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Abstract

It is important to understand the propagation of the stress waves through the soil dtrata
overlying the bed rock. Severa strong motion traces were recorded during the Kobe
eathquake at different observation dtes monitored by CEORKA (the Committee of
Earthquake Qbservation and Research in the Kansai Area). At the Port Idand ste
recordings were made in the N-S, E-W and U-D directions at four different depths.
The data from this Ste provides an excdlent opportunity to investigate the modulation
of dress waves as they travel from the bed rock to the soil surface. This report
concerns itsdf with the andysis of the data recorded a this site.

It was observed that there is significant attenuation of the peak ground acceerdion in
the upper drata of soil a this ste. The N-S component and the E-W component
during this earthquake are 180" out of phase as the strong motion reaches the soil
surface. Lissgous figures of these two components were constructed a dl the four
depths. These figures suggest that the strong motion polarises in the N-W and SE
direction as the it gpproaches the soil surface. The arrivad time of the U-D component
induced by the P waves was compared with the arivd time of the horizonta
components induced by the shear waves. As would be expected the P waves arrived
earlier than the shear waves at the soil surface. Frequency andyses were carried out for
strong motion recorded in both N-S and E-W directions. These analyses reveded that
there is a drong attenuation of high frequency components while sdlective discrete
frequencies are amplified as the stress waves propagate from the bed rock to the soil
surface. One of the implications of this observetion is that a sngle frequency
earthquake actuators which can impart powerful strong motion to the centrifuge mode
may be very ussful when moddling the dynamic soil-dructure interaction problems
with earthquake loading in a geotechnicd centrifuge.




1 Introduction

The earthquake of 17 January, 1995 near Kobe city in Japan has provided strong
motion records a severd locations. The earthquake measured 7.2 on the Richter scde
and inflicted sgnificant damage to the prosperous city of Kobe. There were extensve
liquefaction induced falures in the reclamed areas and seafront dtes. Mogst notable of
these falures were the quay wals which faled following liquefaction and led to falure
of heavy machinery like over head cranes, gantries and even effected near by buildings.
This report concerns itsdf with the andyses of ground motions recorded at the Port

Idand dte which is one of the reclamed aress.

It is known that the stress waves propagating from the epicentre undergo changes
according to the medium in which they are propagating. The soil layers overlying the
bed rock will modify the stress waves as they propagate towards the surface, and
largely determine the type of ground motion felt at the soil surface. This is extremdy
important when determining the damege to the dructures in different regions for the
purpose of congdructing the seismic zonation maps or when evaduating the performance
of a particular aseismic design (for example, base isolation of Structures). The effect of
the modulation of the stress waves by the soil layers must be ddineated from the
dynamic behaviour of dructure as an identicd dructure in different locations may
perform differently based on the ground motion it receives. Only then can we
determine ether the performance of buildings and map damaged dSructures in an
earthquake effected region or determine the efficacy of an aseismic design based on the
prevalent earthquake codes in that region. This immediately prompts us to sudy the

modulation of stress waves as they travel from bed rock to the soil surface.

Strong motion records at different observation dtes in Kobe were recorded by
CEORKA (the Committee of Earthquake Qbservation and Research in the Kansai
Area). The overd| digribution of the CEORKA observation sites can be seen in Figl.
In this figure the pogtion of the Port Idand Site can aso be seen. The specifications of
the seismometers used in recording the ground motions are presented in Table 1. Also

the soil conditions a dl of the CEORKA dtes are presented in Table 2 with the
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Fg. 1 Location of the CEORKA obsarvation sites in the Kobe City

MOR GAWA(ZH'I

UD[

YAE
108

™ e BRI LI Y

[ ..
Il[ .

i -
ABENO
"«2 oo
lll[ . )

u[ IIIIIIIIIIIIII

MR oo )
19 08 100 o
. VU
T 088 tewred
.. M-v-‘-/\.loav.ml\‘l\l\»\
. 84812 vased

4. 108 teasnd

Bee ettt e A

TIMB (se1. )
RN L RO | LI
11 2AY ha/Zit
. WWM-

15. 817 Lhasel

ot iegt bl Ao A A

& 818 hass)

