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Abstract

Differential ground motion under the base of a structure imposes direct strain on the
structure in addition to the strains caused by inertial loading. In order to assess the importance of
these differential strains, differential arrays of digital accelerometers with pre-event memory
were installed at El Centro and Hollister, California. These arrays produced useful data for the
1979 El Centro, the 1984 Morgan Hill, the 1981 Westmorland, and the 1986 and 1988 Hollister
earthquakes in California. This report presents differential displacements and spectra for the ML
= 5.3 1988 Hollister earthquake of February 20, 0839 G.M.T. The differential displacements and
spectra for the first 4 earthquakes are discussed in Bycroft and Mork, 1987. In certain
circumstances the differential strains are significant.

Introduction

Aseismic design generally has assumed that all points on the ground move in unison with
the free-field motion over a region that is larger than the foundation of the structure. This
assumption is based on the notion that seismic waves are propagated substantially in
high-wave-velocity basement rock and transmitted vertically to the region of interest through
lower velocity layers. However, surface waves propagating horizontally through surface layers
may have wavelengths along the surface of approximately the dimensions of a large structure
(Trifunac, 1972; Wong and Trifunac, 1974; Bycroft, 1980). Further, differential ground motion
may be caused by local inhomogeneity. The foundation of the structure would then undergo
differential motions that would cause additional strains to be superimposed on those due to
inertial loading. Thus, for example, adjacent bridge piers would move relative to each other and
cause stresses in the piers and the bridge decking. Structures built on spread footings, dams and
pipelines would be similarly affected.

To study such motion, differential ground motions must be measured. Methods of
utilizing this information in seismic design should be developed. Arrays of seismometers have
been installed at El Centro and Hollister, California. These arrays are discussed in Bycroft
(1982, 1983). Figure 1 shows the configuration of the Hollister array.

Differential Displacments

The processing of accelerograms to give displacements has long been a problem due to
the double integrations of base-line error, long-period noise quantification errors, and problems
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related to the mechanics of film transport. The original processing was directed towards
digitized film records and was developed initially at the California Institute of Technology.
Many changes have been made at the U.S.G.S. resulting in a present form known as AGRAM
(Converse, 1984). This program has many options available depending on the judgement of the
user for his particular application or data. The processing includes instrument corrections, base
line corrections and high pass filtering to eliminate long period noise and quantification errors.

In studying the direct strains on a structure displacements themselves are of no interest
because only the difference of displacements occur in the structural equations. Consequently,
only differential displacements are considered. This difference will eliminate those real
long-period seismic signals whose wavelengths are large compared to the spacing of the stations.

Differential Spectra

In order to examine the significance of a structure subjected to differential strain loading
in addition to the inertial loading, a simple model, that is affected by both these loadings was
investigated. Figure 2 shows this structure as a simple single-span bridge structure with two
vertical piers connected by a deck. Transverse horizontal ground motions are applied to this
structure so that shear stresses are developed in the three components. The masses are lumped
together where the deck joins the piers. The masses are equal to m, the shear stiffness of the
piers is Kk, and the shear stiffness of the deck is k,. Different horizontal displacements y,(t) and

y,(t) are applied to the base of each pier. A response spectrum R was calculated. This response
spectrum is defined as the ratio of the maximum strain in pier 1 when the displacement inputs are
y;(t) and y,(t) to that of the maximum strain in pier 1 when y,(t) = y,(t). This ratio R is then a
suitable measure of the effect of the addition of differential strain to the inertial loading. Itis
readily shown that

A
(1) R=%
where
Q) A=Y 0 can

where Max means the maximum value of the integral during the length of the input and where
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5) o=\l
(6) o=\

@) A = modal damping factor, common to both modes.

Similar equations apply to the longitudinal horizontal motions.

These spectra are for a simple two-degree-of-freedom structure and are relevant to
situations where the two stations are close. A multi-degree-of-freedom spectra is being
developed that is more relevant to stations farther apart.

February 20, 1988 Hollister Records

The Hollister Differential Array gave useful data from stations 1, 2, 5, and 6 for the
February 20, 1988 Hollister earthquake.

Differential Displacements

The double integration of accelerograms that give satisfactory values of differential
displacements is discussed in Bycroft and Mork (1987a). Again, a bidirectional Butterworth
filter with a long period cut-off of 5 seconds and order 2 was used. The base line correction was
determined by least square fitting a zero line through the first 2 sec. of each record. The
displacements at stations 5 and 6 were rotated to give displacements longitudinal and transverse
to the joining leg. Figs. 3, 4, 5, and 6 show the corrected accelerograms and the differential
displacements between the stations 2 and 1, 6 and 1, 5 and 1, and 6 and 5 for the first 20 seconds.
This was a small earthquake and the difference of displacements is correspondingly small.

