r
¥

ri - REGULATORY INFORMATION DISTRIBUTION SYSTEM (RIDS)
]

AétESSION NBR:8909190204 DOC.DATE: 89/09/11 NOTARIZED: NO
FACIL:50-397 WPPSS Nuclear Project, Unit 2, Washington Public Powe

AUTH.NAME AUTHOR AFFILIATION
SORENSEN, G.C. Washington Public Power Supply System
RECIP.NAME RECIPIENT AFFILIATION

Document Control Branch (Document Control Desk)
SUBJECT: Forwards addl info re underground fire main analysis.

DISTRIBUTION CODE: A006D COPIES RECEIVED:LTR

B)YCCELERATED  DISTRIBUTION DEMONST%ATION SYSTEM
P ¢

DOCKET #
05000397

ENCL 4L stzE: (.S

TITLE: OR/Licensing Submittal: Fire Protection

NOTES:
RECIPIENT COPIES RECIPIENT COPIES
ID CODE/NAME LTTR ENCL ID CODE/NAME LTTR ENCL
PD5 LA 1 0 PD5 PD 5 5
SAMWORTH, R 1 1
INTERNAL: ACRS | 3 3 NRR WERMEIL,J 1 0
NRR/DEST/ADS 7E 1 1 NRR/DEST/CEB 2 2
NRR/DEST/PSB 8D 1 1 NUDOCS-ABSTRACT 1. 1
OC/LEl 1 0 OGC/HDS2 1 0
E E 01 1 1
EXTERNAL: LPDR 1 1 NRC PDR 1 1
NSIC 1 1

NOTE TO ALL "RIDS' RECIPIENTS:

PLEASE HELP US TO REDUCE WASTE! OONTACT THE DOCUMENT CONTROL DESK,
ROCM P1-37 (EXT. 20079) TO ELIMINATE YOUR NAME FROM DISTRIBUTION
LISTS FOR DOCUMENTS YOU DON’T NEED!

TOTAL NUMBER OF COPIES REQUIRED: LTTR 22

F

ENCL 18

Y O > N n o =~

(7, 0 - B - B NG /2 I = B e

q
/ﬁ’_(_
=25=



4 -t
o ¢ & @ |

WASHINGTON PUBLIC POWER SUPPLY SYSTEM

P.O. Box 968 ¢ 3000 George Washington Way * Richland, Washington 99352 i

September 11, 1989
G02-89-158

Docket No. 50-397

U. S. Nuclear Regulatory Commission
Attn: Document Control Desk

Mail Station P1-137

Washington, D.C. 20555

Gentlemen:
Sub ject: NUCLEAR PLANT NO. 2

OPERATING LICENSE NPF-21

UNDERGROUND FIRE MAIN ANALYSIS [12" FP(43)-1]
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 1letter 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 1like 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."
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UNDERGROUND FIRE MAIN ANALYSIS [12" Fp(43)-1]

With 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 1is very small and therefore the mechanical Jjoint 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 restraint 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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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 1is 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, Mr. 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. 1In addition, it is the combined engineering judgement of the Supply
System (including our consultant's), that even 1if 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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Ba?ed)on the above, we conclude that no thrust block is necessary for 12"
FP(43)-1.

Very truly yours,

,////;%?i./Sorensen,'Manager

Regulatory Programs
HLA/bK

c¢c: JB Martin - NRC RV
NS Reynolds - BCP&R
RB Samworth - NRC
DL Williams - BPA/399
NRC Site Inspector - 901A
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ATTACHMENT 1
Letter, GW Knighton (NRC) to GC Sorensen (SS), "WNP-2 Underground Fire

Main Analysis TAC No. 64670", dated May 12, 1989

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

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

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

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

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

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

Letter, 21900689, A1 Baker (ANI) to Howard J. Fowler (SS), "Fire Main
12"-FP-43-1 Revised Pipe Displacement Calculations,” dated March 27, 1989

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

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

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

*Attached
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Flexibility Analysis of Buried Pipe

E. C. GOODLING, JR. PR

Supenvising Engineer,
Gilbent Associates, Inc.
Reading. Pa.

Mem. ASME

This paper discusses the process of performing a strength analysis for piping which is bunec
- in soil. Beginning with tne varnous geotechnic carameters which d2iine the mouen anc
forces at the soil prpe interface ang conirol the oegree 1o whicr the pioe contorms to the s
MOLON (Of NON-MONON 1N & NaIMEl eXDANSICH GN21YSIS). MEINOCS are aeveloped i0 Caicwiais
axial forces and benaing moments at points of terest 1n the piping. Equanons for Coce
-slresses are presentec anc their applicabiity reviewsd bnetly,

-

Contributed by the Prescure Vescels & Piping Division of The Amcrican.Sacicty of Mechanical Engineers
for prescntation at the Joint ASME/CSME Pressure Viessels & Piping Conference, Montreal, Canada,
- June 25-30, 1978. Manuscript received at ASME Hceadquarters April £, 1978,

Copics will be available until March 1, 1979,
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F‘lexibility Analysis of Buried Pipe

€. C. GOODLING, JR.

A = metal cross-section area of pipe
am = zaxirun grouné acceleration
a, b, c = quadratic coefficients
Ty Ca. C3= coefficients for He'e1y"s cquations
Cos C.» C* Ravleigh, shear, an2 cempression
T wave velocities

D, Do = pipe outside dizmeter
z, « Young's moduius ot pipe
Eg = Yourng's modulus for soil
Fmax ¥ maximum axial ferce in pipe
f = friczion force per unit length
Gs = soil shear nodulus !
h = depth below grade
4 = stress intensification factor
X = soil spring constant per unit length
ko = modulus of subgrade reaction
L' = effeczive friction length
%), 22 = length of T and P legs, respectively
2- = raxinunm slippage lengfth
M = noment
. P = systen operating pressure
p = soil cenfinint pressure
S = force in pipe ar €idow
Sh » allowable siress inm sipe at operating
temperagure
t = pipe wall thickness
V= = saxirmuz scil velesiow
x = diszance along P axis
Z = section nmodulus cf pije
o = coefficient of linear expansion
¥ = weight densi:y of sofl
4 e movement of element with respect o soil
é= « temperature differential
¢ » strain
Cave = average scil sirain
€. » zanimun soli sirvaln
¢y = ther=al siraén in pipe
€ = angle of bend
) = gystenm characteriszic for pipe and soil
u = fricticn cocfficiens at soilfpipe
inzerface
v, vg = Poisson's ratic feor soil
p = soil mass censitv
Oz = axial stress
op = benéinn siTess
Opp * thermal bendiny sitess
C¢ = net earthguake Code siress
op = loanitudinal pressurc StTYess
¢ = net thermal Code stiress
Q1 = soil elasticity parameler

INTRODUCTION

The expaﬂde. use of continuous welded steel
pipe to transpor: fluids um dersround and the accom-
panying awareness of the possibility of high normat
stresses resulting from forces acting at the soil/
pipe interface has made flexidility analysis of
buricd piping an importan: part of the power plant
and process plan: desipn function. Piping cedes
covering suck piring are being conservatively applied
by procuring anld regulatory agencies in sush a manner
that often precludes the use of concrete €T cast
iron pipe in relatively shert lemgths, connected by
ball and spigos cor similar type joints. Such con-:
nections in themselves had introduced enough flex-
ibility into the system that seismic or expansion
stresses were seadon considered critical enough 2o
wvarrant analyvsis. Welded steel piping conferming:
to ASME Specification SA-105 Grade B (ASTM A~106
Grade B) has becoze the usual choice for buried
safety class pipina in nuclear fncili::es because
of its acceptabiiity under Section 111 of the ASME
Boiler and Pressure Vessel Code.

The calculazeé scisziz or .he =al stresses in
continuous weided steel pipe buried in compacted
backfill or sand can be quite high, parzicularly
where the pipe sontains leaz straight runs with
buricd elbows ¢r anchors on elther or both ends.
Damage to these pipes.durinz an earthquake can de
very extensive, zost frequently due to axial tension
and compression cdue o a traveling seismic wave
with the damage zost apparent at the various
connections.

