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WASHINGTON PUBLIC POWER SUPPLY SYSTEM

P.O. Box 968 ~ 3000 George Washington Way ~ Richland, Washington 99352

September 11, 1989
G02-89-158

Docket No. 50-397

U. S. Nuclear Regulatory Commission
Attn: Document Control Desk
Mail Station Pl-137
Washington, D.C. 20555

Gentlemen:

Subject: NUCLEAR PLANT NO. 2
OPERATING LICENSE NPF"21
UNDERGROUND FIRE MAIN ANALYSIS t.12" FP(43)-13

Reference: See Attachment 1

In Reference 1) the Staff indicated that based on their review of the Supply
System's submittals, they did not agree with our conclusion that the calcula-
tions submitted demonstrate that thrust restraint is not needed for 12"
FP(43)-1. The letter requested that the Supply System provide a plan and
schedule for completing the installation of an acceptable restraint within 120
days (due September 9, 1989.)

The Supply System advised the Staff informally that we would like the oppor-
tunity to provide new information not previously on the Docket that we believe
addresses the Staff's concerns as contained in their Safety Evaluation Report
(SER) attached to Reference 1). After the Staff has had time to evaluate this
new information, the Supply System will be more than willing to meet and/or
hold technical discussions as necessary.

According to the SER (bottom of page 2), the reasons for the Staff's findings
were as follows:

1) "As stated in Reference 7, the theories of subgrade reaction (on which
the licensee's analyses are based) should not be used for the purpose of
estimating settlement or displacements, even though they could be reason-
ably relied on to compute stresses and bending moments in footings or
mats; and"

2) "NFPA does not provide guidance regarding the use of the analysis as a
means to show that soil alone can be relied upon to prevent movement of
tees and bends in underground fire mains."

S909i90204 8909ii
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Page Tiro
UNDERRRDUND FIRE MAIN ANALYSIS I.I2" FP(43)-13

kith regard to the Staff's first concern, the basis for the Staff's rejection
of the Supply System's methodology was described as being Conclusion No. 2 in
"Evaluation of Coefficients of Subgrade Reaction" by K. Terzaghi (Reference
2). The conclusion states in part ".

~ .the theories of subgrade reaction
should not be used for the purpose of estimating settlement or displacements."
The Supply System agrees that the use of the coefficient of subgrade reaction
is a valid concern because the relationship between displacement and subgrade
reaction becomes non-linear at values greater than one-half the ultimate
bearing capacity of the soil. The Supply System has revised our calculations
to address this concern (CE-02-88-36. Rev. 2). and under separate cover has
provided a copy for the Staff's evaluation. This revision addresses the above
concern by assuring that the subgrade reaction value is less than one-half the
ultimate bearing capacity of the soil.

In addition, the Supply System has discussed the use of this methodology with
a nationally recognized expert, Mr. E. C. Goodling, Jr. A particularly appro-
priate and much more current paper on this subject is "Flexibility Analysis of
Buried Pipe" (Reference 3), a copy of which is attached. In this ASME paper,
a similar methodology is endorsed. In our discussions with Mr. Goodling, he
confirmed the appropriateness of this methodology for this particular applica-
tion.

The Supply System has concluded that it is valid to use subgrade reaction in
the calculation of pipe displacement for this case, and that the expected
displacement is very small and therefore the mechanical joint will not be
disengaged and a thrust block is not required.

With respect to the Staff's second concern regarding NFPA's lack of guidance
regarding the use of analysis. the Supply System has taken the following
actions:

1) On November 3, 1988 the Supply System contacted Mr. Robert E. Solomon,
(Reference 4), the NFPA's Staff Liaison. Mr. Solomon advised us that
other "suitable means" as discussed in NFPA-24-1987 paragraph 8-6.2.8
would include the use of calculations to show that main movement will not
cause a problem at the pipe joints and/or changes in direction. He
further stated that the calculations should be submitted to the
"Authority having jurisdiction" for their approval.

2) On November 28, 1988 the Supply System submitted CE-02-88-36, Rev. 1 to
American Nuclear Insurers (the Authority having jurisdiction) for their
review and concurrence (Reference 5).

3) On December 16, 1988, Mr. Al Baker of the American Nuclear Insurers (ANI)
responded to the Supply System (Reference 6). ANI advised the Supply
System that they would not require the installation of a thrust block or
other form of pipe r estraint for fire main 12"-FP-43-1 based on their
review of calculation CE-02-88-36, Rev. 1, the Supply System's commit-
ment to revise the calculations per our discussion with Mr. Baker, the
ability to supply the D/G building sprinkler systems through alternate
flow paths (never an issue), and the current terms and conditions of
ANI's Property Damage Policy.
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1

4) On February 14, 1989, the Supply System submitted Rev. 2 of the subject
calculation to the ANI for their review and concurrence (Reference 7). A

copy of this calculation has been made available to the Staff for their
review.

5) On March 27, 1989 the ANI provided their concurrence of Rev. 2 of the
subject calculations and reiterated that a thrust block would not be

required (Reference 8).

6) On August 1, 1989 the Supply System requested that the NFPA provide their
concurrence in writing that "other suitable means" included the use of
calculations (Reference 9).

7) On August 8, 1989 the NFPA responded in the affirmative (Reference 10).
In their response, they stated:

"When the alternative means of pipe restraint is provided, a
detailed analysis of the soil conditions and expected pipe forces is
necessary to verify the design. The DIPRA manual as well as any
civil engineering handbook provides the necessary guidance for
proper pipe restraint when using alternative approaches."

The Supply System has reviewed the DIPRA manual (Reference 11), a design guide
for thrust restraint of underground piping. This document discusses the same
methodology for pipe restraint used by the Supply System in Rev. 2 of the
subject calculation (CE-02-88-36), and provides additional confirmation that
the Supply System's approach is valid and supports our conclusions.

In addition to the above expressed concerns, Nr. George Knighton informally
asked the Supply System to look at other means of monitoring for pipe leakage.
The Supply System is in the process of designing a monitoring system that we
expect to have installed and operable by July 1, 1990. THis system will
include an indicating check valve that will enable us to quantify flow and
thereby allow us to identify major leakage in the underground system. If such
leakage is indicated, the Supply System would then take the necessary steps to
determine if 12" FP (43)-1 was contributing significantly to such leakage.

This fire protection system has been in place for a number of years and has
proven to be reliable. The system was initially pressure tested and success-
fully passed. The Supply System has responded to all of the Staff's expressed
concerns. We have provided calculations using a methodology supported by a
contemporary nationally recognized expert as well as other current industry
documents. We have obtained the review and approval of the Authority having
jurisdiction. We have obtained written verification from the NFPA that the
use of calculations is acceptable. We have agreed to add a monitoring capa-
bility. In addition, it is the combined engineering judgement of the Supply
System (including our consultant's), that even if the main were to fail
catastrophically at the mechanical joint closest to the building it is not a
safety issue, but rather a commercial concern.
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Based on the above, we conclude that no thrust block is necessary for 12"
FP(43)-1.

Very truly yours,

G. C. orensen, Manager
Regulatory Programs

HLA/bk

cc: JB Martin - NRC RV

NS Reynolds - BCP8R
RB Samworth - NRC

DL Williams — BPA/399
NRC Site Inspector - 901A



ATTACHMENT 1

1) Letter, GW Knighton (NRC) to GC Sorensen (SS), "WNP-2 Underground Fire
Main Analysis TAC No. 64670", dated May 12, 1989

2) Terzaghi, Karl, "Evaluation of Coefficients of Subgrade Reaction",
Geotechnique, Yol, 5, No. 4, December 1955

3) E.C. Goodling Jr., "Flexibility Analysis of Buried Pipe", Contributed by
the Pressure Yessels 8 Piping Division of the American Society of
Mechanical Engineers for Presentation at the Joint ASME/CSME Pressure
Yessel 8 Piping Conference, Montreal, Canada, June 25 - 30, 1978

4)* Record of Telephone Conversation between Mr. Dale Eggen (SS Principle
Fire Protection Engineer) and Mr. Robert Solomon (NFPA 24 Staff Liaison),
November 3, 1988

5) Letter, CM Powers (SS) to Al Baker (ANI), dated November 28, 1988

6)* Letter, 21902088, Al Baker (ANI) to Howard J. Fowler (SS), "Fire Main
12"-FP-43-1 Pipe Displacement Calculations", dated December 16, 1988

7) Letter, CM Powers (SS) to Al Baker (ANI), dated February 14, 1989

8)* Letter, 21900689, Al Baker (ANI) to Howard J. Fowler (SS), "Fire Main
12"-FP-43-1 Revised Pipe Displacement Calculations," dated March 27, 1989

9) Letter, D.H. Walker (SS) to Robert E. Solomon (NFPA) "NFPA 24",
dated August 1, 1989

10)* Letter, RE Solomon (NFPA) to DH Walker (SS), same subject, dated
August 8, 1989

11) "Thrust Restraint Design for Ductile Iron Pipe", by the Ductile Iron Pipe
Research Association (DIPRA), second edition 1989

*Attached
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F]extbility Analysis of Buried Pipe
I

I

k. C. DOODLING, JR.

INTRODUCTIOH

h netsl cross-section secs of pipe
a«xsxirua ground acceleration

a, b, c quadrs ic cocf!ic'!erts
C» Cp, CB» coe!. icien s for .'-.'etenyi's cqusti

. ~ ~ -'', .
'

C, C» Pay)eigh, shear, snd cc-.,pression
~ » ~

vave velocities
D, Do pipe outside C! aeter

Bp » Young's ».odu)us !Cz pipe
Zs » Young's nodu)us !oz soil

7~x » axiru. sxiai !c.ce in pipe
f » fric ion force per nit length

Gs soil shea. nodu)us
h » depth belov grade
f » stress intcns!fication factor
k soil spring constant per unit len

ko » -..odulus o! subgrade react'!onL'ffec fve frfc fon length
f), ip length of T and P legs, respec=iv

rex!nun slippac;e length
))» uo-..ent
P system operating pressure
p» soil ccr.!fnfr.c press —.c
5» force in pfpe ac Eibov

tenperature
t » pipe vail th!ckness

7- -sxiru" sc.'1 velocity
x distance s)cng P axis
Z» section nodu)us c! pipe
o » coe'fic!cnt of linear cxparsion
Y » vcight density o! sofl

nove.=cnt of eie-...cnt vith respect
tcrperatuze d!!!crest!s!7c» 5't. 3!. ~

cs) c ave agc sc ! s rs

c! ther"s) stra!n in p!pe
5 angle of bend
> » systc-.» character!st)c .or p!pc'
u fr!cticn cocf!!c!ent st soi)/pip

intc.face
u, us Pofsson's rstic .!cr soil

p soil tcsss cins!tv
axial stress

rb » bene!nc stress
obt » 'tbc ...s! bend! Cu s . css
cc» net csrthq sk'ede st. c ss
op )c'n».ctudf"-.' casu-c ctrees
ct » nc'c thecal'. Cede st. i'ss

A - sofl elss !city pars=uter

ons

gtb

ely

: ing

to soil

nC soil

The expanded use of continuous velded steel
pipe to transport fluids undczgzound and the sccon-
panying avsreness of he possibility of high no~i
stresses zcsultin" froa !ozces acting s the soil/
pipe interface hss blade !)exibflity analysis of
buried pipin" sn i=.pcrtsn: part o. the pover plant
snd process pla-- design c""c-io" Piping ccdes
cover'ng sue). p'ng sre be!no ccnscrvstiveiv applied
by procurin" snd regulatory agencies in such a =.armer
rhat often proc'es the use o! corcrete cr cast
iron pipe in relatively shcrt leng hs, connected by
ball snd spigc t cr si"..i)sr type ~ofnts. Such con-
nections in the;..selves had introduced enoueh flex-
ibility into thc system that seismic or expansion
stresses vere se Con consfdereC critical erough to
varrant analysis. )Je)ded steel pfping confozcsfng
to AS.')E Specification SA-)05 Grade B (AS~i.) A-)06
Grade B) has beco-..e he usual choice for buried
safety class piping in nuc)esr facilities because
of its acceptabiiity under Section III of the AS~
Boiler snC Press'e Vessei Code.