T S S —

TINE foee)
$0. 00 I". "
T e e ]
4118 has/n
C A e it P A~ o A A g
24, 009 {cnse)
v AR A A

[ A RIT V1)

remrhmiin 1Y LRL. L BRSO AR
Clt 1 HAYA
Vinh e, )
' (1) 40 0
" LLT ST BT TTTTRE T TTTR Y RY = B L gy |
[ R R
e (R il

] 48 he/i)




Table 1 Recording System of CEORKA

Standard Wide Range
Sdemometer | Frequency Range 40sec. ~ 70Hz
Full Scale| Low Gain 40cmy/s| Low Gain 100cm/s
(10 Volt})) High Gain lem/s High Gain Scm/s
Acc. 1,000cm/s2
Recorder Channdl 3 \ 6
Sampling 50,100, or 200Hz
Pre-Trigger 5~30sec.
Triger Type Dynamic Leve, Logica
Interface RS-232C(Up to 38,400bps.)
Clock Radio Wave Correctted

Wide range type systems are installed at the Kobe-Univ., the Chihaya,

and the Y ae sites.

Table 2 Infonnations of Sites

Site Latitude |Longitude! Altirudel Soii Conditions
Kobte-Univ. [N34.725 !E135220: |i0miMesozoic granit
Kaoze N24.725 |E135281 |  23mjLate Pleistocene fan deposits
Amacasaki [N34.718 |E135.408 |  OmiThick Holocene deposits
Fukushima N34.687 [E133474 OmiThick Holoczne deposits
Morizawachi [N34.620 1E 1233572 ! im|Thick Hoiocene deposits
Yas X34.680 {E135.6121  3m|Thick Holocene deposits
Tovoraka |X34.801 |E135.501|  55m|Pliocene deposit
Sakai N34.564 E135.462 |  2m|Thin Holocene! deposits
Tadaoka X34.480 E135.408 |  12m|Thin Holocene deposits
Chihaya X34.439 |E135.659| 280m| Mesozoic granit
Abeno N34.636 Ei35.5 19 12m| L ate Pleistocene deposits
(Port Island)| X34.670 |E135.208 4m| Redlaimed land




latitude, longitude and the dAtitude of each recording station. Note in this table that the
soil type a the Port Idand Site is reclaimed land All of the data were uncorrected and

no processing was performed on the data.

2 Port Idand Site Specifications

Port Idand dte was chosen for the present andlysis as strong motion was recorded at
different depths at this Ste. This will endble us to study the modulation of the strong
motion as it propagates from the bed rock to the soil surface. As mentioned earlier this
gte is in the reclamed area where liquefaction of soil is a mgor concern. The plan
view of the Port Idand area is shown in Fg.2. In this figure the actud dte a which the
ingruments were located is marked by a solid dot (e). Accelerations were recorded at
four different depths namdy 83m, 32m, 16m bdow ground levd and a the soil
surface. The soil profile a this dte is presented in Fig.3. The soil properties and the
dress wave velocities in each of the sirata shown in Fig.3 are presented in Table 3. At
esch of the depths the acceeration-time histories were recorded in the N-S (North-
South) direction, E-W (East-West) direction and U-D (Up-Down) direction.

3 Strong motion records

The acceleration-time histories recorded at the Port Idand Site in the N-S direction, E-
W direction and U-D direction are presented in Figs4 to 6. In each of these figures the
accdeadiontime higories at different depths are presented. These figures show the
modulation of the strong motion as it traves towards the soil surface. In Fig4 the
srong motion in the N-S direction show a reduction of high frequencies as they travel
towards the soil surface. In Sec.6 of this report we shal condder this aspect in some
detal. Also the amplitude of the accderation decreases dgnificantly in the soil drata
lying between the ground surface and 16m depth. Looking a Fig.5 we can draw a
amilar concluson tha the high frequency components of the ground motion in the E-

W direction are attenuating as the waves travel to the soil surface and the amplitude of
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Fg.2 Flan view of the Port Idand area
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Table 3 Soil Informations of the Port Island Site