In zhe¢ course
necessary e demin H
of the pipe o wizhstand seisnic soii sIra

in o~
thermal expansion in the pinc, without exceedinn
Code allovabie siress leveis. When the caiculated

stresses excecd aliowable sIresses, it becomes
necessary then 1o incorporaze fiemibilizy into the
pipe desipn. Differential soil/pipe movemonts
resulzing from= szil strain or pipe ther=al expansion
can then be accoradated without inducing high forces
and moments at the elbows.

< A rigorous analysis of buried pipinz Lak!nr into
account complex ceomotry of the bends and eltows and
the pussive s: ening effecis of
cul: to accompiislh., However, a si
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${led conser-
vative analysis can be acrornliehcd in a rather °
sttaigh:foruard fashion, but consideradble care is
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necessary in establishing the geotechnical parameters
~2 foreulating the prodlem. It {s nccessary for the

,pe Stress analyst 0 determine exactly what is
aceded in the way of scismic and sciis data so that
they can be extracsed from the site studies. Estab-
jishment of 3 close working relationship with the
osroject engineer responsible for soils and foundations
evaluation can be very useful to help in correctly
interpreting the soils data in order to arrive at’an
accurate assessment of pipe stresses.

This paper presents a rational appreach to
stress analvsis of buried piping bends, providing the
engineer with an orderly process for assembling the
necessary data, classification of a buried pipe by
4ts dizmensions and the nature of its end restraints,
and derivation of a discrete set of equations for each
classification to de used for the calculation of the
forces at the soil/pipe interface and resulting
forces and mo=ents on the elbows or bends.

ANALYSIS

Assechline the Seiszic ané Soils Data

The seismic and soils data are used to describe
the characteristics of the sofl motion during an
earthquake (acceleration, velocity, and displacenment)
and to asscss the degree ro which a buried pipe con-
forns to this motion. The maximum acceleration, 3y
to be used in analvsis is obtained from the scismic
history of the gecgraphical location of the facilizy
under investigation and the soil response curves for
the site and elevation. Froa this, the naximur ground
veloeity Vp is found as followsi:

*
V. = (48 in./sec) (agy) (1)
vhere a, is given in temms of g.

In order to calculate the displacerent of the
s0ll, 4t is nogessary o doterming the veiocizdes of
the various classic waves which characterize sofl
response to an earthouake, fncluding the shear wave,
coppression wave, and the surface (Rarleipgh) wave.
Once the shear vave velocity. Cg, and 2 vaiuc for
Poisson's ratio, v, for the soil have been establiisheld
from peoohysical site studics. the conpression wave
and Rayleigh wave velocities. c, and ¢p. can be deter-
nined by using Knopoff's curves (Figure 7). ¥aximunm
soil strain for cach type of wave is calculated thus?:

Shear wave- tn * 3 V2 2
Compression vave- € " = Vo/c &)

. Rayleigh wave- tm * 2 Va/oy &)
A value for mavimun soil szrain to be used for
the piping siress anzlyvsis mus: be chosen wizh gare.
Chen™ suppests ce2bianinx the shear and comoression
vave velocities to calculate a desian value for
strain by:
tn = 2 Wellcg + ¢p) (5

. &
Ych* suppests averaging the sitain fron all
threce wave types, which can he expressed bdy:

Ve
cn - : — _l- <> :l._ - l (6)
3 <p 2, ¢

* See SI Conversioas Scotion.

Igba & proposes that vhere the depth of the

buried pipe below the surface is small (about 15 te

20 fect), the Rayleigh wave predominates, and that

maximum soil strain is most accurately expressed by

(&), °

Assuming the seismic vaves to be sinusoidal, an
argurment can e made for rcfincment of strain calcu-
lation by determining an average strain level vhen the
length of a pipe run along the axis of propogation
approaches or cxcceds half a wave lengsh€, typically
on the order of 200-400 feet®(60-120n). The expressicn
for average strain, ¢ype. €an be Yound by integrating
the wave over the appropriate segment of the sine
curve and dividing by the pipe length expressed ia
radians. For example, for a pipe length of a half a
vave lenzth (x radians in lengzh)

I5 sinede - .

- © 0.337 ¢ (M

Cave

Theoretically, in a pipe egqual in length to a
full wave length, average strain would be zerc, but
of course, there are regions which are very definetely
subjeczed to substantial soil strains, and reduztion
beyond that of (7) should nnt be attempted. Nor
shotld reducsion,of =2xinum soll strain values be
considered unless sufficient site data are avaiiatle
to perz=it calculation of wave lengsh with confidence.

I{ only thermal expansion of the pipe is o be
considered instead of soil movezments due to earthquake,
the maximum strain to be uscd in the piping analysis
beconmes:

cp = ady (8)

Certain soils characteristics nust be determined
in order to properly assay the degree to which friction
and bearing forces are imposed on the pipe. The mod-

ulus of subgrade reaction, ky, is most imporiant in
that iz defines the s2ifiness of soil when sudlested
te undz defieczion. It is normally establighed by
field tests or can be estimated by Vesic's equation’:
12
u
v ©
. 0:85 =0 s )
L ]
° D E 3 J=-v_*
PP s

where Eg, the soil modulus of elasticity, is
found from Eg = 2(1 + vg)Gg where Gg = ccg<.

Friction cffecss along che soil/pipe interfaze
may be established by metheds proposed n Ref. 2. A
simpiffied 2quation for friscion forve per uniz
lengsh is:
f - :DPL 10)

vhere p = yh. Whenever pessible, the confining
pressure, p, should be obtained from civil engincering

sources rather than calculated direcily as above.

A value for coeffjcien: of {rliction zus: be
chosen with care. since friciion is & {unczion of many
variables such a5 soll ype, maisture content, consis-
teney, depree of compasiion, cte. A rance of vaiuces
=ay be deterzined. from which the lowpr dound value
should be used as =ore consorvazive in the salselnzien
of buried eidbow moments, and unper hound wvalues for
analyzing straight runs of buried pipe.
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. In summary, it is best to consult the soils
engincer for assistance in assexmbling the neccssary
soils and scismic data for use in the piping stress
analveis. The state of the art in establishing
values and ranges of values for use in the piping
analysis is such that it requires considerable
informed intuizive &fnput, vhich {s best handied by
the soils specialist. However, the analyst =zust
be very specific in requesting the sore of data
that i{s needed and explaining how it will be used.
It tust be remembered, too, that seisnic and solls
characteristics vary with depth. Since a buried
piping systea may have runs, elbevs, and anchors
at several different depths, Lt is best to obtain
s set of curves in which such items as shear wave
veloedty, maximuz soil strain. s~41 confining
pressure, and soil shear modulus are plotted
against clevation. <Then, specific values for any
given clevation can be picked off the curves as
they are needed in the analysis. Figures § through
11 conmszitute a se: of typizal curves established
for a plant site. :

.
Calculation of Intermediate Paraneters

AeBN TS M Maps W w2y &R

Before proceeding with the analysis, it is
necessary to calculate scme additional soil and pipe
related paraneters, nazely the soil unit spring
constant, k, the svstex characteristic, i, and the
minirus friction slippage length, f{n. The soil unit
spring constant (or spring constant per unit length)
is found by:

k = koD (1)
This is then used to calculate X by:
Ly
A 12
2EI . (12)

The characteristic X is a factor derived by
Hctenyie vhich cozbines zhe properties of soll,
pipe material, and gize section propersices and in-
fluences the shape taken dy a beam (the pipe) on
a continuous elastic foundation (the soil) vhen
subjected to externally applied forces and moments.

