in buildings in
the Mexico City. Al-
though this city was locat-
ed at 390 km from the fault
area, the capital city suf-
fered an unexpectedly sig-
nificant damage. Figure
5.12 compares the accel-
eration records that were
obtained in the Mexico
City basin (Central de
Abastos) and at the Pacific
coast near the fault (Zaca-
tula and Caleta de Cam-
pos). It is evident that the
motion in the Mexico City
had a longer period (ap-
proximately 3 s.) and an
elongated duration time of shaking. Figure
5.13 shows that some sites in the Mexico
City area were shaken by an extraordinar-
ily strong magnitude of acceleration.

It is believed today that the locally strong
ground motion was caused by the soft
deposit of soil in the city. The Mexico
City basin used to be a big lake, which
was buried naturally and artificially after
a long period of time. Being famous for
big consolidation settlement, the Mexico
City clay has a natural water content (Sect.
1.2) of 300–600% while its thickness is variable
(Mendoza and Romo, 1998). In this respect, the
following points are important.

– The thickness of soft soil in Mexico City basin
increases from zero at the western edge to tens
of meters in the middle of the basin.

– The natural period of ground depends not only
on the stiffness of soil but on the thickness of
soft soil.

– The earthquake motion of the same period as the natural period of ground is amplified (made stronger).
– At the critical place where the natural period and the predominant period in the earthquake motion

matched, a significant amplification occurred, leading to building damage, see Fig. 5.14.
– Earthquake energy was trapped by the soft deposit, leading to long duration of free shaking.
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(on ground)
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Fig. 5.12 Ground motion records near the fault and the Mexico city basin
                (after Tamura et al., 1987)
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5.14), a different idea was proposed. Figure 5.15 illustrates
a soft alluvial deposit staying on a concave interface
with base rock. Since the wave propagation velocity is
higher in the rock than in the upper soil, the direction of
wave propagation is refracted at the interface (Snell´s
law) and the earthquake energy is focused on some point.
Being called the edge effect, this situation induces damage
concentration on a narrow area along the foot of a
mountain.

More damage 
(Fig. 5.28)

Less damage 
(Fig. 5.30)

Alluvium

Rock
Fig. 5.15  Focusing of seismic energy due to 
                 concave underground structure
Fig. 5.15

After the experience of Kobe earthquake in which location of damaged houses was localized (see Sect.
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�  5.9  Power of Acceleration Time History

The destructiveness of an earthquake motion is most reasonably evaluated by its effects on residual
deformation or energy dissipation within a given structure. Since real structures are substantially variable
in the sense of size, shape, and rigidity, it is good to replace them by a single-degree-of-freedom model,
see Fig. 5.16. Housner’s spectrum intensity (SI in Sect. 23.2; Housner, 1961)
stands for the magnitude of relative velocity between the base and the top
mass of this model and designates the extent of distortion and damage.

Arias (1970) stated that the energy dissipation, I, per unit weight of a single-
degree-of-freedom model is given by

I
f

g
t

g
t= ( ) =

-Ú Úm m
m

acceleration  d acceleration  d2

beginning

end
2

beginning

endarccos

1 2
,  (5.1)

where m  is the critical damping ratio of the model, and g is the gravity
acceleration, while the integration is made from the beginning till the end of a
given acceleration time history. Being called Arias intensity, this I has a unit
of velocity. For practice, the value of f m( ) is not much affected by
the choice of the critical damping ratio (Fig. 5.17) and, hence, the
type of a concerned structure. Since Arias did not present the derivation
of (5.1), a detailed discussion on it is impossible. It is, however,
subject to a question why an undamped model (m =0) still makes
f m( ) > 0 and energy is dissipated in the model.

A simplified version of (5.1) is called the power of acceleration time
history

Power acceleration  d
beginning

end
= Ú 2 t . (5.2)

“Power” is more closely related with the destructiveness of an earthquake motion time history than the
maximum acceleration because the duration time and probably the number of loading cycles are somehow
taken into account. On the contrary, the power does not pay attention to the fact that soil (an elastoplastic
material) develops the largest deformation during the first cycle if the amplitude of loading is uniform
during a sequence of loading (Fig. 5.18). Thus, the order of loading is out of scope of the power.

