Chapter 8

Field Investigation

Dharmarajika Stupa at Taxila of Pakistan; Taxila,which is close to the capital of Islamabad, is one of the
sites of Gandhara civilization in which Greek and Indian Buddhism influences interacted.



7 8.1 Field Investigation on Shear Wave Velocity
The most reliable methods to determine the shear modulus of S-wave source
soil are those conducted in the field. This is because laboratory — 4>
soil testing of undisturbed soil samples is often subjected to

errors due to sample disturbance. Even if the disturbance is  Transducer &
minor in advanced technique of sampling, time and expense 1
may be substantial.

Transducer ... \{1 A
In the field, S wave is generated artificially and the wave 2
propagation is recorded. The distance divided by wave travel
time is the S-wave velocity, V. (Fig. 8.1). G is then calculated;
G = pV?2. It is important that an artificial source of wave has a
limited power and the strain amplitude in the traveling wave is
very small (of order of 10° or less). Hence, the obtained V
corresponds to the modulus at small strain, G, (Fig. Fig. 8.1 Principle of downhole survey
8.2). At this small strain, soil behaves in a nearly elastic

T _ . Shear stress S

manner, and this G, 1s an elastic property of soil. 1o e

Transducer ﬁ‘ AW,

Figure 8.3 illustrates a practice in S wave generation.
The dead weight, as produced by the weight of a motor £ |
vehicle, should be as large as 9.8 kN (1 ton). Otherwise,
the generated wave may not be a good S wave. Hence,
the weight of a human body is not sufficient. Note that
shear modulus at larger strain

amplitude is much smaller than G

Shear strain

Fig. 8.2 Variation of shear modulus with
strain amplitude
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(Example) Typically, ¥V, = 100 m/s
in soft soil and 300-500 m/s in  ZZZEeses
harder soils. An intact rock mass — Zfigsierararaaresieig
has V= approximately 3,000 m/s.
The mass density of soil “p” is

of less variation; 1.4-1.5X1,000 ) )
kg/m3 for dry soil and 1.8-2.0 X Fig. 8.3 Practice of downhole PS exploration

A A A i A o A i A A A i i A A .
T A i

Generated
S wave

1,000 kg/m* when water-
saturated. Therefore, a water-saturated soft soil has G = pV*> =1.8X 10" N/m’ = 1.8 X 10* kN/m*
or 180 kgf/en?.

In principle, it is possible to determine the P-wave velocity, V, by similarly generating P wave and
monitoring its propagation. This is practiced in geophysical exploration for mining and oil production.
However, this P-wave survey is difficult in alluvial soft soil, because the generated P wave propagates
through pore water in which V¥ is about 1,400 m/s, which is faster than propagation through soil
skeleton. Thus, the property of soil skeleton is erased by the behavior of pore water. In contrast, P-wave
survey works in harder rock media in which ¥ in solid skeleton is faster than 1,500 m/s.



LL) 8.2 Suspension-Type Downhole Survey

Figure 8.4 reveals the practice of downhole Deptr|  Time IS

survey data as described in Sect. 8.1. The T 100 200

inclination of travel time lines changes with :__ 5 =

depth, suggesting the increase of V, at lower 4 —=

clevations. This figure suggests, however, & i

that V_ is constant over a substantial distance 1:' S —

in z directions. Actually, the conventional 12

downhole survey is not so sensible to detect ::

minor change of V, in z direction. To 18 =

overcome this problem, a suspension-type :: S E;

(7i#X) downhole survey was developed 24 foea -
(Kitsunezaki, 1978a,b). = = e mune motion
A suspension-type device has both the source 32— = : ér’:'li:l‘ﬁl::xfm
and two receivers inside a bore-hole M
equipment (Fig. 8.5). The device measures o = :

the local travel time over the interval a0 AN

between two receivers. Therefore, the Fig, 8.4 Conventional
obtained ¥ is local as well over the I-m  jownhole survey
interval. The device is placed at the bottom  (ADEP)

of a bore hole first. Repeating the
measurement, the device goes up with a
prescribed interval, and finally reaches the ground
surface. Figure 8.6 shows a photograph of this f V.= 100 m /s
equipment. il

Fig. 8.5 'Suspension-survey
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Fig. 8.6 Suspension survey Fig. 8.7 Suspension- instrument
equipment on site type survey (ADEP) (Kitsunezaki, 1978a)

Figure 8.7 illustrates the detailed V, profile at the same reclaimed island in Tokyo Bay. This was
obtained by the suspension-type device, and the detailed variation of ¥ with depth and soil type can be
seen. It appears to the author that V_varies continuously with depth.

Figure 8.5 shows the detailed structure of a wave source. This source is submerged in bore-hole water
upon survey. A rigid mass installed in the equipment is driven laterally by an electromagnetic mechanism,
and creates increased water pressure on one side of a bore-hole wall and reduced pressure on the other
side. Accordingly, the ground around the bore hole is sheared laterally and S wave starts to propagate in



the vertical direction. The travel time of this wave is monitored by receivers, which are of similar
mechanism as the source and detects the lateral movement of bore-hole wall and water in the hole. Note
that S wave does not propagate in the bore-hole fluid.



L) 8.3 Cross-Hole Survey

A cross-hole survey requires at least two bore holes. A source is placed in one hole and a receiver is
installed in the other, both at the same ¢levation. The monitored S wave travels in the horizontal

direction from the source to the receiver. When
a horizontal layer is the case, the measured wave
velocity, ¥, is the local wave velocity, equivalent
to the results of suspension-type survey (Fig. 8.9).

The cross-hole survey is more expensive than
the down-hole survey because it needs drilling
at least two bore holes. On the other hand, three,
four, or more holes can be drilled and wave
propagation can be monitored at various distances
from the source. This makes it possible to measure
not only the travel times and ¥, but the decay of
wave amplitude with distance. This decay is
directly related to the damping ratio of soil.

=

Source

Fig. 8.9 Cross-hole survey

Receiver



7 8.4 Correlation Between SPT-V and V of Alluvial Soils

It is a dream to carry out shear tests in a bore hole, because the obtained stress—strain data would exhibit
nonlinear behavior of soil without bad effects of sample disturbance. Although such an attempt has been
made by a limited people (for example, Henke and Henke, 1993), its development is not yet satisfactory.
Note further that undrained shear is very difficult in bore holes. Hence, the present technology in the
field still relies on sounding and measurement of soil resistance against penetration of objects.

Standard penetration test (SPT in Sect. 1.12) is a popular method of subsoil investigation in which a
sampler tube is hit into the bottom of a bored hole by an impact made by a hammer of 622.3 N (=63.5
kg) falling 75 cm (Fig. 8.10). The number of impacts needed for 30 cm penetration of a tube is
designated by SPT-N. Although it is widely used in the world, there are negative discussion about it
concerning whether or not its practice is standardized. Despite that, N value has been correlated with
many engineering soil parameters and the S wave velocity, V, is not an exception.
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greater value of N. Soils of this type at the same time has a
greater shear modulus and V.. Therefore, there is a correlation
between N and V.

Many empirical formulae have been proposed by compiling N
and V_ values, which are measured at the same site and the same

depth (Figs. 8.11 and 8.12 for sandy and clayey soils, respectively). | O Imai and Tonouchi (1982}|
Among them, those employed by the Japanese Highway Bridge o
Design Code appear the easiest to memorize 0 o0 000
SPT-N
V,= 80N (m/s) for sand and Fig. 8.13 SPT- ¥, correlation for
V. =100N" (m/s) for clay, (8.1) loam (volcanic ash deposits)

which are illustrated in Fig. 8.11 and Fig. 8.12. It is not meant here that other formulae are less reliable.

Figure 8.13 shows a similar correlation for ¥, of loam (volcanic ash deposit), which is widely seen in
Tokyo area. Furthermore, for soft organic soils, ¥, = 50-60 m/s appears to be appropriate.



One of the problems lying in the correlation is the due scattering of data. Figure 8.11-8.13 demonstrate
the data base collected by two literatures. For each type of soil, the observed V is roughly between 1/2
and 2 times of the correlation. The scattering occurs due to (1) spatial variation of soil type between
SPT and V_sites, (2) errors in field investigation, and (3) fuzzy nature of soil that does not exactly
follow any equation. It is very important that the specified impact energy (622.3 N and 75 c¢m falling) is
precisely produced. Moreover, reasonable maintenance of the SPT equipment is essential.

SPT device collects disturbed sample upon its impact penetration into subsoil at the bottom of a bore
hole. Being disturbed (Fig. 1.37), this sample does not suit mechanical testing, but still is useful for
physical properties such as particle size distribution and plasticity index. Liquefaction study by means
of SPT will be described in Sect. 21.1.



77 8.5 Correlation Between SPT-V and V of Gravelly Soils

The quaternary geology of alluvial deposits states that
alluvial sandy and clayey deposits are underlain by gravels.  Elevation of
This gravel layer was formed when the sea water level was ~ Sea level (m)
still lower than today during the last (Ulm) glacier period. 10
The sea water level achieved the highest level around 6,000

Sea level.fig

years before present and thereinafier dropped slightly (Fig. 0
8.14). Consequently, the Japanese alluvial planes consist
of such a stratification as illustrated in Fig. 8.15; gravel, -10

clay, and sand from the bottom to the top; overlain by
recent surface fills in urban areas.

- This is a schematic diagram,
showing the overall trend of
several studies made at
different places in the world.,
- "Years before present” means
the years before 1950 AD
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-30

The gravelly layer at the bottom of alluvial deposits is

frequently employed as the bearing layer of building _4(.

foundations. Its SPT-N is often greater than 50. Since the 10000 5000 0
sea level change was repeated during the Pleistocene periods, Years before present
there are more gravelly layers in the Pleistocene strata. Fig. 8.14 Sca level rising after last glacier
period
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Figure 8.16 indicates the relationship between SPT-N and
Tonouchi (1982)

V. of both alluvial (Holocene) and Pleistocene gravelly

deposits. Generally, the Pleistocene gravel has greater 101 o 1() 10(] ' 1000
penetration resistances and V, values than the younger SPT-N

alluvial (Holocene) materials. However, the correlation Fig. 8.16 SPT-V correlation of Pleistocene
between SPT-N and ¥ is similar in those two gravels. and Holocene gravels

Figure 8.16 gives an impression that SPT-N > 300 was obtained by repeating the impact procedure as
many as 300 times. It may not be true. It is a common practice that the penetration procedure is
terminated after some number of blows when the achieved penetration is far less than the required 30
cm. If this is the case, SPT-N is obtained by exptrapolation. For example,

30 cm

(SPT — N) = (Number of blows) x . —
Achieved penetration




& 8.6 Correlation Between SPT-N and V, of Pleistocene Soils

For construction of heavy structures, investigation on Pleistocene deposits is important. Figure 8.17 and
Figure 8.18 plot SPT-N versus S-wave-velocity (V) relationships on Pleistocene sands and clays.
Comparison is also made with similar data on alluvial soils which were presented in Sect. 8.4.

