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Development of phased strong-motion time-histories
tor structures with multiple supports
Bruce A. Bolt'

ABSTRACT

Complete seismic analysis of critical structures, particularly with long spans
such as bridges and elevated viaducts, requires realistic predictions of free-field
ground motions at all the interface points on the supporting foundation under
design earthquake conditions. Time histories differ slightly in wave form at
r-'-eqt.wmml points because of wave propagation differential velocities, irregularities
.~ rock and soil structure, and wave emission delays at the fault rupture. The
offects in the input motions show up as phase shifts in each frequency component
of the P, S and surface seismic waves. The result can be measured in terms of

coherency factor which is a function of both wave frequency and support
separation.

A dynamic response ratio has been defined for a discrete linear structural system

in order to allow for the above spatial variations of the ground motions. It has
array recordings that structural response with

been shown using the SMART 1|
| by 25 percent from non-phased input response

differential phasing may be reducec
. g may
at 5 Hz tor spans ol 200 m.

A procedure for the synthesis of sets of phase vime-histories is outlined using
both time domain and seismic phase response fspt}ctrnl methods. Examples from
recent work on phased input for long bridges in the San Francisco Bay are given.
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The motion ("time hlsto.ry”) 1S rarely stationary in time but varies in amplitude A
frequency f (2nf = w radians per sec) and wavelength A from time windcmpir to time ’
window. NEVE_I' theless, tl_le motion can be represented by .the superposition of
simple harmonic (advancmg) plane waves. The wave number kpis Ifhen a useful

concept, where

20
it (1)

[_,'inear strong motion array or multiple support analysis can be expressed as
filtering followed by a summation. A standard assumption in array analysis is that

the record consists of a deterministic signal plus noise. For example

ui(t) = u(x; t) = s(t) + e(x;,t), 2)

where uj(t) is the output (acceleration, velocity, or displacement) of the jth
seismometer at position x;j, s(t) is the deterministic signal, and e(x;, t) is the noise.
The form of Eq. (2) assumes that the signal arrives simultaneousl;r at each station.
This condition can be satisfied by introducing a delay t; to the output of the jth

seismometer. For a plane wave, the delay is

=k /0, 3)

where k is the vector wave number and ® is the frequency of the plane wave.

In some analyses it is sufficient to consider just a single harmonic component of

the strong motion record
s(x, t) = A cos(k « x - ot + 90), (4)

where A and 8 are constants. The wave velocity is ¢ = o/ I kl.

In Eq. (4), the angle § is called the phase angle and, since 5 = A cos & when x =0,
t = 0, it clearly represents an advance (or delay) of the whole harmonic with respect
). In this discussion we are interested

to the spatial or temporal origin (see Figure 2

particularly in the phase angle o.
me domain given by Eq. (4) above
iption in which frequency is the

An alternative representation to that in the ti
lished mathematically by

is to transform the motion to an equivalent descr

independent variable. This change is usually accomp mather _
computing the Fourier transform of u(t) which we could write as u(w) or simply

u(w). A similar transformation can be made from location space X to wave number

- : ' tions
Space k. For multiply-supported structures o1 free-field arrays, the Input MOLS
u(x, t) represent a Er)r,\e—dzgendent, three-dimensional wave field. The wave field

- Inay be written as a three-dimensional (generalized) Fourier transform
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n Eq. (6) 15 replaced by a weighted ¢,,...
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pectral estimate in Eq. (7) is then

the spatial integral 1
ation distribution. T

rical program. The 8
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fuu(k.('t)_) = Z Wi U(Xj,(l)) explik- X}
=1

N
= E W; W u(x;,m) ulx,w) explik- (x; - x1)}
j=1 =1

et R e 5

= W WT UT(k) S(w) U(k).

In Eq. (9) the factor S(w) is called the cross-spectral matrix and

most important role : a5 We see plays th
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coismic Wave Considerations
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The construction of seismologically realistic time histories (synthetic
seismogmms) requireﬁ that the different types of seismic waves and their
interrelati(m:;hipﬁ be correctly incorporated (see Bullen and Bolt, 1985 for a full
descriptiﬂﬂ)- Eirst, seismic waves, like light waves, can be polarized so that, for
oxample, the vertical component of motion may be quite different from either the

] honzonml component (i.e. in the direction from source to station) or the

radia |
horizontal component.

transverse

We need to consider in most applications only three types of seismic waves:
compressmnal (P) waves, shear (S) waves and surface (Love and Rayleigh) waves.
The velocilies of these waves depend upon the elastic moduli of the rocks and soil

through which they propagate. We have

k+fé—p -

F i l,l.

