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Sucwic Desiay Prunosoruy

The design criteria and recommendations described herein takc into account
the seismic motions and seismic gencrated forces that have a rea nable degree
of probability of occurrence along the route of a pipelinc. The basis for the
selection of these criteria and recommendations involves consideeation of the
acceptable risk of exceel.ag the desipn levels for the pipeline systewn and vanous
classes of asseciated stiuctures, equipment and facilities, For the most entical
classes, where failure, detined as exceeding the allowable recomircnded levels,
weuld have a bearing on lile and salety of the pepulation o1 witli adversely
atfect the enviromment, or where for economic reasons interruption of the service
provided by the pipcline is not tolerable, the wargins of safety vy hiit in these
criteria are ofien greater than those now used in the seisiic de of major
buildings in highly scismic regions of the United States. For the least ertical
classes, the margins of safety are at least as great as those provid -d by current
building codes such as the Uniform Buildng Code or the Structiral Engineers
Awsociation of California (SEAOC) Code (15). The procedures outlined will
result in a design having appropriate factors of safety asainst seismic disturbarnices
when combined with the other applicable aperating and envirommnerital condinons.,

In accordance with principles developed for use in ihe den of nuclear
reactor power plants, the design cateria genefally encompass two levels of
carthquake hazard. The lower level is that associated with a 1cturn period for
the desipn carthquake of approx 50 yr-100 yr and is desipnated hercin as the

Note.- Discussion open until Apal 1, 1979 To extend the closing Jdate one monih,
8 wiitten request must he fike d with the Uditor of Technical Fublicatons, ASCE. This
poncr 1s part of the copyoghted Journal of the Techucal Councils of ASCE, Froccedhngs
of the Amenican Society of Civil Eagineers, Vol 104, Ho TCH, November, 1V78. Manuscript
was submitied for review for possible publication on March 9, 1978.

"Prof. of Civ. Engrg., Univ. of Hhinois. Urbana, 11
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; arthgquake mna way associated with their dynamic parame h ipt
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In assessing the importance of the accelerations and velocitic: tor which
the desipn is to be made, the maximum ground accelerations, in themselves,
are of less significance than the accumulated effects of the larger number of
somewhat smaller accelerations that contribute to the principal structural or
element response. In general the significant effects of an carthgnake are measured
more directly by the maximum ground velocity than by the maximum ground
acceleration. A single spike of high acceleration mav have much less sipnificance
on response than would he computed by straightforward applications of linear
elastic ana'> -« {or dynamic systems.

In the design of any system o resist seismic excitation, there arc a nuriber
of parameters and desipn contiderations that must be taken into acconnt. Among
these are the nornitude of the earthquake for which the desipn is to be made,
the distance ol the faciliny from the focws ov fauly, 30 70 art tiopoverning
attenuation of motions with distance from the focus or epiecuiar. <oil, rock
or permafrost conditions as well as the general geologic conditions 1 the vicimty,
and the paramelers governing the response of the facility or structute itself.
Most, if not all, of these parameters are subject to considerable uncertainty
in their value. Becavse so many of the parameters involved have probabilistic
(rather than deterministic) distributions, it is not proper to take cach of them
with a high degree of conservatism becaunse the resulting combined degree of
conservatism would then be unreasonable. At the same time it is desirable
to have an assured margin of salety in the combined design corditions, Thus,

a choice must be made as to the parameters that will be taken with larpe margins
of safety and those that will be taken with more reasonable values closer to
the mean or expected values

The relation between magnitude of encrgy release in an earthquake and the
maxinun pround motion is complex There are some reasons for miernng that
the maximum accelerations are, for example, nearly the same for all magmitudes
of relatively shallow carth sake for points near the focus or epicerter. However,
for larper mapnitudes, the vaiee <o not drop off so rapidly with distance from
the epicenter, and the duration of « aking is longer. Consequently, the statistical
mean or expected values of pround r .ons show a relationship increasing with
mapnitude, although nou in a linear manncr

Design Seismic Mation. — In selecting the carthguake nazards [or use in design,
the general concept fias been used that the earthquake magnitude clected shonld
be at least as large as those that have occurred in the past, and these earthquakes
are generally considered to have equal probabiliies of occurting al any point
within reeions of similar or closely related r,'culu;:ic character. In particular,
the estimates of motion considered are appropriate for compctent materials
at or near the ground surface, including rock and permafrost, or competent
consolidated scdiménis at or near the surface. The values sclected are nearly
independent of the properties of competent surface matedals. 1tis considered
that the predominant part of strong earthquake ground motion, gencrated by

a near shallow earthquake enerey release, is represented by surface waves.

