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ABSTRACT

The seismic behavior of lifeline systems is predominatly controlled by the ground displacement/
strain characteristics. This study investigates the ground displacements and ground strains from the
latest strong-motion arrays data recorded at PWRI and Ashitaka sites.

At PWRI site, which have both horizontal and vertical arrays, separated by approximate 50m,
it is found that the ground displacements seem to be dominated by the shear wave. Depth effects on
the amplification of ground displacements have been observed.

At Ashitaka site, which has only surface arrays, the strains calculated with a distance ranged
from 400m to 1300m could not represent the peak ground strain condition. Note that the original
purpose of the strong motion array deployment at Ashitaka site was to study the wave propagation
characteristics. To be useful to lifeline application, more strong motion acclerographs apart no more
than SO meters must be installed.
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INTRODUCTICN

The seismic behavior of lifeline systems, such as water, sewer, oil or gas pipelines etc. is predomi-
natly controlled by the ground displacement or ground strain characteristics. In application, the free
field motion on the surface of the ground would be sufficient to represent the ground motion input,
because even for buried lifelines, the buried depth in general is rather shallow, say 1m to 2m deep as
compared to subsurface soil layer.

Although it is quite important, the direct measurement of ground strains is very difficult, if not
impossible. However, with the installation of strong motion dense arrays, it is now possible to calcu-
late the ground strains from the earthquake records with some degree of accuracy.

Recently, the Public Works Research Institute has deployed a local laboratory array consisting
of 20 accelerometers at PWRI site and a simple extended array consisting of S accelerographs at
Ashitaka area in Shizuoka Prefecture. Since their installations, there have been a number of earth-
quake data recorded from these sites. Preliminary results on subsurface strains calculated by using
some earlier data have been reported.4) »

To supplement the earlier report(4), this study is to investigate the surface ground strains from
the latest data recorded at PWRI and Ashitaka sites for future application to lifelines. Also the
subsurface ground strains from PWRI site, where data from vertical arrays are available, were investi-
gated in order to determine the depth effects.

BACKGROUND DATA

(A ) PWRI Site

The strong motion arrays, designated as A, B and C Fields, at PWRI are shown in Fig. 1. The
geological profile at the site is shown in Fig. 2. One can see from figure 2 that the geological condi-
tion around the institute is more or less uniform. Shear wave velocities of the upper and lower
diluvial deposits are approximately 250m/sec and 400m/sec, respectively.

Fig. 3 shows instrumentations at A, B, and C Fields. The number of accelerometers and the
number of channels of strong-motion arrays at these fields arc given in Table 1. The details of the
triggering, recording and processing of the array systems can be found in the earlier reports (3, 4, 5)
and thus will not be repeated.

Since last report after December 1980, three earthquakes, occurred in the middle of Chiba
Prefecture, south-west of Ibaraki Prefecture and south-west of Ibaraki Prefecture, have been re-
corded at PWRI site. Denoted as EQ-13, 14 and 15, the epicenter locations, focus depths, and IMA
magnitudes are given in Table 2. Fig. 4 shows the epicenters of these earthquakes.

Due to the fact that the magnitudes of EQ 14 and 15 are too small to give meaningful results,
this study uses EQ 13 data only. Table 3 gives the maximum acceleration of the channels that were
funcitioned properly during the earthquake. Appendix Al shows the time histories of the corrected
accelerations of those channels recorded.

(B) Ashitaka Site

The Ashitaka site is located between Numazu City and Fuji City in Shizuoka Prefecture facing
Suruga Bay. Fig. 5 shows an aerial view of the array at the site. This is a simple extended array on
the surface of the ground crossing Ukishimagahara in almost NS direction as shown in Fig. 5. The
layout of strong motion accelerographs is shown in Fig. 6. Note from this figure that Point 4 had
no data due to mal-function of the accelographs. Thus, there are only 3 segment routes, i. e., 12,
2—3 and 3--5, at the site. - ,

The geological section along the simple extended array is shown in Fig. 7. Shear wave velocity
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of subsurface ground is in the range between 70m/sec to 200m/sec. Tuff breccia exists at the depth
of approximately 35m below the surface and has a shear wave velocity of approximately 650m/sec.