Pleistocene sands and clays certainly have greater SPT-N and S wave velocity. It is interesting that the
average correlations for Pleistocene materials are consistent with those for alluvial soils.

Since the measured ¥V, values are still less than 1,000 m/s, it is reasonable to state that Pleistocene soils
are softer than sedimentary rocks, which, if free of weathering and joints, have V_ of 1-3 km/sec.

Some people prefer to use a terminology of “diluvial” in place of Pleistocene. The meaning of this word
is related to flooding. Since the gravelly deposits of the last glacier period used to be considered to be a
product of flooding, this word has been used. Recently, quaternary geologists consider that the deposits
during the glacier period are not necessarily a product of flooding, and state that “diluvial” is not a
relevant terminology. Hence, the present text uses the word of Pleistocene. Moreover, “Holocene” is an
alternative word for “alluvial” for more recent deposits. There is not, however, a situation against the
use of “alluvial.”
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& 8.7 Seismic Refraction Method for Subsurface Exploration

One of the famous applications of wave propagation to
the subsurface investigation is the seismic refraction meth-
od (JE#T i 4r). In this method, the wave propagation
velocity, V7 or V,, is measured and the shear modulus of
soil at small strain amplitude, G, , 1s determined by
using V.
Gy = PV.2. 82)

Note that p is the mass density of soil and can be safely
assessed to lie between 1.5-2.0 t/m’, depending on density
and water content. In practice, P wave is more often
investigated than S wave.

Figure 8.19 illustrates the principle of the method. Wave
is generated by a source at the surface and propagates into
the ground as well as along the surface.

1. Near the source, the first arrival of ground vibration is
associated with the surface propagation. The travel
time, 7, from the source to the stations are given by

T=x/V,, (83)

where x is the distance from the source and V,, the

wave velocity in the surface soft medium. Those

waves reflected (J<4) at the bottom of the
layer arrive later.

Monitoring stations
to detect first arrival
of wave propagation

Source

Fig. 8.19 Basic principle of seismic refraction
method in horizontally layered deposits

Softer

medium V,

0,

Harder .

medium V, :
_ Y

sing, V,

sin@,

6, =90° when 6, =60_ = arcsini
52

Fig. 8.20 Snell’s law of wave refraction at
interface of two different media

(8.4)

2. Beyond some distance, in contrast, the wave
propagation along the harder underlying deposit
arrives first. Its travel time is given by
rH x—2H an6. LE obscrvation‘l
T= <. (84
cos6, Y, V.
Xer X
This wave propagation is achicved by the gen-  Fig, 8.21 Interpretation of seismic refraction data on
erated wave whose incident angle at the layer horizontally deposited two layers
interface satisfies a special requirement of Observation stations
6, =0, from the Snell’s law (Fig. 8.20). <)
3. In (8.3) and (8.4), V,, V,,, and H are unknown, while 6, *
is a function of V,, and V,, (Fig. 8.20).
4. Figure 8.21 is a schematic relationship between x and the
observed travel time, 7. When there are two layers, the
data points are approximated by a bilinear relationship. Fig. 8.22 Seismic refraction survey as
5. The slopes of the bilinear relationship give the value of ¥, ~ Provision for inclined layer boundary

and V, as well as 6, =arcsin(V,,/V,, ). The layer thickness,

H, is determined from the observed intersection of two lines, x

and (8.4)

which is derived by equating (8.3)

cr?
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Note that this method works when the underlying layer has a greater stiffness than the surface soil.
Furthermore, it is often the case that the layer interface is inclined (Fig. 8.22). Hence, the seismic

refraction survey is repeated in positive and negative x directions and the inclination angle is assessed as
well.



& 8.8 Stacking Technique to Remove Noise from Signal

[t is not uncommon that a geophysical survey such as seismic refraction is disturbed by environmental
noises, which include typically traffic-induced vibrations in urban areas. Electromagnetic record of
geophysical survey is disturbed as well by such a noise as ground electric current produced by trains and

the existence of buried metal pipes.

Sum.random number kg

0.3
Mean of 0.2 "-L‘F Random numbers fluctuate
Nrandom  , _l_;._:-: ‘between -0.5 and +0.5.
numbers \ ,-.

100 200 300
Number of random numbers, N

0.1

Fig. 8.23 Mean value of random numbers approaching
zero as the total number of data increases

To remove noise and obtain a meaningful signal, a technique
called stacking is useful. Since the noise is more or less of
a randomly positive / negative nature, the stacking technique
is based on the fact that the mean value of random numbers
converges to zero when the total number of data is large as
demonstrated in Fig. 8.23

1 &

EZ(random number), — 0
i=1

when N — infinity. (8.6)

Figure 8.24 is a time history of a signal that is intended to
be recorded. Being masked by a significant intensity of a
noise in Fig. 8.25, the observed signal in Fig. 8.26 is totally
different from the desired one in Fig. 8.24.

To overcome this problem by the stacking technique,
monitoring is repeated K times, records are added (stacked)
together, and the average is calculated

K
Stacked record = %Z(Recorded signal )

j=1

(8.7)

I

Figure 8.27-8.29 illustrate the results of stacking after
numerically repeating the monitoring 5, 20, and 100 times,
respectively. The signal-noise ratio (S/NV) was improved as
the number of stacking increased. Consequently, the time
history after 100 times stacking (Fig. 8.29) is more
meaningful than a single shot of recording in Fig. 8.26. In
practice, the stacking procedure is often conducted by adding
data in the frequency-intensity diagram in place of the
time domain as illustrated above.

True signal

Stacking '['rucSignal.ﬁg

0
-20 Time
Fig. 8.24 True time history of record
20 Noise I\I«oise.ﬁgE

0

-20

Fig. 8.25 Intensity of noise

0 Signal+Noise Signal+Noise.fig

0

-20
Fig. 8.26 Supcrposition of signal and
noise in actual observation

Signal
After 5 stackings

Stacking 5 times.fi g

Fig. 8.27 Record after 5 times stacking

Signal

20 After 20 stackings

0

Stacking 20 times.ﬁgﬁ

-20
Fig. 8.28 Record after 20 times stacking

Signal
—— After 100 stackings

Stacking 100 times.fi gc'

20

-20
Fig. 8.29 Record after 100 times stacking

The stacking as described above is carried out in the time domain: the added records stand for variation
with time. One of the difficulties in the stacking in the time domain is the determination of the common



zero time in many records. If this determination is difficult,
an alternative choice is found in stacking in the frequency
domain (Miyashita, 2006). First, the recorded signals,
u}.(!)‘. This
procedure converts negative signals to positive ones (Fig.
8.30), making the frequency doubled (horizontal axis of
Fig. 8.31). Then the Fourier transformation (Sect. 9.12) is
conducted on the absolute values

u,(1), are converted to absolute values,

Nf2 ]
(1= kAr) = Y., em['ﬁ,"k f], (8.8)

m=0

in which k =0, 1, 2,---, N/2 and N is the number of the
entire data. Thus, C; , stands for the intensity of records

at different frequencies.

The same procedure is repeated for many data sets, /=1, ‘CM

2,---. Figure 8.31 illustrates the schematic variation of
CM]. Note that ‘Cj

less similar in the range of true signal, because the signal
is equally included in all the sets of data (=1,2,3---). In

Fourier amplitudes, s more or

N

contrast, |C i m| in the high frequency range, which stands

for noise, is random. Thus, after stacking (adding) and
averaging, the peak value can be detected more clearly.
The predominant frequency (resonance frequency in a
structural response) can be determined casily. Since the

are employed in the analysis,

Lm

absolute values of |Cj.

information on phase of signal is lost.

cos it

cos a| Time, t

0 ABScost.fig
Time, t
Fig. 8.30 Time history which is squared
to erase negative parts

Noise

Average

2 X natural Frequency X2
Jrequency

Fig. 8.31 Stacking in frequency domain



7 8.9 Swedish Weight Sounding

Swedish weight sounding is a portable method of ground — NENEIRRERIREEETRRERT SRRRIRRRRLERTR ERI R
investigation and is convenient for earthquake damage investigation
when a motor vehicle and electricity are not available. This

equipment consists of a screw point at the tip, steel rods of 1 m in
length, dead weight of 0.98 kN (100 kgf), and a top handle.

Figure 8.32 shows engineers who are investigating the subsoil
condition at a site of liquefaction of silty sand after the 2000
Tottori-Ken Seibu earthquake, Japan. Since no bore-hole drilling
is necessary, the investigation is quick and cheap. The added dead
weight of W, = 0.98 kN makes penetration easy. The equipment
is rotated, and the number of half rotations (180-degree rotations)
needed for 1m penetration is counted and called N_,. Certainly, AT e S
the harder soil creates the greater value of N,,. When soil is extremely - {'lhoo kgf
soft, penetration occurs without any rotation; the dead weight of - _ weight
the equipment and the additional weight at the top (W, < 100 kgf o )
= 0.98 kN) are sufficient to cause self-weight penetration.

Fig. 8.32 Rotating Swedish weight
sounding device (100 kgf=0.98 kN)

The results at the site of Fig. 8.32 is presented in Fig. 8.33. The value of N, is very low in the young
reclaimed sand, which came from a dredging project of a nearby harbor.

W (kg
o (kel) No, SPT-N —Sand Nsw-N.kg
09 25 50 75 0 50 100 150 200 250 50— Cohesive soil| = "
/s
This figure employs kgf s
2 40 unit because the original s 7
4 1 Silty reclamation- formula was given with L7
site; Yonago, 30| this unit in 1960. P .
6 1 2000. 2 .
8 ! i
10 i i T 10/ Empirical relationship
12 [ ] IT by Kisojiban 0 by Inada (1960)
4 anagoNsw.ﬁg Consultants 0 50 0 500 1000
Depth (m)
pih( Wsw (kgf) Nw

Fig. 8.33 N_, profile at the site of Fig. 8.32 Fig. 8.34 Empirical correlations between N and
SPT-N (Inada, 1960)

Inada (1960) proposed empirical correlations between N, and SPT-N (Fig. 8.34);
For sand, N =0.02W,, (kgf) and N =2+ 0.067N,
for cohesive soil, N =0.03W, (kgl) and N =3+0.05N,.