In peneral, these are propagated n A manner consistent with the properties

of the material at a depth considerably beneath the surface and arc not affected

to a large extent by the surface propertics themselves. The design values of
motion are based on the assumption that the same values are applicable in

» particular zone for all competent soils.
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An example of design seismic motions are those given in Table 'l f
scisimic zones for the Trans-Alaska pipeline (1 ). These zones are ¢ Dl
b)' the magnitude of earthquake considered as the Design Mnxunmn‘I‘:
For each of the zones two sets of ctlective ground motion vnlucs.alr |
The furst set, entitled **Ground Motion,” includes those values that mac "“'C\l
the stability of slopes or the hquetuiction of cohesionless materials . ‘:!['cu
nlso the values which should be used to infer the strains in |||tdc|ér:»uu;d."' g
The second set of values, entitled, *'Structural Design,™ lists those valufl",:;“s‘
are to be used for the design of structures or other facilities, .1hc~.c vbalu:“
take o account imphcity the size of the structure, soil-structvre in'tcnui A
and structural response and arve gencrally less than those used for d‘l" ‘_"‘:
soll instabiliies. Obviously the actual values are transient va;lucs al v: "“h':b
tunes, and f»llly the peak clfective design values are histed. The design nls::;l .
given aie for the honzontal direction and may occur with equal mhabi‘:?s
i either of two orthogonal horizontal directi. ns more or less sinlul':ancous;yy

Mienzed
thyuake

TABLE 1.—Design Seismic Motions

Ground Motion Structural DﬂSl;l; T
Accelars- Veloc- Accelora- Veloc- - .
tiun of iy, in tion of iy, in
ag'l:v:“y; inches Displace- gravity, inchas Displace-
] - por moent, in -

Maynitude | centage sacond inches ‘::i:u‘:;:a se‘c)::ld ':‘:c‘;:o:ﬂ
m L O ) (5) (6) (7)
§Sand 8 50 29 22 o JJI BE O |(. e WI{v—r“

15 45 2 16 22 ] L]
70 30 4 1 15 7 55
’"»_;5775 . ‘3,, o | 5 4.5 10 5 4l

It is recommended that the design motions to be used in the vertical direction
be taken as.lwn-ilmds of the value in the horizontal direction.

The maxin: :m gm.und motion values given in Table 1, as covered carlier
hercin, may be considerably less than the isolated peak vilues of motion (as
mersured by instiuments) that cotiespond 1o the magnitudes of earthquak
that bt be assig nzd 1o these varions zones o

Llavle Speciead Amplitication. — The elastic response of a simple dynamic
svstem sglujcucd to motion of its support is affected to a large extent by the
daniping in the structure. This damping is veually expressed in terms of the
percentage of the “catical value' of damping. Values of damping for particular
structures or stiactural types are covered in Refs. 10 and 14 ihe mportance
of dunping 1s mdicated by the laize effect of damping on the elastic specaral
amphiticanon .

Ihe ductlbity factor of a structire or clement is defined as the value of
qr:lunn.llwn or strain x_ which the struciure or element can sisiain before
talure relative 1o that value x, for which ot departs appreciably from clastic
condiions Was detined precisely only for an “elastoplasuc relation, However
wheie the load deformation or stress stiain cutye 1 one which does not hnt.

1c1 SEISMIC DESIGN CRITERIA 95

(he characteristics of an initial elastic followed by a perfectly plastic relationsiip,
then the ductility factor must be defined in the fashion given in Refs. 10 or
14 by use of an equivalent elastoplastic relation dravn to make the energy
or arca under the original curve up 1o x, and x_ the same as that under the
clastoplastic curve,

The amount of inclastic deformation that a structure can undcipo without
suffcring undue damage also affects its response, in terms of the stresses in
it and the corresponding deformations and deflections. The allowable values
of ductility depend on the material of which the structure is male and on
its manner of construction, puncipally the way in which joints arc made. For
example welded steel structures of high quality steel, made with pood weiding
techmiques and attention to detwls possess high ductlity. Under corinn circum-
stances the ductlity can be impaixcd by o teodoncy oo uitlely or
to undergo local buckling. For these reasons, the ductility leve  used in a
design st be venfbied to determune that the matenials themselves and ther
fabacation processes, and especially for remforced conciete the details of
construction, are controlled in such a way that the value of ductility used can
actually be achieved while mamntaining the requisite margin of stength, s
recommended that the structuie as a whole, including details, be mde capable
of developing a duculity factor of at least 1.5 umes that used v the design
spectrum. Possile ductility levels under ordinary conditions are covered in
Ref. 14, Where the permissible level of strectural response does not imvolve
yrelding at all, then (ne ductility factor used o himited 1o a value of unity,

Response and Design Specten. —The response spectrum (9,10,13,11) 15 a plot
o the maxamum transient response to dynamic motion of a sunple dynanue
system having viscous damping. An clastic response spectzum has peaks and
valleys, but in gencral has a roughly trapezowdal shape, similar 1o the uwpper
part of Fig. 1. Spectral amplitication factors for horizontal motion, m the elastic
cange, for damping values of 2%, 3%, 5%, and 7% cnitical, taken from Ref
6 (75 percontile values) are given in Table 2

To draw e elastic response spectrum for any Design Maximuim Parthquake
motion for a structure, one takes the .alues of ground motion for any one
of the zones from Table 1, using the “‘structural desipn’ values, and apphics
the approprate amphhication tactors from Table 2 for the particular percentage
of dampmg to the acceleration, velocty, and displacement, respectively. The
damping values in Tables 2 and 3 are intended to represent primarily matenal
and structural damping. One obtains in this way a roughly trapezodal form
of response spectrum simidar to the curves in Fig. 1. The mterscctions of the
upper two knees of the elastic response spectrum are determined by the amphfied
motion hines. The two lower knees, at the higher frequencies, are taken as
8 hz and 33 hz, respectively  The value of the spectral acceleration at 33 ' e
and beyond is taken as the maximum ground acceleration {or the clasuc response
speotra.