Fig. 5.18  Undrained cyclic loading on Toyoura sand with initial shear stress (Arangelovski and Towhata,
2004)
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�  5.10  Distance From Source of Earthquake

It is well known that the intensity of shaking decreases as the distance increases from the seismic fault or
the rupture of the earth where the earthquake shaking is generated. To quantitatively take into account
the effects of distance into engineering practice, it is important to define the distance quantitatively.
Figure 5.19 illustrates different ideas of distance parameters.

Definitions of terms:
Epicenter �£: place at the earth’s surface lying above the hypocenter.
Hypocenter �¢: part of fault where rupture starts.

D1: hypocentral distance.
D2: epicentral distance.
D3: closest distance to high-stress zone (possibly most seriously ruptured part of fault).
D4: closest distance to edge of fault rupture.
D5: closest distance to surface projection of rupture.

Fig. 5.19 Illustration of parameters defining distance from an earthquake source to the place of interest
(station) at the earth surface (original figure was drawn by Joyner and Boore, 1996)

Among five indices of distance, the epicentral distance (D2) has been used in many situations. Recently,
however, the distance to the edge of a fault (D4) has been considered to be important; this is particularly
the case at a short distance where the epicentral distance is large but the distance to the fault is short,
leading to severe intensity of shaking.
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�  5.11  Estimation of Intensity of Earthquake Motion

It is an interesting research to estimate the
nature of future earthquakes by using infor-
mation on potentially active seismic faults.
One of the most rigorous approach to this
goal is a use of fault rupture model combined
with calculation of seismic wave propagation
from the fault to the site of concern. This
approach is, however, not able to assess ac-
celeration for which higher frequency compo-
nents are important for practice (Sect. 5.5).

Another approach is an empirical correlation
between such a feature of earthquake motion
as maximum velocity or acceleration and dis-
tance from the epicenter (or fault), while taking
into account the seismic magnitude (Sect. 5.4).
This issue stands for the decay of earthquake
motion intensity and otherwise called atten-
uation curve (ÜÝ|Þ). An early example was
proposed by Kanai and Suzuki (1968) between
maximum velocity and hypocentral distance
(Fig. 5.19). Note that the concerned ground
velocity was the one in the base rock underly-
ing surface soil. Hence, the amplification in
the surface soft soil was out of scope.

Figure 5.20 is another example correlation between epicentral distance and peak acceleration. It is
important that the observed earthquake motion at the shortest distance from the fault of less than 3 km is
included. Such a data became available since 1990s when many earthquake observation stations were
deployed. Note that the acceleration near the fault is not affected by distance any more. Further, it
should be borne in mind that the intensity of shaking and this type of correlation vary with the local soil
types; normally soft soil deposits (Vs=155 m/s in Fig. 5.20) exhibit greater intensity of shaking than
harder soil deposits (Vs= 620 m/s in Fig. 5.20). Therefore, a suitable correlation should be chosen for
practice. It is important that the surface acceleration is even reduced by subsurface liquefaction (Sect.
18.9).

Many empirical correlations have been proposed for response spectrum (Sect. 23.1) and maximum
velocity among others; being improved today by adding recent data at short distance from faults. Since
such an earthquake feature is affected by the amplification of ground motion in the surface geology,
different surface soil conditions require different correlations to be used.

Because of the increasing number of earthquake observation stations, the above-mentioned correlation
with the distance is being improved after every earthquake event. Therefore, it is necessary to use as
recent as possible correlations for an earthquake hazard analysis.

g: Gravity acceleration (= 9.8 m/s  )*

Epicentral distance (km)

V
30

 Empirical correlation between observed
 maximum horizontal acceleration and distance from 
 the surface area lying above the fault;         means the
 average      in the surface 30 m of deposit (Joyner 
 and Boore, 1996)

sV

Fig. 5.20
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�  5.12  Estimation of Duration of Earthquake Motion

Duration time of strong shaking plays an important role when the accumulated effects of shaking are of
major concern. Some of the examples of this kind of phenomenon is a development of deformation of
earth structure with the number of cycles or time. Another important example is liquefaction.