5w

He stated that the correlation depends upon the types of soil and other factors and that a possible range
of error is AN =*1.5-4 for sandy soils and 13 for cohesive materials. Thus, the soil profile in Fig. 8.33
has an equivalent N less than 5.

When an extremely soft soil is encountered by this device, the whole machine drops suddenly into the
ground. In such a situation, caution is necessary not to have your foot injured by the heavy weight of the
equipment. Kisojiban Consultants Co. Ltd. of Tokyo developed a portable version of Swedish weight
sounding machine in which the 100 kgf weight is produced by sand, which is collected at sites (Fig.
5.45). Thus, there is no need to carry the heavy iron weight.



7 8.10 Microtremor

Microtremor (7 F###)) is a very weak ground motion that is recorded at the ground surface. It is
produced by a variety of excitation such as wind, traffics, sea wave, etc. It has been expected that the
period of microtremor has a reasonable relationship with the nature of local soil deposit and dynamic
characteristics of subsoil.

Kanai and Tanaka (1961) proposed to classify the type of ground on the basis of microtremor records. In
their first proposal (Fig. 8.35), the subsoil classification was made on the basis of the period of motion.
Moreover, they proposed the second classification on the basis of amplification of motion. Since the
microtremor amplitude was varied by ambient noise in the daytime and night, they used the mean value
of large amplitudes that often appear.

Kanai's soil classification by Kanai's soil classification by
periods in microtremor KanaiMicrotremor | fig amplitude of microtremor KanaiMicrotremor2.fig
: : 5 — :
1.5 Type IV o, Type IV
2 3
] II‘I 2 17
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> g 02"
S Type IV S o
£ 0.5 1 ype v 2 0.14
S I 111 o0 I
11 | 3 > 2 005
| 1] > 1 —_
0.0 0.2 0.4 0.6 0.8 0.1 0.2 0.5 | 2
Mean period (s) Predominant (mean) period (s)

Fig. 8.35 Subsoil classification based on period Fig. 8.36 Subsoil classification based on

of microtremor (drawn after Kanai and Tanaka, period of microtremor (drawn after Kanai
1961). and Tanaka, 1961)
KanaiHouseDamage.fig
Kanai and Tanaka (1961) showed a good correlation between 100 _ .
the subsoil classification (combination of two classifications {nggl;al carthquake
in Figs 8.35 and 8.36) and damage rate of Japanese traditional t%:ﬁ 80 RO
wooden houses (1944 Tonankai earthquake, Kikugawa & Kikugawa River o T
River District), see Fig. 8.37. This seems to be one of the E 60 | District - D g, o)
carliest attempts of seismic microzonation which is based 5 40 ' D D
on local soil conditions. g o 7
g 2 38
Nakamura (2000) described his idea on use of microtremor I
records for more detailed classification of subsoil conditions. 0 P fg g} o
To the author’s understanding, Nakamura’s FH/V spectrum I -1 0 [o-or 1 Ive
method postulates that the shape of the Fourier spectrum Type of ground
(Sects. 6.4 and 9.11) of the vertical motion is identical Fig. 8.37 Correlation between Kanai's
between the base rock and the ground surface (Fig. 8.38), subsoil classification and damage rate

while the horizontal motion is SUbjeCt to Significant in Japanese traditional houses
amplification (Sect. 6.7). Hence the amplification ratio,
AMP(E+F), is evaluated briefly by the following formula

Spectrum of surface horizontal motion

AMP(E+F) = T ,
Spectrum of horizontal motion at baserock
Spectrum of surface horizontal motion (8.9)

Spectrum of surface vertical motion




This equation enables to determine the natural frequency of the surface deposit by simply using the
surface records of microtremor. Thus, it is expected that the surface deposit is classified from the
viewpoint of earthquake response.

The author measured the microtremor at several places around the Kushiro ¢ H
Swamp of Hokkaido (Fig. 8.39). The amplitude of the measured records  ggft 4
increased as the point of measurement proceeded towards the center of 4]

the swamp (Fig. 8.40). Moreover, The H/V study of the measured records
showed that the predominant period of microtremor became longer in
the inner part of the swamp (Fig. 8.41). Thus, the above-mentioned
expectation seems reasonable. This measurement was conducted from 4
AM to 6 AM after which construction works started and microtremor
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Because of its simplicity, Nakamura’s method is widely

used and many good performances have been reported.
However, it is yet to be known whether or not the shape
of the Fourier spectrum of the vertical motion is unchanged between the bottom and the surface. Thus,
the use of this method needs care. Note that the strain level caused by microtremor is extremely small
(for example less that 10™®) and the concerned soil rigidity is G, .. Soil behavior during strong shaking
due to stress—strain nonlinearity (Chap. 10).
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Fig. 8.42 Example of microtremor records (Motamed et al. 2007)

The following section demonstrates one successful use of the Nakamura’s method that was conducted in
the city of Bam after a devastating earthquake in 2003 (Motamed et al. 2006). Figure 8.42 indicates the
recording of microtremor. Care is certainly needed to avoid disturbance in the signal due to ambient
heavy traffic or construction noise. Microtremor is usually recorded in terms of velocity. Figure 8.42



illustrates an example; see the very small intensity of motion and the associating soil strain. The spectral
components of the recorded motions were obtained by Fourier Transformation Technique and then the
ratio of horizontal spectrum over the vertical one was obtained. This ratio is called the //V spectrum and
has no dimension. The obtained //V spectrum in Fig. 8.43 exhibits the greatest amplification at around
10 Hz. This frequency is considered to be the natural (resonance) frequency under small shear strain and
is closely related with the nature of subsoil.
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Ghalandarzadeh., 2006)

Fig. 8.46 Ongoing monitoring of microtremor
in Kushiro City

Fig. 8.44 indicates an example of empirical
correlation that was obtained in Urmia City
of Iran between the obtained natural fre-
quency and the depth of baserock as detected by nearby boring profiles. Note that the baserock is
defined by S-wave velocity exceeding 750 m/s as specified by the Iranian code for earthquake-resistant
design of buildings. Since there is a reasonable correlation in this figure, it was applied to the natural
frequency in Bam city and the thickness of surface soil (= depth of baserock) was determined as
illustrated in Fig. 8.45.

Microtremor can be recorded by a convenient portable instruments. However, the recording is easily
disturbed by such an environmental noise as caused by traffics and construction works. It is therefore
desirable to conduct it during quiet night times (Fig. 8.46).



LL) 8.11 Subsurface Exploration by Surface Wave Records

The use of microtremor as described in Sect. 8.10 is good because of its simplicity. It is important as
well that no drilling of bore hole is required. It is, however, difficult to assess more detailed stratification
of subsoils as usually required by geotechnical engineering. In contrast, the recent developments of
advanced interpretation of microtremors have made it possible to draw such a stratification.

The new methodology is called SASW (spectral analysis of surface waves) and considers the measured
ground vibration as Rayleigh wave (Stokoe et al. 1994), which is a wave that travels along the ground
surface (Sect. 4.7). Figure 4.14 illustrated that the propagation velocity of Rayleigh wave 1s nearly equal

to the S-wave velocity (V, =./G/p).

Tokimatsu et al. (1991, 1992a,b) classified SASW into passive and active types. The passive type
monitors natural microtremors whose source is unknown and the direction of propagation is unknown
either. Hence, transducers (geophones) have to be deployed on the ground surface in a two-dimensional
manner. On the contrary, the active survey hits the ground surface and monitors the wave propagation
along a known path. Thus, the transducers are placed along the same path in a one-dimensional manner.
They also stated that the natural microtremor is more advantageous because components of longer wave
length are included, which enable us to study soils at deeper elevations.

Figure 8.47 illustrates a situation in which motion “u” propagates in the x—y plane. The solution for this
wave propagation is generally given by

y Direction :
u=HMaw —kx—ky), 8.10
(o1 —kx —k,y) (8.10) v
where @ stands for the circular frequency, while &, and £, are / Wz.we
two-dimensional wave numbers. Since the direction of wave propagation
> x

propagation (77) is not known, the values of those wave numbers
are unknown. Fig. 8.47 Propagation of wave in
Xx—y horizontal plane

The subsurface exploration technology deploys many -— P
transducers at the ground surface and determines the -/ ‘!_.. ! ..-"O*‘\

direction of wave propagation. Hence, f o

= F(or —kn), (8.11)

in which k(w) is the wave number in the direction of
wave propagation and varies with @ when subsoil consists

of many layers. The wave length, L, is then given by
Range of soil stiffness

L(w)=2n/k, influence on wave velocity
Fig. 8.48 Effects of wave length on
which is a function of @ as well. propagation velocity of Rayleigh wave

The analysis of records from transducers makes it possible to determine the wave propagation velocities
at many circular frequencies

Velocity of Rayleigh wave propagation V(@) =V, and V, (@) = w/k. (8.12)

Consequently, k£ and wave length, L, are determined as



k=w/V, and L=27V,/w. (8.13)

Thus, a correlation between L and V, = /G/p =V, is obtained. Usually, V), increases as the wave length,

L, becomes longer, because Rayleigh waves of longer wave length involve effects of deeper and stiffer
(greater G) soils (Fig. 8.48).

What has to be done is a back calculation of subsoil profile (variation of ¥, with depth) that gives the
best fitting between analytical and observed L —V, relationships. Tokimatsu et al. (1991) introduced a
mathematical procedure for this procedure. However, the most primitive method for this is to consider
that the obtained V, =./G/p occurs at L /2. Note that the obtained G is the modulus at small strain, and
nonlinearity is out of scope.
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Chapter 9

Dynamic Response of
Complex-Modulus Model

Tomb mound of the fifth emperor of Han Dynasty, Xi'an, China.
This powerful monarch expanded his territory to Korea, Vietnam, and Central Asia. Even today, his
strong spirit still punishes those who do not respect his tomb.



7 9.1 Complex Stress-Strain Modeling
The stress—strain relationship in complex numbers is given by
T =G(1+2ih)y"
in which G and % are real numbers, while i =+/~1 (Fig. 9.1). G is the

clastic shear modulus and % is called the damping ratio. When the
complex strain varies with time in a harmonic manner,

Fig. 9.1 Stress and strain in
simple shear

y =y, exp(ior) =y, (cosoi +i sinar)
the complex stress varies in a harmonic manner as well

T =Gy, (cosor +1sinar)(1+ 2ih) = Gy, {(cosar — 2h sinar) + i(sinwt + 2/ cosor )} .