Differential Spectra

Differential spectra have been calculated from equation 1 and are shown in figs. 7
through 30 for various parameter values. For low values of omega 1 the value of R tends to a
value close to unity. For high values of omega 1 the value R is significantly higher than 1
showing that differential strains are now quite significant. In the intermediate range of omega 1
the value of R is significantly lower than 1 in most but not all cases. This is different from the
earthquakes discussed in Bycroft and Mork (1987a and 1987b) and could be a function of the
locations of the epicenters relative to that of the array. The effect of damping shown for the
cases omega 1 equals omega 2 does not follow any recognizable trend.



Conclusions

Differential displacements contribute significantly to the strains developed in larger
structures by an earthquake especially for the higher frequencies. Different earthquakes,
recorded at the same array, show significantly different trends in the mid range of frequency
presumably because of the different location of the epicenters. In general, no distinct patterns are
discernable in the current data and consequently much more data from many different locations
and earthquakes is needed.
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Figure 2.
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Model for differential spectra.




oc

0c

81

Bl

81

91

¢ b

SANOD3S
¥l 2l ol B 9 14 Z

I T Y I B | | | czo-
=
w
T
o>
- wm
<
m
pd
l

—¢C'0

vl ct ol _m 9 14 4

_ _ _ _ _ _ | T | | GG —

jo 69
>
b ks
! ‘ . Nm
Hilt!, N
i) it ___: iy . adad
i _ i _ ,% yw
o2

- 0°69

ZZ'0 '2S'89— (03S/23S/ND) SIANTIWA Mv3id
D3S Z 0L 0 ¥Y0D 3INITISVE ‘Z ¥30H0 ‘ZH T LV HIYOMH3ILING
LND G /G:6EB0 ‘8BEL ‘0Z A¥VNYE34 40 IMVNOHLYVYI
S334930 Sve
I ON — Z ON AVYMY IVIINIYI44I0 ‘Y3LSITI0OH



0¢

0c

81

81

5 b

SONOD3S

9l vl zi o} 8 9 ¥
| _ _ _ _ _ _ “ | Food _ |

91 vi A

; Afshoa

—-18°0

| Wi W

19°0— ‘16°ZZZ— :(03S5/23S/WD) SINTVA Mvad
D03S Z Ol 0 :¥Y¥0D 3ININ3SVE ‘Z 43A¥0 ‘ZH Z° LV HIHOMY3LINS
LN G /GBFRB0O ‘8861 ‘0Z AYVNYEIS 40 INVNOHLHVYI
S33¥930 810
Q3LVIOH ‘I ON = 9 ON AVYYY IVIIN3IYIS4IQ ‘¥ILSITIOH

—"0g¢

_I_m.ol

NO
IN3N30VIdSIa

— 08z~

23S/23S/NWD
NOILYYIT3ID0V



0c¢

074

Bl

Bl

/
S A
SONOD3S

9l 4! 4! 0l 8 9 ¥
_ _ _ _ _ _ _ | _ o3 _

94 vl ¢l ol B8 9 ¥

>
N

ZZ0— '¥6°291— (D03S/D23S/WD) SIANTVA Mvid
D3S Z 01 O :¥¥0D 3INM3SYE ‘Z ¥3a¥0 ‘ZH Z° 1V H1YOM¥3LLNg
1ND G'/G:BEB0 ‘8861 ‘0T AMVNYEI4 40 IMVNDHIHY3
$334¥930 810
Q3LVI0Y ‘I ON — G ON AVYYV WILNI¥I44IQ ‘Y3ILSITIOH

= 0Lt

—¢20

—&c0-

NO
ININIOVILSIO

ﬁ..ot.l

235/938/WD
NOI1V¥3T1300V



94
SANOO3S

0c¢ Bl 91 14! cl Ot 8 9 14

0¢ 81 9 14! cl 01 8 9 14

~9%°0-

I
NO
IN3IN3OVIdSIa

—-9%°0

~— 0¥C-

(/\K/\)/\..f.)/\l/)\/.))\/\/\:/\l\/\/\/)\.(( T TIRINTVEVS
WA

9v'0— ‘09'8¢¢— :(D3S/D03S/WD) S3INTVA Mv3d
D3S Z 0L 0 :MY0OD 3INIT3ASVE ‘Z ¥30¥0 ‘ZH ' 1V HldOomM¥3Illng
LND G°/G:6E80 ‘BBEI ‘07 A¥VNYE34 40 IMVNOHLIMYI
$334930 810
G31VIOY ‘G ON — 9 ON AVYYY WILNIHYI44IA ‘YT LSITIOH

035/23S/WD
NOILYY3T13D0V

—0vZ



Y

[ HI93WO

€0 T3NNBHJ ‘23S "0E = HILION3T ‘0°0 = INIJWBO T BO3WO = 2 H93IW0 ‘“T44I10H-24J10H

gllyyd



8

[ B93WD

0L

08

0b

!

00

0l

Oc”

€0 T3INNGHJ ‘23S "0€ = HION3T “1°0 = INIJWHO T YI93IWD = 2 YI3IWO "T44I0H-c4410H

UIlgy



b 4y

1 H33WO

0L

01 00°1 06

!