Due to the fact that the accelerographs, which are in NS and EW directions, do not coincide with
the segment route directions of the array as shown in Fig. 6, a coordinate transformation is needed in
order to calculate the ground strains along the route of the arrays. As shown in Fig. 8, the coordinate
transformation is done by following equations:

X = xgcos0 + yosingd
(1)

Y = —Xqsind + yocosd

where X, Y are the coordinates along the segment route, xq and yo are EW and NS direction, and 0 is
the angle of rotation shown in Fig. 8.

After the coordinate transformation, the time histories of the corrected accelerations for 3
segments in Ashitaka site are given in Appendix B1. The maximum acceleration along three segment
routes are given in Table 4.

CALCULATION OF GROUND VELOCITIES AND GROUND DISPLACEMENTS

The determination of ground velocity and ground displacement can be obtained by integrating
the orginally recorded acceleration data, a(t), once and twice through Fourier transformations.
The procedure first requires the transformation from time domain to frequency domain as

B = [ a(t)e2miftdy (2)

To remove the undesirable errors (noise) in low and high frequency ranges, a band-pass filter
must be applied to the acceleration records:

) = F(OFD | (3)

In this study, a trapezoid type filter shown in Fig. 9 is used. Mathematically, it is expressed as
follows:;

( O. ... i f < foe

£ — fi ip(f)
® fee < f<fou
fou—fee  R(f)
eig(f)
F) = < .................... fou < L, 4
<5 R() us < fug ’ (4)

fuu = f e§¢>(0 ...... fu0 < £< fuy
fuu—fug RO
[+ I £ >fuu



in which R(f) and ¢(f) represent amplification and phase of sensors, respectively.

For broader applications, three different filters, called F1, F2 and F3, with different low fre-
quency limits are suggested and shown in Table S.

After the filtering operation, the modified or corrected acceleration a(t) can be obtained as:

a(t) = f.2 F(f) e2miftaf (s)

and the velocity v(t) and displacement d(t) associated with a(t) are calculated in the forms:
vt) = /2 (O e2miftdf (6)
4 =13 (0 e2niftar (7)

Based on the characteristics of sensors used at the PWRI site, the amplification R(f) and phase ¢(f)
in Eq. (4) were taken as

1 —(f/fe)?y 2
R(f) =,1/ (—;h_f}f_:—) 1
(8)
/ 2hflf
oD = tan“‘("———“—l —(f/fo)z)

in which fy and h, representing natural frequency and damping ratio of sensors in a type of velocity
feed -back servo accelerometer, are taken as the values shown in Table 6.

By applying this procedure with F3 filter to the strong motion data at PWRI site, the time
histories of velocity and displacement for PWRI site are obtained and shown in Appendices A2
and A3, respectively. Note that at the beginning of this study, all three filters have been used in the
analysis, but it was found that F3 was most satisfactory.

Similarly using F3 filter, the time histories of velocity and displacement for Ashitaka site
were calculated and shown in Appendices B2 and B3. In this case, the amplification R(f) and phase
#(f) were taken as unity and zero, respectively, because the sensors used at the site are displacement
feed back servo accelerometers havmg a flat sensitivity between DC and 50Hz.

After integrations, the maximum values of velocities and displacements for PWRI site and Ashi-
taka site are given in Tables 3 and 4, respectively.

ANALYSIS OF GROUND STRAINS

( A) Finite Element Strains at PWRI Site

Because PWRI site consists both vertical and horizontal arrays, it is possible to construct a
tetrahedron, shown in Fig. 10, for strain analysis. At each nodal point, the displacements u(t),
v(t) and w(t) in the tetrahedron are assumed to be lmear inx-,y- and z-direction. Mathematically,
they can be expressed as:




u=q +
v=8 -+
w=q +

X + ay + asz
Bax + B3y + Baz
Q2X + qy + qaz

(9)

where the coefficients o, 8, and qi can be determined by prescribing the nodal coordinates.