Tbc calculated scis=! t or the —..sl stresses ir. a

contfnuous vc ided stec). p!Pe buried '".. co-...pacted
backfill or sand can be quite high, pazticulsrly
vherc the pfpe contains lcn- straight runs '-ith
buried elbovs cr sncbox's or. either cr borh ends.
Dscssge to these "„!pes.durin- an earthquake can be
very extensive, =ost frequently due to axial tcnsfon
snd cocpressfon cue to s traveling seis=.ic vave
vfch the damage -..ost apparent st the various
connections.

In the course n! des!",nfnc. burfcd of~fng '.: !s
necessary to Cc-..:ns. s c s"a"".ics'. v thc capsbili y
of the pipe to vithscsnC seis-..i- sc ii strain o"
thcrr»s) expsnsicn in the pipe, v.'thout cxc'eeC!r."
Code sllovabie stress leveis. ':hcn he csicu!aced
stresses exceed a'!iovsble stresses, it bccc=.es
necessary then t. fncorpors:c !ie..'b!!ity into thc
pipe design. D!.':crentis! so! .'pipe -.. is»eats
resul ing !rozi s"fi sr.rs!n or pipe therm) expansion
csn then be sccorod tcd v!tho t inducing h!Bn !orces
and moments st the elbovs.

* rigorous ans)ysis c! bur!cd pipin.". tsk!nr into
account cotcpicx ccozcet»v e! chc bends snd e!bovs snd
the passive st:!!enfng e..!ccts o! thc sef'! !s Ci!:!-
cu) t to scconpii~'ovever . s s!.=. ! if!»' cnscr-
vstivc snslys!s can be screr...p)!shed in s rather
straightforvsrd fashion, bu. considerable care fs
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in estab!ishfng the geotechnica) paranercrs
nccc ««ar'y

fnirII)at ng the prob)cn. It is neer s«arv for the
stress ana)vst to dote —...Lnc exact)y wha: is,pc s

needed fn the way o. scisnic and soi)s data so that
they cah v can be extracted fron the site studies. gstab-
)ishncnt of a close working ze!ationship with thc
pro)cct engineer responsible .'or soils and foundations

a)uation can be very usc!ul to hc)p in correct,)vcva u
einterpreting the soils data in order to arrive at an

accurate assessncnt of pipe stresses.

This paper presents a zationa) approach to
stress ana)vsis of buried piping berds, providing the
engineer with an orderly process for asscnbling the
necessary data. c)assi!ication of a buried pipe bv
irs dinensions and the nature o! its end restraints,
and derivation of a disczete set o! equations for each
classification to be used for the calculation of the
forces at the soi!/pipe interface and resulting
!orces and no=ents on the elbows or bends.

Iqba 6 proposes that where the depth of the
buried pfpc bclnw the surface is sna!1 (about !5 to
20 !ect), rhc Ray)cigh wave prednninates, and that
..~xinun soil srrain is nost accurate)y expressed by
(4) ~

Assunfng the seisnic waves to be sinusoida!, an
argurcnt can be nade for rc!inc. ent of strain calcu-
Iatton I aetr"...inane r, e ee atra'-n le el he the
1 neth o! a p.'pe r a1onp the aal ~ of prot,atloa
approaches or exccccs hal! a wave )ength6, typically
on the order of 205-'00 feet (60-120n). The expression
for average s rain, tave, can be found by integratfng
the wave over the appropriate segnent o! the sine
curve and dividing by the pipe length expressed in
radians. For exanple, !Or a pipe )ength of a half a

wave length (= racfans in le<age!r)
nt /o sfn&d.

( )ave

AqA).YSIS

Assenb) fnc the Seisnic and Soils Data

where a is given Sn terns of g.

In order to calcu!ate the di p)arenent of the
soiled 5 ssp v c Lr i c veto ii«c
the vario 's c!asti; -aves which chazactc.f-e sc"
response ro ar. ear hcuakc, inc!uding thc shear wave,
conpression wave, and hc surface {Ray)efgh) wave.
Once the shear wave velocity. Cs, and a va)uc !Or
Poisson's zatio, „, !or the soil have been establ<sh«

'rongeoohysfca) site studios. he ccnoressfon wave
and Ravleigh wave velocities. cp and cR, can bc dcter-
nined bv using Knopoff's curves {Figure 7). Naxfnun
soil strain for each ype of wave fs ca)cu)atcd hus>:

Shear wave- t ~ + Z~!2c«
("-'onprcssfcn

wave- t i z / (3)

The seisnic and soils data are used to describe
the characteristics o! he soi! zotfcn d -.inc an
earthquake (acceleration. velocity, and d'splacenent)
and to assess the degree tn w!:Lch a buried pipe con-
forns to th's rotion. The -. axfnun acce)eration, a
to be used in ana)ysis 's obtained !ron the scisnic
history of the geographical location of the facili y
under investigatior. and the soi) response curves for
the site and elevation. Fron this, the naxinun ground
velocity Vn is found as !Cl!ows".

V ~ (4S in./sec)(an)
*

Theoretically, Ln a pipe equal in lencth tc a
full wave length, average strain would be zero, but
of course, there are regions which are very defizetely
subjected to substantia! soil strains, anc recuction
bevond that o! (.) Should no. be a".e...pted.
should reduction o~ <<=un soil strain va!r:es be
corsidered unless su."!Scient site da a are avai!a le
to pc—. Lt ca)cu)ation o! wave length with con!idence.

I! only the —...al expansfon of the pfpe
considered instead of soil novo ents due to
the naxirun strain to be used in the piping
becones:

ct o6T

is to be
earthquake,
analysis

0. 65
k

D

where Zs, the soil nodulus of elasticity, is
found !ron Es ~ 2() + us)CS where Gs ocs

'.
vrfctfo crfc s along hc so< I/pape <n te~<a c

nay be es abp ished by nethocs proposed ir. Re.. -. A
w)i 'ed Inrun'I~ O ~ ~i C

)erg-'I

Certain soils cha.acteristics nust be deternined
in order to properly assay the degree to which friction
and bearing forces are inposed on the pipe. Thc noc-
ulus of subgrade reaction, k , fs nost inportcnt in
that it de!ines thc sti!!ness o! scil when «u!!ected
tc un't deflecticn. !t is no —...al 'stab:s',ed '.v
!Lelc! tests or can be estf~thd by 'Vvsfc's aqua fon r

)2
r 4 r- 9 s

(9)
E I !-u

p p

Raylef g'h wave t ' c Y /cr< (4)
g PI"p ()0)

Vrn
) l

p s R

(6)

A value !or zaxinutn «< i) strafn :n be used !nr
the piping stress ana)ysis nust be ch< «cn w.'.h carv.
Chen su;r;csts cc=bfnrnc the shear and connrcssfnn
wave ve!ocities to ca.'cu!ate a desi"n value for
strain by:

(5)cn ~ 2Vn/(cs + cp)

Yc'h suggests av< raging the strain !run a)!
three wavr typia«, which can hc rxpre«scd by:

where p = ~. )Incr.ever pcssib'!e. tht con!icing
press re, p, shou)d bc obtained !rc; cfvi encineering
sources ratner t'rtan calcu);ed dfrec:lv as above.

A value for coc!!Lcjcnt n! !rice.'on =. st bc
chosen wfth care. «L..ce '.ric:ion is a !unction o. nary
varfab)cs such as soi! :ype, nofsture cnn:en , cons'La-
tency, degree of conpaction, ctc. A ranch" o! va!'ut"«

av bc de <e ~ < ed <e<t 'ich t Iv )o''ai bound
vaauh'now!d

be usead a« -o-e cr,nsciva:ivh '" !ri c".'tu.'nt:cn
o.'ur)ed e)'Inw -n-" "~ « ani coper bound vra'.ucs .!c.
ana)ycfng str'righ runs o ou ied pipe.

~ See S) Conversions Section.
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In surd-wry, it is best to consult the soils
c ngineer for assistance in asse b]fng the rcccssary
anile and scisnic data .or use in the piping stress
ana]ysis. Thc state of the art in establishing
va)ucs and ranges of values !or use in tbe piping
ana]ysfs is such that it requires considerable
in(or5cd intuitive inpu , vhich is bess handled by
thc soils specialis . Hoievcr, she anal«st 5ust
bc very specific in requcssing she sort of data
that is needed and explaining hoi it vi.ll be used.
]t aust be re5e5bercd, soo, that seisnic and soils
characteristics vary vith depth. Since a buried
piping syste5 5ay have runs, e!bci's, and anchors
as several differens dep hs, it is best to obtain
a set of curves in vhich such iters as shear vave

velocity, riaxf555 soil strain. s-il con!'ining
pressure, and soil shea. 5odulus are plotted
against elevation. Then, speci!ic values for any
given elevation can be picked off the curves as
they are needed in the analysis. Figures S through
11 constitute a ses o! syp™al curves establisned
for a plant. site.

vill a]vays be less critical than those expcricnced
by the clbovs or bends.

Bends are class!!icd by type according to the
nature of their cnd constraints, that is, boi each
end o! the longitudina! run (along the axis of
strain propogation) seruinates, either as an clbov,
anchor, or free end. Vithin each type are sub-
classifications as so vhether the longi udinal run
(cal]ed the pipe or 'P'eg) and tbe transverse run
(called the transverse or 'T'eg) are long or short
vith respect to cerrain criteria.

In this case, buried pipes vith bends arc class-
ified into three 5ajor types. accordinc to the =armer
in vhich sbe end o! )onritudinal run, f or 'P'cg
(along the strain axi.s) is restrained. The transverse
run i], or 'T'eg is the run against vhich the soil
bears, producing an in-plane 5o5ent on the elbov.
Thc longitudina] 'P'eg is she leg upon vhich
frict,ion at the soil/pipe inter!ace is effective.

Ca]cu!ation o!'Inte..c'ia c Paranesers

k ko9

This is then use'o calculate ] by:

4EI
The characteristic I is a !actor deri:ed by

Hctenyie vhich conb'nes hc properties o{'oil,
'pipe 5ater!a], an ' ise section nrnpersics and in-
fluences the shape taken by a bc -. (shc pipe) on
a continuous elastic !n ncaticn (the soil!, v!tcn
subjected to exserna!', applied forces and .-.n"ents.

() 2)

Before proceed'-..- iisb the analysis, is is
necessary to calculate scne additional soil and pipe
related para5esers, na=e!y tbe soil unit spring
constant, k, the sysse5 characteristic, I, and the
rini5u5 !riction slippage length, i5. The so'1 unit
spring constant (or spring constanr. per unit lengt,h)
is found by:

(11)

FIGU?iE 1 - Bend Type '.

This type bend consists of an elboi connecting
a P leg and a T leg each vitb the ends !ree in the
direction of st.rain.

2
FIGURE 2 - Bend Type 2

The 5ininuia s''Fpage length, ~, is de!incd as
the length of pipe necessary !or the fric'ion force
along the pipe axis o c!eve]op !ully so that a point
is reached vhere she "ipc and soil 5ove togc hcr in
a region of tern re!ative ...nrion as sbc soi!/pipe
inter!acc. Tnc axis. !cad ."-, .x in the pipe '".. this
r< gion can be cxorcsscd by !~ and the slipp c
length is fnund by:

This svpc bend consists ot a P leg vith clbovs
and T lees on both ends', iith the ends free in 'he

direction of strain.

cA
5 ()3)

C)assificasinn n! P™e Bends F]GliRE 3 - Bend 'ype

It is in thc bends or elbnv of buried pipi..g
'that thc highest 5oxenss occur as a result c! sci!/
pipe differential 5osicn,c (ihesher ': is !rn5 soil
~train or frn5 pipe ther..a! cxcans:nn). ]t is true
that the straight sessions o! buried p!~inc syssexs
experience both be"..".-.." cnd axia! stresses !ter

strains: h~« ever, bending stree~is conserva-
tive')y ca]cu!atc're shorn in be cu se o c
typica) scisnic conC!tions and sc]dn5 deserve any
attention. A]sn is can bc said that, in genera],
tbe axia] and bcndin" stresse s in the straight runs

This type bend consists of a P leg anchored at
one end v'ish a T ]cr cn the osh~r, vith the T leg
free in thc direction of strain.