{a
as
-

The mininum slippage lengeh, iy, is defined as
the length of pipe necessary for the friction force
along the pipe axis o develop fully so that a peoint
is rcached where the ripe and scil move together inm
2 repion of zere relative motion at the seil/pipe
interface. Thne axial icad Fray in the pipe in this
Terion can be expressod by il and the slippage
length is found dy:

t_ = EAE (13)

Classification of Pi~z Sends

-

It is in the bends or elbow of buricd pipin
that the highest mozents occur as 3 result of scil/
Pipe differential mozicn, ¢ (whother £ is from sofl
stradn or frox= pipe thermal cxcansioen). 1t is true
that the strajght scczions of buried pipinz syszems
experience both bendinz and axial siresses fror
soll strafns: however, bending sirerevs ConnEIVa-
tively caleulated are shown 0 be quite low feor
typlcal scisnic conditjons and seldom duscrve any
attentfon., Also it can be said that, in general,
the axfal and bending stresses in the straiphc runs

will always be less eritical than cthose experienced
by the cldows or bends.

Bends are classiffed by type according to the
nature of their end constraints, that is, how each
end of the longitudinal run (along the axis of
strain propogation) terzinates, either as an elbow,
anchor, or frec end. Within cach type are sub-
classifications as to whether the longi:tudinal runm
(called the pipc or '"P' leg) and the transverse run
(called the transverse or 'T' leg) are lonmg or shert
with respect to certain eriteria.

In this case, buried pipes with bends are class-
if3ed into three major types, according o the zanner
in vhich the end of lonsitudinal rum, . or 'P' leg
(along the strain axis) is restrained. The transverse
Tun &,, or 'T' legeis the run against vhich the soil
bears, producing an in-plane moment on the elbow.

The longitudinal 'P' leg is the leg upon which
friction at the so{l/pipe interface is effective.

- 6 [
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FIGURE 1 - Bend Type !

This type bend consists of an elbow connecting
a P leg and a T leg each with the ends free in the
direction of strain.
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FIGURE 2 ~ Bend Type 2

This tvpe bend conéis:s ot a P leg with clhous
and T less on both ends), with the ends iree in the
dircction of strain.
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This type bend consists of a P leg ancher

:"’
FIGURE 3 - Bend Twpe 3

‘at

one end with a 7 leg on the other, with the T
free in the direction of strain.

ed
tep

Each of the three main types of bends are then
sub-classificd by whether the transverse and longita-
dinad (T and T) lcas are "loae’ or ‘sher:’. The
sud-clussifications may be abhreviawed fur ceuvvnience
by using S and L to designacze short or long, and ?
and T to f{dentify the legs. For example, a Typc 1=
SPLT wauld refer to a Tvpe 1 bend with a short
loagitudinal lep and o lonz transverse one.
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The criterion for a short or long T leg is
whether 1. ,is shorter or lonzer than 3v/&h  (the
lenkth at which the hyperbolic functions in Hetenyi's
cquations become unity, and the length beyond which
there is negligible adéitional influence on the
forces and moments on the elbow). If the T leg
happens to be restraincd laterally, and if 1its
length £, is less than 3-/4%, as perhaps at a buil-
ding penctration, the addftional effcct of the
lateral restraint would have to be evaluated.
could be done by considering the T end as free,
using Hetenvi's equatjons to deternine movement at
the free end,.applying a force at the free end to
push it back to its zero position, and then super-
ioposing the resulting moment at the elbow to the
poment resulzing from soil or pipe strain effects.
If the T leg is longer than 37/%i, the nature of
the lateral restraint on the end is immaterial.

The criterion for a shor: or long P leg is
vhether or not iz is sufficientiy long o experience
the maxiru= force that friction at the soil/pipe
interface can develop fully. For maximum friction
force to develop in a straight pipe {ree at both
ends, its length is weuid have to be equal to or
gsreater then 2i.. If a 7 ieg is attached to one
end, thus turning it inzc a Trpe 1 bend, the lenzsh
£, mecessary for full frictica tc develop is reduced
due to the fact that full friction need be developed
only on onc end, producing maxizmum axial force. Fnaye
vhich is balanced by parzial friczion force plus a
shear force, Sy, due to soil bearing on the T leg.
This partial friction force operates over an
effective friction lenath L* which is less than i,.
Shah and Chu® propose 2n equasion for effcctive
slippage length for a long pipe with a3 long trans-
verse leg as. follows:

This

4 JF, .
L--3n(x+ ,‘;‘i"-) (14)
vwhere p = AR )
%

.

Foax = €AE

However, if the 7 leg is shorzer than 3a/4i,
L' approaches i_ as 2, approaches zero, and L' may
be set equal :o';m fod purposes of classification.
Therefore it appears reasonabie to siate that a
long P leg is one which neets these criteria:

?ype 1o, > ia + L'
Type 2 g 2> 2L

Type 3 i, > L

-
2
In cach case. the es: value for L' is thas
calculated per Equation (i4).

Calculation of FTorces and Momen:ie

Calculation of the forces angd moments in
buricd elbows requires determination of effective
slippagce length, L' and the relaive movemen:, &,
between pipe and soil ai shie ¢ibew, A goneral
equation for 4 in terme of L' and § is writien
as followsi:

v 2

AL (15)
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The terms én this equation arc as follows: L’
is the theoretical unrestrained relative movement al
the elbow over length L': SL'/AE is the amount of
pipe elongation duc to the bearing force of scil
against the T leg producing the shear force, S, at
the elbow end which is transformed into an axial
force in the P leg: and fL'2/2AF represcats the
pipe elongation due to friction along,;he scil/pipe
interface which &s found from (fIAE)f; xdx.

Since Equation (15) contains three unknown
quantities, £, S, and L', the’ nex: step is to write
at least two of then in terms of the third, or else
calculate then direcztly where possible. For LPLT
subtypes (long pipe, long transverse), both legs
can be assuzmed to be flexible (See Figure 13b).
“hen L' can be calevlated fronm Equation (14) and S,

4, and & as follows®»?: .
's = cAE S (16)
s — '
M= Ty (17)
a2 Ls
4 = k " % (18)

Neote that Fasu:e 13b indicates the presence of
soze shear force, S, and soil bearing forces transe
verse to the axis of the P lez. However, S, is
substantially less than S (Ref. 3) and need not be
calculated.

For SPST and SPLT subtypes, where the relative
flexibilicy of the legs cannot be assumed with
confidence, it is convenient to assume conservatively
that the T leg dis flexible while the P leg is
inflexible (See Figure 13a). The force S and movemen:

4 can be expressed in terms of L' and (15) can be
rewrizten so that L' car be calculated directly.
Startiny with a diagram (Figure 10) of a Type ! -
SPST or = SPLT on which anial load is plotied along

the P length 2. -
S
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FIGUREZ 4 = Axial Force Diagram
simple geometry yields an equation for S:
S = fiz - 2fL’ (19)

»= f (La = 2L") -

L.
P I
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. {#icn, by taking Hetenyi's equations for a
conccntrated force and a conceatrated moment on a
finite beam on an elastic foundation, and super-

ioposing them to produce zero rotation at the elbow,
equations for S and ) are obtained, as follows:
5
S - cz . (20)
k& 7]
¥ ir 21
"7 @ e, e zn
vheze €, = Sinhif, Coshif; = sinii, cosit,
Sinhzkr.] - .«.mzul
Sinh2Az; + sing,
Cz -
sinh?ag, - sin?z,

c sinhllx Cosh)‘i.: + Sinxil coskf-l
a3 -

Sinh%Aly - sin?X,
8 = angle between the T and P leg axes

Note that Cy, C;, and C; = 1.0 when a2, = 3:/43

therefore these coefficients are gencrally deieted
froz equations for bends with lonz T legs. Equation
(20) is rewritten as follows to give & in terms of

L':
&
- (1, - 2L") 'T'E; (20a)
3

Equation (15) can now be rewrizten with 4 and
S represented by Equations (19) and (20a) to give
an expression for L' as a quadratic equation, as
follows:

L’ (3',)4-1.' (c-i-»zf_) 252 .0 (22
24 AL I3 k

This can be readily solved for L' by using the
quadratic forn L' = (-}/ be=3ac)/2a2. Values for
S, &, and ¥ cen then be obtained fro= (19), (20a),
and (21).