Spectra also may be drawn for the operating earthquake for any zone, whure
the ground meuon values are taken as half of those that correspond to the
larser carthquake. In genera!, the amphfication values, because of the differcnt
values of damping (hat nmight be used for the lower intensity eatthquake, will
not be the same as for the lager carthgquake.

To determine the design spectra for acceleration (or seisimic coclhicient) for
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the inclastic case, one takes the a i i :
© - ‘ ppropriate value of ductility factor f
3 fuf the scismic design class (defined later herein) and divides ‘:hc‘::;?l‘ nhN’
;I..csnc clh\pl.scrcn;'cm and velocity bounds by the value of ductility factor scl‘ccg:e:;'

e values of the controlling clastic acceleration bound, h ad
S v . cler: , however, are divi
by the quantity (2 = 1)'?, in which p is the ductility factor. For llequ::::i:‘:

TABLE 2 — Spectial Amplitication Factors, Horlzontal, Elastic Range

Damping. per L _v_a__A__mphhca'non Factor ‘ P,
cent critical Acceleration ;eioc;ly—‘- 1 E;;)I:;omon o
mn @ (3) ] (4) '
i 34 27 [ 22
: 29 24 2.
- 25 21 I8
- —— . e -»’7::’22" — — S— l 9 |6

P
lABLE 3 —'fl."‘ ’. o' D.‘“p'“o .“‘ o\lc"l“' l'v... '0‘ Ullkﬂl! o."'“ c‘.....

Damping.por- | Duetlity
’ cuhit
Eauh?uako Class cent critical 'oclorv
- ( ) P ‘_(3!'_'__7 (3) (4)
Design probable 1 S 2 - -—~—~—----|—;~—'——
i 3 2
! it ) k]
Design maximum 1 3 2
n 5 3
- 11 7 b
;l’. -.,'ﬂ.'\s;i\T_:rT;'“\) ’r\\ //\ /’3\
w} n“»":’\?‘"' .y _’v\:‘f“\ ‘] )‘/ A ":VE’('
‘,’\(’f‘/ Crone’ 1 N7 N\ < b \ "'V'l‘,t‘..l
L AT \":.l\nr‘ g
¢« VST .
g 2 '.,\' (‘l{,ianm/
i3 -
<A
g / ~r/"'\ jY ¥
as] N\ e ‘
XINFTX
,‘ " \‘ ’ N
o \'\( : \"" »
2" &"
ol AN}
o ot o3

Frequency , heeiy

FIG. 1. —Flastic Response Spo trum and Design Spectra
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pigher than 33 hz, the design acceleration level is the same as the clastic
scceleration (10,13). Typical design spectra for the three seismic deipn classes
are shown in Fig. 1

From the procedvre described, it is clear that the intensity of carthquake
motion as defined by the applicable response spectrum, must be considered
in the light of the way in which that carthquake motion is used i design,
In other words, one would prescribe a lower value of acceleration be used
with a proccdure that involves the use of working stresses than a procedure
that involves yield point (or limit) strengths. One cannot compare the carthquake
accelerations prescribed by varnous codes without taking into account the design
criteria used in the codes. Toe Umform Building Code of the Unicd States,
which generally is based on the SEAOC Code, has up to the present time
used working stress design critena, and the seismic coelficients descnbed in
the SEAGC Code are consistent with those values. One would have 1o increase
the seismic coelficients in the code to arrive at values comparable with those
develop ' cin, which fre to be used at yicld levels.

Cirssirication For Susmic Desion

Because of the importance of the amount of deformation or stiess that can
be permitted 10 buildings of vanous types subjected to earthquakoes, gmdance
is necessary in arnving at an appropriate means of sclecting the desipn require-
ments. For this purpose. a scismic classification system, €ncompassing three
classes, 18 recommended for use

Class 1 includes those items of cquipment (including mstrumenis) performing
vital functions that must reman nearly elastic, or any wtems for which the
allowable probability of excecding desipn levels must be extremely low . OObrious-
ly, items that are essential for the safe operation of the pipeline or any facility
thereof, where damape to the particular unit would cause extensive loss of
life or major covitonmental damage, wonld be in Class 1 Other items might
be included in Class §f failure of such items would eatal large cosi, in repar
or replacement, or lengthy shoudown of the pipeline.