Following Ref. 2, Eq. (9) is rewritten in matrix form as:

u PTY ' aj +
1 [lll llJ U Up aj +
V(T o YiYi Ym vp !
w v Wi Wj W Wp am
al) _*'
where
Xi Yi zj
aj = det [Xmymzm]| ; bj = —det
Xp ¥Yp ?%p
xj 1 z _
¢j = —det|xm | zm{; dj = —det
Xp 1 Zp
I xi yi
6V = det |1 X Vi %
' Xm Ymzm
l Xp }’p Zp

bix + cjy + djz
bjx + ¢y + djz
bmx + cmy +dmz
bpx + cpy + dpz

(10)

I yj 2
I Ymzm
1 ypzp

(11)

xji yi 1
Xm Ym !
Xp Yp 1

(12)

and Xy, Yy, Zg are coordinates of point k (k = i, j, m, p) and other constants, ak, bk, ck and dk
(k = j, m, p) can be obtained in the same way by changing the subscript in the order of j, m and p.
The determination of strains 4) of a ground element surface,{ ¢ }, can be done as:

[€x )

€z
{ej= {4 Txy r=J

'sz

\ 7zX )

ou/ox
ey ov/dy
ow/oz

B8
Q+gw |
| gy +3u

<

g

- (13)



By substituting Eq. (9) into Eq. (12), { ¢} can be written in the form:

{e}= [B1(8)= [Bj Bj By Bp] (5) (14)
where
Fbk 0 o |
0 ¢ O
0 cx dk -
= |1 =

[ Bk] = = lo by 0 , k=i, j, m,p) (15)
0 dg ¢k
dg O ka

{8k} ={uy vk‘ wk}T (17)

According to the above procedure, a computer program 4) has been written and is used in this
study.

In consideration to evaluate the depth effects on ground strains, 10 observarion stations at PWRI
were selected to form 8 different tetrahedrons as shown in Fig: 11 for the strain analysis.

For lifeline applications, the principal strains, which dominate the system response behavior,
must be determined. Since most lifeline systems are constructed in a horizontal plane (i. e. x-y
plane) with respect to the ground, only ex, €y and Yxy are necessary to calculate the principal strains
in x-y plane. Thus, the principal strains?) in x-y plane are:

ex + ¢ €x — €y 2 1
€pl = Y +A/\’ 5 ) + — ¥Y’xy

2 4
‘ (18)
ex + ey A/ex‘e)"2 .,
€ = — —_ N 4+ —
p2 5 ( 5 ) 4 7 xy
and the principal angle is
¥ _
tan20 = Ex——i{xé“y"‘ _ g , (19)

Based on above described procedure, the ground ‘strains, €x, €y, Yxy as well as the principal
strains and principal angle for the xy plane of the 8 tetrahedrons, 4 for surface or upper level strains
and 4 for below ground or lower level (50m deep) strains, are presented in Appendix A4, The
maximum strains are listed in Table 7, '

( B) Nomal Surface Strains at Ashitaka Site




Due to the fact that Ashitaka site has accelerographs on the ground surface only, it is not possi-
ble to obtain the finite element strains described carilier. Upon transformation of coordinates,
the normal ground strain, €, along the array segment route can casily be determined as:

i i
¢ij = _._?.(_.___..’5. (19)

where ¢;; represents the average strain between nodes i and j, and ui, and uJ are ground displacements
in i-j direction at node i and j, respectively; Ljj is the distance betwccn i and j. Based on above
procedure, the strain time histories for the Ashitaka site are shown in Appendix B4. The maximum
strains at Ashitaka site are given in Table 8.