For LPST subtypes, again the T leg may be
conservatively assuzmed flexidle and the P leg

inflexible. Then L' =2y be found fre=:
L'« 5 = EAT (23)

- €
-

As the T lep lengih becomes sazil, so does
the total bearing ferce, S.0f the sail on iz, so
that Zquation (15) =z2v be used 2o develop an
expression for & which conscrvatively ignores the
effect of S, as follovs:

sur” gt

? —— S

&=l 57" s
Rewriting (15a) and incorporazing (23) gives:

L.
4 = £ 24
> (24)

(15a)

Then, S and ¥ can be calculated from (20) and
(2)1). The caleculation for & mipght be refined some-
what by considering the influcnce of § froz (20) in
(15), but the improvemcnt Is s=3il. Alse, the
reasoning expressed by Shah and Chu? rega'di-e the
assumption of ‘1cxibl“:v of both legs when both
At, and M, exceed 3r/4, M for SPLT may accordiagly
be calculazed frem (17).

For Type 2 SP subtypes,
L2 i (25)

t oy —

=3

Values for & are again calculated Irez (15).

For ST subtypes, S z=ay bo ignored and L calculated

fron (15a). For LT subtypes, S becones:
k4

S = = (20b)
Then substd
expression for &4:

tuting (20b) into (15) gives an

£107
A T
b= = (26)
. Mt

and then S and M can be calculated Zrom (20) and (21).
For Type 3 bends of subtype SP:
L' - 22 (27)
For ST subtypes, & can be calculated from (15a).
while for LT subtvpes, & is found by (26). Then for
Type 3 SPST and SPLT subtypes, S and M car be found
from (20) and (21).

Classification of Some Addizional Elezmen:s

In addition to bends, it is useful o Identify
some types of straight pipes and tees waich need 2o
be analvzed occasionally. Accordingly, a tec is
designated Type &4, a straight pipe with btk enis
free is Type 5, and a straight pipe frec on one end
and anchored at the other is Type 6 (See Tadie I},

‘ et

£

y

4

1y

y I

Lz 1

FIGURE 5 - Type &, Pipe and Tee

For a tec Type & - LPLT, ex«gcssicns fer L', S,
¥, and & are biveﬂ by Shah and Chu® as follows:

- ‘i h( 1+ L}n\v - ) (25)
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Further=ore,

S = X (cAE = fL') for each leg of the

run pipe (29)
- —s—
M= (30)
L 1)
x

Corresponding expressions for SP and ST sub-
types and combinations with Types 2 and 3 can be
developed as with the elbows buz are not included
herein.

For Types 5 and 6, L' is calculated as follows
(5 and M are zero):

For Type 5 - SP

£
1! - —22 (32)
For Types 5 - LP ané 6 - LP
L' = £ (33)
Foxr Type 6 - SP
L' = &, (34)

In all Tvpes 5 and 6 pipes, O is calculated

2

"
A [
"

T b el - (35)

Axial load Diazrams

Tables 1 an2 2 present loading diacrans for
various types of bends and other elements for which
analysis may be required. For all types of buried
piping and bends subjected to soil/pipe movenents,
there is either a point or region of zero relative
movezent at the soil/pipe intesface on the P leg.
The diagrans shewn in Tables ! and 2 show vhere
this peint or vexion s lacazed for each tType. The
maximuz axial force in the pipe will occur at this
point and can be exprossed dby:

F,

=ax * S+ fL'

(26)

For a long pipe wvizth a free end, vhere fric-
tion fully davelops to produce a regpion of zero
slippage, this force becozes:

: ¥

max " CAE (37)

The arnalyst must keep in nind that scli
bearing force.S.and friction force.fL' or fi_.are
passive in nature and cannol exceed cerizin praczical
Hnies. Neither can occur until an asctual relative
20ovement occurs between pipe and sofl. The bearing

force cannot occur unsil some mOvVement takes place to
deform the soil normal to the T leg. Correspendingly,
friction force acts only when there is slippage; 4t
is zcro at free ends, and at poinits or regions of
zero slippage in the P leg.

Pininc Code Stresses

Analysis of buried piping is gencrally accom-
1ished to demonszrate structural integrity through
compliance with applicable piping codes, either
Section 111 of the ASME Boilér and Pressure Vessel
Code (for nuclear facilities), ANSI B33l.1 (for non-
nuclear pover piping) or ANSI B31.3 (for che=zical
plant and petroleus refinery piping).

Code analysis for earthguakes (called
'occasional' loading) requires that longitudinal
stresses such as longitudinal pressure stress,%,,
bending stress due to earthquake, Sy, and other
stresses (including, conservarively, the axiai
stress due to earthguike,S,), be cozbined to give
a net axial stress which £s then cozpared with
established allewables®. Thus, where

P - ‘i&" (38)
"l
¥
op = 0.754 7 (39)

{ = appropriate stress intensifier as
calculazed for an unduried piping
elezent (if 0.753 < 1.0, use 1.0)
S

%, = K (40)

then the net axial stress is given by:

(C3)

c_msCc_+¢C
[ P b
In the case of a thermal a2nalysis, only the
bending and axial streésses are calcuiated and
cozbincd as foliows:

+ ¢
a

M
Ope " 3 3 . ) (42)
S .
Py (40)
g =wc _+0C (43)

The applicatior of piping co
written with point-supporzed and v ?
in ciné) to buried piring (which i H
restrained continuously in an cias B
been questioncd. However, until > iz
addressed directly by the Code conritives, it is
bajieved conservative and apprepri.te to centinue
using the existing Codes as standarie of aszeptabilicy
of buried piping to withsiand imporod siressas.

ORGANIZING AN ANALYSIS

Because of the varieczy of types and subivpes of
bends and other elemeats of buried piping it has been
found uscful to orpanize and tabulate the various
data items and their sources (See Table 3).

A suzpesicd prozedure for accomplishin: a Code
anuslyeis of buried piping is as follows:

.
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1. Obtain a lavout drawing of the piping to
boe onalvzed. The dravwing should contain as 3 =in-
}mu:. pPan and section vieus with elevations of
pipe and soil gradeline, all piping dimensions and
saterial specificatzicns, bend angles and radii.
and opérating data such as pressure and temperature.

2. Assemble the geotechnic data. This =ustc
include soil shear wave velocity, Cg. the soil,shear
modulus, Gg, confining pressure on the pipe, p. and
soil strain, ¢, preferadbly in the forn of curves
showing variation over the range of elevations of
avery buricd element in the piping systez. (Lf a
ghermal analysis is tc be performed, ¢ will de
calculated instead by the analyst). Also reguired
#ill be Poisson's ratio.uv.and a range of values for
fricrion coefficicent,w,at the soil/pipe interface.

3. Calculaze the intermediate pararmeters k,
£, ), and i, for each pipe size and elevatrion in
Lhe syste=. '

4. Identify and classify each bend or other
element which is to be analyzed. An elbow may have
to be anaiyzed twice. with each run being treated
successively as a P leg and as a T les.

5. Calevlaze Z', &, S, M, and F_, . 2as
needed, using the prescrided equations noted in
Table 3.

6. Caleculate the Code stresses and compare
with the allowable s:ress for the material.

1f the stresses exceed the material allowable,
it may be necessary o incorporate slip couplings
or soce other flexibility feature into the piping
gyster desian. 1f this is the case, some of the
piping elenents will need to be reclassified. For
example, if a Type 3 dend is found to sustain
stresses which exceed the allowable for the
saterial, necessitazin: incorporaticn of a slip
coupling bestweea the anzhor and the eldbew, the
result will be a comtination of iype 1 and Type 6
elenments. Slip couplinps have been found to be a
gatisfactory means of incorporatxing {lexibilicy
into a buried pipe surlect to axial soii/pipe
differenzia) strains., and in fact, have been incor-
porated into recent nutlear power plant design.

EXAMPLE .

An ezergency scervice water,pipe as shown in
Figure 6 is zo be analvzed for stresses resulting
fror ecrthousie. Tha analvsis is farricd out in
the & steps described adeve, as foilows:

1. Deseripticn of the pipe and operating
conditions.

')00' (]
free
B o4 end
\I A

— L:“ R.