Class 11 includes aboveground paping ot buiidings and cquipment that can
deform inelastically to a moderate extent without loss of funcaon This class
also includes any tems for which the aliowable probability of excecding design
limits can be somewhat larger than in Class 1. However, piping abhich maight
fail in a britt'e mode, or whose fai: 2 might tend 10 propagate ovel considerable
distances, causing extensive damage or pnsschly.dangcl to life in populated
regions, or both, perhaps should be putin Class 1 or in a classification intermediate
between Classes 1 and 11 )

Class 1V includes, in general, buildings or equipment that can be permitted
to deform significantly, or any itews that are not essential for salety. it includes
those items for which the allowable probability of exceeding dewpn hmits can
be moderately high. However, buikhings that contamn Class T or Class 11 wtems
and which might damage or put out of actiun those items if the Clas H buildings
should deform excessively, shouid be moved to 2 higher class, perthaps interine-
diate between Classes 11 and T,

An example of the damping and ductility factors that saight be used in defining
the desipn spectia for the various scismic design classes is given 1 Table 3.

v - A P~

- ————— .
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These give results that are consisient with the class definitions above and sa
s

the cnterion that the Design M iy

aximum Earthquake, with its higher intensity

shu 'd ‘n Bc"e]“l Ve mor: T uirements ‘h he P
n u ‘l ¢ more stningent ‘ell i

Response oF Pieeuines avo StaucTunes

The ¢ - i
2= uf:p:‘mse of a structure oi element is dependent on its strength, dampin,
actenstic S ' '
- s g LJ; 'and the ;:‘rcsrslmm or load-deformatica relationship fmplh:
ment considered, The resp i
‘ : sponse also is affecte
raomios A o resj ected to a large deg:
my.‘r " s||J|nl.lu:¢:dmlerf.uuon in those instances where the structure is :uppuftr;
¢ o, - 4 ! -
and not on rock. In particular, the following ass lons
B g assumptions normally
Relowgrout p
2 mo:.cgw“: 1:1’ or buried pipe, as depicted in Figs. 2(a) and 2(b) 1s considered
e " . pr ’q ]
2 g ,:u::]uu‘;‘;‘ i such a way as to have nearly the same longitudinal
g mcg ) L? iese requirements impose both compressive and tensile
pipe as well as lateral bending. Of course, this nssump(io‘ i
3 s 0 ois

Tl TNoo”

(a)

o, & ‘%IJ ..#%

FIG. 2. —Piping Configurations

valid onl . ateri [
. mh“yws;)nl;;ng‘:: |:|:‘tr‘r1,1|c.rn.\l fuuoundmg lhg pipe remains relatively intact.
A0 pu |.q'u¢[ o'km 'mr‘lwn-'dp{)hcs only il the material surrounding the
e et yc ) d'v.. materal snuu?mdmg the pipe is not grossly disturbed.
e m: lulllmn§, the pipe is no longer supported dircctly by the
I Jh“.q‘"m{:d. s ;':n';ly of lunhc: large deformations must be considered
gy mmu[:h;:'.‘: mv.:s‘ [Fig. 2(/)] the motion of the ground is imparted
. P““dm supports under the pipe. The deformation of
hquetactnon of the fuuntt;:':l\' i B oy g P
i ¢a matenal under the support can mean loss of
"‘ll;‘: la-(l::[.:!‘u;on.:ll::- :n\u\c be given, both for bunied snd aboscgeound pipe! nes
ey anvng frem faults crosung the popel ne

oy Vertoal o0t
displacemirrts of sescral fect mophi o

cut mbhere ot e ¢ eg 000

|:c' bt theer perit o ne v !
1 ceveand
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failure by a properly designed and supporied aboveground pipehn- [Fig AN,
even though one of two supports may lose contact with the pipe. For nnderground
pipe such motions might cause severe local distortion and wrinkling but not
necessarily collapse or rupture.

One of the most important response parameters is the level of permissible
response. For some structures the response mMust remain in the clastic range.
This is normally not the case with any clement of a pipeline, for large defonmanucns
generally can be permiited to occur provided rupture does not tale place with
a conscquent hazard to the public or to the eavironment. However, 111s unportant
10 recopnize the fact that the level of response must be selectcd in a manner
consistent with the sclection of the earthquake itself. In order 1o icack @
consistently reasonable margin of safety, it is suggested that the level of response
pcnuiw‘\lc in the pipchne under extreme conditions, i.e., for the maximum
magnitude of carthquike and the maximam intensity of mouon, mvolve a
considerable degree of deformation but short of ruptute of the pire

Vieldine and Wrinkling as Function of Allowable Pipe Defor . tion. —Above-
ground prping and stiuctuies contaniog resisting clements comyp <ed of piping
normaily would fall in Class Il or Class 111 depending on the importance
and influence on safety The methods of analysis and the desien spectia used
are the same as for structures having simidar or reiated joopertics. However,
in piping one must take account of the stress conside,ations (inclu ling long-term
corrosion potential) at jonts o conneclions or points of suppott 10 nsure that
the ductility levels consistent with the desipn classification can be met These
generally can be met by piping in Cliss Il but in Class I locat strengthening
of the pipe may be required if advantape @5 desired 1o be talen of the lower
design acceleration values for that class