DISCUSSIONS

In examining the maximum ground displacements at PWRI site from Table 3, one can find that
the displacements on the surface in general are larger than those underground as expected. It is
interesting to note, however, that the amplification due to the depth effect in the EW direction is
more than in the NS direction. Since the epicenter of EQ13 was located at 71km south of PWRI,
such amplification in the direction normal to seismic wave propagation direction may be attributed
to the shear wave.

The amplification on ground strains can be seen in Table 7 and similar conclusions are observed.
To quantify the amplification due to depth effect, the magnification ratios, which is defined as the
maximum upper level strain divided by the lower level strain, for PWRI site are given in Table 9.
It is found that the amplification of axial strain in EW direction ranged between 3 to 4. For NS
direction, however, there was little amplification (magnification ratio = 1.07 for Zone I and H)
or even reversed amplification (0.82 for Zone IH and 1V). Such reversed amplification, perhaps,
is due to the variation of local geology/soil conditions at the site. For future application to lifeline
systems, earthquake input (acceleration and/or velocity) must be correlated ground strains along
with site environments (geological and/or soil conditions). More data must be obtained.

For Ashitaka site, the strains, which were calculated over a distance ranged from 400m to 1275m,
were too low to represent the peak ground strains for lifeline application. Note that the original
purpose of the strong motion array deployment at Ashitaka site was to study the wave propagation
characteristics. Thus, to be useful to lifeline application, more strong motion accelerographs apart
no more than 50m must be installed.
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Table 1 Number of Accelerometer and Number of Channel of Strong-Motion Arrays at PWRI

FIELD DEPTH POINTS CHANNELS
GROUND 7 2l
SURFACE
A-FIELD = 2m 1 3
= 50m 5 15
- 2m 1 3
B-FIELD -~ 66m 4 12
’ —96m 1 3
GROUND
. 1 3
C-FIELD SURFACE
TOTAL 20 60
Table 2 Information on Earthquakes Recently Recorded at PWRI Site
Epicenter Epicentral IMA Depth
EQ.No.| Date Distance | Magnitude | [km ]
Region Longitude | Latitude [km ]
EQ-13 | 1980.9.2s | CentralChiba | yq0015" | 35°30" 71 6.1 70
South East of 1oaa! 0441
EQ—14 | 1981.1.28 Tbaraki Pref. 139°48 36712 32 <4 60
_ ' South East of ong! ong ' approximatel
EQ-15 | 198l. 3 12 [ o ber, | 140°06" | 36°00 14 proxijately | 6o




Table 3 Maximum Accelerations (gal), Maximum Velocities (cm/sec) and Maxi-
mum Displacements (cm) of EQ 13 at PWRI Site

. Max. Max. Max.
Point Comp. Accel. Vel. disp.
NS 3947 2.40 ~-0.299
i EwW 40.08 —2.48 0.342
Ub - 12.64 -0.79 -0.112
NS 13.05 -1.19 0.242
2 EW — 14.94 1.03 0.189
UD - 594 0.54 - 0.081
NS 15.20 -1.22 0.233
3 EW —13.95 1.00 0.180
Uub - - -
NS 12.61 -0.99 ~0.212
» 4 EwW 14.48 1.29 0.208
UD —5.86 0.56 0.085
NS 11.81 ~1.04 -0.206
5 EwW 14.59 1.32 0.224
UD — - ~
NS ~14.41 -1.03 —0.243
6 EW ~13.58 - 111 ~0.206
ubD - 6.81 0.46 - -0.074
NS 43.04 -2.43 -0.282
7 EW 44.15 3.52 0.473
ub . -11.61 =077 0.102
NS 25.29 -~ 1.54 -0.202
8 EW 23.76 1.57 0.247
Ub 7.35 ~0.40 0.061
: NS -32.58 . 2.24 0.328
9 EwW 35.49 2.78 0.446
UD : - - -
NS 2251 ~1.20 0.152
13 EW 28.00. - 1.81 0.242
uD -6.75 -0.43 —-0.052