‘(P f V’S: -

D \/p (10)

u the rigidity and p the density. It follows that vp >
is always less than or equal to Vs. S waves
are damped to various extent in rocks

where k is the bulk modulus,
ve always. The speed of surface waves

do not travel in water and all types of waves
or soil.

It should be mentioned that as P, 5 or surface waves propagate through

complicated rock strata, one type of wave may generate waves of another type.
Also, phase shifts (cos §) may occur as waves are reflected or refracted. In particular

a vertically propagating horizontally polarized <hear wave (SH) will double its
amplitude when reflected from the free ground surface.

THE ELEMENTS OF COHERENCY

Estimation of Coherency

At the various input points will, for the
such as source emission and path scattering), not be
o of the likeness of two wave trains is called the

measures can be obtained 1

The strong motions (see Figure 2)

reasons already explained (
alike in general. A measur

coherency and quantitative
follows.

n the time-domain as
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The simp e frequency domain by

coherency is defined in th
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v2(e) = S12(0)/ [S11(@)S22(0) n)

The coherence is defined as the square of the modulus of the Coherency and is j;

2 : .
normalized measure, 0 <| v2(w) [ <1, where a value of 1 indicates complete

coherence.

A number of coherency studies have now been published (see Abrahamsgn and
B(_’l_tf 1987) and a few have been incorporated into structural response analyses fo
critical structures such as the Diablo Canyon Nuclear Power Station as part of soil-
structure interaction calculations. One example is given here in Figure 3 from
i{rglng motions recorded by the SMART 1 array (Abrahamson and others, 1987). A

ig ‘frequena'es (here above 2 Hz) the recorded motion (mainly the S waves) is .

ver a large distance. A practical
te of synthetic ground motions in

1S varied in a statistical manner
remains deterministic.

in synthesizing a set of time
should be stressed that this

ures can be adopted at
rformed purely in the time
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domain oOr 1n the spectral domain. At this early stage, each method has its
. k- / . - . ' : : L& e

- > - L) ‘ Sl = -
P“}poﬂﬂﬂ*tb but m. the long run the speed of computers will make feasible optimal
construction by key cross-over exchanges between the two dom 1'111%. agme o

- . - . 2 .&" &

The firf’t step 1s to define from geological and seismological information th
apprOPrmte em_*tqutﬁm ke sources for the site in question. T}'ie-source S ecj:;?c t'e
may be detgmumstlc or probabalistic in concept and may be decided (I;)n ; 13“ f
accepmhle Tiﬁk (Bolt, 1991) A necessary set ot source parameters would %;C'U“ g
magnitude gnmnwnt magnitude), seismic moment, fault location and assumed
rupture surface length and depth, fault strike and dip, faulting mechancism (strike-
slip, normal, .GFC')’ rupture velocity and rupture rise-time (both ilsually selected
from an empirical regression curve). In fact, much of this latter detail is not
ossential for reasonably realistic synthesis of phased time histories

On the other hand, it is essential to specify closely the propagation path distance
the P, S, and surface wave speeds in the vicinity of the site (particularly seismic F
velocities for the alluvial, deep soil and surficial rock layers). These speeds are
~eeded to calculate the appropriate wave propagation delays between support
points (see Eq. (4)) and the angles of approach of the incident waves. Some soil-
<tructure interaction programs already permit calculations of this kind.

strong Ground Motion Specification

The construction of realistic phased seismograms (Niazl, 1986) can be regarded
. a series of iterations from the most appropriate observed strong motion record

already available to a set of more specific time-histories which incorporate the
physically defined phase patterns. Where feasible, a strong motion accelerogram 1s
-hosen which satisfies within allowable limits the seismic source and site
specifications described above. Of course, for large near earthquake sources (M >
75) there are few or no actual recordings and a synthetic record must first be

constructed by scaling and/or numerical modelling.

As the iteration proceeds, certain constraints on each member of the set of
phased records must be satisfied. Thus all must have response amplitude spectra

that fall within say one standard error of the target spectra. (The response phase

spectra (see Figure 5) will, of course, vary within prescribed tolerances also :
although little research has as yet been done to define such limits.) Similarly, eac

member of the set must preserve pre-specified peak ground accele_rationfsf %
velocities and displacements within statistical bounds. The durations of €ac

section (mainly P, S and surface wave portions) of each time-history must also
satisty prescribed source, path, and site conditions.