Figure 5.21 by Housner (1965) exhibits the dura-
tion time of strong motion, although he did not
clearly define what the strong motion stands for.

Figure 5.22 shows a correlation between duration
time of strong shaking and the epicentral distance.
Noteworthy is that Figure 5.22 concerns with
the time period in which the amplitude of ac-
celeration is greater than 0.3 times the maximum
acceleration. Hence, no threshold acceleration
level (e.g. 50 Gal) is intended. Also, the data
was obtained upon relatively stiff soil.

Okada et al. (1999) analyzed many earthquake
motion records to study the duration of horizontal
acceleration greater than 50 Gal after the max-
imum acceleration (Fig. 5.23). It is in contrast
with Housner (1965) as well as Lee and Chan
(1972) who were simply interested in duration of strong motion (>50 Gal in case of Lee and Chan). This
study was particularly related to evaluation of liquefaction-induced ground flow. Noteworthy is the
threshold acceleration of 50 Gal irrespective of the maximum acceleration. About 50 Gal was tentatively
chosen because it is half of 100 Gal that is approximately the minimum acceleration needed to trigger
liquefaction in loose sandy deposits. The obtained duration time depends upon the distance from the
fault, which is not yet considered in the figure, as well as the magnitude in the horizontal coordinate.
Hence, the upper bound of the data is used for practice.
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�  5.13  Determination of Design Earthquake Motion

In the tradition, design earthquake was simply specified by the
seismic coefficient (Sect. 7.1), which is somewhat equivalent with
the maximum acceleration during one shot of shaking. That practice
was sufficient in the previous times because the engineering concern
lay in the possibility of collapse: factor of safety greater or less
than 1.0. In the recent times, however, the seismic performance of
structures is very important (Sect. 14.5), and more detailed design
earthquake such as time history of acceleration has to be prepared.
Note that studies on time history of design earthquakes mostly
concern with the motion on rock. Thus, the effects of surface soil
has to be investigated separately.

First of all, it should be stated that different kinds of design
earthquakes are employed in practice. When safety against
earthquakes that occur at least once during the life span of a concerned
structure (probably once every fifty years or so), the employed design earthquake is not extremely
strong. It is therein desired that a structure should maintain its function and nobody is injured by such an
event. It is also important to pay attention to a very rare but extremely strong earthquake. Probably such
an event occurs once every 500 or 1,000 years (return period = 500–1,000 years or longer). Under such
an extreme situation, damage is allowed to some extent. However, a total collapse has to be avoided. To
achieve this goal, the design earthquake is very strong as well. This topic will be discussed again in Sect.
14.7.

An earthquake motion is generated by rupture of a fault. This motion propagates in the earth, reaches its
surface, and causes shaking. This surface shaking changes its intensity according to such local conditions
as types of surface deposits, stiffness of soils, and the thickness of the surface soils. Figure 5.24
illustrates that the characteristics of the surface earthquake motion are composed of three factors: the
fault characteristics, the nature and length of the intermediate path, and the local soil conditions. Thus, it
has been an attractive idea to take into account these three components and predict the time history of
earthquake motion at the earth’s�surface. In a mathematical form,

��     R F P Lw w w w( ) = ( ) ¥ ( ) ¥ ( ) , (5.3)

where R w( ) designates the observed earthquake response at the surface which is a function of frequency
or circular frequency (w �=� frequency/2p ). F w( )  stands for the fault mechanism and varies with the
seismic activity of the concerned fault. P w( ) designates the effects of the intermediate path and reduces
the intensity of motion as the distance from the fault becomes longer. Finally, L w( ) is the effects of
surface soil deposits (amplification effects). In principle, the surface earthquake motion can be predicted
by taking into account three factors on the right-hand side of (5.3).