Taking real parts of stress and strain, /1 v
Y=7, cosal / + <~ ?
‘4 e

T= Gyo(cosa)f —2h sinax.).

The first term of stress is in phase Fig. 9.2 Elastic and plastic Componcnts in Complcx
with strain and stands for an elastic stress—strain model
component. The second one is 90° T
carlier than strain, revealing the plastic
component. See Fig. 9.2. According ) W
to Flg 939 / nxn:atsssz e
- "‘..'- y
dr ,.—""
széfd"zéfg d Area of loop: AW
2 . . ¥ . . ..
= —a)(z‘jfozjﬂﬁ(cosa)l -2h sinatsinat dr = 27whGy? Fig. 9.3 Soil-dynamic definition of
W= G 2 damping ratio
2
Note that AW is independent of loading frequency, which " monotonic decay

is consistent with real soil behavior (Sect. 6.2). Accordingly,

a2
f}:; = ;’:z’y,;" =hl. \/ Time
T 2nGY, %

damped oscillation

Thus, damping ratio is constant, equal to 4, Fig. 9.4 Two types of free movements
independent of frequency, @/(2x).

The damping ratio in soil dynamics is defined by using the area of a stress—strain loop. When the area of
the loop is AW, while the elastic energy is W (Fig. 9.3), the damping ratio, 4, is defined by

AW

h= .
AW

This definition should not be confused with the structural-dynamic definition of “critical damping ratio.”



Critical damping ratio: The equation of motion of a single-degree-of-freedom Voigt model

2
md—f;+cg+ku =0,
dr dz

reveals that the nature of free vibration varies with the magnitude of ¢; damped oscillation when the
critical damping ratio ¢/(2+/mk ) <1 and monotonic decay when c¢/(2~/mk )>1. See Fig. 9.4. Thus, the
critical damping ratio should not be confused with damping ratio, 4, in soil dynamics.



& 9.2 Damping Ratio in Soil Dynamics and Critical Damping Ratio

This section compares the damping ratio in soil dynamics and the critical damping ratio in structural
dynamics. They are equal to each other when a Voigt model in structural dynamics (Fig. 9.5) is excited
at a special frequency, as shown in what follows.

The area of hysteresis loop developed by a Voigt model increases in proportion to the frequency. It is
interesting, however, that AW/(4zW) of a Voigt model is equal to the critical damping ratio, when it is
subjected to a forced vibration under a certain circular frequency of @. The equation of motion is

d’n  du .
m +c—+ku=F expliarn),
Fexp(ior)
where F is a real number. By safely employing a harmonic <+

solution for “u”,

u=U exp(ian)=U(coswi +1 sinar),
Fig. 9.5 Voigt model undergoing forced

where Uis a real number. Hence, excitation

Re(Force)

e

Force[in the Voigt Model] = (:%+ ku=U(ico+ k)exp(iar).
I

Taking the real parts,

Re(u) = U cosar and Re(Force) = U(k cos@r — c@ sinwr ).

The elastic energy and the energy loss per cycle are obtained

as (Fig. 9.6) Fig. 9.6 Force vs. displacement
relationship
.VV = EUZ
2
o d{R
AW :éRe(Force)a'.{Re(u)} = UJ'; (k cost — co sin wl)wdl

2x @ k ) cQ
:—Uza)J0 {;smﬁax—T(l—cos%x)}dz:xca)Uz.

Thus, the energy loss per cycle in a Voigt model depends on the loading frequency. Consequently,

AW _co (9.1)
W 2k
When the loading frequency is identical with the natural frequency,

AW C

W=0,= \fk/m and —4n'W =S NETh

which is identical with the structural-mechanic definition of critical damping ratio (Sect. 9.1).



7 9.3 Damped Oscillation of Complex-Modulus Model

The idea of complex modulus is used in a single-degree-of-freedom model (Fig. 9.7). The equation of
motion in the course of free vibration is

u

d*u : k(1+2i U,
m 1+2ih)u=0. % (1+2ih) u i
o K ) /T\Um
To derive its solution, u =U exp(Ar) is \
assumed. Then, Fig. 9.7 Free vibration of t
mA + k(14 2ik)=0 complex-modulus model
LogDecr.fig
2 k i K 207 exofi ..
A= _;(1 +2ih) = ) 1+4h* exp(id), Fig. 9.8 Definition of

logarithmic decrement in free

in which tané = 2h. Therefore, vibration

A= iiV‘]E\H +4h* [cosg +1 singj + ||£\."1 +4h* (—sin§+ 1 cosg).

m “\m

Since a positive value in the real part of the solution of A gives an infinitely large displacement at an
infinite time, only the negative solution is used. Therefore,

| —
u=Uexp|- fﬁx;‘1+4h,2 sinéxf exp| 1 |—\ 1+ 4h* (:oséx,f .
\'m 2 \Nm 2

Thus, a damped oscillation occurs, whatever the damping ratio (#) may be; the critical damping ratio <
1. The decay of amplitude during one period of free vibration

Phase delay in

-
Period = — dd displacement response
(N1+4n* 8 (dcgr‘-(‘)c) Phase dif.fig
{ S —
\ m 2 ]
o . -45 | 0.02f -
is derived as (see Fig. 9.8) 0.10

-90 &t

U!' =expl 27 ta é F
U = CXp| =T* n’} . _135:

i+1 =

180 F

The logarithmic decrement is defined by 0 0.5 1 15
| U, /U
0g.(U,/U,,) w/w,
s Fig. 9.9 Phase delay of displacement in
]Qg U‘ =27 tan— = 7T tand = 27h. complcx-modulus model
¢ 2

i+1 =

The logarithmic decrement is approximately proportional to “A” when damping is reasonably small.
Upon forced vibration, in contrast,

mﬂ + C% +ku = F, exp(ior)
dr? dr

The solution is derived by assuming u = U exp(iax),



K,
(k - me* )2 +(2kh)?

"= (k —mae® — Ekhi) exp(ian),

This means that the phase angle of displacement is behind the phase of force (@ 17) due to “~2k/1” . The
delay angle 1s given by

2kh 2h
—arctan —— = —arctan ——,
k—ma - (0/o,)

which is illustrated in Fig. 9.9. At resonance, the delay is 90°.



LX) 9.4 Forced Oscillation of Complex-Modulus Model

Knowledge about dynamic response is useful in experimentally identifying material parameters. When a
complex modulus model in Fig. 9.7 is subjected to a harmonic force, the equation of motion is given by

d*u

IZ

m—-+ k(14 2ih)u = F exp(ior)

where > 0 1s a real number. The solution is derived as

u= =
~ (k—mo*)+2khi

exp(ior)

and the amplitude of displacement is found to be
U=u=— ‘Lz :%xix , 1 =,
V‘J(k—mmz) +akir 2ho ok I|'1 +(l—a)2/a)ozj
\' 2h

where F/k 1s the displacement under a static force. This equation shows that

1. The resonance occurs at @ = @, =/k/m for which the amplitude of motion is (1/2/) times the static
displacement (F/k). Thus, the value of “A” is experimentally determined by comparing the resonant
amplitude with the static displacement. When the static displacement cannot be measured, use the
second method as below.

2. The circular frequencies at which the

amplitude of motion is 1/~/2 times Amplitude
the resonance amplitude are denoted Fe Ampl:tt_:de.ﬁg
by @ and o, X | |

K5t ) |
0 o fiin oo M
{m }—a)o 1+2h. 3 _ /’\‘\ N | | ]

y o f \ ey
Damping ratio, h= 0.1

By detecting experimentally these two
special frequencies, the damping ratio of : ~

any structure can be determined 0 o 1 = T3 4 s
w
2 2 A)a
h= [a)+) _{a)_] 4. Fig. 9.10 Amplitude of complex-modulus model
@y @y

See Fig. 9.10. The idea described in this page is used in the interpretation of resonant column tests of
soils in which unknown soil parameters of shear modulus and damping ratio are determined.

The complex-modulus model concerns only dynamic phenomena. For example, substitute @ =0 into the
above equations to see the amplitude of motion not being equal to the static displacement of F/k.



Exercise 3 Calculation of Amplification Factor

See a three-layered ground in the figure.
1. Calculate the amplification of Amp(2E) and Amp(E+F).
2. What is the ground motion at the rock outcrop (#%1)?

o AE TN
Ny

¢ H, : P GV ‘Elv Iy

- Rock or

z H’2 I P Gz I/;Z f‘Ez . firm soil

G, V ? *
p3 3 53 E-3 I%
Answer! —
..... Amp(E + F)
— Amp(2E)
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LX) 9.5 Wave Propagation in Complex-Modulus Medium

The equation of wave propagation is going to be solved here for a case of complex-modulus material.
When the modulus is given by G(1+ 2ik), which is uniform in a ground,

d*u

2

u .
s =V 2%

where V, = ,/G/p and & =arctan(2/). Hence,

*u
e

2
i’;;’ - V:(l +4hz)”2 exp(id)

The harmonic solution for this is symbolically described as

= Eexplio] 1+ —= |\ + Fexplio| 1 - = |}, 9.2
] e\p{l ( % ]} e\p{l ( % ]} (9.2)

in which V" = 'v;(l +4fs,2)IJM exp(i6/2) and exp(i6/2) = cosg +i sing. The “E” and “F” terms stand for

the upward and downward wave propagations, respectively. Then, more in detail, the “E” term is
described as

[ o . . 6} [ , 6] ( 5]
cos— —i sin— |2 | sin— |z cos— |z
u=FEexp|iwit+ 2 2 =F ex _\ 2) exp|iw r+—2 (9.3)
v(1+4n)" v(1+4n2)" v (1+4n)"
The associating shear stress of “E” component is given by
o
T=G(1+2ih)—
(1+2i)
ia)pV_.;(l+4h,2)]”2 exp(ib‘)[cosf —1 sin f) [&J sin f): [cosf)z
=F Fa— =L eXpy ——————4r reXp| Iwy T+ ——
(1+412)" v,(1+4n)" V,(1+4n*)"
.0 o
®sin— |z cos— |2
—L*'Xia)pV(1+4hz)”4 exp[iéje‘(p N2 exp| i@ I+—2 (9.4)
: U2 1) v(i+an2)" [ | '
The wave length, L, is determined by
00%6 I 14
o) . 27V, (1+40°) ©5)
O—— 7 =27 an = : .
Vs(] +4 12) W (:035

For the “F” term of shear stress, “z” above is replaced by “—z” By using the boundary condition of zero



shear stress at the surface z = 0),
7(2=0) = (E - F)xiwpV,(1+4h*)" exp(i8/2) and, consequently, E=F.
Thus, the solution of wave propagation equation is obtained

[+n2) [3) [n3) [3)
| sin Z COS Z —@| SIn Z COS Z
2 T2 2 2

vean ) [ e [T ey [ ) ()"

8

u=E]exp

Both components on the right-hand side have exponential multipliers (indicated by dashed underlines).
They stand for the decay of wave with a propagation distance. It means that he amplitude is reduced at a
rate of exp{-27 tan(5/2)} per one wave length, L.