Each of thc t!tree rain types of bends arc shen
sub-c)asst i«d hv 'hether sh< transverse nnd !nngisu-
dina] ( a..d ! ) .vcs arn ]one ur s!"-'.t "c
sub c]nssf'eat n... ,„ly b« abb ei asc F 5 'nure. ~ tcnce
by using S and L tv designate short or !nod and P

and T tn ident!!y thc legs. For cxanp]«, a Type 1-
SPLT vould refer tn a Type ) bend vith a shnrt
)ongitudina) )c r an: ! a long transverse one.



~ I

I

~ 4
P

'gl

er



) ~

verse leg as. follows:
4 / 3F~xL'~ —

Q I+—
where ~ f! AE1

(14)

F-ax ~ cAE

The criterion for a short or Iong T lcg fs
wh< ther I,,fs shorter or Ioncer than 3>/41 (thc
]ength at «hich the hypcrbo! ic .unct ions in Hetenyf 's
cquat inns become unity, and the length beyond whfc)>

there fs nerf".'gible addftiona! fn!Iuence on the
forces and moments or. thc elba«'). If the T lcg
happens to be restrained laterally, and if its
length II is less han 3 /4'., as perhaps at a buil-
ding penctrat'Lon, the adCitional effect of the
lateral restraint would have ro be evaluated. This
could be dnnc by considering, the T end as free,
using Hetenyi's equations to detcrmfrc movement at
the free end„ applyfng a force at the !ree end to
push it back to irs aero position, anC then super-
imposing thc resulting moment at the elbow to thc
moment resul ing from soil or pipe strain effects.
Zf the T leg is lorger than 3 /bk, the nature of
the lateral rescraint on the end is immaterial.

The criterion for a shor: or long P leg is
whether or not 22 is su!!iciently long to experience
the maximum !cree that !riction at the soil/pipe
interf~ce can develop !ully. For axfmum friction
force to develop in a straight pipe free at boch
ends, its length I2 «cuic have tn be equal to or
greater than 32 . If a . ieg is attached tn one
end, thus turning it into a Tvpe I bend the length
f2 necessary for full fricticn to develop is reduced
due to thc .act that .ull .rictfon need be developed
only on one cnd, producing m"ximum axial force. Fmax,
«hich is balanced by partial !rica on force plus a
shear force, S!, due ro soil bearing on the T leg.
This parrial friction force operates over an
effective friction length L'hich is less than ~.
Shah and Chu! propose an equation for effective
slippage length !or a long pipe with a long trans-

Thc terms fn thfs equatfon arc as fnllo«s:
cL's

the thenrctfca'. unrestrafncd relative movement at
thn e!bow ovc» length L': SL'/AE is tht amount of
pipe clnngaticn Cuc to thc bearing force of soil
against thc T leg producing the shear fnrce, S, at
the elbow end which is trans!or. ed irtn an ax'al
force in the P leg: and !L'2/"AE represents the
pipe elongation due to friction a!ong,ghe soil/pipe
interface «'hich is found from (f/AE).'- xdx.

Since Equation (15) contains three unkno«n
quantities, b, S, and L', the'next step is to «rite
at least two of them in terms of the third, or else
calculate them directly ~here possible. For LPLT
subtypes (long pipe, long transverse), boch legs
can be assu ed to bc flexible (See Figure 13b).
Then L'an bc calculated from Equation (14) and S,
N, and b as follows2 ~ -':

S cAE - fL'~
H ~—

3!>

412H 4)S
k 3k

(17)

(IS)

Sote that Ficure 13b indicates the presence of
some shear force, S, ard so' bearing forces trars-
verse to the axis of rhe P leg. However, S. is
substan ially less than S (Re!. 3) and need not be
calculated.

For SPST anC SPLT subtypcs, where he rela ive
!lexfbilirynf the legs cannot be assumed with
confidence, it is convenient to assume conservatively
that the T leg is flexible while the P leg is
inflexible (See Figure 13a). The force S and movement

b car. be expressed fn terms of L'nC (15) can be
rewritten so that L'an be calculated directly.
Starting «ith a dia"r,m (Figure I(>) of a Tvpc
SPS. cr - SP:T nn !.f.h axis! loan is plotted along
tl>e P !cn"th L

Hnwever, if the T leg is shorter than 3s/4»,
L'pproaches I as .", approaches cero, and L'ay
be set equal to I fo-. Purpcses of classification.
Therefore ft appears reasnnabie to state that a
long P leg is onc which meets these criteria:

Type I I„) I +L'—

Ti~e 2 I„)
2L'v

pe 3

t
S

slope ~ f

In each case, thc test va!ue !nr L's that
calculated pcr Equarfnn (14).

Ca!cu!atinn o! Fo.ces and Hnmrnt".

Ca!culation of thc !crees and moments in
buried elbows requires c"tcrmfnatior. of effcctfvc
slippage !ength, L'. and thc rc'lat! rc movement. 4,
bc tween pfpt and snji at t:>c elbow ~ A gene al
equation !nr „'n tcr-..s c! L'nd S is wrxt ten
as follows i:

FIGUR"- ' Axial Force i)iagram

simple genrctry yields an equat inn for S:

S~ff -"!L'
f (I 3) ~ )

5 ~ ~ ti ~ 2!:L'E 3AE (15)
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f~)cn, by taking !?etcnyf's equations for a

concentrated force and a concentrated noncnt on a

finite bean on an elastic foundation. and super-
fapnsfng the= to produce zero rotation at the elbow,
equations for S and '.! are obtained, as follows:

k6
l Ck

kd Cz
~21 (2C C -C ')

1 3 2

sin e

(20)
o

(21)

Sinhlk
1

Cosh) k? sfnlkf coslk,where Cl 1

Sinh-) k - sfnklk
1 1

Sfnhglk) + sinklk!
C2 oo

Sinhk)tk - sink%2

Sinhlk> Cosh) k. + sin) k! coslkl
C3

Sinh Ak? - sin Xkl

e angle between the T and P leg axes

S), Ck

k C3
f) Ch- (k - 2L') —=

2 k C3

Equation (15) can now be rewritten with 4 and
S represented by Equations (19) anc (20a) ro give
an expression for L's a quadratfc equation, as
follows:

(208)

3ch / ck

This can be readily ~c !vod for 1.'y usfng the
ooolro lo fom L'-O+~O)l"L . O 1 O fO".

S, '. and 8 ccr. then be obtained frorl (19), (20a),
and (21) ~

Dote hat Cl, C;, and Cl ~ 1.0 w'hen lk! ~ 3:/4:
therefore these coefffcien s arc generally dele ed
fro= equations for bends with long T legs. Equation
(20) is rcwrit en as follows to give 'n te —.m of
Ll

Then, S and N can bc calculated !rn.-.. ("0) and
(21). Thc calculation for 4 right be rc: fned snmc-
what by considering thc irfluencc cr. S fr.= (20) in
(15), but thc'rlprovernnt fs s=ail. A':, the
reasoning expressed bv Shah and Chul regarding the
assurrptfon of flexibility of boch legs when bn h

and lk> exceed 3r/', H for SPl.T nay accordingly
be calculated free (17).

For Type 2 SP subtypes,

kk
Ll

2
(25)

Values for 4 are again calculated frc= (15).
For ST su? types, S =ay bn ignored and 4 calculated
fron (15a). For LT subtypes, S becones!

S
kd (20b)

Then substi uting (20b) into (15) gives an
expression for 4:

cL l 2

2AE
(26)

AAE

and then S and N can be calcula ed ron (20) and (21).

For Type 3 bends o! subtype SP:

L' kk (27)

Classification c f Sane Addi ional Ele=e..ts

ln addition to bends, it is us«f 1 tc iccntify
son« types c f straight pipes and tees wn:ch need to
be analyzed occasionally. Accord!ngly, a tec fs
designated Type ', a s raight pipe wi h bt h erds
frcc is Type 5, ano a sr.afght pipe free cn cnc end
and anchored at the other is Typ«6 (See;able ").

For ST subtypes, A can be calcula:cd fro".. (15a).
while for LT subtypcs, 4 is found by (26). Then for
Type 3 SPST and SPLT subtypes, S and H car. be found
frorl (20) and (21).

For LPST subtypes, again thc T leg may be
conservatively assu=ec flexible and the P leg
inflexible. Then L'y be found fro=:

s k e CA
r (23)

(158)

Rewriting (15a) and incorporating (23) gives:

a (24)
2

As hc T leg len- h b«con«s.-.ali ~ sn does
the total bear)ng force, S.of =be soil on ':. so
that Equatior. (15} ="'.: be used tn dcv«lop an
cxpressf on for 'hfch conservatively ignores the
effect of S, as fn.lnws:

CL gr
~ .

FIGURr 5 - Tvpc 4, Pipe and T«e

4F. ax1+ —-'- - 1
c

(?6)

For a tcc Tvpe»' LPL., exprcssicns !o. L', S,
Y., and 4 are gfv«n by S!u)h and Ch " as fo'..'nws:
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(30)

(31)

Corresponding expressions for SP and ST sub-
types and co-..binations vith Tvpes 2 and 3 can be
dave)oped as vith the elbovs but are not included
herein.

For Types 5 and 6, L's calculated as follovs
(S and N are zero):

For Type 5 - SP

e
E

2
(32)

For Types 5 - LP anc 6 - LP

Furthermore,

Q (tAB « EL') fo. each lcg of the
run pipe (29)

Pininc Code Stresses

Analysfs of buried piping is generally accom-
plished to demons rate structural integrity rhrough
cor.pliance vith applfcable piping codes, either
Section III of the AS.':"- Boiler and Pressure Vessel
Code (for nuclear !acilities), A.':SI B31.1 (for non-
nuclear pover piping) or ASSI B31.3 (!or che=ical
plant and pct.olcu-. refinery piping).

Code analysis for earthcuakes (called
'occasional'oading) requires that longitudinal
stresses such as longitudfnal pre sure stress, a

bending stress due to earthquake, ab, and othe-.
stresses (including, conservatively, the axial
stress due to earthcuake, ). be co=bined to give
a net axial s ress vhich fs then co=.pared vfth
esrablishcd alicvables'.;bus, vhere

PDG
a

P 4t
v

(3S)

force cannot, occur untf'o"c»rove;..crt takes place to
deEor.. thc soil nor;.Ai to the T lcg. Correspcndfngly,
frict,fon force acts only vhen there is slippage;
is zero at free cn s. and at points or regions of
zero slippage in the P leg.

E

For Type 6 - SP

(33)
(39)ab ~ 0.75i

i ~ appropriate stress intensifier as
calcula ed fnr an unburied piping
elec»ent (if 0.75i < 1.0, use 1.0)

(34)
S

a s
A

(40)

In all Types 5 and 6 pipes. 4 is calculated

~'LI 2cL'=
2AK

(35)

Axial Load Dia"ra-...s

F S+ fl.'36)
Fo'r a long pipe vi.h a . ree end. vherc frfc-

tion fully develops tn produce a region of zero
slippage, this force bcco=cs:

Tables 1 and 2 present load»".." dfacrans for
varfous types of bends and other elements for vhich
analysis my be required. ror all ypcs oE buried
piping and bends subJectcd to soil/pipe z»over»cnts,
there is either a point or region of cro relarivc
»aovc~ent at the soil/p'ipe interface or. rhc P lcg.
Thc dfacrar»s shovn in Tables 1 and 2 shov vhcrc
this pcint n-. r.zion is !neared for each type. Thc
maxi»tu. axial force in the p!>c vf ! occur at th!s
point ard can bc exprcsse" b,".

then the net axial stress is given by:

a>c+c+c
e p b a

(41)

In thc case nf a thernal ana.'ysfs, ng'.y the
bending and axial stresses are calculated an=
co b ncd As of IGvs:

H

bt Z
S

a *
a c +at bt a

(42)

(40)

(43)

ORCANIZI."C Aq ANALYSIS

The application of piping codes (vhich vere
vrfttcn vith print-supported ano rrstraincd pipinc
in c.inc) tn buried "f"..np (vhf:h 1! -..Ptcrtci And
restrained continuous.'y in ar. e'»ast: =.c,df —. 'as

~
»'eenquestioned. Hovrvcr, unt» th» !Scut

addressed directly '.: t!»e Co'e rc.=:t:ecs. : is
believed conservative and spprcpr' e to continue
using the existing Codes as stan.'.Gr »s c~ acceptabfl'fty
of buried pfping to vithstand i-...pored stresses.