The identification of the local soil effects, L w( ), has been one of the major topics of soil dynamics. To
date, this issue is understood to a substantial extent (Chaps 9 and 10). Remaining issues concern the
technologies for in-situ soil investigation. The nature of P w( ) has also been understood in detail by
reasonably assuming that the earth is made of isotropically elastic media. In contrast, the nature of fault,
F w( ) , still has many to be studied. It appears to the author that the present understanding on F w( )  is
limited to a range of lower frequency. Above 1.0 or 1.5 Hz, the nature of the fault-generated earthquake

Path of earth-
quake wave

Local soil
conditions

Rupture of
fault

EARTH

Fig. 5.24 Relationship between
   causative fault, intermediate
   path, and local soil conditions

Fig. 5.24
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direction is still on-going for further development.

Since the practical use of (5.3) appears difficult, attempts have been made to propose alternative methods.
One of them is an empirical determination of F Pw w( ) ¥ ( )  by observing earthquake motions generated
by smaller but more frequent earthquakes in the same fault
area (Fig. 5.25). Since a larger earthquake is produced by a
bigger fault action with a greater rupture displacement, it is
predicted by assembling motions that are produced by a number
of small fault mechanisms. In the present engineering, the motion
proposed by a small fault action is called Green's function (for
example, Kobayashi and Midorikawa, 1982; Irikura, 1983,
1986). It is necessary not only to add the motion made by a
small fault but also to consider the effects of greater fault
displacement and the consequent elongated duration and
 the
elongated period.

Another approach is the use of empirical relationships between the epicentral distance and the maximum
acceleration, velocity, response spectra, and others (see Sects. 5.11 and 5.12). In this method, the initial
time history, which is a white noise (all frequency components are equally but randomly included), is
modified by trials and errors until the frequency components satisfy the desired response spectrum (Fig.
5.26; see Sect. 23.1). The obtained time history is further modified so that it may satisfy the desired time
envelope (Fig. 5.27).

Fig. 5.26 Concept of response spectrum of Fig. 5.27 Concept of time envelope of
design earthquake motion design earthquake motion

Natural frequency

Velocity response of
 structure

coda

100%

Time

Envelope

10%

Main shaking

Fault plane

Fig. 5.25 Individual effect of small
  fault rupture on earthquake motion
Fig. 5.25

motion cannot be predicted. This implies that the acceleration cannot be predicted by (5-3), while
displacement can be reproduced analytically by using a fault mechanism model. The research in this
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�  5.14  Seismic Damage in Traditional Houses

Figure 5.28 shows a damaged shape of a Japanese traditional wooden house during the 1995 Kobe
earthquake. Since the top roof was heavy as a stabilization against storm winds, while walls and
columns did not have sufficient lateral resistance, the house was easily destroyed by the quake. Figure
5.29 by Mononobe (1924) summarizes data on damage rate of Japanese houses during two earthquakes.
It is seen that there is a good correlation between the damage rate and the maximum acceleration, which
justifies the use of inertia force as a design earthquake load (Sect. 7.1). Note, however, that the acceleration
in this figure is not the observed acceleration. It was assessed many years later by using damage reports.

It may be pointed out that the damage
rate is affected by local soil conditions.
Figure 5.30 is a traditional house in
Kobe as well which was not affected
by the quake. Although the damage
rate was low in the particular area of
this house, a traditional ware house in the same area was significantly affected by horizontal shear
failure near the bottom and was demolished. A traditional ware house is made of thick walls consisting
of compacted earth (Fig. 5.31c) and wooden embedded reinforcement and it seems to have much greater
shear rigidity than a wooden house. Figure 5.31b shows the same ware house to the right as well as
another traditional wooden house on the left. In contrast to the heavily damaged ware house, the wooden
house (Fig. 5.31a) was subject to very minor damage such as cracking in its earthen wall. This remarkable
difference in damage extent may be attributed to structural difference because the distance between two
structures was merely 30 m and the local soil condition together with the nature of input seismic motion
was probably similar.

 Undamaged
 wooden house

   in Kobe (1995)
Fig. 5.30

No damage 
in 1995

Demolished 
in 1995

(c)

(b)

(a)

 Contrast in damage extent between soft wooden
                house and rigid ware house (1995 in Kobe; 
                black-and-white photographs in 1948)

Fig. 5.31

 Damaged shape of Japanese
  traditional house in Kobe
Fig. 5.28
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In spite of this rigidity, the ware house was damaged probably due to the following reasons.