De pth PSBREH® R _5P7 Poigon Polio
B uE S ERD A o | P a S BE[S m o DE FEN W K 7y7kE
(a) Np(ka/s)¥s(ka/s) (MIN~MAX) g
e ~ 2o i Grovel! 0.260 | 0.170 | 5.2(3.6~5.6) |0.127
2.0~ S5.. OHg,. LI | 0.330 0.319

Reclaimed
5.0~ 12 6 © B Grover 0.780 | 0.210 [ 6.5(2.3~16) |0.461
ﬂ.i. with (rave l: )
12.6~ 19.0 BHEDLD 1.48 , 0.490
19.0~ 27.. | THE B EBMais | 18 | o180 3528~ | . 488
27.0~ 33 . ¥ Sand mm%m 1.33 | . 245 |13.5(4.2~138) |. 482
Sond with Erave i
33 .~ 5. - | BRbLD, R 153 2. 3.5 |36.5(8 ~94.7)]0.479
50.0~ 61.0 | B Samd 1.61 | 0.350 | 61.9(17~112.5)] 0.475
61.0~ 79.. | #5307 B+ Eyal2 ..303 [ 11.7(10.3~13) | 0. 482
19.0~ (85.0)| BB LD | TR ME 2 .- | - 32 |68.0(13.5~200)] 0. 487

ARG WL WY vy, T e |




the acceleration is decreasng markedly in the top 16m of the soil srata One of the
reasons for this may be due to partid liquefaction resulting in a patid loss of soil
diffness. This will result in a lower transmisshility of the stress waves thus resulting in
smaller pesk acceerations near the soil surface. However, no pore pressure
measurements were made a the dte to confirm the partid liquefaction hypothess.
Fig.8 dso shows atenuation of high frequency components in the U-D direction as the
vertical accelerations travels to the soil surface. Also the verticad accelerations show a

remarkable amplification as they agpproach the soil surface.

In Table 4 the pesk accelerations in each direction are tabulated. This table summarises
the observations made in the above paragraph on the attenuation of amplitude of the
accdlerations as the strong motion approaches the soil surface.

Table 4 Peak ground accelerations at the Port 1dand dte

N-S direction E-W direction U-D direction
(gals) (gals) (gals)
GL-00m 341.2 284.3 555.9
GL-16m 564.9 543.2 789.5
GL-32m 543.6 461.7 200.0
GL-83m 678.8 302.6 186.7
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4 Phase relationship between the N-S and E-W components

In this section we shall investigate the phase rdationship between the N-S component
and E-W component of the ground motion. In Fig.7 these two components recorded at
the ground level are shown. From this figure it can be seen that the N-S component
and E-W component are approximately 180" out of phase. This suggests that the pesk
acceleration in the North direction occurs a the same time as the peak acceeration
occurs in the West direction. To study this further Lissgous figure was congtructed by
plotting the N-S component dong the x-axis and the E-W component aong the y-axis
as shown in Fig.8. From this figure it can be seen that the resultant acceleration fied

acting on the soil body near the surface lies predominantly in the N-W and SE
direction.

In Fig.9 the N-S component and E-W component at the depth of 16m are shown. Asin
Fig.8 it is possible to see that the N-S component and E-W component are 180" out of
phase. The Lissgous figure for this case is presented in Fig.10. While the overdl
picture is presented in this figure it was obsarved that the two components have a
phase difference of 180° during the first haf of the earthquake and the phase difference
increases to 270" in the second hdf of the earthquake. This is reflected in the Lissgous

figure as the number of points dong the x-axis increases.

In Fig. 11 the N-S and E-W components recorded at a depth of 32m are shown. In this

case the above components are 180" out of phase for approximately the first 2 seconds
of the earthquake. The phase difference after this time is not clear. The Lissgous figure
for this case is shown in Fig.12. Again the overdl picture is presented in this figure. It
was observed that the two components show a phase difference of 180° during the first

2 seconds or so and phase difference after this time is not clear.

Smilar figures for the components a the depth of 83m are presented in Figs13 and
14. From these figures conclusons smilar to the above case may be drawn.