The velocity of wave propagation is consequently derived

Wave length L v (1 + 4.31.2)1{‘4 (1 + tan® 5)1;4

: =V (9.6)
Period (= 27/w)

Velocity = = =

V
s
CcOS cos A/COsO cos
o) o) o)



& 9.6 Solution of Real Numbers in Complex-Modulus Ground

The solution in Sect. 9.5 is further studied. Figure 9.11 illustrates the concept of a two-layered soil
deposit. The surface soil is soft, while the bottom one is a rigid material such as base rock, tertiary
deposit, or pleistocene material.

5
XZ @ COS . XZ
——=—— rsind ————=——— 4 |exp(iwr)
v(+anr) | v 1+ 4n2)"

: o ,
W sin— Xz @ COS— X7 @ sin

o
2

1 =2F,|cosh 7

v(sar) [ v an)

1/4 13
T=2EpV. 1 exp—
2E,pV.(1+4h* 5
.0 0 .0
W sin—XZ @ COS— X2 @ sin— Xz @ COS— X7
2 2 . 2 2
IHJ-H cosh

x| sinh exp(iaor) .

v anr)” [ v an) v(iean) [ v+ )"

The amplification of Amp(E+F) is given by the ratio

u(z = ())1

Amp(E+ F) = |7

and 1s illustrated in Fig. 9.12. Note that the amplification is smaller at higher frequency. This is because
the wave length is shorter, the number of cycles during wave propagation is greater, and, in accordance
with the number of cycles in the course of wave propagation, the amount of energy loss is increased.
This disappearance of high-frequency components is in good contrast with the elastic solution in Sect.
6.8.

For plotting time histories of displacement or stress, the real parts of the above equations are employed.
Note that Amp(E£+F) simply indicates the dynamic behavior of the surface deposit; it does not account

for the local geology in which there is a harder base layer underneath. Use Amp(2E) in Sect. 9.7 when
effects of such a local geological structure has to be investigated.

FETIT Amplification, Amp( E+ F)
E1 * ‘ F]' ? ” 10 ' T ; I 1 . Cmpllx-am‘p.fig
H 8 — h=0.02
p G h -0 h=0.05
6 — h=0.10
E, tv E KRR 4
2
Fig. 9.11 Model of level ground with 0
complex modulus 0

v, (1+ 4;;?)%

Fig. 9.12 Amplification in complex-modulus ground



L 9.7 Outcrop Amplification in Complex-Modulus Ground

Study is made of the propagation of SH wave (Sect. 4.2) Outcrop Soft deposit
in a two-layered complex-modulus subsoil; see Fig. 9.13 -
for notation. The amplitudes of motion at the outcrop E2 F2
and at the surface of soft alluvium are compared. When a
harmonic motion is considered, the motion in the alluvium
is given by

Elastic 0
base p2’ VSZ E2 Tl }‘2

= E, [exp{lw[}' + V' ]} + exp{la)(r v ]H’ Fig. 9.13 Two-layered alluvium

9.7)

where V; =V, (1 +4h2)“4 exp(i8/2) and & = arctan(24),

Sect. 9.5. See that the amplitude of u is 2E, at the surface (z = 0). Furthermore, the shear stress is given
1

by

] o, i Z Z
T, =G (1+2ih)—L = G,(1+2ih)—E| expiio| t + — |} —expiiw| t ——— R 9.8)
= G20 % = G142 2 [ ohof 15| oo 1 )H (

in which the boundary condition at the surface (shear stress = 0) is s .

d for. Similarly. the solution in the clastic base b h th Amp(2E) is a more direct
aCCOL}nte ‘ OF. mmilarly, the solution in the elastic base beneath the index than Amp(E+F) of the
alluvium is given by

effects of local geology.

u, = E, expyie I+Z_H +F; expi i@ r—E_H (9.9)
Vo Vo
10 . z—H J : - H
T, =G, —| E, expiia| 1+ —F, expiio|1——— |} ]. 9.10
: VI p{ [ v ]} 2 p{ ( Va ]H N

Since both displacement and shear stress are continuous atz = H, ( (9.7) = (9.9) and (9.8) = (9.10), E,
and F,” are solved in terms of E,. Consequently,

1 " _pE[ 1 s A vaf 8 5
=—2 == cosh[lr sin—)+cos(2x cos—) +A(l +4h.2) cos—sinh[’ix sin—)
Amp(RE)| " |2E| 2 2 2 ) pv, 2 5

2 \
—sin ésin[Qx cos é) AL (1 + 4112)U2 cosh(ix sin é) —~ 005[2)( coséj , (9.11)
2 2) 2\p,V, . 2 2

where x = (a)H)/{Vsl(l + 4112)U4}. The outcrop amplification is obtained by Amp(2E)=2E, /2E,|, which

is demonstrated in Fig. 9.14 for two values of the impedance ratio, p,V, /p,V.,. The amplification is
greater when the alluvium is softer (impedance ratio = 0.1) and the damping ratio is smaller.

It is interesting that very soft ground with a small value of V, has a large value of wH/V, and
consequently low amplification. When the intensity of shaking is very strong, moreover, the induced
shear strain is large and consequently the damping ratio, 4, becomes substantial (nonlinearity in Sect.
10.8 and Sect. 10.15). This situation leads to the amplification, that may be less than 1.0. Idriss (1990)



combined dynamic analyses and measured earthquake records to suggest that this idea may be the reality
(Fig. 9.15).

] Impedance&Amp(2E} .fig g Impedance&Amp(2E)2.fig

Impedance ratio = 1/3 Impedance ratio = 1/10

6 ! ! —h=0.02
— -h=0.05

6 ! —h=0.02
— -h=0.05

Amplification (2F)
.
Amplification (2F)

Fig. 9.14 Effects of impedance ratio on amplification in surface deposit

ey Amplification on soft soil (Idriss, 1990)
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Fig. 9.15 Amplification of soft ground changing with intensity of outcrop excitation (drawn after Idriss,
1990)



L 9.8 Exercise No. 4 Response Analysis on Multilayered Deposits

First develop a computer program that can solve a linear
equation

G
Ry MR N

C:l C:: Xy 4,

sb? Z

in which all numbers are complex ##%¢. Use the conventional Gaussian elimination # & 2 ®{§Z% and
do not be afraid of a singular matrix, C,,C,, — C,,C, =0.

Assume then a stratification of soil with two alluvial layers resting on an engineering base rock (see the
illustration above). The nonlinear stress—strain relationship of soils is expressed by a complex-modulus
model G*=G(1+2ih). The base is made of an elastic medium.

1. Calculate the amplification Amp(2E) of the surface motion against the outcrop motion by taking into
account the continuity of displacement and shear stress at the interfaces. For convenience of calculation
use vertical coordinates of z,, z,, and z, in respective layers.

2. Plot Amp(2E) then over a range of normalized frequency of wH, /V,,=0-10, for a special case of

— constant p of soils from the surface to the base
= Vy/V,=1/3and V,/V, =1/3

— Damping ratio : 4, = 0.10 and /4,= 0.03

— =1,

It is recommended to run all the calculations by using complex numbers. Keep the computer program for
this assignment, and if you make any, for a later assignment.



é" 9.9 Variation of Shear Modulus at Interface of Soil Layers

It is a common practice in current dynamic analyses to divide subsoil into
homogeneous layers (or finite elements). Consequently, material properties

Material property
such as V,

are discontinuous at layer interfaces, see Fig. 9.16. Section 4.10 indicated that
discontinuity in material properties generates wave reflection.

Material properties of artificially reclaimed soil and natural alluvial deposits
were studied in Tokyo Bay area by the Association for Development of
Earthquake Prediction, Tokyo. Undisturbed soil samples were collected to
measure shear modulus, G, as well as gradation (Ki/£4>4i) and they were
compared with ¥ which was measured insitu by a suspension technique (Sect.
8.2).

"‘\"\."\."\."\."\."\."\."\."\..

Depth
Upon artificial reclamation, the reclaimed soil and the existing seabed soil are . .
. . o . .. Fig. 9.16 Modelling of
different. This point is evidenced by the drastic variation of fines content at bsoil by unif
around 9 m depth (Fig. 9.17). The in-situ measured ¥ is continuous, in contrast, lS; 2:: y unttorm
Y

at this depth (Fig. 9.18) probably because the effective stress is continuous in
the vertical direction. Hence, the discontinuous modeling as illustrated in Fig.
9.16 at the interface may not be very realistic and reflects earthquake energy back into the lower strata,
reducing shaking energy in the surface soil.

S-wave velocity,

Fines content (%)

o m/s
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Fig. 9.18 Discontinuity of shear
wave velocity at interface of
natural deposit and artificial fill

Fig. 9.17 Change of fines content at interface
of natural deposit and artificial fill

The alluvial layer exhibits continuous variation in both fines content and S wave velocity. This seems
consistent with the continuity of age of soil as well as the continuity of effective stress. Thus, the
discontinuous modelling in Fig. 9.16 is not realistic.

The interface between the alluvium and the pleistocene deposit (15 m below surface) demonstrates a
remarkable change in fines content due to discontinuity in age and material type (unconformity %),



older deposit was eroded while the sea level was low and then new material started to deposit. The
associating variation of S wave velocity (V) is so significant as well, and may be modeled by a
discontinuity (Fig. 9.11) for practice.

The underlying pleistocene deposits has some significant change in fines content due probably to the
variation of sedimentary environment. However, V_is still continuous, although it varies with depth.