– The area of Figs. 5.30 and 5.31 has a stiff soil condition, which is made of fluvial gravelly subsoil.
Due to its rigidity, the natural period of the ground was short (Sect. 6.8). Hence, the shaking in this
area had short predominant period of motion as well (resonance).

– The ware house was rigid and its natural period was
short. Therefore, probably resonance and strong
response occurred in the rigid ware house. In contrast,
wooden houses are generally soft and their natural
period is long. Therefore, resonance did not occurr.
The natural period was further elongated by the heavy
roof, which is made heavy in the particular region in
order to avoid typhoon wind effects.

Therefore, soil-structure interaction in the sense of
matching between natural periods of ground and structure
deserves engineering attention. Figure 5.32 illustrates
the different extents of damage rate of wooden houses
in Tokyo. It is therein seen that more houses were
damaged in the east part of Tokyo where soil consists
of soft young alluvium where ponds, rice field, and
swamps were predominant until recent times (Figure
5.33). Conversely, damage was less significant in the
west where pleistocene or tertiary hilly topography was
predominant. This indicates clearly the importance of
local soil conditions in damage extent of the
community.

For practical assessment of the natural period of a
building, T, Japanese building engineers uses an
empirical formula of

T s H( ) . .= +( )0 02 0 01a ,  (5.4)

in which H is the height of a building (meter) and a
is the height ratio of floors in which columns and
beams are made mainly of steel over the total building
height. Housner (1961) proposed another formula of

T s n( ) .= 0 1 ,  (5.5)

in which n stands for the number of storeys. For the
natural period of ground, see (6.30).

Matsuda et al. (1978) proposed an interesting idea on the basis of information about collapse rate of
Japanese wooden houses (Fig. 5.28 for example) during the 1923 Kanto earthquake. The data was
collected from Yokohama City and was compared with the thickness of alluvial soils as well as the
natural period of the ground. The natural period was determined by running dynamic analyses with a
complex modulus approach (Sect. 9.6) and detecting the period at which the amplification was maximum.
Thus, the natural period corresponds to the resonance period.

 Topography of Edo (present Tokyo)
                before AD 1600 (after Murai, 1994)

Fig. 5.33

 Damage distribution of traditional
  wooden houses in Tokyo during 1923 
  Kanto earthquake (Okamoto, 1973)

Fig. 5.32

5.14   Seismic Damage in Traditional Houses           79



Figure 5.34 shows the relationship between natural period of ground and the maximum amplification of
earthquake motion. It is therein seen that the areas of greater collapse rate of houses had the longer
natural period, approaching the natural period of houses. In contrast, the maximum amplification did not
have much correlation with the collapse rate. Figure 5.35, moreover, indicates the relationship between
the thickness of soft soil and the natural period of ground. It is seen that the area of higher collapse rate
was associated with the greater thickness of soil and the longer natural period. Matsuda et al. (1978)
consequently suggested that traditional houses were destroyed by strong response due to resonance and
the amplification of seismic motion in the soil was less important. The importance of natural period of
structures was already found in Fig. 5.31.

 
 Fig. 5.36  Collapsed adobe house in Bam,          Fig. 5.37  Collapse of adobe house with

                   Iran, in 2004                                                          heavy roof (Gilan, Iran, 1990)

Fig. 5.38  Heavy roof of traditional house    Fig. 5.39  House of good maintenance which
                in Kerman, Iran                                                 survived Bam earthquake in Iran
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Traditional houses in Central Asia, which are made of masonry, have many problems as well. Figure
5.36 is the collapsed shape of a house that was made of adobe. Being a sun-baked brick, adobe can be
easily made by using locally available materials and is widely used in arid countries. Since masonry
walls made of adobe or other bricks cannot bear tensile force, bending failure is easy to occur, see Fig.
5.37.