F~x (37)

The aralyst nust keep in mind that scff1
bearing force, S.and friction !orce. EL'r f' Are
passive in nature an.! cannot cxrccd cert" fn practical
If@its. sc:'ther can occur unti! An actual r» lat iva
moves»ent occurs bctvccn pipe and soil. »nc bearing

Because of thr varicte of tvpcs and subtvoes nf
bends and other cfc-.,ants cf burfcd piping .': has been
Eound useful to organize and tabu!atc tnc various
data itc=.s and their snurces (Scc Table 3).

A suggested procedure for aeon-..plfsh'fnr a Code

analy is of buried piping is as follovs:



Obtain a layout drav1nF of the piping to
$ e analyzed. The dravinp should con!ain as a min-

imum, p".an and sect!nn vievs vfth clevat fons of
gfpc and snil grade! ine. all piping dimensions and

aaterfal specifications, bend angles and radii.
pnd operating data such as pressure and temperature.

2. Asscmblc the geotechnic data. This must

include soil shear vave velocity. Cs, the soil, shear
~dufus, Cs, confining pressure on the pipe, p, and

soil strasin,t, preferably in the form of curves
shoving variation ove. the range of «leva fons o!
livery buried element in the piping system. (If a

chernal analysis is rc be performed, c vill bc
calculated instead by the analyst). Also required
bill be Poisson's ratio.u,and a range of values for
frjctfcn coe!f fcfcn!,,at the soil/pipe interface.

Geotechnfc data (fror soils engineering
sources)

Cs 895 ft/scc (Ffgur« 8)
Cs 8680 psi (Figure 9)
c 4.40 x 10 " in. /in. (Figure 10)

p 15.55 psi (Figure 11)
u Q 0.40i 0.24

3. Intermediate parameters (eeuations noted
in parentheses)

k 15,955 psi f9) and (11)
f ~ 281 lb/in. (10)

0.0162 in. 1 (12)
1301 in. (13)

4. Classification of the Bends

0. Calculate the inrermediare parameters k,
f, )„and Lm for each pipe size and elevation in
chc svstem.

4. Identf!y and classify each bend or o her
element vhich is to be analyzed. An elbov may have
to be analy ed:vice. vfah each run befng reated
successfvely as a P leg and as a T leg.

5. Calculate ', 4 ~ S ~ ~ and F ax as
needed, using the prescribed equations Rated fn
gable 3.

6. Calculate thc Code stresses and cc=.pare
vfch the allovable stress for the material.

if the stresses exceed the material allovable,
it may be necessary tn incorporate slip coupiings
or some other flexibility feature into thc piping
system design. If this is the case, sore o! the
piping elements vill need to be reclassified. For
example, i! a Type 3 bend is found to sus ain
stresses vhich exceed the allovable fnr the
material,necess tat nz incorporatf< n nf a slf,
couplfnF b«t-een tn«an hor and:he «lbcv. thc
result vill be a cn".8 fnatfon of Iype 1 ard Type 6

elements. Slfp coup'fn"s have been fnund to be a

sat is'acterv reams c! incorporating ! I«xfbil fry
$ ntn a buried pfpe su'."feet o axial soil/pipe
differential strains. and in fact, have been ircnr-
poratcd in!o recent nuclear povcr plant design.

EXA..PLK

Mfth sof1 strains propogating in the east-
vcst direction, legs AB and CD are treated as long-
itudinal (P) lers; therefore, elbov B is analyzed as
a Type 1 bend, and elbov C as a Type 3 bend. 'Rich
soil strain in thc north-south direction, lec BC s

rhe longitudinal leg and elbovs B and C are analy ed

as Type 2 bends. Since each leg is treated as a

transverse leg at one time or annthe.. and since
each exceeds 3e/4I (or 1'6"), a'I vf :. !all into he
'long'ransverse (LT) subtype.

a. For the Tvpe I bend:

200 ft (2400 in.)
L ~ 924 in. (14)

1301 in.

Since 2400 in. > 1301 in. + 924 in., this bend
ma> be fully classified as Type 1

- LPLT.

b. For the Type 2 bend:

fz 30 fr. (360 in.)L'24 fn. (14)

Since 360 in. < 2(924 in.), these b«nds may b«
fully classified as Type 2 - SPL; and ' is
calculated instead from (22).

c. For thc Type 3 bend

fz 20 ft (240 in.)
L' 924 in. (14)

An emerrcney s«.:icc vates.pipe as shovn in
Ffgure 6 is to be ana.'vzed !or stresses r«sul tfnc
fro- e - ~ '"" 'c '-a'"s's f~ "s-"1«>

nu'he

o steps dcscrfbed a:cvc, as foiiovs:

Dcscrfpticn of the pipe and operating
conof!.ions.

200'ince
240 in. < 9."4 fn., this ben'ay be

fullv classi!fed as Typ 3 - SPLT and L's calcu'.a ed

fns!ead !rn".. ( 7).

5. Calculation of L', forces and moments

a. For the clt r- at B as a Type 1 - LPLT

North
42" R~

BI '".f.,

~ 42" R.
30'reeen'ipe

material: S*-106 Cr.

0.375" va,''
Pfoc c'v: 602'-7"
Grade e]c v:

620'peratingpr«ssur«: o5 psi

L'24 fr . (14)
S - 106.400 lb (16)
H ~ 2,190,000 in./lb (17)
F~x 366 F 000 lb (37

(!!ote: C do«f. nnt need to bc ca'itulatcd f«r
this subtype.)

FIC"RK 6 - Kxamplc Buried Pipe (plan viev)



b.
Sl'LT r

For thc clbovs at 8 and C as Types 2-
L'80 in. (25)

0.061 in. (26)
S 60, 100 lb (20)
N 1,855,000 in./lb (21)
Fmax 110,700 lb (36)

bend:
c For the elbov a. C as a Type 3 - SPLT

L'40 in. (27)
b « 0.075 in. (26)
S « 73,900 lb (20)

«2,281,000 in./lb (21)
Fmax 141,340 lb (36)

6. Calculation of Code stresses and
compar fson vieh allovabl cs

Using equations (38) through (41), che
ASHE Boiler and Pressure Vessel Code Section III
stress can bc expressed by:

PD .'! S
o —+ 0.75i -"+-

Z A

For this 24 inch pipe
elbovs, i «4.2, A «27.83 in.
The net stress for each clbov is
follovs:

vitb 36 inch radius
and Z « 15<.9 in.'.
calculated as

a. Type 1 - LPLT (Elbov 8, soil stra!n
east-vest)

oe « 1040 + 42609 + 3823 « 47472 psi

b. Type 2 - SPLT (Elbovs B and C, soil
strain north-south)

o 1040 + 36091 + 2160 39291 psi

c. Type 3 - SPLT (Elbov C, soil strain
cast vest)

1040 + '43SQ ~ 2655 " 48, si

CO!(CLL'SIC: 8

Assuming an allovab)( stress nf "7,000
ps.'equivalentto 1.6 Sh !nr SA-106. grad( '- steel

pipe), it i" apparent hac neither o! elb:;s B

and C satis!v th( Code cond!tinns. There!(rc,
it is necessary tn dcsirn morc flexibility into the
pipe, either by usinc a larger bend radius to
reduce the stress intcrsi!ication, or by incor-
porating slip couplfrts. 1! chc latter is chosen,
the elbovs chen must bc reclassified and analy=ed
accordingly.

Emphasis bas been placed cn devclopinc an
orderly classi!icati(n of pip'!ng elements by the
nature of 'hc!r various erd cnn!!Bura(fons, and the
prescn a ion of a abula(i('n c! applicable
equations to prov!de the ana!ysc vith a seq ence of
operations needed.rn perform a Code analysis.

This paper has noc covered the effects of
relative movements at building penetrations, vhich
have been discussed to some degree in Ref. 2 anC 5.
It is believed, hovcver, that the so-call.ed
'guillotine'ssurpcion (relative movements at the
penetrations being sharp, veil-Ce!ined di.ferential
movements ar. the soil/building inter!ace) is very
conservative. First, it is di!!!cult co escirace
such relative movemcncs vith any degree of con!!der.ce,
and second, ana ysis by methods suggested in Re!.
nearly alvays implies an ove.stressed conc! t!or.
vhich rust be reredied by providing !or a

'soft'flexible)penetration in che ",!ping syste= Cesign.
Ic is easier to proceed at the outset to design the
flexible penctrations and elfm!nate the need for
comprehensive aralysis.

A fev conscrvatisms shou'C be noted here.
High calc laced bending stresses fn elbe"s genera''ly
result fror tbe application c! a s ress intens!!!cation
factor, i, to account .or c,he sccon'ary stresses vh!ch
occur as a result o! the ova!!ta-icn cendc..cy fr. ='be

clbov cross-sect!on. Hovcver, a natural passive
resistance o! the soil to oval!cation exists, but is
difficult ro evaluate, so it bas been conservatively
ignored. Also, treatment of chc P lcg in che SP

element subtypes as !n!legible. !cr conven!ence o!
analysis, results in higher bend:ng mcments chan are
believed co exfsc. Further reffncr.:ents in methods
o! calculating !orces and momercs in buried clbovs
using finite elemenr. methods o! analysis can be
expected cn result in lover calculated values for a
given sct of cnnditinns.

On the unrnnse'rvacfv( s™e, ': has b(-(.; sur-
ges-cd ha 'l( <"e--ial . "- z--e (

'onfor=tn c'hc cyclically stra n!nF soil could con-
ceivably result in higher 'orces and momcn s chan
thnse compuc(d from creat!nF sc'!'. strain as stat!c
phenomenon. The dy:ramie aspects o! an earthquake
vith respect o buried pfpfng "ay merit !urcher
investigatinn.

In su~ry. it is believed chat che approach to
flexibilicv anal! sis of buried pi=frg prcscnccC ? y
this paper is, c;. balance. tonsor:at!vc and reasona'le
in its applica(.nn o.'eismic and soils parameters
and '.cs vsc o: . c:.ura'!y acc(;co='<pfnr crd( ana.'ysfs
proc(Cures.

Th!., paper has isrussid (bc prncc'ss 0!
per!orminr a scr( r.;(h ann ivsi s .'or pipir" vhich is
buried <n s( i:-. Br;ln-.in.. <.!(h c!<c vari(u~
technic ~aramccers vhi "h define ch( mot'!nn
forces ac (! sn!1/pin< in( ~ r!ac('nd control thc
degree cn vh:ch th" p!Pn cnnfnrms cn the so!1
m(t ion (nr nnn-mn(inn in a (birr.<1 nxnansion
analysis). nv!hn!s ar" Cvt "1(lped (n ca!cu!:<(e
axial fnrcvs:lnd l<vnJfnc ~<men(s at pnin s nf
int(rest in ch< pi lrl «'' ne 'n C' stresses
af('r('sc l(vd alla (Le< r a, "1 lc lb! 1! (y, r (":r<" 'J
briefly.

Sl COS1 RS10::6

1 in «(.025C H

ft 0. 304S

l psi 6.895 kpa

I lb « 4.446 ."
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FIGURE I2 LOADINC AND DEFORMATION DIAGR MS I'OR BVRIEP ELBOWS
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TABLE I AXIAL.LOADING DIAGRA'MS FOR ELBOWS

(POINTS AND REGIONS LABELEDA EXPERIENCE ZERO SI.IPPAGE BET'A'EEN SOll. AND PIPE)

SHORT PIPE LONG PIPE
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BUR[ED PipiNG —AN ANALYSlSPRO EDURE UPDATE

6. C. Goodg«S
Gilbert/Commo«weeha
Reedir<O,?e«nrylvenie

AMTRACT

Thts paper fa fateaded as a gufde to be used fozfLexfbility analysts oj buzfed steel piping uhich fs
sub)ected to the effects of sn earthquake oz to charnel
expansion. It is essentially a consolidation o- previous papers on tbts subject presented by the author,to present clarffications, expand the coverage totnclude additfonal pipe conffgurarions and to incor-porate some nev equatfcas and updated treatment ofcertaia varLables tnvolved in the analysis of burfedpiping.