cribed and to provide a

In or ‘ rgence Of , .. |
der to guide converg ve practical seismological

check on the overall result, it 18 ¢

41




At the prESE"ﬂ-t, more or less AUty
<o that experience with observeq

.rf?duct | av " : ismic wave theorv 1€ S
e Eorithms are 1Ot 3 Jerlying seismic Y IS espec;,,
orit ledge of the u £or the model methodology to he B al]y
| nd KROWI=EE rtant 10 : hichniriae B
- any event, it 15 lmiowing the phased time nistories and >Pectr; .
T s1astic overlays shO ble for checking. n ,
s ticularly s
Ar
le are pa

e Spé(:trum

Geismic Phase Respons

g e P —

strong motion array
interaction.

the structure can be separated into the quasi-stati

| C respon.
The total response of _ . . Pons,
and the dynamic response. At a given Rode ir the structure, the dynamic reSpone

due to the phase shifted inputs 15 divified by the méan response fO}lnd u
of the individual support ground motions as‘rlgld base 1npu’ts. This ratio calleg
the "dynamic response ratio"”, indicates the effect of the spatial variation Of the
ground motion on the dynamic response of the structure.

Consider a structure with N supports and M structural nodes and
the normal modes of the structure are known and that for each
the participation factor of the kth node to the Ith Input is also k

weights, denoted wyy, will depend on the mass and stiffness
as the structural mode

aSSllme that
Structural mode

nown. These
of the Structure as we||

tor simplicity, | ‘
inputs, The dyreom; Just one structural node with N

A + 28w (t) + wr(p) = 0. li(t)
(13

, and U(t) is the N length vector
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: e Bl YO 1€ accelers . Y POCTAIIICO Cvsr ?I e ; _
Let SA,(G, T) be the acceleration respons: spectrum tor the ground acceleration

u{t). Then the mean response spectrum of all the inputs is given by

f -8 7 N
sAED =( 3 wi | L 3 saem
kel (16)
The dynamic response ratio is given by
e o - DALG 1)
i) (B 5] = 2
g
SA(G,T) o
Substituting for the response spectra, Eq. (17) becomes
B mf]x Re T(t) * w - if(t_)l
5 o
Z Wi ) L Z SAE,T)
it 4 0% (18)

This ratio is influenced by both differential amplification of the ground motion
due to site effects and by differential phasing of the ground motion. The “
differential phasing ma}} be due to incoherent waves, nom-*ﬁertif:ally prqpagatmg
waves or local site effects. To simplity the interpretation of the dynamic response
ratio, site amplification effects are removed by normalizing each suppft)rt |
acceleration u(t) by the response SA(E, T). The dynamic response ratio given by

Eq. (18) has been evaluated using strong motion array recordings from SMART 1 as

ground motion inputs at the supports. Desgriptions of Fhe SMART 1 ?rr?; caire
given in Bolt et al. (1982). An illustration of the dynamic res;;{czl{lsie rae ;ﬁlown e
response phase spectra from an earthquake recorded by SMA ar

Figures 4 and 5 (Abrahamson and Bolt, 1985).

43




'.;f’?‘!"_";"; ‘-I ; 1 y g 1 \
i I. F !-d'-‘ r'.-. ; }- | i: {LE' : ]ﬁf'"l' -i l " | 4 o ; %. I
Fa H B I_‘E*{Ji"ﬂ] - A il_} " EET'!EI‘EE?-:I Jj:_'ri T8 8
s Prieta & cnd on the «€p] . |
' MATT A 1 g § L . v 2 A o i ‘
S R o Lk _ o I RATT  al 2 L A TH
& baini E.‘ ;fl't £ £ 'l [ i . :l ‘;J . g I?'f L t_ : 8 i \ o j I ’ ‘_:l- i i i t S § ¥ } lrl‘
i - i# :-*;?fi-'!'f.- § 18 “ -’ .']f'ff’,,-'_!"} fii“ . xis : o ' E 22T i1
2 i ‘}*F‘ . o | e -"'"*I‘{u-% _..1! ! e - ’ +'¢kt{-"il1:"11|-}¥{|‘u ]jﬂ E i S { 3
*}r~;¢F i . Zen _}.."i":!" v 3 R ’ nf]%—rtl !ffr ¢ ; . ! i . & sl Y
_ " iritc T ES jxT 9 if‘“i" :"i!”"*”";“ .*-'*--'-:‘-*t | T‘ht?r L O CATEY B TR
y ¥ F RS TS o « 3FY L4144 ek I \ ! s B
Sl -4 raa AR IS . ~piyve Taliit ek il s
s iithority (BARS e REJOT B ¢ the ( ‘slden Gate Dridgs
i N B B . o { }'-‘r :ir!- g &4 - j , - 1' {,I ' : o
i o bailed SEISTIE s that in 1906 O LN ;h_li-'i‘- Cill Oan
; TR NN : 1 v &7 ! .
I E LAK W g !"‘*1.'[?:'&. A LW _ . - ' i . '
Frais oGP TIIVAE2T 0 1 S . =y EA’E 1}
{ .f-l}‘"gﬂi-i-kt\ FEHes | 2 *‘*ﬂjf}ij EI}E}EI{TI} _111%#15. _ |
lyyy AN €AY L . ”-HH;'{EE"J grot n the T 4 \
{ 5;* i . " ]| Tralls 145 ke | 1.;;1‘; 1,--{1‘] ;lllii 111 LI LA)S AMANUve;
i - : : 4 . J 4 A . 4
‘ Re WELl, * ai 4 aon 3 i ML L * By
!.n:!J..'"F B-u? f_;ﬂ*-; -1115 { I
y R e } 1J|',!_“ " 3
1 oes both ir
FHITUTE VIAEN
] .