From these observations, it seems reasonable to state that the real natural ground has a continuous
variation of S wave velocity and, in general, the discontinuous modelling may not be appropriate.
Discontinuous modelling seems reasonable only at unconformity where both age and type of soil vary
suddenly. The effects of continuous and discontinuous modellings were studied in dynamic analyses by
the author (Towhata, 1996).



=7 9.10 Equivalent Linear Modeling
The major nonlinearity in stress—strain behavior of soil is detected in two points

1. Shear modulus, G (more precisely, secant shear modulus) that decreases as the strain amplitude
increases.

2. A hysteresis loop in shear stress—strain relationship and the damping ratio that increases with the
strain amplitude.

The nonlinearity is taken into account in analysis in several ways. First, the stress—strain behavior can be
modeled in detail by elastoplasticity (Chap. 10) possibly combined with viscosity. This approach requires
many input parameters, which are determined by elaborate laboratory soil testing on specimens of good
quality. Therefore, there is a general impression that this approach is good but time consuming. Moreover,
it is common that many elastoplastic models give different results.

The second method is the equivalent linear method for which a closed-form solution of motion is
available (Sect. 9.5). Although there are many limitations, this approach has been widely used because
of its easy use. Therefore, two types of soil data have to be prepared:

1. Shear modulus at small strain amplitude that is typically 10°(=10"%) or less. Most ficld investigation
technologies (downhole survey, PS logging, etc. in Chap. 7) generate this magnitude of strain.
Hence, V, measured insitu directly gives this small-strain modulus. This modulus is denoted by
Gy O Gy = pV2.

2. Nonlinearity of soil expressed by
variation of G and /& (damping ratio) 100

with the strain amplitude y,during

Nonlin.modulus/damping.fig

cyclic loading. Since G, is already 80 [ 100%(G /G max) (Yo)
known above, test data on variation 60 I \ ' '

of G/G,,, and h against log,,(7,) _

is widely used. See Fig. 9.19. 40

: Damping
20 :
ratio, 1 (%)

Although the real soil behavior under
cyclic loading is much more complicated

than expressed by G and A, the dynamic 0 --6 -5

response of ground is most strongly 10 10 0.0001 0.001 0.01 0.1
affected by these two parameters. Shear strain amplitude in decimal, 7.
Many laboratory tests have been carried Fig. 9.19 Example of soil data on nonlinear

out to measure the data in such a manner stress-strain behaviour (0.01 strain = 1% strain)

as shown in Fig. 9.19. In this sense, the
equivalent linear modeling in terms of 7 = G(1+2ih)y is a standard approach to soil dynamics. It is
fortunate that G/G_. and & vs. strain curves are not much affected by most soil conditions, e.g.,

max

effective stress level, fines content, overconsolidation, etc. The effects of these factors appear in G,

max

itself. Therefore, only G,,, should be determined with reference to insitu investigation (J5{7 i at5k).

Only soil types, sand or clay, affect the shape of curves (later topic).

In practice, the curves in Fig. 9.19 are seldom measured directly. They are obtained from literatures
reported on soils that are similar to the concerned one.



& 9.11 Theory of Fourier Series

Although the time history of a real earthquake motion is irregular, the equivalent linear technique of
dynamic response analysis makes use of a harmonic base motion (Sect. 9.1). This is because any
irregular time history can be divided into harmonic components by using the theory of Fourier series.
Response analysis is made of harmonic components and the calculated responses are added together to
obtain an irregular response.

Fourierl.fig

Discussion is made of a Fourier series

; U Trailing
expansion of 16 data in Fig. 9.20; u(k), k = 4 zeros
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See the conjugate (f#3t%%) relationships of complex coefficients. The middle of the above series
(Series 8) has the highest frequency. The frequency of this component is called the Nyquist frequency.
Figure 9.21 shows that the Fourier series expansion approaches the original function as components of
higher frequencies are added. Trailing zeros in Fig. 9.20 is added to the original time history of earthquake
motion in order (1) to account for the fact that the earthquake motion ceases after some time and (2) to
make the total number of data a power of 2 2»2%) such as 256, 512, and 1,024 that make easy the fast
Fourier transformation (FFT).

In principle, a Fourier series consists of

) Repeated Original Repeated
sin and cos functions. <P »{—g}q P >

Fourierd4.fig

6)= 0 ool o b

m=0

AL Sk . . 2mmk S v
=Y C,|cos +1i sin : n' 7
m=0 N N ‘[ ‘l Cro
9.12) H 1;

wherek =0, 1, 2---N-1 and 32

Cy_, = C, : conjugate relationship. Fig. 9.22 Repeated nature of Fourier series
Note that each component with “k™ in (9.12) 8 O Original [
has a period of —3-times interpolation

4 / \
2mm X Period /
T =
N nd u(k) 0 N
Period = ﬁ (9.13)
m -4
if m<N/2. Fourier5.fig
- 8
1
Being a combination of periodical sin and k 6

cos functions, (9.12) means that exactly
identical u(k)s appear after a certain num-
ber. Figure 9.22 illustrates this nature. Note
that the trailing zeros effectively separate two neighboring time histories. Without zeros, the earthquake
motion in the analysis is repeated without a stationary period and consequently the calculated response
would be an overestimation. Those zeros erase the influence of the previous cycle of the imaginary
carthquake (fromk = —16 to -1 in Fig. 9.22).

Fig. 9.23 Interpolated time history of Fourier series

Therefore, a sufficient number of trailing zeros should be added to the input motion data. Moreover, the
technique of “fast Fourier transformation,” which accelerates the equivalent lincar analysis, needs to
make the total number of motion data equal to any power of 2, ¢.g., 512, 1,024, 2,048, etc. Since the
number of given carthquake motion data is not necessarily a power of 2, the trailing zeros are used to
satisfy the requirement from FFT.

In Fig. 9.23, the values of the Fourier series expansion were calculated at interpolated points of k = 1/3,
2/3, 4/3, 5/3, etc. By comparing the interpolated values with the original time history, it is found that the
new magnitude of the interpolated motion is somewhat greater than the original one. Therefore, the use
of the equivalent linear analysis with Fourier series expansion may overestimate the magnitude of input
motion and, accordingly, the response of the surface subsoil during earthquakes.



LX) 9.12 Spectrum Analysis by Fourier Series

The theory of Fourier series has been applied

. . . . = Sunamachi-1M.fig
to interpretation of earthquake motion C\i 100 | — T
records. Figure 9.24 shows the time history g
of acceleration at the top of an alluvial ‘E 0 _ y
deposit (depth being GL —1m) in Tokyo %3 100 | BL B fJS?' Ti,?bf’;:jf %E‘_ﬁkﬁ Eq.
during the 1987 Chiba-ken-Toho-oki (T2 ] 0O 10 20 30 40 50 60
L5 )7 iHhEE) earthquake. It may be seen Time (s)
that this motion has a predominant period Fig. 9.24 Time history of surface acceleration at
of around 1.0 s. This surface motion is Sunamachi site in Tokyo during the 1987 Chiba-ken-
compared with the motion at the bottom of Toho-oki earthquake
the alluvial layer (at the depth of GL -89 Sunamachi-89M.fig
m) in Fig. 9.25. While the intensity of motion 100 | SN L B

is much weaker in the bottom motion (Fig.
9.25), the predominant period of around 1.0
s 1s not evident. It seems that the motion of
1.0 s period was produced by the
amplification in the alluvial soil (Sect. 6.8).

0 % v
I GL—S‘)m_.. Sunamachi EW
-100 : —] ; | 1987 Chiba-ken-Toho-oki Eq.
0 10 20 30 40 50 60
Time (5)

Acceleration (Gal)

Fig. 9.25 Time history of acceleration at the bottom of
Sunamachi site in Tokyo during the 1987 Chiba-ken-

The time history of an earthquake motion Toho-oki carthquake

record is expressed by means of Fourier
series

N-1 A " ' N=1 ) o)
;;(;) =3 (;’H[Cos%f”rﬂ' sin “Tlr] or n(kAr) =Y Cm[cos%mjti sin%@], (9.14)

m=0

m=0

in which the time interval of the original
digital data is A7 and the total number of
data is N; hence, the entire duration time
of the record is 7 = NAt. Therefore, each
of the component with “m” has its own
period of 7/m and the frequency of
m/T (Hz). On the other hand, the absolute
value of C,, in (9.14) stands for the

n

2.0 . _ ~ SpectrGl-1mOSmooth.fig

15 - EW, Sunamachi reéorﬂ
= [ Dec. 1987

Fourier series (Gal)
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. . . Fig. 9.26 Fourier spectrum of Sunamachi

intensity of each frequency component. . .
surface acceleration record

Figure 9.26 illustrates the relationship 0.5 __SpectrGl-89m0Smooth.fig

between |C,| and m/T', and is called the

Fourier spectrum in this text. Figure 9.26

indicates that the motion is intense at the

frequency of 0.8 Hz and 2.4 Hz; the former _

being the predominant component ,which 0.1 S I (1

was mentioned above. In contrast, the Frequency (Hz)

Fourier spectrum of the base motion (Fig. Fig. 9.27 Fourier spectrum of Sunamachi base

9.27) does not have a peak spectrum value acceleration record

at 0.8 Hz. This implies that the alluvial

soil made this frequency component stronger, which is called amplification. Note further that both

spectra (Figs. 9.26 and 9.27) have peaks at 2.4 Hz. It seems therefore that this particular predominant

component of acceleration was produced in the deeper deposit or the source mechanism of earthquake.