Methods used to estimate analysis values for soilstraLn, modulus oE subgrade reaction and fzictton atthe P fPe/soil face. face are tevised and sfmpliftcd to adegree consistent vith he certainty of site data.

Classification oE buzied pipe elements ts broadened to
include more desfga cases, and several equations are
refined to 'mprove "heir usefulness to the analyst. An
updated discussion of applicable piping code considera-
tions is included.

LNTRODUCiLON

The ftextbflity analysfs of buried steel piping
fabricated from continuous ve ded runs a1 an branches has
progressed over the pasr. several years grom a ht hl
idealfted approach vith many conservative assumptfoas
to a moderately rigorous procedure <Iith noh nore rational
use of seismic. sotl. and pipe physi.cal characterfstfcs.
The use of the conservative heoretical approach oes
not reaLly create manv problems vhere nev desfgn ts

'iO %CLOTURE

A
a<

~

a, b, c
Cl, C2< C), Cd

RI "s
d ~

p
gs

f
Cs

t(
K< kl

k

tl, i
M

P

z
S

Sh

" metal cross»secrion area of pipe" independent variable group
radius of pipe section
quadratic coefficients
coefficients foz Hetcnyi's equations
Raylefgh and shear vave veloc'ties
PLPe outsLde diameter
oung<s modulus for pipe

young's nodulus for soil
axial force tn pipe" "ictfoa force per unit length«fL shear modulus

moment of inert<a of pipe section
stress LnteasLftcatfon. factor
dfmenstonlesa coef ftcfents
sotl spring constant pez uni.t length
modulus of subgrade reaction
effective friction length-
length of T aad P legs, respectively
maximum slfppage length
moment
system operating pressure
elbov or bend radius
force tn ptpe at clbov ,
allouable stress tn ptpe at operattng
temperature

t pipe vali thickness
Vm maximum soil velocity

section modulus of pipe
a coefficient oE linear expansfon
8 dimensfoniess coei!Lc'ent
d - aovemeat of element vfth respect to

soi'e

tatfve ptpe/soil "ovement at a .rc ead
d- - temperature dt!Serentfal
t - strain

t average sotl strataave
tm ~ max um so l st aLn
ct hermal stratn 'a pipe

angle of bend
system charactertst-c .or p pf c and.soll
friction coeff<c<ent at soiL/pipe interface

u Pofssoa's ratio for sotls sotl mass density
a axial stressa
ob bending stzess

o ~ thermal bending stress
o net earrhquake Code stressbr.

e
c longitudinal pressure stzess
ct aet ther~i Code stressp

soil clast'letty parameter
sctsotc vave i<hase angle
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:«vn)v»d. "=wart ed p!a!,g shovri by enalys e so be ov«r-
e c,r«si«o by s«fcaic cr:h«r il e!!cc s can be rcdestg««d
sn Incorporate !Lex'.ble couplfngs (Dresser style or
i L=f'-r) n -'nf i=c the buildup of stressce due so

Efcrhnctal'aoveocnt besvcen she soil and sh«pipe.
ch coupl ings have been fncorpora red effect fve ly fn

buried veser and petroleun transport piping for over a
huncred years. The real probleas vith buried piping
occur vncnv'nen tt becones necessary to deaonstsa e.znatytf-
cal).y that pip'g vhfch hae already beea fabricated and
burt«d vil'ot be sub)ected to se'saic or expansion
strees-esses vhtch exceed al.lovable levels.

Actual failure of the prcssure boundary tn bur ed
tpelfaes sub)ect to earthquake appears to occurp pe-

priaarfly vhen rhere are seve e s o 1 o es
~feb r d ros hie th 1 r Even
vhere there is severe ground displaceaent but no rupture,
buried steel piping yields but rarely fails coaplesely.
Hovever, p'ping can yield and buckle under high co-
pressfve loads, vhether due to seisafc soil strain or
excessive ther~1 expansion of rhe pipe, resulting tn
an unacceptable reduction of fluid flov cross-section
a rea (loss of funct ioaal capability) and consequent head
loss.

Is is rherefore necessary for the practtciag
engLneer to have at hand a rational procedure for calcu-
lating stresses Ln buried piping, particularly for bends
and elbovs. This paper presents such a proceduse,
tncl«ding s'e!Lac=eats, changes and corrccrions ro
prevfous published procedures (2 thru 6). Is aust be
noted shat she reffneaents are those vhich have evolved
through analysts of buried safety class piping fc. a
nu=ber of nuclear pover -. laats and reflect the cxper-
tences and suggestions : a nmeber oE eagtneers
throughout the United States and Canada.

ANALYSIS

nisse blfnc t'e Setsnic and Soils Data
The sefscifc and soils da a are necessary, to

describe the characteristics of the soil notion during
aa earthquake and to assess she degree to vhich the
pipe conforms to this aotfoa. The aaxtei~ acceleratfoa

o be used ta setsafc aaalysfs Ls the dynamic respoase
of he sof.l ac the elevation of Laterest as deseMaed
f ron he seismic htsrory of the geographical location
of she !acflity under iavestfgasioa, as determined !ron
the soil respoase curves !or the site. Fro= shia, the
aaxfaua ground velocity Va ts calculated as follova (7):

Va (48 ta/sec) g

vhere g ts he dtsensfonless rasfo of the wxi=ua soil
article acceleration o the gravitatioaal coasrens.

A va1ue !or -.-wxiau= soil strata to be used for
bur!«d p p'ng analyst s russ be calculated vtth cate.
Chen {g), Yeh (9), ar" Iqbal (10) have reco—ended
df f!«rent veys o. assu=ing the part tc'atton of the
v=r!ous s»!saic vaves (shear, co=pression and Raylefg )

the nes sets=Le vave vhfch results in seisafc soil
s rata. }iovever ~ although the veloc'ties of propaga-
t'on o! she various veves can be determined froa n
situ and laboratory tests, ' nay be overly conservative
to consider only the veve velocLties of the soils
t~diase]y surround'ag the buried piping (ll)~

0'go rk es aL. (12) state that for a unf fora soil
oflayer over'ay'ng bedrock, the propagation velocity o

sefsgfc vaves along she pipeline 1 s found to be
s rongly influenced by the vave veloc' fn rock, a
Lov value for shts befng,000 ! /sec (600 a/sec).
.".easureacnts.oi seisatc vave propagation velociries
occurring d«ring soae recent Japanese eerrhquakes and.

x
s / s'ndd6 " 0.637 scave " (3)

vhere cR is soil strata based oa Cg.

.heo.ettcally in a pipe equal tn length to a .u
vavclength, average strata vou. e

there arc regions vhich are de.ia-tely sub ected to
substantial sof.l strains, and reduct-o ns Ln calculated
stra nt" fn beyond shat afforded by (3) are not ceca=ended
aor s ouh ld (3) be used vhere he p pe run leag

e site data Ls1 thea oae half vaveleagth. or vhere s te
iasuff'cfeac to perks calculation of va el

ess
v velea th vf th

coaf'dence.
If only her~l expaasfoa of she pipe s to

coasf,dered instead of so'1 aoveaeass due so carthqua e,
the strain value ct to be used in the «ol'ovin ana1ysis
of bur'ed piping 's calculated by:

ct od (4)

Un,like seL -ic analysis, though, here sets=Le ss-.afn
Ls ass~d to ac along the longess run at any "„'ven
aoaent, sherml strain acts along every run. .herc{or
a thermal analysis of e buried elbnv rcqu'res snalys! s

of each run separa ely and co"bine on I
st.esses i.. t'e connecting clbov.

Cersafn soils character-st-cs muss be dete. Lncd

Ln order to essa sblish the degree so vhich Erictton and
on she fpe.b 'n forces are Laposed by the sail on she p pe.car ng

The =odulus of subgrade ko de.fnes e s .. e
Ln the course n.'oenil vhen subjected o bear-ag loads

a n~ber oE methods usedrestraining a pipe. Mire are a nm er
he aost acc«rare of course, bc Lngfor determining ko„ t e

1 «'d tes fag of she coapacsed sof eurrounactus i e. In the absence of accurate !Lead ~asac p pe a
!or estfrmtfnse=p r cirical aeshods have been deveaoped

! i. En 1 tenk . Vesic {13) proposes t'e !olloviag (-n agl
units):

d«rfng th» San Fcrnen arshquake o! 1973 eu",cess
Ill us 1l>~vc vc lbc i 5 «e Ln excess o! 7,000 ~ s/~ec ~

There has th«re!ore evolved a consensus aaonganon consul-
tants shat th. uae of nny vave veloc- y o! Less then
2,000 ! t/sec so calculate soil esraia fs overly
conservative vhere she elevatfoa ab ove bedrock Ls lrss
shan one vavelength, typtcally 200 to 400 fees
(60-120 a) (1L) ~

Maxi"ua sei»~fc soil errata c fs calculated by:

Va
s

C

vhere C 's the velocity of propagas o n of rhe seismic
vave a long t ie piaeline axis Lhe e the elevatioa

b bedrock fs knovn to be one vavelengt o

value for C of 2,000 ft/sec (600 a/sec) is recoe=eos=ended
I! the elcvarion above bedrock is unknovn oror use.

s gn cai L 't'y exceeds one vavelength, the v
d froa siteRs lef"h {e«rface) vave C> as determined froa

tests shouLd be «sed for C, espec ally
buried vtrhf.n i0 or 15 ieer. (3 or 4 a) of the ground
surface.

f tence to beSeismic vaves are ass«-ed f'r conven ence
sinusoidal. and an arguaeas can be aade for further

~'nc"ent of sof1 strain calculations for pipe runsrc ne"en
th. Since ( )vhich are longer than one half vavelengt

aa instant, occursrepresents a naxfaua value vhfch, at
only ar. a single pof,nt along the p.p e a nore realistic
value for ssraia along she pipe run caa be found by
calculating the average strain save by:

~ «a$
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(5)
Fr'ctfoa force f »r. the pipe/soil inter ace c.!a

thea be found by:
"c (9)

hdh»t» ko may be thought of
und» r shoe bearing p res sure
»fun» of pounds/sq inch of
t ion. La order ro f i.nd ko
Y„may be calcu!.a ed fromt

as the spring rase of soil
fmposed by a pipe in dimen-
bearfng area/inch of deflec-
by '!»sic's equat'on (5),

Es " 2(l + us)Cs vhere Cs " pCs

The aaalyst, musr. be careful to maintain dfmensfoaal
con»Lssency since the shear wave velocity fs usually
giv»a fa ft/sec or m/sec., while the usual dimensions
g!vrn for Es and Cs are ps f or ksi. Similarly, when,
ko !» developed Erom site testfng, the dimensions are
oft»n given as pounds pes foot cubed, vhfch must chen
be conversed to pounds/fa. /La. for subsequent calcu-.2
'.. sioas. From ko, the spriag constant k fs calculated
bvt

k koD (7)

Thf value for k, vhfch is used to detetmfne the pipe/
»oil svstem charac eristic and the soil deformarion d
!n subsequent calculatfoas, fs usually referred to as
the soil uaic spring constant, vfth dimensions oE
pounds/inch squared (psf).

?eruraing momentarily so Vesfc's equation (5), it
vill oe noted after a Eev trials by the aralyst that

he 12th root oE the value uader the radfcddl, Eor a
typical value or Cs of 8,680 psi, ranges from 0.76
for 2" Schedule 40 pipe to 0.87 for 30" standard wall
(0.375) pipe, beLng affected only slfghtly by variations
ia Ersor us. Since the values used for u and Es are
oft»a approxi ate at best, 't appears that. a si pier
means. oE calculating ko aad k might be suitable.
Accordingly, Parmefee and Ludtke (14) have proposed a
more direct machodp by which for us of 0.5 and ratitt
of depth belov grade to pipe radLus of 30 or greater,
k 1.12 Es. Dr. <. Ayub Iqbal (10) suggests that
cettfng k equal ro 0.6 Es would be appropriate for the
usual .aage of vs (0.3 to 0.5).