Stresses an the matenials of cither pipe or other structursl elements, for
carthquase and primary SIesses combined, should be hmitcl w0 mmmum
speaified yield strenpth values in general. However, for the Doagn Maxinium
Eatthquake, the values wight be increased 1o the average actual yield point.
Larger valies of deformation might be permissible in extremely ductile structures
depending upon the nature of the pipeline, contents handlcd. environmental
concern and safety required but the himting values applicable for Class 1
should not be exceeded. Development of applicable stress and deformation criternia
to accommodate the seismic critena outlined, as well as applicable code provisions
(1,2) for example, neanally entatls considerable effort by the designer and often
involves review by cognizant governmental regulatory agencies

Local wrinkling theoretically (17) may begin ut compressive strains given by
the following expression

¢ :
¢=06—l
R (L))

i which ¢ is the wall thickness and R is the pipe radius, both in the same
umits Actual pipe normally will begin to wrinkle at strams one-tinrd to one-quartes
that value. Strains of the order of 4 1o 6 (imes as great, can be sustained
sihout danger of teanng at the compression whnkle. Because of the shift
¢ \he neutra! axs away from the compressive side when wrnnklhng occutrs,
Ve 1enside strsins will he conuiderably less than the compreshte strams under
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these conditions. 10 the stresses causing wrinkling arise in part from thermal
a

effects or other secondary sources, which i
. which is usually the I
of failure is reduced even more . . ST

_sian Cuirgmia AND PROCEOURLS FOR STAUCTURES ANO ABOVEGROUND PipeLries

Peslpn Conslderations.—For the design classifications used Class ol
considered as l’allm; under the provisions of extant codes for mdi;\nty buil«;in ;‘
Thurﬁ, the concept is implicit in the recomiendations made herein that ’“l: .
il items should not have design levels lower than those for the unli;ab?
codes, such as Ref. 15, Normally it would be expected that major x:r'u i :
and aboveground piping will be placed in Class 1, except under éuc\;ms: l"‘ﬂ
where buildings, piping, or equipment can be permitted to deform a 'lc.ud:::ls
or are not essential for safety, or will not senously damage any cl‘;mcn .
items that are essontud for safety. el

After selectng ¢ classification, the design spectra can be drawn b, vs
of structural design motions of the type given in Table |, and the aiphft ’fl L
and damping and ductlity values hike those ol l'nhlcsr 2 and 3 ’l“)hclL;‘ "_’:"
cgclhucn!t. are then determined One “ay choose to use the suaple m::";-"‘l‘]"
of analysis prescribed n the vanous buldir» codes. In the event th :l ad nau:t's
analysis is made it 1s recommended taiat (e response spectium l‘c('mly 'l tlc
used. The various modes of response are computed, and then for c;;cl‘qmnl’el
lu:qnc‘m'y the spectrum amphhication facwors are read from a plot sillm';:n\l ;.
that of Fig. 1. The various modal valucs for siress, deformation, or olhcr. res ot -
at o particular point are then combined for the vanous mn.dcs by taking “;‘:
square root of the sums of the squares of the individual modal iesponses "

[he dynamic analysis proccdure should pencrally be used r com ;lcx or
unusual structures, but it 1s quite adeguate i many cases & ;
code procedures with the appropriate scismic coellicients  otoran
fespense spectra constructed by the procedure descnt in

Attention is called to the fact that the design spec « rig. 1 for Class
1, ‘( lass T and Class 11 can be used only to obtan accdieration levels or
seisinic cocfficients but wot defleciions or defonmations, In order to obtain
dic-laceraents or deflections, one must multiply the design spectra by ;hc
ap, ropnate value of ductility factor, su ‘h as that given in Table 3. In general
this will Tead to displacements that are equal to or greater than lhcl‘tlusl‘.
spectral displacements in Gl cases. For frequencies In;gluct than about 2 hlzc
the total displacements are slightly to considerably greater than the corres mndm‘
cl.n‘uc displacements, but for lower frequencics, Uiy are preciscly lhc‘s"unc ’

Combining Horizontal and Verticol Scismic Motions, —For those |‘v:n|s.of
structures or components that are affected by motions in vanous directions
the net respon: . iy -*= computed by either one of two methods, The [llé-;
mclhmAI mvaolves computing the responses in a patticular direction at a particular
puu:l for cach of the directions wdependently and then taking the square root |
of LTt~ aares of the resulting responses as the combined response. ‘
Alternatively, one can use the procedure of taking 100% of the motion mn oune E
derection, combined with 407 of the motons m the other two o,u,.,“.m;ﬂ'

= simphified
vrom the

|
| directions, then adding the absolute values of the resulting responses o obtmn |

the maummn combined value in a member or at a pointin a patticular direction ‘l
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in gcncul. this alternative is shightiy conscrvative for most cases and is quite
wequate since its degree of conscrvaism is relatively small.