0.4 | EW, Sunamachi record
Dec. 1987
GL -89m

m

Fourier series (Gal)



Note moreover that the strong component at around 1.3
Hz in the base motion (Fig. 9.27) disappeared in the surface
motion (Fig. 9.26). T

Smooth.fig
A possible draw-back of the spectra shown above is that : { |
the variation of the spectrum value fluctuates significantly, /S' moothing 1
making it difficult to exactly determine the predominant
frequency, frequency at which the spectrum is maximum. . .
To solve this problem, smoothing technique was developed.
Figure 9.28 demonstrates an example of smoothing in which k-1 S
the spectrum valued prior to smoothing is modified by Frequency

Spectrum

Fig. 9.28 Example of spectrum
new S, =0.25S, , +0.508, +0.258 (9.15) smoothing

k+1

to be a smoothed spectrum. Equation (9.15) is called Hanning Window, and another formula of

new S, =0.238, | +0.548, +0.235, . (9.16)
. . ] ) % 2.0 SpectrGl-1m1Smooth.fig
is called Hamming Window. Since R T ———
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the use of these smoothing does not = 0.1 1 10
artificially reduce the energy of an Frequency (Hz)
acceleration record. Fig. 9.29 Fourier spectrum of Sunamachi surface

motion after one time of Hanning Window

Figure 9.29 reveals the smoothing of the & 20 ~ SpectrGl-Im10Smooth.fig

Sunamachi surface motion. It is found here & " EW. Sunamachi record o ' -

that the spectrum still has a significant & 15 ~ Dec. 1987

extent of fluctuation. Thus, one time of E 1.0 t ?{}s;rll(r)r:)things

smoothing is not sufficient. Consequently, & 0.5

the Hanning Window was repeated up to E 0.0 - —r Y S i :
= 0.1 1 10

100 times: Figure 9.30 after 10 times of

smoothing may not be sufficient. Figure
9.31 after 100 times of smoothing appears Fig. 9.30 Fourier spectrum of Sunamachi surface

motion after ten times of Hanning Window

Frequency (Hz)

good. Thus, smoothing has to be repeated

so many times until a good smoothed F - ~ SpectrGl-1m100Smooth.fig

spectrum is obtained. e 1 EW. Sunamachi record ]
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The amplification of motion, AMP(E+F) @ 100 smoothings /V\_

. . . = 05 ~

in Secl‘s. 6.18 and ‘9.6 is calculated by taking .2 ,-—’/ N AN _

the ratio of Fourier spectra at two depths 5 0-00'1 R e
(=9 .

. Frequency (Hz)
. ~  Spectrum at surface
Amp(E+ F) =

Fig. 9.31 Fourier spectrum of Sunamachi surface

Spectrum at base motion after 100 times of Hanning Window

(9.17)

[t is certainly necessary to do smoothing for this ratio as well. Figure 9.32 presents the amplification thus
obtained. Clearly, the amplification factor is very large at 0.8 Hz. It is reasonable, therefore, to say that



the natural frequency of the Sunamachi site is 0.8 Hz and a design of a structure should avoid its natural
period near 0.8 Hz in order not be troubled by resonance and significant earthquake response.

One common mistake made by unexperienced

. . . AmpS th.fig
programmers in smoothing is a use of AmpSmooth =

=
=}

100 smoothings

S(K)=0.25*S(K-1)+0.5*S(K)+0.25*S(K+1).

Sunamachi EW -
Dec. 1987 ] No smoothing
GL-1m / GL-89m =

This program changes the value of S(K) and the next
step of smoothing

=
—

SK+1)=0.25%S(K)+0.5*S(K-+1)+0.25*S(K+2)

Amplificaiton AMP(E+F)
=
’
|

0.0 . . o
0.1 1 10
1s made erroneous. One should do as what follows: Frequency (Hz)
Fig. 9.32 Amplification of motion
SK=0.25%S(K-1)+0.5*S(K)+0.25*S(K+1) before and after 100 times of Hanning
Window

SKP1=0.25*S(K)+0.5*%S(K+1)+0.25*S(K+2)
S(K)=SK
SK=SKP1 (repeated for increasing K)



LX) 9.13 Dynamic Analysis with Equivalent Linear Model

In practice, the equivalent linear modeling (G/G,,. and & vs. y,) is combined with a harmonic base
motion to analyze the dynamic response of ground. Since the real base motion during earthquakes is not
harmonic, its irregular time history is deconvoluted (divided) into harmonic components (Fourier series
expansion), individual response to a harmonic component is calculated, and all the responses are combined
to obtain the irregular response.

Since G and & vary with the strain amplitude, it is necessary to determine the representative strain
amplitude out of an irregular time history so that strain compatible modulus and damping may be
determined. Since this is possible only after analysis, the analysis has to be repeated with trials and
errors on selection of strain. The flow chart is demonstrated in Fig. 9.33. A level ground with horizontal
layers is assumed.

Insitu test to determine V, and Given earthquake motion as input to baserock
G of ground; irregular wave form.

v

[ Obtain suitable G/G,_ and h ] \ 4
vs. strain curves.

/ Fast Fourier Transformation to
‘ deconvolute the irregular motion
into harmonic components.

First guess of maximum strain,
¥ max , during earthquake

.. | "

Effective strain, 7Yer , = const X '
Vmax : const. =0.65 for example ) Component
Component of frequency
* Component of frequency 43
[ Determine G and h at the effective of frequency #2
. #1
| strain, 7 ¢
Theory of response analysis on ¢ v
complex-modulus ground ) ' Component
_ ' Component response of
s Component response of frequency #3
......................................................... -\L response Of frequency #2
S frequency #1
‘1-.::‘1-.::‘1.“\."1.“\."1.“\."\‘\."\‘\."\‘\.‘\‘\."\‘L"\‘\.‘\‘L"\‘L'\\\:'\\:\:'\- [
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Combined irregular response to the given
input motion and the newly-calculated
maximum strain in layers.
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Horizontally-layered ground

Approximately
Yes

New ymax =old ymax
in all layers?

Fig. 9.33 Flow chart of equivalent lincar analysis



L 9.14 Example of Equivalent Linear Analysis

Soft

A brief example of an equivalent linear analysis is presented here.
alluvium

Figure 9.34 illustrates a model of ground that has a 7 m soft
alluvium at the surface together with an elastic base. Such a field
exploration as down-hole investigation has presented V= 150 m/s
in the alluvium and ¥_= 500 m/s in the base, respectively. Since
the field exploration can generate only a small amplitude of shear
strain (for example, of the order of /0", the dynamic analysis has
to pay further attention to strain amplitude effects.

Outcrop

Elastic base

Laboratory tests on undisturbed soil specimens revealed the
degradation of shear modulus and the variation of damping ratio
with the amplitude of shear strain, which are illustrated by solid
curves in Fig. 9.35. The modulus or V, as well as the damping ratio is modified in accordance with the
estimated shear strain until a good convergence I3 is obtained.

Fig. 9.34 Model of subsoil

The present analysis assumes a harmonic shaking of 3 Hz and the outcrop amplitude of acceleration to
be 4 m/s* (2E®* = 400 Gal in the surface deposit). Table 9.1 indicates the procedure of iteration # 1 i
L &t%. Note that, since the shaking is harmonic, the shear strain amplitude (y,,,,) obtained by a previous
iteration is directly used as the estimated strain (7y,,) in the next iteration without multiplying by 0.65
(Sect. 9.13). The modulus and damping ratio at this strain are employed in the next dynamic analysis.

Table 9.1 Sequence of iteration

No. of Assumed shear G/G,,. Damping Obtained Obtained
iteration  strain amplitud¢’ ratio surface shear
acceleration  strain
1 5X10°° : initial guess 1.0000 0.0200 4.72 m/s’ 1.59X10°
2 1.59X 10 0.4132  0.1154 4.05 2.14X10°
3 2.14X10° 0.3795 0.1208 427 2.28X10°
4 228X 107 0.3714 0.1222 433 0 ——————
a: strain at depth of /1/2
IterateExamplel.fig G/ Gmax ratio
1.0 | O S 02 O G/Gmax in iteration
0.8 1\umbers indicate| g /_
g - . . — ) ) -;'_'-';-,,»
506 1tcrat210n No. o 0.1 | Numbers indicate 23 4
L 04 | | — G/Gmax ratio \._.34 ‘3 iteration No.
’ . . s 0.1
© 02 O G/Gpax initeration \_ E 1 IterateExample2.fig
a —
0.0 0.0
- - - - -2 - - - - -2
10° 107 10* 107 107 10° 10° 10* 10 107

Shear strain in decimal Shear strain in decimal

Fig. 9.35 Variation of material properties with the progress of iteration

Since the difference between the 3rd and 4th iterations is negligible, a good convergence was obtained
and the results of the 4th iteration are reported as final. Figure 9.35 indicates the variation of G/G, and

max

the damping ratio with the progress of iteration.



Exercise No. 5 Equivalent Linear Method of Analysis

The nonlinear stress—strain relationship of soils is replaced by an equivalent complex modulus model
and, thereby, the equation of wave propagation is made linear. In this exercise, the soil property is
specified by a hyperbolic model by Hardin and Drnevich (1972) (see Fig. 9.36) in which the skeleton
curve that connects two ends of hysteresis loops is defined by

, Hyperbolic modeld.fig
= M (9.18) Skeleton curve

whee 7, scakdherefrencestein Equetion©.18)ghvesteseeartnodits G = 7/y

W
S
G T I 5
— = = (9.19) 4
(Jmax Gmaxy ]' + s
=]
W
Moreover, the damping ratio, 4, is modeled by
h= hnm(] _ ¢ ] (9.20)
. (;max

Shear strain

which fits the experimental knowledge. Fig. 9.36 Model of stress—strain behaviour

Run an equivalent linear analysis on a two-layered ground Ouf:rop
motion

in Fig. 9.37 with a harmonic outcrop motion (1E3%i) of 2E

2 2 ~ . ‘ .
= 0.2 m/s” and 2 m/s". The frequency is sct equal to 5 Hz.
The material properties are indicated in Table 9.2.

10 m
Table 9.2 Material properties T
Layer Mass density, p 8 Y. D f{r}}}}}}}_\%
Elastic base Ef{r’{r’{r’{r;r;r;r;r;r;ﬁ
1 2 g/en’ 150m/s  1.1x107 0.20 Vo=1000m/s. 7777 7w
2 2 g/ent’ 350m/s  3.0x107° 0.15 Fig. 9.37 Soil profile
Base 2 g/enm’ 1,000 m/s ———— 0.00

Summarize the procedure of trial-and-error and | To avoid common mistakes of students
convergence in a table as shown below. The strain- | 1. Inlayer 1, G, =2X 150* kPa.
consistent G/G,,. and damping ratio are calculated p isnot 2 x9.8 but 2.

by using ¥, =1.00x 7, at the middle depth of each 2. £y, of the outerop motion is not 2 mfs®

: : : 2 o
layer. Do be careful of unit conversion! Itis 2+2+@" m because Ey, is the

amplitude of displacement.

The answer will be as what follows; se¢ the answer
of exercises at the end of this book.

Base acceleration| Surface acceleration | Amplification Amp(E+F)

0.20 0.32 1.6
2.0 2.653 1.3

The amplification was made different by the nonlinear behavior of soil. The greater acceleration increased



the shear strain in the soil, and reduced the shear modulus, while increasing the damping ratio. Consequently,
the natural period of ground changed, and more energy was lost due to damping. Thus, the amplification
during strong earthquakes is smaller than amplification during minor shaking,

Example: Outcrop motion is of 5 m/s* in amplitude and 1 Hz in frequency

Ist Layer 2nd layer

Ite- [ Assessed Shear Damping Obtained Assessed Shear Damping Obtained | Surface
ration | strain  modulus  ratio strain strain modulus ratio strain acc.