- F ’ 1.!'r' :
he ]‘,t‘iifﬂf‘é‘w’{_‘{.'i on relatively | HE Period
[t should be remembero.

L ]

: "{,.f"'-*rj,éH HIEIL‘E
s 5 geC OF more.
L/ -

3
‘ I': : ;F ..E P { ! ' ,'} _r ! o L ---I | -T ; f o !f_ | . i

shousand meters, or of the same o

sara i e T f"‘rI?TE S VER Al ' | o TR - L3 -y ) S " 3 - . ; Y e
{;rfu\?;k (1) : * e !,i}f tih}"‘i rfa‘]‘““iif}; t}ﬂ“t]tli tl!l{. n tl r 111{ -Wluliill ¥ ZEEI‘L_[- ',_
ey bridgs Limens | At s ol yhased strong-moton mputs and ir
for the Corn ideration of the etfects | R [h se studies & o
{3 LI RS BRSNS i QS r V2 ) .
. ! the in "*af}'mriimﬂ Of L'i‘h*"”*”i Y tactors. Cok AULES P“ ENt 4

CASES, i e A o . . R g . 3 <D ; ' .

1srable challenge because of the lack ot suitable observational Naterial
CONSICICT AL L ireRid &9 (2 b G e , _ A | I ol v
"f'!rl}.' ;‘;}{ !Efo'[ I’tl.li 1;--?'.1‘4, i-!r{‘ i!lrllllilt}ltr‘ i{jr 'E]r‘i:{' I}tiilr Lﬂ]rtl.it-]li‘]k[ k" '}Il}l Il‘f‘l'.lt_’i!!-!? a
3 i ' s A _ ' - ' | + 1
LT O | e

" }IIIPJ{FIE i}? HI-‘{‘!L‘]IE%T 1]\{’[“ Lil"‘t‘]r}"flt’ {}t }}[]I]Ljrt“‘j‘“ {‘}r ri.]‘:‘tt‘{.{‘i A}L‘?{‘g t"{‘{lllitﬁtk E.ii !;}
¥y A L X N i ' i ? ; i 1§

size of the r,.‘HﬂII'%t..‘t'Ft‘d sfructures and the H‘lt][ﬁ"tﬁ']}r’ la [ L“thﬂi‘t‘h l_':’f'*n-w.““ ”1-{.

support poin _r‘_a, ground velocity and displacement become oOf critical impm-i_[”...‘ 2
[he wmhht}; of i;,;rmmd diﬁplm.‘enu‘_*nt records obtained from a Cl’_"’(,‘l{_*[‘“&_:r[]”}H 1
question that needs additional Chﬁ?(‘king, :

ACKNOWLEDGEMENTS

A number of examples discussed in the text were worked in coll

I!! '\ . A r . _ .4 d h’{,rt]“i}“ 2130
. \- Abrahamson and Dr. J. P. singh, to whom [ extend my thanks. M Lr\zm
dnxs. Mr. N

Gregor helped with tex : '
i ext preparatio > rese; s & |
LS preparation. The research was supported by NSF CFEsgs.