North \ Pipe rmatcrials Sﬁ-{Oé Gr.
42" R 30 B stech. 2" dia.
: "“\‘ 1 0.375" wall
y Pipe elev: 602'=7"
Bldag" T¢ Grade olev: 620°
L—ZC—'—.— Operating pressure: o5 psi

" FIGURE 6 - Example Buried Pipe (plan view)

m '

2. Geotechnic data (fror sofls enginecring
sources)

O

s = 895 ft/sec (Figurc 8)

Gg = 8680 psi (Figure 9)

€n = 4.40 x 107" in./in. (Figure 10)
p = 15.55 psi (Figure 11)

v = 0.40

p = 0.24

3. Intcrmediate parameters (egquations noted
in parentheses)
k = 15,955 psi (9) and (11)
f « 28} 1b/in. (10)
A = 0.0162 fn.”1 (12)
2, = 1301 in. (13)

4. Classification of the Bends

With sofl strains propogating in the east-
west direction, legs AS and CD are treated as lonp-
itudinal (P) less:; therefore, elbow B is analyzed as
a Type 1 bend, and elbow € as a Type 3 bead. With
soil strain in the north-south direction, leg BC is
the longizudinal leg anc elbows 3 and C are analyzed
as Type 2 bends. Since each leg is treated as a
transverse lep at one time or another, and since
each exceeds 3=/4) (or 146"), all wili fz21l inte the
'long"' transvérse (L7) subtype.

a. For the Type 1 bend:

£y = 200 fe (2600 in.)
L¥ = 924 in. (14) ’
ty = 1301 ia.

Since 2400 in. > 1301 in. + 924 in., this bend
may be fully classified as Type } - LPLI.

b. For the Type 2 bend:

22 = 30 ft (360 in.)
L’ = §24 in. (1&)

Since 360 in. < 2(924 in.), these¢ bends may b
fully classified as Type 2 - SPLT and L' is
calculated instead fro= (22).

c. For the Type 3 bend:

£, = 20 fr (240 in.)
L' » 924 in. (14)
Since 2530 in. < 924 Iin., this ben may de
fullv classificd as Typs 3 - SPLT and L' {s calculazed
instead from (27).

5. Calculation of L', forces and moments
a. For the citow at B as a Type 1 - LPLT
L' = 924 ir. (1)
S = 106,400 1b (16)
M = 2,190,000 in./1b (17)
Foax = 366,000 1b (37)

Note: L docs. not need 0 be calizulateld for
this subetype.)
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5. For the clbows at B and C as Types 2 -

L' = 180 §n. (25)

= 0.061 in. (26)
= 60,100 1b (2()
« 1,855,000 in./1d (21)

Foax = 110,700 1b (36)

c. For the elbov at Casa Type 3 - SPLT

SPLT
3
‘ &
S
M
bend:

L' = 240 in. (27)

4
S
¥

Frax

= 0.075 in. (26)

= 73,900 1b (20)

= 2,281,000 in./1b (21)
= 141,340 b (36)

6. Calculatioa of Code stresses and
comparison with allowables

Using equations (38) throush (31), the
ASKE Boiler and Pressure Vessel Code-Section IlI
stress can be expressed by:

PD
ae-_

+o751"+s
4t : A ¢

For this 24 inch pipe with 36 iach radius
elbows, i = 4.2, A = 27.83 in.*, and Z = 141.9 in. %,
The ne:t stress for cach elbow ‘s calculazed as

follows:

a. Type 1 - LPLT (Elbow B, soil strain

east-west)
c

e

« 1040 + 42609 + 3823 = 47472 psi

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

Ge = 1040 + 360921 + 2160 = 39291 psi

c. Type 3 = SPLT (Elbow C, soil sirain

east-west)

Ce ™ 1060 + 25380 + 2655 » 48075 psi

Assuning an allewahle stress of 27,000 psi

(equivalent

20 1.8 Sy for 3A-1006. Grade 3 steel

pipe), it i~ apparent zhat nacither of elbews B

and C satisfv the Code conditions. Thereiore,

it is necessary to design nore flexibilitr inte the
pipe, either by using a larser bend radius to
reduce the stress intensification, or by incor-
porating siip couplinzs. 1f the latter is chosen,
the elbows then nmust be reclassified and analyzed

accordingly.

CONCLUSICRS

This paper has 2iscussced the process of
performine a strensth anmaivsis for piping vhich is
buried fn seil. Bopoinniny with the varicus geo-

technic paranc

forces at

T

zors which doféae the notian and
seilfoine {atwerface and coatrol the

desrec te which the pipe conforms to the soil
motion {or asn~suotion in a therral exeancsion
analysis), nethods are develeped to caleulate

axial forces and bending manents at points of
interess in the pirins.  luuativne for Coil stroesses
are presented and tleir applicability reviewed

bricf{ly.

Emphasis has been ﬂlncc. on developine an
orderly classificazicn of piping elements by the
nature of their varicus en. co:fieurati01s. and the
presenzation of a tabulation cf applicable
equations to provide the analys:t wvith a sequence of
operations needed,t¢ perforz a Code analysis.

This paper has not covered the effects of
relative nmovements at building penesrations, vhich
have been discussdd to some degree in Ref. 2 and 5.
It is believed, howvever, that the so-called
'guillotine' assumption (relazive movexments at the
penetrations being sharp, well-defined differential
novements at the soil/building interface) is very
conservative. First, it is difficult to estimate
such reclative movenments with any degree of confidernce,
and second, anz"wsis by methods suggested in Ref. 2
nearly alvays icplies an overs:iressed condition
which rust be remedied by providiag for a 'soit'
(flexible) penetratzicn in the piping systex desizn.
It is casier to proceed at the ouzset to design the
flexible penctrations and elizminate the need for
cemprehensive analysis.

A few comservazisms should be noted here.
Righ calculated bending szresses in elbews ganerally
result from the appiication of z siress intensiiicazio
factor, i, to acdounr for the sesoniary stresses which
ocsur as a result of the ovalizaticn tendensy in the
clbow cross-secticn. Howecver, a natural passive
resistance of the soil to ovali:zarion cxists, Bdut is
difficult to evaluate, so it has been conservazively
ignored. Also, trecatment of the P leg in the SP
element subtypes as inflexible, fcr convenience of
analysis, results in higher bending zecments than are
believed to exfs:. Further refinements in mechods
of calculating forces and coments in buried clbows
using finite element methods of analysis can be
expected to resul: in lower calculazed values for a
given set of conditions.

On the unconservazive side, &7 has been sug-
gested that the inercial relustanze of "‘ pipd
conform to the cyelically s:raining soll ould con-
ccivably resulr in higne— forces and zomen:ts than
those cozputed from treating scil strain as o =2
phenomenon.  The dynamic aspezss of an carihguak
with respect zo buried pfping mey merit further
investigation, .

that the approach to
sing presented by
vative and_reasonabie
l1s paranmeters
:ag cod¢ analyels

In sumnary., it is believed
flexibility analvsis of burled p
this paper is, ¢ balance. conse
in its applicat.on of seismic an
and its use of sencrally acsipiv
proccdures.