1 0.0020 16,000 kPa 0.129 0.0041 0.0010 184,000 kPa 0.037 0.0010 6.811
2 0.0041 9,610 0.157  0.0078 0.0010 185,000 0.037 0.0010 8.071
3 0.0078 5,580 0.175 0.0180 0.0010 182,000 0.039 0.0013 11.257
4 0.0180 2,590 0.189  0.0449 0.0013 172,000 0.044 0.0010 13.908
5 0.0449 1,080 0.195 0.0334 0.0010 184,000 0.037 0.0002 5.087
6 0.0334 1,440 0.194  0.0347 0.0002 227,000 0.011 0.0002 6.572
7 0.0347 1,380 0.194  0.0344 0.0002 229,000 0.010 0.0002 6.312




& 9.15 Deconvolution of Earthquake Motion

The equivalent linear technique is further useful when the base incident motion has to be assessed by
using the measured surface motion. This procedure is called “deconvolution.” Figure 9.38 illustrates a
situation in which the surface motion at site “A” (£,,) is known and the incident motion in the base (E,)
is desired. The assessed E, will later be put in at the base of another site “B” in order to calculate the
surface motion (£,,). Although F,, # E,,, E, at two sites are identical.

In the following example, the subsoil condition as in Table 9.3 is employed at the site A.

Table 9.3 Material properties in the example
Layer Thick Mass V. T, h

5

max

-ness  density

1 10m 2g/em’ 150m/s 1.1X107 0.20
T T T TR T 2 10m 2g/m’ 350m/s 3.0X107 0.15
TTTT;T:T:;;; b~ i:T S ;1 Base 2 g/em’ 1,000 m/s 0.00

b

Fig. 9.38 Deconvolution Assuming that the surface motion at “A” is specified by

2E,=2.653 m/s* and 5 Hz, the deconvolution procedure of iteration is shown in what follows. Note that
the solved situation at “A” is same as the one in Exercise 3 with the outcrop motion of 2 m/s>. The
outcrop acceleration (2F,) converged to 2 m/s” as expected.

Layer 1 Layer 2
Ite- |[Estimated Shear = Damping  Obtained Estimated  Shear Damping Obtained | Surface
ration| strain  modulus ratio strain strain modulus  ratio strain | accel. (m/s”)
( kPa) (kPa ) (2E,)
1 0.0100 4,460 0.180 1.02¢-3 0.0050 91900 0.094 4.67e-4 2.431
2 1.02e-3 23,400 0.096 7.74e-4 4.67e4 222000 0.020 1.05¢-5 1.976
3 7. 74¢—4 26,400 0.083 7.17e4 1.05e-5 237000 0.005 7.52e-5 2,010
4 T.17e4 27,200 0.079 7.03e-4 7.52e-5 239000 0.004 6.93¢-5 2.002
5 7.03¢—4 27,500 0.078 7.00e-4 6.93¢-5 239000 0.003 6.7%-5 1.999
end [ 7.00e—4 27,500 0.078 7.00e-4 6.79e-5 240000 0.003 6.80e-5

The second example uses 2E,,=5 m/s* and 2 Hz while making the second layer very thin (0.5 m thick)
and very soft (V.= 80 m/s), while making the first layer thick (19.5 m) with ¥, = 150 m/s. The material
properties in the second soft layer as well as the assessed outcrop motion did not converge (see Fig.
9.39). Such a problematic situation is often encountered in practice where the observed surface motion is
too strong when a subsoil appears to be very soft. In reality, most probably the soft thin layer is nothing
more than a local small deposit and does not extend to infinity as assumed in analysis. Such a local clay
pocket should be ignored in practical analysis, although a single boring data cannot reveal its lateral size.

1 o 100 —
£ 0.1 000000000 000000000 8 R

o In the second g 10 _

~ 0.01 = : soft layer S O In the second
= 5 G/(-Imax : s soft layer

—C—Damping ratio Z y
0.001 =1 1
0 5 10 15 2 0 5 10 15 20
Iteration number C Iteration number

Fig. 9.39 Example deconvolution without reaching convergence



It is meaningful to herewith introduce an example of unsuccessful deconvolution, because a similar
problem is not uncommon in practice. Figure 9.40 shows the site where a deconvolution was attempted.
This area was once a sea thousands of years ago when the sea level was higher than the present level.
Sediments from several big rivers deposited here, and those rivers have been flooding frequently during
the human period when the sea level retreated a few meters. Consequently, there remained many ponds
and swamps until recent times. In the past decades, this area has been developed as a residential area.

Figure 9.41 illustrates the outside of a building where an earthquake motion was recorded. Note the
differential settlement around the building due to the ongoing consolidation of the soft subsoil. Many
cracks have occurred inside this building as well. The convolution of this surface motion was the aim of
the analysis.

Fig. 9.40 Soft ground condition at site of
deconvolution
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Fig. 9.42 Poor results of deconvolution
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Fig. 9.41 Differential settlement around
building
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Fig. 9.43 Soil profile at site of deconvolution

Figure 9.42 demonstrates an unsuccessful result in which the surface recorded acceleration was 1.01
m/s* while the calculated bottom motion became as large as 10" m/s®. This result is certainly nonsense.
The reason for this problem lies in the extremely soft soil condition. As illustrated in Fig. 9.43, there is a



very thick deposit of silty materials in which

2
SPT-N value is 0 or 1. This low value of Amax (m/s”)
SPT-N made G, very small in the analysis 0.0 0.5 1.0
(8.10), and created low G=G, (G/G,,.) as CJ"""-‘ 1
well. Consequently, the shear stress level in I |
the soft subsoil was not high enough to 10 k(
account for the recorded acceleration of 4 B §
= 1 m/s in the top soil; [ \ 1
E 20 \
The equation of motion of the top soil (Fig. _ : I Q 1
9.44) lstatcs that the ma?dr.nun."l alccc]cration, prA =1<T_ % ._ \J ]
A, in the surface soil is limited by the op B 30/ i
shear strength in the subsoil, 7, , if the as- Fig. ,9'44 Equation o X - J -
. . : Y motion for surface soil - 1 1
sumption of one-dimensional stratification ) - o 1
. undergoing S wave 40 3
is acceptable. o . - P
propagation in vertical | [ji;; 1
Morcover, many analyses were run on the ~ direction 50: _ O |

same profile, while changing the intensity

of input acceleration at the bottom. As shown in Fig. 9.45, it was
not possible to reproduce the surface acceleration of 1 m/s”. The
reduction of acceleration above the level of 30 m below the ground
surface is evident.

MSTNormal Analysis.fig
Fig. 9.45 Normal analysis with
specified acceleration
amplitude at the bottom

Thus, it seems that the surface acceleration of 1 m/s* was not caused solely by the vertical propagation of
S wave. Most probably, the subsoil condition was of two- or three-dimensional configuration, the
seismograph in the building recorded a very local dynamic phenomenon in the building, or else. The
effect of surface waves (Sects 4.7 and 4.8) is unlikely because the thick deposit of soft soil induces
significant energy dissipation and would not allow the propagation of surface waves over a long distance.



& 9.16 Further Remarks on Equivalent Linear Model

— The equivalent liner model of 7 = G(1+2ih)y is combined with (1) the theory of wave propagation in
complex-modulus media and (2) the assumption of harmonic shaking. Therefore, dividing an irregular
motion into harmonic components is necessary.

— The highest frequency employed in analysis is normally 10-15 Hz. For important rigid facilities, for
example, nuclear power plants, 30 Hz may be the case.

— The comparison of old and new maximum strains are made by using G/G_, and 4. Those calculated
by new and old maximum strains should be reasonably close to each other. When the difference is less
than 1—35 %, the analysis is terminated (end).

— The number of iterations (trials and errors) is usually about 5-10, depending upon the required level of
difference between new and old G and 4.

Advantages of the method:

— The equation of wave propagation is rigorously solved from the mathematical viewpoint (i),
Therefore, a large thickness of layers does not make a serious error in computation. Hence, the
computation time can be saved by using large thickness and reduced number of layers. This is in
contrast with errors in finite element method and others that are generated by unacceptably large size
of layers.

— There are many experimental G/G,

max

and 4 data in literatures. Therefore, the preparation of input data
is possible without running laboratory tests.

Disadvantages of the method:

— In real earthquakes, G and 4 are not constant from the beginning till the end of shaking, although the
method assumes that they are constant.

Even in a single earthquake event, there is a stage in which the shaking and strain are small,
whilst in other stage they are large (Fig. 9.46). Hence, it is more appropriate to use different
values of G and /4 in different stages of shaking.

Dry sand subjected to cyclic loading of constant stress amplitude increases its G and decreases its
h as the number of cycles increases (see Sect. 10.3).

Loose deposit of water-saturated sand undergoing heavy shaking, which is one of the most
important subject of dynamic analysis, increases the excess pore water pressure with the
number of cycles. Accordingly, the effective stress decreases with time. Since G of sand
highly depends on the level of effective stress, it decreases with time. Therefore, the equivalent
linear method combined with the theory of harmonic shaking should not be used on the strong
carthquake response of loose sandy deposits.

It is empirically known, however, that the method of analysis is acceptable unless a
complete loss of effective stress (liquefaction) occurs.

— The effective strain is calculated by ¥ =0.65x 7, . The parameter of 0.65 is just empirical and
there is no theoretical background. It is maybe related to the electric theory of AC current. When the
strain time history is exactly
harmonic, in contrast, the
parameter should be 1.0.

— The maximum acceleration
in response is produced by Time
harmonic components of
high frequency. The strain  pjg 946 Conceptual time history of strain with varying magnitude
amplitude of those
components is normally small because their displacement amplitude is small, and hence large G and
small /2 should be assigned to them. Since the method uses for all the frequency components common

Stage of large strain

Strain

ta f small strain
‘S ocof s




values of G and A, which are actually relevant for a larger strain amplitude, the high-frequency
components are overdamped (i #%) and the maximum acceleration is underestimated. Sugito et al.
(1994) and Sugito (1995) improved this point by allocating different values of G and 4 to different
frequency components in accordance with their respective strain amplitudes.
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