'M " CdvgdD

fn vhich W ~ deadload on pipe per
unit length

v soil density, vefght per
unit volume

Bd trench v dth at top

0 pipe diameter

Cd ~ dimeasfonless coef Efcien-
based on backf!,11

(Sce Figure 10)

So i 1 F rict foagf fee s
La aaalytfag strafght runs of buried pLpe, ft fs

acceptable o use upper bound values for frfct'on force
p»r ur. Lcrgt'h at the pipe/soil interface (5). How-
ever,;n aaafyzfag buried elbovs for seismic stresses,

fs necessary chas friction force be established
cars»rvatfvely oa she lov side. Soil Eorces normal to
th» pipe wy be determfaed by the modified ."~rston
»ques'oa as follovs:

The value for a must be selected carefully since
frfction fs influenced by such variables as soil type,
moisture content, consfsrency, compaction, etc. (3).
t:here friction coefficient values exceed 0.5, the
fnternal friction vf.shin the sofl f.tself dominates.
It fs recommended that a soils eagineer be consulted
!or assistance Ln establishing aa appropr'ate tange
of values Eor a from site-specific dasa.

CaLculatioa of Intermediate Parameters

Af er she strain s, soi.l unit spring constant k.
and the fricrioa force per unit length f have been
deter fned, ft Ls necessary to calculate tvo additional
parameters, namely the pipe/soil system character!,stfc
I and the mLnimum slippage length L

The system characteristic 1 is a factor derived
by Heteayf (15) which combfaes the stLf fness of th»
soil fn k and of the pipe material in E vith pipe
sect'on pt'operty T to accouat for these 'aflueaces on
the shape taken by the pipe oa the coatiauous elastic
foundasfoa vhea sub)ected so exte.aally applied forces
and mo=ents. The system characteristic is found by:

(10)

cAF.

F~ ~ ff cAE (12)

Classification oE Pipe Ele=enss

Ls fs ia the beads or elbows of bu.fed piping chas
the highest moments occur as a result oi soil/pipe
different'al motion 4 (vhesher Lt is from coil »train
or from pipe the.~f expansion), 1 fs Ue hat h!o

straight sections o! burfed pfping systems exp»rfeace
both bendfng and axial stresses from soi.l strains;
'however, bending stre»ses coaservatively calcula ed
are shown to be quLte Iov ~ Ref. 4. 9) for typical
seismic coadft oas uad»»loom deserve any at tension.
Also, it caa be cafd hat. 'a general. h» axial aad
beading s ress»» 'n tae straight runs voll z!ways be
less c.itfcaI thea those exp»rienced by the elbows o.
bends.

Pfpe element.s are classified by type »ccorcfag to
the nature of their «ad coastrafats, that fs , how each
ead of th» longitudinal rua (along the ax!.s of s rafa
propagatfoa) terminates, either ae an elbow, anchor,
or !ree ead. ttfshia each ype are sub-class' feat:on»
as to whether the 'ongftudfnal rua (called the pipe or'P'eg) and the transverse run (cal.led the transverse
or 'T'.eg) are long or shor with resp»ct to ce. ta:a
criteria (4).

!a this case, buried p!pes vi h beads are cia»»t-
f ied faso three ma)or types, according o tae ~ance
in which the end of loagi udfnal run, f~, or

'P'alongthe strain axis) fs restraiaed. The ranave. s»

,h =I. I *I!P~P) odoh I Io d .I od oh
length of pipe necessary for the fr'.ctfoa force along
:h ~ PIP OP' Po d I~I'O dh O. O PO!hd I
reached vhere the pipe aad»oil move to ether fa a

r~efon of ero telati.ve motion at she pipe/soil inter-
face. The «Unfmum slippage length L and corr~sponding
maximum axial force F~x in the pipe are found by:

227



'0

e

1!

zun th or '2'eg ts the run against vhfch the eof 1

bears, pruducing an fn-plaae aoaent on the elbov. The
]Ongftudtnz". 'P'eg ia the leg upOn vhfCh frfer,iOn at
he sotlip)c . fa er(ace ts effective.

T l te
2

Ftg. 5 Element Type 5

Ptg. 1 Bend Type 1

This type bend consists of sa elbov connectiag a
P leg aad a T leg each vith the ends free in the
d'tectfon of stzafn.

t2

Ftg. 2 Bend Type 2

This rype bead consists of a P leg vtth elbovs
and T legs on both cade'tth the ends free ia he
direction of strain.

C

The strict crfterfoa for a lon or s ort --.s ort dnsvefsc
(T) c f h ch 1' Rs r r h QtCf "tllll )*$1

ch 1 llcch c hfch ch h~ rh Rfc f occf ~ ln
Hetenyi's equartons approach unity (and the length
be d vhi h there ta negligible additional influenceyon c

uall aon the forces aad zfozfents at the elbov). Actus y,
boundary condition for 1, of as little as 3s/BL my be
used ' a LGB error tn calculated results can be
tolerated. '«>~t this all 1"pltes ts that the largest
portfon of the bearing load on he zansverse leg
occurs fn tbe f'rst fev feet of the pipe at the elbov
or bend.

Th err c ."Ron for ~h*rc r,lL2RP~P~CR
(the leg runnfng fa he d'recrton of vave propagation
or naxfaua aoveaent az, the pipe/soil faterface) ts
vhether or not t2 is suf icfently ong, to experience
the aaxfau= force that develop at the frfctioa 'nter-

h end
face. Tpoz'xi~ friction force :-ax c4Z) to
develop ta s strsighz. pipe free axially ar. each en
frs length L„vould have to be 2l as calcufa ed by
(11). Tf one end te. tastes fa a transverse'T) leg.
thus turning t- into a Type 1 efeoca.. . c to tal Len th
t~ necessary for .u 1 fric on to e e p 'f ~ T ! „v lo fs reduced to
L + t hc f fcttoa zorce ove. Length C az the free
end is balanced by he sot) bear'ng !orcc S, oa be
rrsnsvcrse leg plus the soil friction force acting over
s reduced (or 'effect've') slippage leagth L'a tbe P

leg at the elbov. Shah and Chu (2) propose equatioas
fo c 1cllfc CC ccf ~slf su 1 . c .I .Cr C

W h fohc R-.eche-se 'efs, s .'C11 s:

Ffg. 3 Bend Type 3

For
bends

For
tees'

3F~xL'3 0- 1 +-2fll

/--Q
( 1,+ —-1-

2 ~( fn

{13a)

(13b)

This type bend consists of a P leg sachored at one
end vfrh a T Leg oa the orher, vtth the T leg free tn
the dfrecttoa of strain.

Each of thc three types of bends arc chen sub-
classtftcd by vhcther the trsasverse and longitudinal
(T aad P) Legs are 'ong'r 'short'. The sub-classi-
ficatioas »hay be abbreviated for coavenfeace bv using
S and L to desi~ate sborr. or long, and P aad ~ to
ident t y he legs. For ex~le, a T>epe 1 SPLT vouid
refer to a Type 1 bend vfth s shorr. Longitudinal !eg
and s long transvez'se one.

Additional eleaent types are T types as shove ta
Figures 4 sad 5, vith one pipe «nd ax'ally free ozar" bored respec" tvcly.

vhere 0 —and F~ '" sound 'ron (L~)k

r
4)

Another equation foz hts L'an be derived bv u>lvfng
Equatf oa (23) for tbe bouadary condf tfon vhcze

L' 1 this being a sfagular cond'tfon vbcre
is the Ieng h at ewfch tbe traasttfon f.o short pipe
to Long ptp» oc"u.s. Us!ag the Shah and Chu notation
g ves 'thv o lie'1

This »quet!on *"plies to both beads aad tees. hlzhouzh
(14) vas derfved fo. the case vherc

r ~=pplies also for any case Were t2 > L - f, sane»
the leagth of the rcgtoa of zero slippage a the '.rtc'-
ttoa taterface ts Material. Using 's calcuhated
by (14), it caa nov be es abl'shed t."at a ? ~lc caa ze
classified as lone tf 't aeets these criteria:

t2
Fig- 4 Sic»sent ype 4

t
Ty.oe 1

I
~ Tvp e

t„> 1 t

12 > 2L'
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Type

e 4 f2> l
+L'ype

5 f2
iL'alculatfonof Forces and Ms nts Eor Elbovs and Tees

Calo lation of forces and no~ats fn buried elbov
and tee cl ants requ'zes that the cEEectfve slippage
t tth h'd t t' so *nt d herse n ptp,* d ott
(= t.'". d of s tl dtstor=ton) t th ele ne.h I d. h
general equation for 4 in terna of L'nd the beariag
force S ac the elbov is vzfttcn as Eollovs:

d'f trLI ~

2

slope f

SL'L'L'E

2AE (15)

The tera 'a this equation represent various
contr'but'ons to rhc net noveneat of the restrained
elbov, a follovs-

cL's he theoretfcal unrestrained
relative novenent of scil at thc clbov
over length Lts

2. SL'/AE is the anount of pipe clonga 'on
due to the bearing force S on the trans-
verse leg or legs, vhich fs transferred
through shear ar. the elbov or tee into
an axial force in p fpe zua.

vdg. 6 Ax'al «ore« Diagrsn

Si~le Seonetry yields an equation foz S:

S" ff2-2~'
(1 ep ~ )

(19)
t

3. fL /2AE fs the a~uat of pipe eloaga-~ 2

tfoa obtained by integzatfag the
fr'ctfon Eorce ac the pipe/soil inter-
face ovez leagth L'.

Thea, by taking Betenyi's equations for a coacea-
zatcd force aad a concentrated aaca on a !-af e

bea oa an e3.ast = foundatfoa, and super-f~osfag then
o produce =cro rotat'oa a the clbov, equations for S

and )f are obra'aed, as fol.'ovs:

S tAE - EL'16)

Since (15) ccncafas chic dependent variables 4,
ST and L', it fs accessary to express at least tvo of
then fn terna of the third or to calculate then
directly vhere possible. Por LPLT elbov subtypes (long
pipe, loag transvezse) aad assunfng both legs to be
flexible vfth he elbov considered faflexfble (Sce
Figure 2), L'aa be calculated !ron (lrt) and S. N,
and 4 can be calculated fran the follovfag (2), (3):

k4 C~sin9 C3
S

C< C2 s'n8

k4 C2sf.a8

21 C,

vhere Cl
SfnhlfiCosn«f - sinlfleos«fl

(20)

(21)

S sine/3X
'I

4 41 "M/k 41S/3k (18)

2Sfnh nfl
C„

Sfnh

+ sia «f,

sfn lf
1

Poz Types 1 and ~ elenencs vfth SPST and SPLT
subtypcs, vnerc the relative flexfbflftyof chc legs
cannot be ass~d vfth conf fdeace, 't fs convenient

~ to assun«tens«. ia fvely that the T lcg 1 s flexible
vhf'e the P ';g or legs arc faflex'blc (Scc:dgures 2 6 8).
=the force S and nave cat 4 ca be expressed 'n terna
of L'nd (15) caa be zevzftten so hat '-'an be
calculated directly. Start'ng vith a dfagran
(Figure 6) of a Type ' SPST or - SptT oa vhfch axial

I load is plotted along the . 'ength f~:

Sf ~h«f, Cos."~f1 sfnf f-coals
C3

Sfah «f - sia

Note that C, ~ C2
Xfp 3«l<; h«reEore,
dele ted 'on «qua foas
'Equatioa (20) 's rcv i
ollovs to g I vc 4

C3 ar.d C, approach:.0 vhea
tn«se coefr'ci«n s are generally
!or bends vs th 'ong T legs.

ttea o incorporate ('9) as
e~s of

2
C. no C1C3 - C~

3 aaglc betveea the P aad . leg axes.