Comparing the Lissgous figures for dl the four depths presented in Figs.8,10,12 and

14 we can observe that as the stress waves are propagating towards the soil surface the




resultant acceleration fidd is polar-king in the N-W and SE direction. One of the
reasons for this may be that the earthquake motion has led to the generation of excess
pore pressures causing a partid liquefied soil in the upper strata. The loss of giffness in
alocd region may render the Site anisotropic and causing the strong motion to polarise
in one direction. Also it is possble tha the reclamed land is actudly subjected to
tortiond motion which can only be confirmed with more indruments dong any one
horizontd plane.
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Direction: N-S

)

N

0

~

E

— 0 A
-2 4

10 12 14 16 18 20 "

(s]
Direction: E-W
4
o
N2
7]
~N
£
0-
-2 A - . . - r v
10 12 14 16 18 20 22

[s]

Port Island = Seismograph 16m below ground level

TEST f FIG.NO.

MODEL | 9
FLIGHT I TIME RECORDS




600 -
E-W component  (m/s/s)
500 +
400 + Duraion= 12.6s to 23s
300 +
N-S  component  (m/s/s)
! | O N Bl oI\ =
-400 = g 00 0 500 600
2008 -
_300 L

Fg. 10 Lissgous plot between the N-S and E-W components
a 16m bdow ground levd




aatwa points piotted per compete transducer record

Direction: N—=S

2 J
@ 0 -
N
)
~
£
[lNl

-4
10 ,_.N ._.A ._.m ._.m N.O N.N
[
“ Direction: E—W
— 27
>
~
E |
ol |
-2 4
10 12 14 .__m 18 20 22
[s]
Port island — Seismograptk 32m below ground level
TEST _ | FIG.NO.
: MODEL 1
| £l 1GHT | TIME RECORDS




500 wm

E- Wcomponent(m/s/s)
400 +
Duration= 12.6s to 23s
300 +
0
+ ; f +=
-600 -500 -400 -300 - 300 400
N-S component (M/S/S)
A 00 ——
-300 L+

Fig. 12 Lissgous plot between the N-S and E-W components
a 32m below ground level



data points plotted per complete transducer record

) Direction: N-S
0
)
>
N -2
£ | f
-4
-6
10 1,2 1I4 16 18 20 22
(s]
Direction: E-W
2-
. | |
E 0
L—E—' V

1 \v

_2+ ‘

-3 4 — | |

10 12 14 16 18 20 22 24
[s]

Port Island — Seismograph 83m below ground level
TEST FIG.NO.
MODEL 13
ELIGHT TIME RECORDS




i
T T

'800 ‘600 ‘400 & b Y ‘ N ; : '\:}".;“; :/1:'\ 400
. § AL

N-S component (my/s/s)

Fg.14 Lissgous plot between the N-S and E-W components
a 83m bdow ground leved




§ Arrival of vertical accderations relative to horizontal accelerations

The horizontd accderations within the oil layer overlying the bed rock arise due to
the veticaly propagating horizontal sheer waves (S waves). The vetica acoderations
in the soil layer result from the Primary waves (P waves). In Tabdle 3 the dress wave
veodties for dl the ol draa a the recording dte are presented. The sher wave
veodties are dgnificantly lower then the primary wave vdodties From this it follows
thet the P-Waves mudt arrive & the surface ealier than the S» waves.

In Fg.15 the U-D component recorded a the depth of 83m bdow ground levd is
superposad on the trace recorded in the N-S direction. A dmilar plot showing the
upapagtion of the U-D component and the E-W component a this depth is
preeented in Fig.16. In both these figures the pesk acodedions in the horizontal
direction (both N-S and E-W) and verticd directions lie rdaivey dose to each cther.
In Fg.17 the U-D component recorded a the ground levd is superposed on the trace
recorded in the N-S direction. A dmilar plot showing the superpostion of the U-D
component and the E-W component a the ground levd is presanted in Fig.18. In Fgs
17 and 18 the pesk verticad accederations occur significantly before the pesk.
accderdions in the horizontd direction (both N-S and E-W). This confirms that the :
vaticd accdedions ae induced by the P-waves while the Sy waves cause the
horizonta  accderdtions.