S CONVERSIONS
in = (.0254 M
fr = 0.3048 Y

6.895 kPa
1b = 4,448 X

[ S
©
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FIGURE 7 CURVES PLOTTED BY KNOPOFF
AS PRESENTED IN REFERENCE 2

RELATIONSHIPS BETWEEN VELOCITIES OF COMPRESSION
WAVE Cp, SHEAR WAVE Cg, AND RAYLEIGH
WAVE Cp FOR VALUES OF POISSON'S RATIO V
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FIGURE 12 LOADING AND DEFORMATION DIAGRAMS FOR BURIED ELBORS
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TABLE 1

AXIAL LOADING DIAGRAMS FOR ELBOWS

(POINTS AND REGIONS LABELED A EXPERIENCE ZERO SLIPPAGE BETWEEN SOIL AND PIPE)

L]
! TYPE SHORT PIPE LONG PIPE
'O—e—.-
) S s
E A E A A
=S e e -~ N~ '-r—r‘-rw
{ H §
i
1 / 1
'é—' Fax. 1 Fuax
2 . v i
*—L'—J l oL ! l l 2
1'2 L) Lz
L o .
et S - S t
== A o A Ao
Sl i — S ok A
f s f s 3
]
2 / \ t
i Fuax, ra Fyax.
S
1 i i R
L= ﬁzlz-’l l et e —
* ) | - £
e amed
s s
E A E = A AE
's
‘ Fuax
‘i Fuax. ) . ‘ .
- L !
e L'2f 5 et La = >-

SOt .

i3



: 1

Rer 3

¢ (242)

EURIED PIPING —~ AN ANALYSIS PROCEDURE UPDATE

. E. C. Goodling
. Gilbert/Commonweaith
“a Resding, Peantylvanis

ABSTRACT

This paper 11 {acended as a gulde to be used for
flexibilicy analysts of buried steel piping which is
subjeczed to the effecrs of sn earthquake or to thermal
expansion. It s easencially a consolidation of pre-
vious papers on chig subject presented by the author,
:o present clarificatians, expand the coverage to

nclude addltionalp:pe configuracions and to incor-
porate some nev equaticns and updated treacment of
certain variables {nvolved in the analysis of buried
piping.
scraL:ctgzjzluscd to estinmate analysis values for sofl
Ty pt'e/s 1lua of subgrade reaction and friction at
é Pe/soll fatesface are revised and aimplifled to a
egree consistent vith the gerzaincy of site data.

Classification of buriled pipe elements ls broadened 2o
iaclude more design cases, and several equarions are
refined to lmprove their usefulness to the analyst., Aa
updated dfscussion of applicable piping code considera-
tions {s included. .

INTRODUCTION

The flexibility apalysis of buriled steel piping
fabricated from continuous welded runs and branches has
progressed over che past several years from a highly
idealized approach with many conservacive assunmpticns
to a moderately rigorous procedure wvith more racfonal
use of seismic, soil and pipe physical characteristics.
The use of the conservative ctheoretical approach does
not really create manv problems where nev design is

NOMENCLATURE
A = zeta] cross-section srea of pipe t = pipe wall chickness
31y = ladependent variable group Vo = zaxizuz soi{l velocity
2 * radius of pipe section 2 » section modulus of pipe
Cr. ¢ ‘é b5 ¢ = quadratic coefficients a = coefficlent of linear =xpanafon
Lr %2, &3, SL = coefficients for Hetenyi's equations 8 = dizensioniess coefficient
Re “s = Rayleigh and shear wave velocities & = zovezmeat of element with respect to soil
rd',n - slpe outside dfameter § = relative pipe/soil zovemenc at a free end
"R = Young's modulus for pipe &+ = tezperature differential
*s “ Young's modulus for soil ¢ = strain
Faax = axioua axfal force in pipe Cave ™ average soil straln
£ = friczion force per uailt length Cn = =axizuzm soll strain
. Gy = 301l shear sodulus tg = thermal scrain fn pipe
L, IE ~ moment of lnertila of pipe section 2 = angle of bend
,* T 3tress fncensificacion. factor A = syscem characteri{stic for pipe and.soil
K, k] = d{nensfonlesa coeffi{ciencs u = friccion coeffilcient at soil/pipe interiace
% = 3011 spring constant per unit length vy = Potsson's raclo for soil
k? = 3odulus of subgrade reactgion - o = soil mass densizy
L' = effective frictlon length- g, = axial stress .
L1, 22 = length of T and P legs, respectively oy = bending ascress
£y = zaxinum slippage length Oy therzal bending streass
M = mowent . dg = net earthquake Code stress
P e systen operating pressure Sy = longitudinal pressure sctress
T = elbow or bend radius ¢, = net therzal Code stress
S = force In plpe xt clbow , 2 = sotl elascicity paraseter
55 * allovable stress {n pipe ac operating 3 ~ seismic wave phase angle

tenperature
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invodved.  Euried pinics shoun by snslysfs 2o be over-
stressed by setizic ©r thermal effects can be redesigued
to incorporate {lexible couplings (Dresser style or
1imidgr) o =intzize the bulldup of stresscs due to

fierdntial “Sovesent between the soil anéd che pipe.

.ch couplings have been Lncorporated effectively in
buried vater and petroleun transport piping for over a
hunéred yvears. The real problems with buried piping
occur wnen {t becomes necessary to demonstrate.analyti-
cally that piping which has already been fabricated and
buried vill not be subjected to seismlic or expansion
stresses which exceced allowable levels.

Aczual faflure of the pressure boundary in buried
pipelines subject to earthquake appears to occur
primarily vhen there are severe dislocationg or ruprures
of the ground across vhich the pipe {3 lafd (1). Even
where there is severe ground displacement but no rupture,
bur{ed steel piping yields but rarely falls completely.
Hovever, piping can yleld and buckle under high coz-
pressive loads, vhether due to seismic soil strain or
excessive thermal expansion of che plpe, resulting in
an unacceptable reduction of fluid flow cross-section
area (loss of functional capability) and consequent head
loss.

It {8 therefore necessary for the practicing
engineer to have at hand a rational procedure for calcu-
lacing stresses in buried piping, particularly for bends
and elbovs. This paper presents such a procedure,
f{ncluding refianezents, changes and corrections to
previous published procedures (2 thru 8). It musc be
noted that the refinesents are those which have evolved
through analysis of buried safery class piping feor
nuzber of nuclear power “lancts and reflect the exper-
fences and suggestions ¢{ a number of engineers
throughout the United Scates and Canada.

ANALYSIS

assexbline the Seismic and Sofls Datca

The scismic and s0ils data are necessary te
describe the characteristics of the soil motion during
an earthquake and to assess the degree zo vhich the
pipe conforzms to this motion. The maximum acceleracfon
to be used {n sefsnic analysis i{s che dynamic response
of che soil at the elevation of interest as determined
from the seismic history of the geographical location
of the faciliry under {nvestigation, as determined from
the scil response gurves for the gite. Froz= chis, the
maxizuz ground velocity Vu Lis calculated as follows (7):

Va =~ (48 in/sec)g (1)

where g is the dimensionless ratio of the zaxizus soil
particle acceleration to the gravitational constant.

A valve for maxisum soll strain to bde used for
burfed pipling analysis cust be calculated with care.
Cher (8), Yeh (9), and Iqbal (10) have recozzended
different ways of assuzing the participation of the
various seismic vaves (shear, cozpression and Rayleigh)
{n zhe neg seiszic wave which results in seismic soil
strain. Hovever, although the velocities of propaga-
tion of the various waves can be deter=ined from in
situ and laboratory Zests, Lt may be overly conservative
zo consider only the vave velocities of the soils
i==ediately surrounding the buried piping (11).
0'Rourke et al. (1) state that for a uniform soil
layer overlaying bedrock, the propagation velocity of
seismic waves along the pipeline {3 found to be
sctrongly influenced by the wave velocizy in rock, a
low value for this being 2,000 £:/sec (600 =/sec).
Measurecents .of seismic wave propagation velocities
occurring during sooe recent Japanese carthquakes and,

"

during the San Ferpan arthquake of 1973 supgest
6clUAl wave veloclties in excens of 7,000 ft/rec.
There has thurefore evolved a consensus aszong consul-
tanzs that the use of any vave velocity of less than
2,000 £2/sec to calculate seil straia is overly
conservative where the elevation above bedrock is leas
chan one wavelength, typically 200 to 400 fecet

(60-120 a) (11). v
Maxizuz seisnic sofl strain ¢. is calculated by:
Ve
-2 2)
&= =~ (

vhere C is the velacicy of propagacion of the seisalc
wvave along the pipeline axis. Ywhere the eievation
above bedrock is known to be one wavelength or less, a
value for C of 2,000 fr/sec (600 n/sec) is recocmended
for use. If the elevation above bedrock is unknown or
significancly exceeds one wavelength, the velocity of
the Raylef{gh (surface) wave Cp as determined frop site
tests should be used for C, especially if the pipe is
burted within 10 or 15 feer (3 or 4 m) of the ground
surface.