SX C, E),C4
(f - 2L')k C3sfn& 2 'kC3
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!qunti'oa (15) can aov be z>vritten vith S snd 4

represented by equations (19) and (22) to give an
cx" ressioa !or L's follcws (assumiag the constants
!:1 through C> to be uaicy):

L' (2g)

2 2f1) !112
+ c - —+ —p' 2 0 (23)

2AE AE k J k

vh!ch can readily be solved Eor L'y using the Eollov-
iag c adratic solutioa form:

-b+ b - 4ac2
Lt

2&

cAEL' (24)

As the T leg length becomes small. so does the
otal bearing force, S, of the so!1 on it, so that

E"„uation (15) wy be used to develop an expression
for d vhich conservatively ignores the effect of S,
as follovs:

Values Eor S, 4, aad N for SP subtypes can then be
!ouad !zom (20), (22) aad (21) ~

For LPS. subtypes, again the T leg may be coase~-
atively assmed flexible and the P leg inflexible.
Then L'ay be found !rca:

For ST su'otypes, d can be calculated from {15a), vhile
for LT subtypes, d is found by (27). Then, for Types 3

and 5 SPST and SPLT subtypes, S and H can be found Eroa
(20) aad (21),

~ SL ~ cLl 2
d cL'AE (15)

Elbov Flexibilit
Approximate ethods o! aaalytiag buried eibovs

desczibed above coasczvat'vely tre~t the legs en:er'ng
and leaving the elbov as relatively flexible but t.eat
the elbov itself as in!lexible, chat, is, there is no

relative rotation due to bending moment betveen the
entrance and exit tangent points. Hovever, some

relative rotarion does take place, consideration oE

vhich results in lover calculated bending moments for
a givea set o! toad!.t!ons (Refer to Figure 9).
Consideration of the ec!ects oE elbov flexibility may

be accomplished by deriving a system of equations
zeflecting the interdependeace of .orces, momentC s so 1 1

deformation, and zotations of the pipe in the i~diate
vicinity oE the elbov.

By applying TiaIosheako's treatment of bending
stress in thin vali curved tubes (16), such a system
of equations (15), (29) and (31) can be vrittea, as
follovs (5, 6):

0

S./ CLl
cL

»A {15a)

ldsin8»
. 8/VXI

(w9)

Revziting (15a) and incorporating (24) gives:

c
4

2 (25)

vhere z » elbov or bead radius

8 angle of bend

K» 1- (30)

Then, S aad N caa be calculaced from (20) and
(21). The calculatioa for d might be refined somevhat
by consideziag tbe in!i~ace of S from (20) ia {15),
but rhe irprovement ~s saalL. Also, the reasoaing
expressed by Shab aad Cbe (2) regardiag the assu=ptioa
of fle-'blilityof boch 1egs vhea both Ail aad
exceed 3e/4, M!or SPLT subtypes ~y accordingly be
calculated crom (17)

For Type 2 SP subtypes:

10+ 12 —„

pipe vali thickaess

a «pipe outside radius

k>dsin8l „+ l.'I
21

(31)

Ll {26)

Values for d are again calculated !zom (15). For ST
subtypes, S mav be ignored and d calculated from
(15a). For LT subtypes, S becomes:

(20a)

Then, substituting (20a) into (15) gives an expression
for d:

Ia orde. to solve rhis system of equat ons,l lt ls
convenient to !irs reaa. the groups of independent
variables as !ollovs:

rl ~

"AE

a12

'a, vheze K is !ound ! o= (30)s 1
~ r8/1 eg

CT ~

ItL
2AE

k sa.lI
(2 )

a

k
»

31 21

and then S aad N can be calculated frem (20) aad (21) .
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5), (29) and (31) can be expr«s»»d,cn. Equations (1

rr $ ~

ij
'k.

rohfÃ

f~

h all + a12 S

21
hstn8

S a31 hsfn8 a32 N

Substitu Lag (29) into (31) and then into (15) enables
the varfables 8 and S to bo calculated directly as
follovs:

For long pipes, vhere 12 + 2f

LI oo f (36)

2. Type 7 - Straight pipe axially free at one
end and anchored at the othez. For short
pipes, vhere

m'.

Typ» f: - Stratgnt p'pf cx:al'y .re at bath
ends. Far short pipes, vnere t2 < lt

(35)

11
1 -

a12 31sin8 - al2 21'~3tS tn8

S bs fa8 (a31 t a21a32)

(32)

(33)

For long pipes, vhere f
2

L'37)
(36)

Equr.tfan (29) pan thea be used to calculate the Elexfble
elbf.v bending moment N resultfag Eton strain H.

The ~ximum bending srzess (corresponding to the
fntensLfied elbov stress of the AS..E/ANSI Codes) can
then be !ound !zom the t7onKarma»qua ton (Re!. ~16

p. 408) as !ollovs:

vd M
a oo k

" r
b 12I 12

h ro hl 2

3K/3B
vhere K is fouad from (30) and B

6

5+6

(34)

Classification of Some hddftianal Elements
In addttioa to bends and tees, tt ts useful to

fdencify so=a types of sczaight pipes nd pipes vtth
of!sets vhich need to be analyzed and vhfch nay be
treaced as !ollovs:

Caasfderaciaa of elbov flexLbflitygives much lover
values !or calculated bendfag moments and stresses.
Havever, cautfoa must be used in using this analysis
procedure due ta the likely presence oE sone restraia«
fng effect by the backfill to the slight ElatteaLag or
avalixatioa vhLch ia characteristic of an elbov or bead
under'igh bendfag moneat. It L.s suggested that he
analyst intuitively assiga a multiplfer of 2 to eloov

-bending stresses calculated vith considezatioa of
flexibility to account for passive restraint of
compacted backftll to the flattening at the bend
mfdpoiat.

The elbav flexibility aspect of buried pipfag
subjected to thermal expansioa has beea treated by Tung
and Yeh fn Reference 17. Their findings appear to
support the valLdft7 of coasfdertng elbov . lexfbtlity
(fn vhfch they refer appraprfately to rhe elbovs as
'torsian springs') suggesting though that the torsion

.sprfag madel underest~f- tes S and overest'mates
effecrfve frfctfoa length, vhich are better c,stained

ffrom the rigid elbav madel. On the ocher hand, the
higher value of S abtafaed from the rfgLd elbov madel
vould result fa a lover calculated value for h, upon
vhich the value of the bending moneac depends.

For both Type 6 and Type 7 pipes, the relative
movemenr. betveen pipe and soil at the free cad
Ls calculated by:

cd 2cL'AE (38)

3. Type 8 - Pfpes vith offsets. ?fpes vfth off-
sets may be analyzed conservatively as pipes
virh elbovs, Types 1, or 3. h nore rigorous
treatment of offsets considering balanced
frictfon effects oa each side oi the of!set
nay be appropziare, bur. Ls aot covered here.

Axfal Load Diagrams
Tables 1 and 2 preseat loading diagrams for various

types of bends and other eleneats !or vhfch analysis may
be required. For all types of burfed piping and bends
subjected to soil/pipe ovements, there ts either a
point or regfan of ero relative movement at the soil/
pipe interface on the P leg. The diagrams shovn ia
Tables 1 and 2 shov vheze this pofat or region fs loca-
ted foi each cype. The maxfmu axial force in the pipevill occur ac this point and caa be expressed by:

Fmax S + EL (39)

For a lang pipe vfth a Eree ead, vheze Erfctfoa
fully develops to produce a region of sero slippage,
thfs force becomes:

max (4O)

.he analyst must keep Ln mfnd that so'1 bearong
force, S, and fr'ctfon force, fL'z !t, are passive
fn nature and cannot exceed certafn practical limits.
Neither can occur until an actual relative movement
occurs betveen pipe aad soil. The bearing !orce cannot
occut'ntil some movement takes place to deform the
soil aazmal ro the T leg. Correspondingly, Eric fan
for or rgb h o '. l~i 'r lo. ro r
tree ends, and ar. points or regions of =ero slippage
La the P leg.
DESI~ CONSIDERATIONS

'4henever analysis shaMs a butted pipe
sttessed beyond allovable 1 mits, ft 's necessarv
provfde additional flextbt:fty 'n the svstem ar
modify the restraining ef!ects o! he back!Lll.
Several cons'derations are d'c" ssed in Re!erences
and 14, and one oE these, the use of !lex'ble
coupl togs, has'been used fn several recently designed
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2. Soils and setsafc data:

<'dulus'of subgrade reaccfon k «13,500 psi
"-.3. 150kPa)

:riccton ac sot.l/pipe tncerface f 200 lb/in.
(350 h/ca)
Setsatc sof1 scratn - Eq. (1) and (2):

For a 0.24g earthquake

V (48o/sec. )(.24) 11.52 tn/sec (29.26c=/sec)

Assuutng wave velocfcy C of 2,000 fthec(600o/sec)

c «c 0 /c (11..52in/sec/2,000 ft/sec)(12in/f t)

c C.S x 10 in./fn. (c=/cn)

System characcerisctc 1 - Eq. (10):

1 0.015S tn. (6.22 x 10 cn )
-1 -3

Hint=un slippage length t - Eq. (11):

/'4.8 x 1.0 ")(27.S3)(27.9 x 10 )/200
1,864 inches (47. 33m)

3. Classification of che pfpe ete~nc:

The «leuenc fs shown o be a Type 1 bend, chat fs,
a pipe free at one end vtth an elbov at che ocher.

Transverse 'T'eg:
30 ft x 12 fn./ft
360 inches (914cn)

3x/41 149 inches (378c=}

Stnce fl > 3m/41, che ransverse leg ts long
('LT'ubtype) .

5. Calculation of code scrcsses tn che elbov:

a. Et.bov assumed fnflcxible:
(1.) Setscdc stress assumed prfmry-

a 1,040psi {7,170kPa)
ab 0.75t H/2 57,137pst (393,946kPa)
a S/A 5 002psi {34 488kPa)
'a a + a + o 63,179psi {435,604kPa)e p b a

(2.) Sefsnfc stress assuaed secondary-

ab Df/2 76,184psi (525,270kPa)
aa 5,002psi (34,CSSkPa)

Total stress range-

a 2(a + a ) 162,372pst (1.119,952k?a)b a

In either case, the srresses are far above
allowable levels, and che pipe would have co
be modified co provide axial flexibility fn
the P leg near the elbov.

b. Elbov assumed flexible:

(1 ~ ) Set safe scress assu=ed primr/-
a 1, OCOpst (7,170kPa)
a 7 (k v/2)b s

where che safecy factor Fs {to account for
passfve soil resistance o ovali-ar,ion) 's
taken as 2 and kl 3.229 f roc (30) and (34 ) .

chen-

ab 13, 9C6psi (96,154kPs)
a « 5,002psi (34,48SkPa)
a 19,988psf (137,812k?a)

Longitudfnal ''eg: ,Assume fnftially that
fs 'ong,'nd calculate L'zoa (14).

0 AEX/k 909 inches (2.308cs)
F f 372,8GOf (1,658kN)

Then L' 909(1.2586) 1,144 fnches (2,906c=)
Therefore, sfnce tq " 2,COO inches (6,100c=) and
t + L' 1., 864 » 1,144 « 3,008 tnches (7,640c+,
t < t i L'nd che ''eg fs short (SP).2

Thus, che «lbov ts nov ffnally classtf fed as
Type I-SELT bend.

Calculacion of L', S and N:

Elbov ass<wed inflexible: Fro= Table 3, ' is,
seen chat or Type 1-5?LT, values for L', S and
N are found by (23), (19) and (17) respectively.
Accord tngl.y:

L'52 i.nches (2, 165co)
S «139,200lbs ~ (619kN)

«2,936, 7001.n. lbs. (331. Sk4»l)

b. Elbow assvaed !Iexible: Values for S and v.

are calcu)aced fran (33) and (29) as follovs:

(2.) Setsufc stress assured secondary-

cb 13,946ps'96,154kps)
aa 5,002psf (34,4SSkPa)

Tota1. stress range-

a «2{a + a ) 37,896psf (261,284kPa)
b a

Itis che responsfbiliry of che analyst to make che
necessary assu-pcfons regarding elbow flexibility
and primary vs. secondary treatment of sr.resses,
and chen to apply che approprfare allowable stresses
to de er tne if code cond: fons are oec.