REFERENCES

Abrahamson N '
SNART | scemy 294 & B. Darragh, . Pz

263-284, ‘erograph array (1980-1987): A re anc' Y. B. Tsai, 1987. The

view. Earthquake Spectra, 3,
> § , Spatial variation of :

Wi ' | the phasing of

. ; " & R £ m. p adl (‘)

> TONg seismic »-and B. A, Bojy, 19, S0¢. Am., 75, 1247-1264, 4

S and synthesis mapping of

motion synthetics:
Press, New York. 4 e




3 ]k)ill ';11}1}11‘1* i_!t .."..-L \ | '
it H .4\.. Lt risks el 110 !u‘ih*i!{w 1N }"I:*‘lh"‘:i'dlnw| O {‘;iI”HlH-li“Jﬂ‘*

cence, 20 i, 10%-] ‘4.
L1

s ;- M. Loh, enzie : ug :
Bolt, b. \ . .l _‘“ | ChZle ”-. ) | B. Tsai and Y. T. Yeh 1982. Preliminary report on
53\-1;'\[~;T | strong mouon array in Taiwan. EERC Keport No. UCB/EERC-82/13
( o & 3 DR | - _ /AL ANA e I
BU“C“* K. E. J_,HL.i . \ l:““' 1985, An introduction to the theory of seismology.
University Press, New York. ' i

}%g?

(f‘m*ﬂl”l'l‘d?“
handran, L /anmarcke, 1986. Stochastic variation of earthquake

Haric | |
Sround motion In Space and time. J. Engin. Mech., 112, 154-174.

3 g v QL 3 25 0n w2 : $iE . _ :
dtﬂn }:[‘(_Hiﬂd motion. Ekarth I‘illrl?‘;]}h Struct. ['“’Vl‘l., "1; R91-908.

ran _ L
Niazi, M., 1956. (nferred displacements, velocities and rotations along a long rigid
roundation located at El Centro Differential Array site during the 1979 Imperial

lifornia, earthquake. Earth. Engin. Struct. Dyn., 14, 531-542.

valley, @




Fault plane

Fig. 1

Passage of a seismic
SUpports,

wave from the

F " ol k] }l*} .‘%:_rnﬂ-!: II.
-stations in ;
& iy 4 ]u]tl L‘th]
el ource to n
>€1Smic SC




T Tm———

R ——— - -rl' i i i .L:i ]
VY-S i!’! ﬁ*wrﬂj l y xlltk 1~ k"}‘ﬂri'rrﬂa_."'w- e Y JI_ P S

s SR il

(S PRy T % 5 TV -#H k4 ’ g :
f“ ffﬁ \f . 1 h‘! l-' I‘!‘ (‘“q l«.‘“"ii” """'-.-#"‘-i-""l..'-."" {""“--__,HH..A PP — L 2808
A b A 2 lﬂ\

A AN et e e

- g v N ,}l | ;
g-OoNST AN AR A N A i e e
- 300 gais

o i B = - A ’I&
- ""ﬁ#n"“' J?'-’#{“-J'{\.(“AT t-..l Jllhfl{ ‘lJ' V‘\v Jﬂkﬂf J’A'"l"*" .rﬂ-"--'--f'- P AT W .f"' i

i e —
=

IHUBHSi
-300 gals

H e O 6 H S :__,.._._ g ‘WMJ\P‘ JW‘\} 'ﬂ ~f "».r"ih‘ﬁ’ﬂ"fl‘\ AN i s
AR A A

0-06NS.

F-0INST

F-02NS:

s the SMART 1 array In

acceleration acro
station CO0 and the

ulti-
in the horizontal ground
een the central

. lfig. 2 Differential phasing
d . ' . . -
iwan. The horizontal scale 15 1n seconds. The distance betw

inner ring (1) is 200 m and the outer ring (O) 15 1000 m.

47




f.-?.‘
o =
; i iﬁ' I-J‘

48

e,

# f
"w iy i
¢
o

i
.'.+F-. T = T
'-..f';::r;‘_#'rﬂ 4
E 3
e record
- L] - M. W, 8 Sl @




-5
1
/

RATIO
r

4 ! o s L L 1 | | |

i | : : : 5 6 ] s B W
FREQUENCY (Hz2)

5
l

&

a

RATIO
r
1

—

0 L A LS LD SRR e R ik 1 | |

0 ] 2 3 4 5 s ] 8 9 10
FREQUENCY (HZ)

atio for 200-m support spacing
are the estimated ratios,

he source region. (A)

amic response T
nt 5. The filled circles
agating from t

Fig.4 The fundamental mode (in~—phasermotlon) dy1:
using the tranverse component of acceleration from eve

and the line gives the ration expecte
station pair C00-106. (B) Station pair C00-103.

d for a simple plane wave prop




e

s

'-._-

F [

A [ SOl NSO ISR, i 1
; ’ |0

FREQUENCT (tH])

-
r...
|
-
i
..L...
|
|
|'
|
ke

&
-
.

i

2x pomgny oty -

| 8

Per cent . we .
Chn@”%3SMUDHCIM,Umwwmw