Seisalc wvaves are asauzed for convenience to be
sinuysoidal, and an argusent can be made for further
refinezent of soil strain calculations for pipe runs
which are longer than one half vavelength. Since )
represents a maximum value which, at aay fastant, ogcurs
only at a single point along the pipe, 2 more realiseic
value for strain along the pipe run can be found by
calculating the average strain ¢yye b¥:

o, sinddd
R’ 0 2 mm
Cave = ——F— = 0.637 g 3

where ¢y 18 soil stralnm based on Cg.

Theorecically, {n a pipe equal in length to a full
vavelengsh, average strain vould be zero, but of course
there are teglons which are definitely subjected to
substantial soll strains, and reductions in calculated
strain beyond chat afforded by (3) are not recos=ended
aor should (3) Ye used where the pipe Tun length is
less than one half wavelength, or where site data 13
{nsufficient to permir calculation of wavelength with
confidence.

If oaly ther=al expansion of the pipe {5 o be
coesidered instead of 30L{l movezencs due o 2arthiuske,
the strain value ¢ to be used in the following analysis
of buried piping is calculated by:

€g ~ ab7 (%)

Ualike seic=ic acalysis, though, vhere selszic s¢Taln
{s assuzed to act along the longest run at any ziven
woment, thermal straln acts along every tun. Therelore,
a thermal analysis of a buried elbow requires analysis
of each run separately and cozbination of the resultin
stresses i{n the connecting clbow.

Cercain soils characgeristics must be determined
{n order zo establish the degree to which friction and
bearing forces are imposed by the soil on the plpe.
The =odulus of subgrade ko defines the stiffness of
soil when subjected fo bearing loads in the course of
rescraining a pipe. There are 3 number of methods used
for deter=ining ko, the 208t accurate of course, deing
actual field testing of the compacted soll surreunding
the pipe. In the absence of accurace fleld data, anme
e=pirical methods have been deveicped for estimaling
%o. Vesic (13) proposes the followiag {in English
unizs):
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vhere ko may be thought of as the spring rate of soil

under the bearing pressure {mposed by a pipe in dimen-

stlous of pounds/sq iach of bearing areca/lnch of deflec-
tton. Ia order to find %, by Vesic's equatlon (5),
E, may be calculated from:

Eg » 2(1 + vg)Gy where G5 = pC,2 (6)

The analyst sust be careful to maintain dizmensional
consiscency since the shear wave velocity {s usually
dlven in fz/sec or m/sec., vhile the usual dimensions
slven for Eg and G5 are psi or ksi. Simtlarly, vhen.
%o I3 developed from site testing, the dizenaions are
vlten given as pounds per foot cubed, vhich must then
b2 coaverced to pounds/ian.2/in. for subsequent calcu~
l.cione. From k,, the spring constant k i3 calculated
bv:
k = koD @)

Thic value for %, which i3 used to determine the pipe/
30Ll svstem characceristic and the scil deformation &
{n subsequent calculations, 1is usually referved to as
the soil unic spring constant, vith dizensions of
pounds/inch squared (psi).

feturning _ouentarily to Vesic's equation (5), it
will e noted after a fev trials by the analys: chac
the 12ch root of the value undar the radical, for a
typical value for Gg of 8,680 psi, ranges from 0.76
for 2" Schedule 40 pipe to 0.87 for 30" standard wall
(0.375) pipe, besfng affected only slightly by varlatlons
in Ey or vy. Since the values used for v and I, are
often approxizate at best, it appears that a sizpler
oeans, of calculating k, and k might be sulcable.
Accordingly, Parmelee and Ludtke (14) have proposed a
nore direct sachod, by which for vg of 0.5-and ratic
of depth bdelow grade to pipe radius of 30 or greater,
% = 1.12 By, Dr. M. Ayub Iqbal (10) suggests that
setting k equal to 0.6 Eg would be : appropriate for the
usual raange of vg (0.3 to 0.5).

Sofl Friczion Effeccs

in analyzi{ng scraight runs of burled pipe, it s
accepzable 20 use upper bound values for friction force
per un.t length at the pipe/soll inrerface (5). How-
ever, un analyzing dburied elbovs for seismic sctresses,
{: (s necessary that friction force be established
conservacively on the lovw stde. Soil forces normal to
the pipe =ay bYe determined by the =odifled Marscon
equazion as follows:

: Uc - chBdD (8)

deadload on pipe per

in which uc -
unlt lengch

soll density, veighc per
unit voluse

B4 = trench widch ac cop
plpe dlapeter

disensionless coefflicient
based on dackfill

Figure 10)
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Trictlon force £ st the pipe/soil Interface cun
thea de found by: H
£ - uW, (9)

s

The value for p wust be selected carefully since
friccion is Iinfluenced by such varfables as soil type,
solsture content, consiscency, compaction, etc. (3).
Yhere friction coefficient values exceed 0.5, the
{nternal friction within the sofl f(tself domiaates.

It is recozmended thac a solls eagineer be consulted
for assistance i{n establishing an appropriate range
of values for u from site-specific data.

=

Calculation of Intermediate Paracmeters

After cthe strain €, soil unit spring constant %,
and the friction force per unit length f have been
deterzined, 1t L3 necessary to calculate two additional
parapeters, namely the pipe/soil system characteriscic
X and the =minizun slippage length L.

The systea characteristic A is a factor derived
by Hetenyi (15) which coubines the stiffness of che
soil f{n k and of the pipe material in E wich pipe
seczion property 1 to account f£or these influences on
the shape taken by the pipe on the continuous elascic
foundatlon when subjected to externally applied forces
and moments. The systea characteristic 1s found by:

A = h/ X

4EI

*he ={nizun slippage length L= {3 defined as zhe
igg,.h of plpe necesaary for che friction force aleong

the pipe axis to develop full Y so :hac a poinc Ls

(20)

.reached where the pipe and_soil sove together in'a

g_g&pq of zero_ relative =o:1°n at the pipe/soil Inter-
face. The Sinizum siippage length L and cor:espondlng

maximua axial force Fo,x in the pipe are found by:

Faax = £l = CAE (1)

Classificarion of Pipe Elexencs

It i{s in the bends or elbowsof buried plping chat
che highest =mozents occur as a resuls o: soil/pipe
differential moclon 4 (whether it 13 from soll siraln
or fro= pipe ther=al expansion). It ls srue thag she
scralight sections of buried piping systexns experience
both bending and exflal stresses from go0il strains;
hovever, bending stresyses conservatively calcuiated
are shown to be quite low -Ref. 4, 9) for :typical
seisnic conditlons and selvon dederve any actentien.
Also, it can be said thaz, ia general, zhe axial and
bending stresses 4n the straight runs will alwayvs bde
less crizical than those experienced dy the eldovs or
Sends. ‘

Pipe elements ave classified by type uaccorcing ¢
she nature of their end coasctraiaces, that s, hov each
end of the longitudinal zun (along the axis of strata
propagation) terminates, =ither as an elbow, anchor,
or free end. Within each type are sub-classificat:ions
as to whecher the longitudinal rua (called she pipe or
'?' leg) and the zransverse run (called the fransverse
or 'T' leg) are long or short with respect o0 cersa:is
eriteria (4).