ACF'lO'»a.EX"~c.Pa S

The kind assistance of several 'ndiv'deals ts
gracefully acknov1.edged !or chefr 'having poinred ouc
various cypographfcal and transcripcion errors 'n
previous works, and assisced in developing and'lari.»-
ing certain conceprs tnvolvfng he fnceraccfon of buried
piping and the surrounding soils. ?articularly help(ul

R. J. Hunt, T. Chadda and Dr. A. Sallahuddtn. 'lso .
che perststance and patience of Sandra Suscello, vno
typed this uanuscripc i,s grate!ul'y acknowledged.

0. 211 fnches (0. 536cr'I)
S 95,6681bs. (42S. 5kB)

349,6'loin lbs. (39. 5kb.l)
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TABLE I AXIAL LOADING DIA(i'RA~8 FOR PIPING EL~iS
(POINTS AND REGIONS LABELED A VPERIENCE ZERO SLIPPAGE BETTER< SOIL AND PI?E)

SHORT PIPE LONG PIPE

S

f f

S
A

F''2
h f —S h

L' t2/2 J
12

h g

- az

i'o
S/2

h
S

h

I
I

F~X
I
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TABLE 2 AXIAL LOADIN DIAGRAMS FOP, PIPING ELEMENTS
(POINTS AND PSCIONS LABELED h EXPERIENCE ZERO SLIPPACE BEiwE I SOlL h!ID PIPE)

SHORT PIPE LONC PIPE

S/2 S/2

f—S/2 ~ S/2

F
Cd X

L'g
fA A

~noix F
CdXL',2 I Ls I

FCdX S'd
X

L'
L'

F
Cd X

S+f2
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TABLE 3

NATRL( OF APPLICABLE EQUATIONS BY KLKNBiT TYPE AND SUB%'PE

ELKNENT TYPE AND SUB'APE

VARTABLE

1-SPST
1-SPLT
4-SPST
4-SPLT

1-LPST
2-LP ST
3-LPST
4-LPST
5-LPST

1-LPLT
2-LPLT
3-LPLT

2-SPLT 2-SPST 3-SPST
5-SPST

3-SPLT
5-SPLT

4 LPLT
5 LPLT

6-SP 6-LP
7-LP

7-SP

(2)

(4)

(7) or 0.6E

(9)

(10)

LI (23)~ (24)

(19) . (20)

<14).i (26)

(1,6)'20a)
(26)

(20)

(28)

(20)

(28)

(20>

<14)

(16)

(35) (36) <37>

(22) (25) (18) (27) (27) (15a) (27) . (22) (38) (38) (38)

LT:(17)"
ST: (21) <21) (17> (17) (21) (21) (21) (21)

(39) (40) (40) (39) (39) (39) (39) ('0)

NOTE: Table 3 ia based on tbe ass~tioa of inflexible elbovs. For the flexible elbov assunptton. b, S aad 8
for Types I, 2 and 3 nay be found fron Equattoas (32) ~ (33) and (29) respectively.
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RECORD OF TELEPHONE CONVERSATION 58400-CDE"0067-88

DATE

11-03-88
TIMK

0650
TO BE CONFIRMED

~YES [~~JNO

Dale E en Prin Fire Pctn En r. ~ Washin ton Public Power Su 1 S stem
NAME COMPANY OR DEPARTMENT

Robert Soloman Staff Liaison NFPA 24
NAME COMPANY OR DEPARTMENT

SUBJECT{S) DISCUSSKD

NFPA 24: The use of calculation to determine main movement rather than the use of

thrust blocks to restrain the movement.

REMARKS:
NFPA-24-1987 states in aragra h 8-6.2.8 "Thrust blocks or other suitable means of
thrust restraint s a be provided at each change in the direction of a pipeline and
at all tees lu s ca s and bends. The thrust blockes shall be of concre e of
mix not leaner than one part cement, two and one-half parts sand, and five parts stone.
Backin shall be laced between undisturbed earth and he it t b r
shall be of such bearing area as to assure adequate resistance to the thrust to be
encountered. In eneral backin shall be so laced that the 'o'ints will be accessible
for inspection and repair. Thrust blocks are not suitable for vertical pipe."

Mr. Soloman stated that other " it b e m
show that main movement will not cause a problem at the pipe joints and/or changes
in direction. He stated that this method is not enerall used as most lants do not
have the engineering staff to do the needed study and calculation. Thus, they use the
"cook book" method of thrust block as noted in the code. Ad iti nail Mr. 1 m
stated that the calculations should be submitted to the "Authority having jurisdiction"
for their a rov 1,

NFPA 1973 has the same words b

cc: JC Bell 9828
AW Clarkson 982B
HL A c 'm

JV Hanson 988U
LD Nobl 981A
DJ Wilsey 9818
CDE lb File

WP 106 RE DISTRIBUTIONI CCI FILE
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ENGINEERING DEPARTMENT
Ronofcf Sonocore, Vice president

December 16, 1988
(21902088)

Mr. Howard J. Fowler, MD fIt927S
WNP-2 Fire Marshal
Washington Public Power Supply System
P. 0. Box 968
Richland, WA "99352

Dear Skip:

WASHINGTON PUBLIC POWER SUPPLY SYSTEM
NUCLEAR PROJECT NO. 2
RICHLAND, WASHINGTON

ANI PROPERTY FILE NO. N-219

FIRE MAIN 12"-FP-43-1
PIPE DISPLACEMENT CALCULATIONS

This will confirm American Nuclear Insurers (ANI) review of your calculations
CE-02-88-36, Revision 1, and my telephone conversations with you and
Mr. Larry Nobel. Our telephone conversation yesterday morning centered on
needed revisions to the calculations. It is understood that 'Mr. -Nobel will
send me a new set of calculations as soon as the revisions have been made.

The revised calculations will show a maximum pipe displacement of
approximately 0.07 inches when subjected to a working pressure of 150 psi and
a surge pressure of 100 psi. This supports your conclusion that pipe
separation will not occur and installation of a thrust block for, this
existing 12 inch main is not necessary.

Under normal conditions, NFPAn24 requires the installation of some type of
approved pipe restraint, such as a thrust block, to prevent pipe movetnent and
separation. Your calculations show that the action of soil friction and soil
spring reaction against the pipe will provide an equal measure of restraint.
It is also noted that the NFPA Fire Protection Handbook, 14th. Edition,
states in part, "Joints are expected to be kept in place by the soil in which
the pipe is buried".

Based on the calculations reviewed, the receipt of revised calculations as
per our discussion, the ability to supply the Diesel Generator Building
sprinkler systems through alternate flow paths, and the current terms and

u

The comments in this letter are for our insurance purposes only and are based upon conditions, practices and property observed or information made
avaiiable at the time of the inspection which was made for underwriting purposes. These comments do not purport to list all hazards nor to indicate
that other hazards do not exist. No responsibility is assumed for the correction or control of any conditions. practices or property, and neither the making
of the inspection nor any report or correspondence thereon shall constitute an undertaking, on behalf of or for the benefit of the insured or others. to
determine or warrant that the facilities, operations or property are saic or harmful, or are in compliance with any law, rule or regulation, or in compiiance
with any technical specification by any government authority or agency.

The Enchonge Suite 245/270 Form'ngton 4 ence/Formitttort Connecticut 06DG2/(2ggt677-7305 ~ Eng DePt TZG)67777IS/TLX tto643- 6
n



A

h
Ee j

.1



a)

Ski,p Fowler
Vashington Public Power Supply System
December 16, 1988
Page 2 of 2

conditions of ANI's Property Damage Policy, ANI will not require the
installation of a thrust block or other form of pipe restraint for fire main
12"-FP-43-1.

It should be understood this acceptance is case specific and will not be
automatically extended to any future concerns dealing with site underground
fire mains. Future concerns, if any, will be resolved after individual
evaluation.

If you have any questions, please contact me.

Yours trul

Al B er
Senior Regional Field Engineer

cc:= C. M.
C. D.
A. C.
H. D.

Powers - VNP-2, Richland, VA

Eggen - VNP-2, Richland, VA+
Marzette - VPPSS, Richland, VA
Pickerl - M&MNC, Chicago, IL
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Ronold Sonocore, Vee President

March 27, 1989
(21900689)

Mr. Howard J. Fowler, MD tIt927S
VNP-2 Fire Marshal
Washington Public Power Supply System
P. 0. Box 968
Richland, WA 99352

Dear Skip:

VASHINGTON PUBLIC POWER SUPPLY SYSTEM
NUCLEAR PROJECT NO. 2

. RICHLAND, WASHINGTON
ANI PROPERTY FILE NO. N-219

FIRE MAIN 12-FP-43-1
REVISED PIPE DISPLACEMENT CALCULATIONS

I have reviewed the revised pipe displacement calculations, dated
December 19, 1988 (calculation CE-02-88-36,, revision 2).

The calculations are'cceptable to American Nuclear Insurers (ANI) for
property insurance purposes only.

As indicated in my letter 21902088, dated December 16, 1988, ANI will not
require the installation of a thrust block or other form of pipe rest'raint
for existing fire main 12-FP-43-1 at this time. This is based on the
calculations reviewed, the ability to supply the Diesel Generator Building
sprinkler systems through alternate flow paths, and the current terms and
conditions of ANI's property damage policy.

Also, as stated previously, this acceptance is case specific and will not be
automatically extended to any future concerns dealing with site underground
fire mains.

Yours

Al ak r
Senior Regional Field Engineer

cc: C; M.'owers - VNP-2, Richland; .VA
'.

D. Eggen - VNP-2, Richland,
VAtr'.

H. Valker - VPPSS, Richland, WA

A. C. Marzette - VPPSS, Richland, VA.'. D. Pickerl - MKMNC, Chicago, IL
The comments in'this letter are for our insurance purposes only and are based upon conditions, practices and property observed or information made
available at the time ot the inspection which was made for underwriting purposes. These comments do not purport to list all hazards nor to indicate
that other hazards do not exist. No responsibility is assumed for the correction or control ot any conditions, practices or property, and neither the making
of the inspection nor any report or correspondence thereon shall constitute an undertaking, on behalf of or for the benefit of the insured or others. to
determine or warrant that the facilities, operations or property are safe or harmful, or are in compliance with any law, rule or regulation, or in compliance ~

with any technical specification by any government authority or agency.

The Exchonge. Suite 245/ 270 Formington Avenue/ Formington. Connecticut 06032/ (Z8677-7305 8 Eng. Dept. f203) 677-7715/ TLX. No. 643~
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Reply To:

August 8, 1989 AUC t 5 1989

- IS 4 FP

D. H. Walker, Manager
Industrial Safety 6 Fire Protection
Washington Public Power Suppl S stem
P.O. Box 968
3000 George Washington Way
Richland, WA 99352

Dear Nr. Walker:

This replies to your letter of Au ust 1 198g , 9 requesting information
r or t e Installation of Private Fire

ice ains and Their Appurtenances. The NFPA cannot a r
a particular design or arrangeme t b t fer
personal opinion of the Stand

gemen ut I can offer
ie an ard as it relates to your situation.

NFPA 24, Paragraph 8-6.2.8 re uires
or other s 't bl ameans to restrain the expected movementt ' odynamic forces. According

p Research Association (DIPRA) Thrust;

restrained joint is considered to be an acce table ap

When the alternative means of pipe restraint is
a detailed analysis of th '1
forces is necessary to verif the des'

soi conditions and ex ec
y e esign. The DIPRA manual

any civi engineering handbook provides the
guidance for oroper pipe restraint vh "'s.s rain v en using alternative approaches.

This response does not re rese
noted below.

present a Formal Interpretation as

Si rel 'I,

Robert E. Solomon, P.E.
Senior Fire Protection Engineer

RES/pmm

NOTICE ON INTERPRETATIONS

A slatenrent, wrnlen or otal, that is not processed In accordance with section 16 ot th» n~»~'+-
'

ed the otficial position of Ncoa ~»"" "'
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