data points plotted per complete transducer record
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data points plotted per complete transducer record
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data points plotted per complete tronsducer record
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6 Frequency Analysis of ground motion in the N-S direction

It was obsarved in Sec.3 that the strong motion suffers an attenuation of the high
frequency components as it propagates from the bed rock towards the soil surface. In
this section this feature is consdered in some detail. Frequency andyses were carried
out by usng the Discrete Fast Fourier Transform (DFT) method. In Figs19 to 22 the
frequency analyss of the N-S component and the actud time trace of the strong
motion at different depths are presented.

The frequency andyss of the strong motion recorded a the depth of 83 m shows
ggnificant components a various frequencies between 0 to 10 Hz as seen in Fig.19.
Some of these high frequencies are filtered by the time the srong motion arives a the
depth of 32m. This is seen in Fig.20 which reflects the atenuation of the 2.8 Hz
component and amplification of the 0.5 and 0.75 Hz components. As the strong
motion travels upwards to the depth of 16 m the 0.5 and 0.75 Hz components show
further amplification as seen in Fig.21l. As the strong motion reaches the soil surface
there is some attenuation of the 0.5 and 0.75 Hz components as seen in Fig.22. The
28 Hz component and dl of the high frequency components suffer extensve
atenuation in this region as reflected in Fig.22. Comparing the frequency andyses in
Figs 19 and 22 the dramatic filtering of the high frequency components is visualised.

The effect of partid liquefaction was proposed as a possible reason for the attenuation
of amplitude of the ground motion in the upper drata a this dte. It is clear by
comparing Figs19 and 22 tha this atenuation is not effecting dl the frequency
components in the same way. The 2.8 Hz components suffers extensve attenuation in

the top 16m of soil strata bringing its magnitude from 0.15m/s* a 16 m depth to 0.02

m/s* a the soil surface (a reduction of 86.6%). The 0.5 Hz component suffers an
attenuation from 0.22 m/s? to 0.18 m/s* in the same soil strata (a reduction of 22.2%).
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data points plotted per complete transducer record
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data points plotted per complete tronsducer record
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7 Frequency Analyss of ground motion in the E-W direction

As in the previous section frequency andyses were caried out by usng the Discrete
Fest Fourier Trandorm (DFT) method. In Fgs23 to 26 the frequency andyss of the
E-W component and the actud time trace of the srong motion a different depths are
presented.

The frequency andyss of the drong motion recorded a the depth of 83 m shows
ggnificant components a various frequendes between 0 to 10 Hz as seen in HQ.23.
Some of these high frequendes are filtered by the time the srong mation arives a the
depth of 32m. This is seen in Fg.24 which reflects the marked atenudtion of the 2.8
Hz component and amplification of the 0.2, 05 and 0.75 Hz components. As the
grong motion traves upwards to the depth of 16 m the 0.5 and 0.75 Hz components
show further amplification as seen in FHg.25. As the srong motion reaches the soil
surface there is some attenudtion of the 0.5 and 0.75 Hz components as seen in FHg.26.
The 28 Hz componet and dl of the high frequency components suffer some
atenuation in this region as reflected in FHg.26. Comparing the freguency andyses in
FHgs 19 ad 22 the dramdic filtering of the high frequency components is visualised.
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datc points plotted per complete tronsducer record
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data points plotted per complete transducer record
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8 Freguency Analysis of ground motion in the U-D diredtion

As in the previous section frequency andyses were carried out by using the Discrete
Fast Fourier Transform (DFT) method. In Figs.27 to 30 the frequency andysis of the

U-D component and the actua time trace of the srong motion at different depths are
presented.

The frequency analysis of the strong motion recorded at the depth of 83 m shows
ggnificant components a various frequencies between 0 to 25 Hz as seen in Fig.27.
Significantly there are large components between 0 and 2.5 Hz. The frequency
components between 25 to 5 Hz show amplification by the time the strong motion
arives a the depth of 32m as seen in Fig.28. As the strong motion travels upwards to
the depth of 16 m there is an overall amplification at ailmost all of the frequency
components as seen in Fig.29. As the strong motion reaches the soil surface there is
further amplification of the 0.5 and 0.75 Hz components as seen in Fig.30.