0c-

g€~

€0 T3NNYHI “33S "0€ = HLIN3T ‘2°0 = SNIJWYHO T H93W0 = 2 Y93IWO ‘T44I10H-24410H

UIlbY



i

o/"7

[ B33W0

€0 T3NNBHI ‘335 "0E€ = HION3T ‘0°0 = 9NIJWHO 0°0I ¢ HI3WD “T44I0H-24410H

OIlyyd



09

I BI93W0

8

€0 T3INNYHIJ ‘035 "0€ = HLISON31 ‘0°0 = 9NIJWHO 0°0€

= 2 UI3WD ‘TJ44I0H-c44I0H

0Iluy



Tl v

[ 893W0

083 0S 0h 0

0E 02 01
_ _ _ [ 1
e
- 1o
7o
T

€0 T3INNBHD ‘335 "0E = HIO9N3T ‘0°0 = INIJWHO 0°0S = 2 YIIWO “T44I0H-24410H

glligy



gl b

I BOIWO

€0 T3NNBHI ‘335 "0E = HLIIN3T ‘070 = ONIJWBO T Y33WD = 2 H93WD “T44I0HY-94410HY

OIlvY



7/ 7

[ Y33W0

€0 T3NNBHDO ‘335 "0€ = HLON3IT ‘170 = 9ONIJWBHO T H93IWO = 2 H93IW0 “T44I0HY-94410HY

DIlvy



S/ by

I BO3WO

€0 TI3NNBHD ‘23S "0€ = HI3QN3IT ‘270 = ONIJWH0 T Y93W0 = 2 YI3WO ‘14JI0HY-9J410HY

OIlbY



9 9

I YI93WO

€0 T3NNBHI ‘23S "0€ = HLIN3T ‘0°0 = ONIJWBO 0°0T = ¢ B93W0 ‘T44I10HY-94410HY

0IluY



L

I H33WO

9°0

0°1

¢’ 1

€0 TINNGHD “33S "0€ = HIIN3IT ‘0°0 = ONIJWHO 0°0€ = C UI3WO ‘T4410HY-94410HY

glluy



8/ mm

I BI3WO

€0 T3INNHHI “33S "0E = HLIIN3T ‘0°0C = IONIJWHO 0°0S = 2 B93WO "T34410HY-94410HY

gIlud



b/ i

I B93W0

€0 T3INNGHI ‘235 "0& = HLIIN3T ‘0°0 = ONIJWEO [ H93WB = 2 H93W0 " T4JI10HY-S4410HY

OIluy



0T by

I H93W0

€0 T3INNUHI ‘23S "0E = HI9ON3IT ‘1°0 = 9NIJWHO T H93IWD = ¢ Y93IWD “T44I0HH-S44I0HY

pIlvy



[ BI3WO

—
[04]

€0 T3ANNYHI ‘23S "0€ = HLIN3T ‘2°0 = ONIJWHO T Y93WD = ¢ Jg93IWD ‘T44I0HY-SJ4I0HY

OIlyy



I HO3WO

51

€0 TINNBHD ‘23S "0€ = HI9ON3T ‘0°0 = ONIJWHO 0°01 = ¢ YI93W0 ‘T4410HY-S44I10HY

uIlbY



09

0§

0h

£t "t

I Y93W0

€0 T3NNBHI

‘338

"0€

HLINIT

‘0°0 = ONIJWHO O°0E

¢ HO93IWD ‘T4410HY-S4410HY

0llby



7 £

I BI3NW0

0S 0h 0E 0¢e 01 0

9°0

€0 T3NNBHD ‘23S "0€ = HIIN3T ‘0°0 = IONIdWBO 0°0S = ¢ YI93IWO "T44I0HY-S4410KHY

0llbd



s&

I HI3WO

h

!

I

I

¢

€0 T3INNBHD ‘335 "0E = HL9IN3T ‘070 = INIJWHO T HB93WO = 2 BI93W0 “S4410HY-94J10HY

PIlbY



)T

I BI3W0

o1

1

€0 T3INNYHI ‘23S "0€ = HIIN3IT ‘170 = ONIJWHO [ B93IWD = ¢ H93IWD ‘S4410HY-94410HY

OIibY



A4 "

[ 893W0

[

1

h

€0 TI3NNBHJ “33S "0€ = HLIONIT “2°0 = ONIJWHO T Y93W0 = 2 BO3WD “S4410HY-94410HY

BIiud



08

g

[ Y93WO

9°'0

€0 T3INNGHI “33S "0E = HILIIN3T ‘0°0 = 9NIJWHO 0°01

¢ HI3IWO

‘S4410HY-94410HY

Ollby



09

0S

[ B93W0

€0 TT3INNBHI

‘23S

"0€

HLINII

‘0

"0 = INIJWYO 0°0€

¢ HIIWO

‘SJ4I0HY-94410HY

VIlbY



og I

I BIIWO

€0 T3INNYHD ‘23S "0E = HLIN3IT ‘070 = SNIJWHO 0°0S = 2 Y93WD ‘S4410HY-94410HY

Pllyy