* No data due to mal-function of instrument

— 10 —~




Table 4  Max. Acc. (gal), Max.Vel.(cm/sec) and Max. Disp. (cm) at Ashitaka Site after Coordinate

Transformation
Max. Max.  Max.
Segment Station Comp. Acceleration Velocity Displacement
[ gal ] [ emfsec ] [em ]
NS ~-173.10 3.33 1.69
1 EW 122.00 -3.31 0.90
UD 73.80 2.13 - 0.66
Iv2 NS ~181.00 ~6.84 0.79
2 EW 169.00 -9.61 0.93
uD 68.80 2.62 -0.54
NS -192.00 =711 0.80
2 EW 156.00 -9.49 -0.86
UD 68.80 2.62 -0.55
23 NS ~163.00 ~7.48 0.92
3 EW -120.00 ~9.12 —-0.74
uD -36.8 -1.82 -0.57
NS -151.0 ~7.96 -0.77
3 EW 135.0 —-8.90 -0.90
8))) —36.8 -1.82 —-0.57
3nvs NS 99.4 ~3.82 0.73
5 EW —-111.0 2.82 0.82
uD 46 1.51 0.44
Table 5 Band-Pass Filter
Filter 16 1ful fugl H
No. Q[ sec ] /fqul sec ] ugl Hz | _ fyu[Hz ]

F-1 11 10 20 21

F-2 8.5 7.5 20 21

F-3 6 5 20 21

11 -



Table 6 Characteristics of Sensors Used at PWRI Site

. Natural Frequency Damping Ratio h
Point No. fo [Hz ] Lower Frequency High Frequency
Range Range
19 5 100 50
13 5 50 S0

Table 7 Maximum Ground Strains [ X10°¢ ] at PWRI Site for EQ 13

Zone Strain Lower Level Upper Levei

€x 9.4 —-27.2

Gy - 14.5 15.4

I €z -124 —-124

Txy - 134 —-46.4

’sz - —54.2

Yzx 59.7 68.2

€x 12.1 524

€y - 14.5 15.4

€z -124 -124

I Txy 15.8 66.4

Tyz - —54.2

Yzx 60.4 47.3

€x 12.1 524

Ey 17.3 14.2

‘ €z -12.4 —-12.4

Il Ty 20.1 8i4
Tyz - -

Yzx i 60.4 47.3

€y 9.4 ~272

éy - 17.3 142

€z -12.4 -124

v Xy -19.1 32.2
Yyz - -

Yzx 59.7 68.2

~12-




Table 8 Maximum Normal Ground Strains [ X107 ]
along the Route of Array at Ashitaka Area

Segment Strain e,
1~2 (2=790m) -7.6
2~3 (2=403m) ~224
3~5 (2=1275m) 6.7

Table 9 Magnification Ratio (Max. Upper Level Strain/Max.
Lower Level Strain)

Zone Strain Magnification
€y 290
€y 1.07
€2 1.00
I 'ny 3.47
Tyz , -
Yzx : 1.14
. €x 4.33
3 Ey 1.07
' €z 1.00
I Txy 4.19
Yyz -
Yzx : 0.78
€x - 4,32
€y “0.82
: €7 1.00
Il » 7),_(y 4.05
Yyz -
C Yzx : 0.78
. €y ' o 2.90
’ €y 0.82
€z ' 1.00
v Txy . _ 1.69
yz -
YzX . 1.14

- 13 -
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APPENDIX B—-ASHITAKA SITE

ACCELERATION TIME HISTORIES
VELOCITY TIME HISTORIES

DISPLACEMENT TIME HISTORIES
GROUND STRAIN TIME HISTORIES
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Appendix Bl Time History of Accelerations (gal ) for Three Array Segments in Ashitaka Site
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Appendix B2 . Time History of Velocities (cmsec]) for Three Array Segments in Ashitaka Site
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Appendix B3 Time Histories of Displacements {cm)for Three Array Segments in Ashitaka Site
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Appendix B4 Time Histories of Ground Strains {X 107) for Three Array Segments in Ashitaka Site