The pattern of amplification of the vertical accelerations is very different from that of
the horizonta accelerations (both N-S and E-W components). This may be expected as

they are induced by different kinds of stress waves namely the P-waves and Sk waves
& explaned in Sec.S.
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data points plotted per complete transducer record
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data points plotted per complete transducer record
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8 Implications for modelling of seismic events in a geotechnical centrifuge

Dynamic centrifuge modelling is being extensively used over the past decade in
moddling of the seismic events in a geotechnica centrifuge. There is a vaid discusson
on the type of strong motion that must be used to study the dynamic behaviour of a
generd  soil-structure problem subjected to earthquake loading. Use of servo-hydraulic
systems which simulate a ‘realistic ground motion’ observed in one of the past
earthquakes is an approach followed by many universitiesin the USA likeCaltech,
RPI, UC Davis and Boulder. One of thedifficulties of this approach arises from the
fact that use of multi-frequency input may excite various modes of vibraion in the
mechanical actuators and centrifuge swings. the effects of which are hard to
differentiate from the ‘real’ soil behaviour. An alternative approach used at the
Cambridge University is to use a sngle frequency input to which the system (actuator
and swing) response is known. On such system called the Bumpy Road earthquake
actuator was used very effectively to study the effects of dynamic soil-structure
interaction during earthqueke loading, liquefaction induced fallures and many such
problems. Currently a new system called the Stored Angular Momentum (SAM)
actuator is being commissioned which increases the versdility in dynamic centrifuge
testing compared to the bumpy road actuator by giving the research worker the choice
of frequency of the strong motion and the duration of the earthquake. Also the
drength of each earthquake can be varied as desired.

The frequency anadlyses of the actud horizontal strong motions recorded a the Port
Idand ste as explained in Secs.5 and 6 emphasises the following facts;

|. as the strong motion travels from the bed rock to the soil surface the high frequency
components are severely  atenuated;

II. specific frequency components of the ground motion show sgnificant amplification
reldive to the other frequency components (which most probably correspond to the
natural frequencies of the soil stratum).




The above facts suggest that it will be more useful to simulate ground motions in the
centrifuge which are close to one of the natural frequencies of the soil layer being

tested. At Cambridge University it is hoped that the new SAM actuator will be able to
impart low intensity earthquakes which sweep a range of frequency. Data from these
earthquakes will be used to identify the resonant frequencies of the soil-structure
system being investigated. Stronger earthquakes which inflict damage to the soil-
structure system will then be fired a one of the eigen frequencies detected in the low

intensity sweeping frequency earthquake. This procedure will be repeated to follow the
soil-structure  system  through damaging earthquakes.

9 Conclusions

The strong motion traces recorded a the Port Island site during the Kobe earthquake
were analysed. At this site recordings were made in the N-S, EEW and U-D directions
at four different depths. The data from these recording provides an excellent
opportunity to investigate the modulation of stress waves as they travel from the bed
rock to the soil surface. It was observed that there is significant attenuation of the peak
ground acceleration in the upper strata of soil a this site. The N-S component and the
E-W component during this earthquake are180° out of phase as the strong motion
reaches the soil surface. Lissgous figures of these two components were constructed
a dl the four depths. These figures suggest that the strong motion polarises in the N-
W and S-E direction as the it approaches the soil surface. The arrival times were
compared between the U-D components induced by the P waves and the horizontal
components induced by the shear waves. As expected the P waves arrive earlier than
the shear waves at the soil surface. Frequency analyses were carried out for strong
motion recorded in both N-S and E-W directions. These analyses suggest a strong
attenuation of high frequency components while selective discrete frequencies are
amplified. This suggests that single frequency earthquake actuators may be sufficient,

atleast in theinitial studies of the dynamic soil-structure interaction problemsin a
geotechnical  centrifuge.
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