Gravity Loads. - The effects of gravity loads, when structures deform laterally
by 4 considerable amounnt, can be of unportance. In accordance with the general
recommendations of most extant codes, the eftects of graveiy loads are 1o be
added directly to the pumary sod eardnjrake effects. In general, i computing
the effect of gravity Joad: une must take 1NLO ACCOUL: the actual dellecnon
and not that corresponding 1o the reduced scismic coclhicient In other words
if one designs for one-1ifth of the actual acceleration, s one dows when using
seismic Class 111, the actual total lateral deflections of the struciure are ubtamed
by multiplying the elastically computed deflections for the desipn acceleiations
by hive.

Unsymmetrical Structures and Torston.— Consideration should he given to the
effects of torsionon unsymmetrical structures, and even on symmctucal structures
where torston may ansc accidentally, because o vatious reasens, ncluding
lack of homogeneity of the structures, or the phased wave motians developed
in earthquakes. The accidental eceentuciies of the horizontal Torces prescribed
by current codes require that 5% of the width of the structure i the direction
of the carthquake motion considered be uscd as an accidental cccentriony. The
stresses arising from the actual eccentnoity should be combined with those
arising from the accidental eccentricity in all cases. The effect of eccentnaty
is to produce a preater SUess on one side ol the structure than on the other,
and the outer walls and columns will in generalbe subjected to barpee deformations
and forces than would be the case il the structure were considered to deform
uniformly.

Overturning and Momeat and Sheas Distribution. In gencral when modal
analysis technigues ure not used, in a complex structure or in one having scveral
degrees-of-freedom, it s necessary o havo a method of deliming the seismic
desipn forces at cach mass point of the structure in order 1o be able to compute
the shears and moments 10 be used for design throughout the structure. The
method described in the SEAOC Code (15) i+ preferable for this purpose.

Desion Criremia AND PROCEDURES FOR Bumitn PirELINE

For buried piping, the pipe in general will deform with the mround, and the
strain in the ground will be transmitted to the piping without attenuation. Where
vaults intercept the pipeline, and the motion is preater than that which can
be absorbed by change in €ross sections of the pipe itself, the steuctural provisions
must He made to prevent the pipe from rupianng because ol the fault mouor.
These considerations arc covered in the following.

In general, carthquake motions on burnicd pipe produce essentially secondary,
rather than primary, cffects since the strains of deformations arc fixed in amount
and the size of the pipe of thickness of the wall, or quahty of maternial, does
not affect the strains appreciahly. [ he imphcations of yicldmg and wonkling
in the pipe caused by pround moutons, as covercd carhier, may have an impoitance
different from the etfect of sccondary stesses on aboveground structures

Stenins In Buricd Fipe.- Because a buried pipe conforms o the strans and
defo, mations in the medium an which it is placed, both longitudinal strain and
curvature are induced in a buricd pipehine. Actually, because of shy between



———— A — s o - ———

102 NOVEMBER 1978 ,
L

the pipe and the medum, and local deformations between the (wo i

some shipht ovalling of th- pipe, the deformations of the p pe .2 .bcm"u::m.
te<s thae that of the medium. It s generally not desirable to consi;lc:a re;"" o
from the strain in the medium for the above reason however. One cnnuu“\m
inferrences about the relative motions between nearby points in a pipe as ou:;m y
here (3). For example, consider two points at a distance b apart, and con "':lm
a displacement p ai point | and p plus an increment at poiat .‘: n the ::n:'
ducsjm-n as at point 1. If a wave is propagated from point | l‘owuds .
2, with a displacemient of the form given by pass

pEfx-Ct) s e e Bl 5 B T BL 5 O, & (2)

";, whi;h ¢ is the velocity of this particular wave pwp‘;llion and ¢ is the time
then the vartous denivatives of the displacement p with res :
. ct

given by the following relations (4): b it g g

a'p

dp

-‘;‘—uj'(x—cl); ;;—;a-f"(x—cl) .............. o AL
¥ P

S ~cf' (x — ct), ;;:c/"(x—cl) ....... b . (4
From the first of Eqs. 3 and 4 one derives the following result:

ap I ap

= = —c- ‘{, ...... ‘ o o e Bl mod B p o g B N SN -
and similatly, from the second of Eqs. 3 and 4 one obtains

ap 1 &%

5;:-(»;;;; ............................. e .