The bending moment increases as the roof becomes heavier. Therefore, it may be desired to reduce the
weight of the roof. However, local people tends
to increase the weight by placing layers of bricks
and mud. Consequently, many houses have very
thick roofs (Fig. 5.38). This is because a heavy
roof can avoid leakage of rain water and,
together with thick walls, keep the inside
temperature cool during hot daytime, while the
stored sun heat maintains inside warm during
cool night. Thus, seismic safety and daily
convenience may conflict with each other. Note,
however, that a house of good construction and
maintenance in Bam (Fig. 5.39) was able to
survive the devastating quake in 2004, and
indicates the importance of the quality control
in housing. The general principles in seismic
safety of adobe or masonry houses are as what
follows;

– Daily convenience should be sacrificed to some extent for seismic safety.
– Cost of seismic retrofitting (improvement of earthquake safety) has to be low.
– Technology of seismic retrofitting of existing houses is still being sought for.
– Both retrofitting and new construction of earthquake-safe houses have to be achieved by using cheap

locally-available materials.
– Since houses are constructed by local contractors, technology transfer for seismic safety should be

done on a local basis by using languages that local people can understand.

One should not imagine from the discussion above that reinforced concrete buildings have less number
of problems. Figure 5.40 shows the entire collapse of Balakot in Pakistan in 2005, which was induced by
inappropriate seismic resistance of local buildings.

The importance of technology transfer is often discussed in international engineering and disaster-mitigation
occasions. In the author´s opinion, highly educated engineers and designers in most countries in the
world are doing good jobs. Engineered bridges and towers are able to survive strong earthquake motions.
The real problem lies in the lack of technology transfer inside the country. In many countries, design
codes and regulations are written in English because English is the common and official language when
the nation is composed of many language groups. Although this idea is rational and lawful, many local
contractors cannot read English documents. Moreover, the central government may not be able to
control the quality of small constructions; codes are not respected. It therefore seems that domestic
technology transfer is very important by publishing simplilfied translation / guidance of codes. Not only
forcing contractors but also supplying incentives to contractors and customers is desired. Figure 5.39
showed that good quality of construction is able to improve the seismic resistance. Another issue is the
maintenance. Decay of materials and dislocation of masonries reduces the seismic resistance. Again
incentive to owners for better maintenance is needed.

Fig. 5.40 Total collapse of buildings in Balakot, 
                Pakistan, in 2005

Fig. 5.40
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Fig. 5.41 Tilting towards direction of no wall rigidity    Fig. 5.42 Dislocation of house from foundation

The problem of wall is important as well in Japanese traditional houses. Figure 5.41 shows a totally
destroyed house in Douge of Wajima City (ßÚ�à¤ áb�â) during the 2007 Noto earthquake.
Significant tilting towards the direction without wall resistance is evident. Figure 5.42 reveals the
problem of traditional foundation. Since the super structure was simply resting on small stones without
mechanical connection, the strong inertia force (horizontal acceleration being more than 900 Gal probably)
easily made the house separated from the foundation.

82        5    Earthquake Effects



�  5.15  Reconnaissance Study of Earthquake-Induced Damage

This section is intended to supply some useful knowledge about damage investigation after a severe
earthquake event. The special attention is focused on an international damage investigation out of one’s
home country.

1. Good health

All the efforts should be done to avoid local diseases, which one is not used to. It is a must to have
preventive shot against tetanus, which comes from contaminated soils and might be fatal. A disinfectant
should be always carried at hand. Rabies or hydrophobia is another important disease in some countries.
Care should be taken of food poisoning. A very strong binding medicine is useful, if no bacteria is
involved. However, a suitable antibiotic medicine should be prepared to stop diarrhea caused by bacteria.
A good medical doctor is not always available in most parts of the world.

It is certainly important during a trip not to take suspicious food and drink. While food cooked by heat is
mostly safe, raw food and those washed by tap water often cause troubles. Safe foods are such as baked
meat and boiled food. Hot tea (called “gyarm chai” in Iran and Pakistan) as well as yogurt are generally
safe and good. Banana is an ideal lunch because it is cheap and its inside is perfectly clean (Fig. 5.43).
Recently, safe mineral water is supplied in bottles almost everywhere. To be more confident, however,
bottled mineral water containing CO2 gas (“agua mineral con gas”) is recommended. On the other hand,
many people have bad stomach problems caused by cut fruits, fresh salad, and iced drinks. Local spicy
food often causes diarrhea because your stomach is not used to it. It is advisable, therefore, to carry a
role of toilet paper for an unexpected emergency situation.