In the cave where p is in the direction of x, then the utrain ¢ is obtained
from Eq. S, and the maximum strain at point | is therefore

Vo
G, T ow=—=n & iR ¥
: G b B T i iy o e 1O T 3 o L - e e Y

In lhc} case where p is perpendicular to 1 either horizontally or vertically,
the maximum curvature #t point 1 is obtained from Eq. 6, and is as follows:

- a"
Curvature = —>= . . . . ..+ . v o K
; v S i A e e e e ()
in whuch 03 the naximum acceleras a at point 1. The strains corresponding
to such effects are commonly quite small.
1 . . vy N H M
‘ WVhen the displacements in the region considered are associated with honizontal
....c.mng displacements occurring without longitudinal or extensional strain, ther
' ~ g Y
e diiplacement p is perpendicular to the wave front. For this case the.¢ 1
also an extensional deformation of an embedded element such av & | 3% o
a4

or tuanel but the relations governing 1t are shiphtly diffcrent frem fs

-
the ¢ t consudered rakes s 003 .

i where poas normal to x, but the clemer
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y = (v/c) cos’ 0 and the

¢ with x, the shearing distoriion y in the clement is
mazimem value is given by

= T T UPRPIR

liowever, for the maximum longitudinal stran in the clement € = (v/7 ) sin
0 cos ® = (1/2) (v/c) sin 20 and the maximum value is given by

(10)

R TR TR T s & & N W 3 O ¥W

€ = Vimsae

For either Fq. 7 or 1€, slippag
the force transmitted to it from 1
from the equations.

In applying the preceding ©
¢. 10 be used in arriving at th
apphcable to the type of motion an

e of the soil against the element way reduce
hat corresponding 10 the strains determined

xpressions the valuz of wave propa v v clociy,
\e pipe strain OF curvature is the etfecive velocity
4 medium being coosdered. In the case
of shear wave elfects, which is typical, the effective value normally should
not be taken as the vaiue at the surface noi e value at great depth in underlying
strata, but instead as the value representative of the actual motion « ¢ the medium
surrounding the point of interest, in gencral the propagation takes place in a
manner represented in Scction 5 of Ref. 8 Examples of effective veloaity tor
shearing type propagation i dif* :vent media that might be represcutative under
speecial cirenmstances are 4,000 fps for rock or permalrost, 3,500 [ps for massive
geavel deposits, 3,009 (ps for sund and competent soils, and slightly lesser values
Obyviously, significant relative motions can occur

for silt and clay deposits
rock to soil) and these situation must

at pround mediim G sesition zones (€ 8.,
te carefully considercd in design.

On a gross basis considenng relative settlement a strain in the pipe of the
order of 0.004 has been a common operating hmit of deformatici, for = 4Nt
diam pipe, for example, this corresponds to a radius of curvatie of the pipe
of the order of 500 1 due to relative settlement. This would coirespond 10
about a l-in. scitlement over A leng'". of 20 ft, or a 2-ft s*1lcment over a

length of O ft.

A reas. able critorion for permissible deformation to avoid rupture appears

to be of the orier of 1% 1o 2% strain in modern steel pipe at any seclion,
computed on a nominal basis, or approximately twice as much at points of
stress concentration, such as ncar welds or abrupt cross-sectional changes, taking
into account the local strain or stress concentrations. To reach a strain of the
order of 0.01 (corresponding 10 & Juctility lactor of aoout 5) would correspond
10 a radius 0.4 as large as those just cited which would give relative displacements
of the order of shout 2.5 times those computed. '

Yicling of Buried Pipe.-—Because @ buried pipe is subjected essentially 1o
loagituding! strain that s fixed in amount, it can be consid sicd as having a
higher factor of safety aganst cuch stram than it would nave apainst the
corresponding stress generated by such a strun spplicd as a promary loading
It is desirable 1o keep the tensile strans low o avoid initiation of a biule
teacture i pipe that docs not have the assured ductility, especially of it mu
Crerare at low tempeiaiures. The figuies previously quoted Joi aillow able tensile

vioa oy eeoame that the miatenal quehties as measured by transiuen temperature

- — —
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or in appropriate other ways (e g., fracture mechanics concepts) will insure
against brittle or ductile fracture at these levels of strain. The permissible stean
levels would have 1o be reduced in the event such assurance 1s not possible
Althoush br ¢ tractures are not itkely 0 occur under compressive strains
in the pipe, wankling or buckling can occur. In pgeneral, cu “ent piping codes
require that the strain in piping that s constramed be himited o somewhat
less than the muntmum specified yield strength. This is probably desirable from
the point of view of operating limits since buckling may produce difficultics
in operation, but insofar as allowable maxima are concerned, it does not appear
pecessary to limit the compressiva stramn even for buried piping to values less
than abou 2D strain. This, howe er, should be the sem of the strains
direction from all sources, including thermal, pressure,
on. Particular care needs to be exercised at bends, either
over bends, or sag bends, however, to avoud buckhirg or compressive
farlures that anse from the combined longitudinal stress and moment
1SS ccial provision must be made for deformation of
round piping e mounting of the piping in tunnels with special supports,

win o g X « worthy of consideration: normally however this

at Grorecwmicat Desion Provisions

Stability and Dynamic Movements of Slopes The movement of slopes and
embankments under scismic conditions is covered in Ref. 3. For eqqual resistances

in both directions the maximum motion ts given by the relation

()

in which ¥ is the maximum ground velocity in the earthquake, g is the acceleration
of gravity, N s a measure of the dynamic resistance to shdmmg (as determined
from the constant honizontal or inclined force which, if ap: lied after several
cycles of shasug and conscquent loss of strength, would |‘l«'l|\u e shding with
a [actor of safety of unity), and A s the maxunum ground motion acceleration
in the earthquake considered. The most serious casz is that in which ship takes
vy one diurection, corresponding to an unsymmotacal resistance to

maximum displacement under carthquake loading, as computed

rac values for a number of calculations from different earthquakes,

(12)

valucs given by bLq. 12 Becomes highly overconservative when N/A s
than about 0.15. In thi ise, Eq. 12 should be replaced by an upper
und ol