Fig. 5.43  Shopping banana in local Fig. 5.44  Ruin of building which collapsed
        market (Mansehra in Pakistan) suddenly upon minor aftershock
   (Abbotabad, Pakistan)

In addition to diseases, Fig. 5.44 shows a building in Abbotabad of Pakistan. This building was already
damaged during an earthquake on October 8th, 2005, but managed to stand for more than one month. In
the morning of November 20th, there was a minor aftershock, and this building suddenly collapsed as
shown in the photograph. If anybody had entered this building at that moment for damage investigation,
the situation could have been fatal. Another risk in a collapsed building is the nails in pieces of wooden
walls and columns. To avoid� injury due to walking upon nails, safety boots with steel plates inside are
highly recommendable. Thus, entering damaged structures and buildings should be made very carefully
on one´s own risk. The author also experienced flooding of river in the center of a dry desert in Iran.
Thus, one has to be prepared for a totally unexpected situation.
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2. What should be brought
A topographical map of the affected area is very important. Your local counterpart researcher may
prepare a detailed map. If it is not possible or if the local government does not publish a good map due
to military reasons, air pilot’s maps that are of the scale of 1:500,000 and are prepared by the Defense
Mapping Agency Aerospace Center, St. Louis, Missouri, are available in major bookstores. Moreover,
the exact location can be identified by a GPS equipment in any part of the world.

Taking pictures is absolutely important. The importance of pictures, however, deteriorates quickly after
the excursion, because many researchers take similar photographs and people become familiar with
them. It is important to take pictures that would support one’s interpretation (theory) of the damage
mechanism. Hence, some pictures should be taken of with some scenario in your mind. Note that a good
photograph chance comes only one time during the trip and not twice. Therefore, do not postpone the
chance until the next time.

It is essential to collect data/information other
than photographs. Example data may be the size
of a landslide mass, the width of ground cracks,
the extent of ground movement, and damage
distribution correlated with local geology. A local
publication such as design code is important as
well. Photographs of a damaged site prior to the
quake may be found in a tourist book, which is
available in a local bookstore. Moreover, subsoil
investigation is possible by a portable cone
penetrometer in clayey ground and a Swedish
weight sounding in a loose sandy ground (Sect.
8.9). The equipment in Fig. 5.45 (developed by
Dr. Sakai, the Kisojiban Consultants Inc., Tokyo)
employs local soil as the 100- kg weight in place
of metal weights so that the necessary equipments
can be transported. In Fig. 5.44, sand is put in
blue plastic bags which are hanging on the
equipment.

Although collecting samples of geomaterials for laboratory tests is important, quarantine regulations
should be respected. Moreover, different practices in standard penetration tests and their effects on blow
counts should be borne in mind, if boring profile is obtained.

3. Collaboration with local counterparts and people

International investigation is made easier and safer if one can work with local engineers and/or researchers.
This is because they can make a detailed and reasonable travel plan and arrange transportations (4-
wheel-drive vehicle is desirable) as well as accommodations. No complaint should be made to a possibly
humble accommodation because the present trip is not sight-seeing. Moreover, those people may be able
to obtain useful information. For example, inquiry to earthquake-affected people is made possible
through their language-interpretation. To appreciate their collaboration, one should pay their travel
expenses. It is another good idea to visit the counterpart’s institution at the end of the trip in order to
report and discuss about research findings. Coauthoring and submitting a report paper in an international
journal is a very good idea.

Fig. 5.45 Subsurface investigation by Swedish 
 weight sounding supervised by Dr. Ilyas Suratman 
 of Bandung Institute of Technology  (Banda Aceh
 in Sumatra, Indonesia)

Fig. 5.45
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people improves the situation significantly. It should not be insisted that English is an international
language and that everybody should understand it. Such an idea never makes sense. See Appendix 2.
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