(1)

12 and 13 are based on rigid-plastic resistance (o sliding, and give good
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estimates of the maximum permanent displacement after excitation has
stopped. In general, the transient displacement does not exceed about twice
the inaximum permanent displacement, tut may be considerably less, espec ly
when the permanent displacements arc larpe

In studies of slope stability, the value of N 15 determu
generally equal to that constant acceleration of (l  earthy
constant dynamic force which gives a fuctor of salety ol ong the slope

If one-half the maximum ground motion acceleration is taken as N, or il the

slope has a factor of safety of one with 1/2 A staucally pplied, one can

determine from Eq. 12 the maximum downslope displace i, A normally
this will be a few inches in magmtude

It should be pointed out that most embankments and ey nost carth
and rock Ol dams are designed for a cons'derably small q ety
than that which weunld correspond to a value ol dynam s safety of
1.0 as previously delwed. Values of displacements ol
pos<ihle an well-desirned dams and dikes wathout fardure

been expernienced i practice. In any event, if the ratho ol
about 0.5, one does not ordinanly consider that falure of s
occur. Where the vaiues are less than thes, then the embank
be considered more carefully and in detanl. The same comn
and sumilar steactures, wcluding gravel pads or berms

It s *stimated that |[ s of one foot or less for a shde «
would cause plastic deformation but not cra king of stand
buried pipe; pipe made of buttle matenal nonnmally could
maotion

Where slopes are unstable and on the verge of shidin tatwcally, the
of Lq. 12 would indicate that large displacements wonld ocou Such repions
should be avorded or, as an alternative, coningency plans sl | be developed
Obviously where exceptional cases are encountered special e cerng consider
ations may be necessary

Liguefaction Potential. — -One of the most serious consequcr of an carthquake
is the effect of changing the properties of inundated sunds or cohesionless
matena's so that they become “quick” or develop a hquehad condition. One
method of dealing with thas problem s covered in Ref. 16, However, it must
be noted that several peaks of high accelerauon have little compared
with that of long-sustained motions, even of a less intense q latter
can have a senous ¢ffect on the hyuefacuon potential. Fo 15 Loy
expecte fthat igh intensities of only 2 or 3‘.1,1363.“! acceleratwor v be discounted
and the hiquefaction elfects can be computed for longer dura s of shaking
with a corresponding lower acceleration level not less than the design ground
motion value such as those presented in Table 1. This ps Jure also takes
account of the hiph damping values expected

Effect of Fav . Maotlons I'be transient displacements at
from a fault are not ncghpible but are not sulhiciently large t
€5 ly since they do not correspond to Large relative displacen
for e~tumating fault motions is presented in Rel 12, However
to a fault, larpe relative motions can oceur, In rock,
take place over fauly short distang ind therelo e for

n the pipe ag t the abrupt ¢l
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[Tus can be done most readily by arranging for the excavation of the veen, n
in which the pipe is placed to have relatively shallow (45° or less) side Pes
'

with a limited depth (wot more than 3 ft-5 ) of gravel cover over the Pipe
iFig. 2(51], so that the pipe will 2 hfied up and out rather than crushed and
cracked of a fault occurs transveise o the mipe. With nearly vertical s! pes
(g 2(2)). the motions would tend to cut or constrict the pipe in a way that
would cause danger of overstraimng and possibly Tadure. Fault motions in soil
aic not nearly so serious as they are in rock because they do not occur so
abruptly. In soil they would be expected to correspond to more gradual

displacements in whicl

' the local pressures gg unsl the pipe would cause some
deiormatio but not the hind of crushing or damage that wounld
‘i some cascs it may be desirable to place the

pipe on the surface [Fig 1 a ocrm on the surface Fig. 2(d)
Varticul fault motons are not generally sernious for metal pipe stce the pipe
rmaily has the capability to resist a 4-ft or S-1t vertical displacement without
undues dithiculty, cortesponding toloss ol one or two ol the aboveground suppo **
ot can become free it can accommuodate significant motions over large distances
Wihere fauit mouons might occur, it is important that the depth of cover

over the pipe be limit~d, as explained “bove, and that anchors or bends of

i
any sort not be placed within a distance of at least 200 ft cither side of the
expected fault area. It s also deswatle that the pipeline mtersect the fault
at nearly nieht angles, or m any case not make an angle less than about 45°
with the fault trace. It the geometry and diection of relative ship are known
it may be desirable to wichne the pipe axis to the fault shghtly to produce
cither tension or compression in the pipe depending upoa the design cnilena
and to accommodate such items as the type of pipe mateaal, and over bends
or sag Also, long-term <reep etfects near fezalts may need consideration

in de
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