In this case, buried pipes wizh bends are classi-

‘fied {azo three mzjor ypes, according 2o the =anner

in whicn the end of longitudinal tun, L,, or 'P' leg
(along the strain axis) (3 restrained. ~The transverse
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run 45 or 'T' leg Ls the run against vhich the sofl
bears, producing an i{n-planc mosent oa the elbow. The

|

1
lons!tudinx. 'P' les 1a the leg upon vhich friction at L ’ ﬁ
the soLl/p1.”: inzerface ts effective. f : ‘2
c £y '
f - -— . i .
l h ' f 2
L :- I.\‘e » ‘ z .
\ . Ftg. 5 Element Type 5
1
The stricc criterion for a long or short transverse
(T) leg is vhether £, !s longer or shorter than 3x/4},
' L, i the length at which the hyperbolic functions in
Hetenyl's equations approach unity (and the length
Fig. 1 Bend Type 1 . beyond which there {a negligible additional fafluence
. * on the forces and moments at the elbow). Actually, a
This type bend consiscs of an elbow connecting a boundary condition for L, of as little as 3x/8) =zay be
P leg and a T leg each with the ends free {n the used 4f a 10X error {n calculated results can be
direction of strain. tolerated. %What this all izplies i{s thac the largest
P portion of the bearing losd on the transverse leg
¥ — occurs in the first fev feet of the pipe at che elbow
‘-9 or bend.
Y The eriterion for a shovt or long_pipe (P) lag
j \\, \ (the leg running in the direction of wave propagation
f or maxicuz povezent at the pipe/soil interface) is
vhether or not t; iz sufficiently long to experlence
Ll the paxizuz force that develop at the friction iater-
. L, I face. For maximum friction force (F.,x = €AE) to
_'1 develop in s straight pipe free axially at each end,
. izs lengch L, would have o be .L as calculated by
¥ig. 2 Bend Type 2 (11). If one end terzinates in a '—ansversc'(*) leg.
thus wumning £ into a Type 1 elesenz, the total length
This type bend consists of a P leg vith elbovs Ly necessary fo full friccion to develop !s reduced to
and T legs on both ends, with the ends free in the LY + 1_; the friction force over lengch t. at the free
direction of straia. end s balanced by the soll bearing force £, on the
c transverse leg plus the soll friczicn force acting over
f —_— . a reduced (or "effective') slippage length L' in the P
8 leg at the elbow. Shah and Chu (2) propose equatioas
L for calculating effeccive slippare length for lomg
} \ v pives with long fizansyezse legs, as follous:
kﬁ F,
iy §Z:d,, L' - % a-{ J1 +-3-2—§'-;-’£ - ) (13a)
*2 L F I¥3
tess: L' =30 ( 1P ) (135)
Fig. 3 Bend Type 3 *

AEX
vhere O - %

This type bend consists of a P leg anchored at one and Toax s found from (12)

end vith a T leg on the other, with the T leg free in

the directicn of atrain. Another eguazion for shis L' can be derived by soiving
Each of the three types of bends are then sub- Equation (23) for the boundary condition where
classif{ed by vhether the :ransverac and longizudinal Ly ~ L' + ¢_, zhis being a singular condirion vhere &
(T and ?) legs are "long' or "short'. The sub-classi- 18 the length at which cthe ctransition froz short pipe
fications may bec abbreviated for convenience by using to long pipe occsurs. Using the Shah and Chu notaticn
S and L to designace shorz or long, and P and T to gives the {ollcwving:
identify the legs. For exa=ple, a Type 1 - SPLT wouid .
tefer to a Type 1 bend with a short longitudinal leg 2oy
and a long transverse one. wVoeq Jr "R - ) (1%} -
Addizicnal element types are T types as shown in ‘
Figures 4 and 5, with éne pipe end axially free or This equactlon applies’ to both dends and tees. Althouzh
anchored respeczively. {14) vas derived for the case where 2, = L' = 2, 2
— —_— applies also for any case where iy > L' =~ t_, since
L ‘ the length of the reglon of zerc slippage a: the fric-
! tion {anterface is izmacterial. Using L' as calculazed
¥ by (L4), 1t can now be established that a ? leg can 2¢
Ly l class{fied aa long £f 4ir meels these criteria:
L —_—
L ‘Ty;oel Lyzt v U

L
2 {
Fig. 4 Tlement Type 4 . :Type EA P
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Calculation of Forces and Moments for Elbows and Tees

Calz:zizzion of forces and zoments in buried elbow
and tee elzcants requires that the effective slippage
lengch L' and relative movezent 8 between pipe and soil
(=zgnizude of soil distortion) at the elezent be found. A
general equation for 4 in terzs of L' and the bearing
force S at the elbow is wrizcen as follovs:

sl

- t -
8 =€l = Z " w

(15)

The ter=s in this equation represent various
contriduticns to cthe net zovenment of the rzestrained
elbow, zc followus:

X cl' 13 the theoretical unrestrained
relative zovezent of soll at che elbow
over lengch L'.

2. SL'/AE 1s cthe amount of pipe elongation
due to the bearing force S on the trans-
verse leg or legs, vhich (s transferved
through shear at the elbow or tee fnto

- an axial force in pipe Tum.

3. fL'ZIZAE is the azownt of pipe elonga-
tion obtained by integrating the
friction force at the pipe/soll facer-
face over length L'.

Since (15) ccntains cthree dependent variables 4,
S, and L', £t 138 neceasary to express at least two of
then in terms of the third or to calculate thes
directly vhere possible. For LYLT elbow subtypes (long
pipe, long transverse) and assuming both legas to be
flexidle vizth zhe eldow considered {nflexible (See

-

and 4 can be calculaced from the following (2), (3):

B

S = AT - €L’ 16)
M = S 8ind/3x 17)
& = 8Dk = 418/3% (18)

Por Types 1 and 4 elemencs with SPST and SPLT
subtvpes, wnere the relative flexibilizy of the legs
cannot be assuzed with confidenmce, 42 is convenienc
o assyme genservatively that the T leg s {lexible
while the P legor legs are Lnflexible (See Figures 7 & 8).
“he force S and movement A can be expresscd in teras
of L' and (15) can be zewritzen so zhat L' can be
calculaced directly. Sctarting with a3 dlagram
(Figure 6) of a Type L = SPST or - SPLT on which axial

t load 1is plotted along the P length 25
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Pig. 6§ Axial Force Dizgram
Si{zple geonmetrry ylelds an equacion for S:

S = f!.z - 281
(19)
- £ (2 =) '

Then, by taking Hetenyi's equatioecs for a concex~-
trated force and a concentrated =s=enz on a Iinite
beam on an elastiz foundazion, and supar-imposing them
to produce zero rotatica az the eldowv, equaticas for §
and M are obtaized, as follows:

kA Chains Cq
- —— - ™ 2
ka Czsiae @
M - —_— 1)
22 c,

-

SinhXLICosn«L1 - sinkzlcosALI

2. 2.
Sizh All - sin All

vhere Cl -

2 2
Sinh zzl + sin"i2,

-~ e d
4 . - -
Sinh ALl sin ALl
Sizhil,Coshily - sinit.cosity
cy = H . p4

szah‘;z1 - s:a‘;:z

2
C& - ;Clca - CZ

——Zt= 3 = angle betveen the 2 and T leg axes.

Note zhat C,, cz, C3 and c, approach 1.0 vher
ALy = 3x/4; therefore, these coefficients are zeneralily
deieted from equazions for bends with long T legs.
gquation (20) 48 rewritten zo iacorporaze (19) as
follows to give & tn zerms of L':

. (22}
soc, £1c,
. —— - - L) Qe——
47X Eams (¢, -2LY xC,







] [
.
’ ”' 0

* Leauatton (!5).can nov be rpwritten vith S and &
represented by Equations (19) and (22) to give an
cxcreseion for L' as follows (assuming the conscants
“ through Gy to be unity):

2 f1 2£) 3%
] SEPE IR PR Voo 2.0 (23 .
2AE AE %

which can read{ly be solved for L' by using che follow-
ing gquadratic solutien forn:

-b + Vbz - Lac

2s

L' -

Values for S, 4, and M for SP subtypes can then be
found from (20), (22) and (21).

For LPST subtypes, again the T leg may dbe conserv-
atively assumed flexible and zthe P leg inflexible.
Then L' way be found from:

L. - S (24)
As the T leg length becomes small, so does the

total bearing force, S, of the soil on it, so that

Equation (15) =ay be used to develop an expression

for & which conservatively ignores the effecz of §,

as follows: N

]
s:/{ fL'z

smcl! -2 -

(15a)

Rewriting (15a) and {ncorporating (24) gives:

cl'

‘ 85 (25)

Then, S and M cav e calculated froa (20) and
(21). The calculation for 4 might be refined somevhat
by considering the inflvence of S from (20) im (15),
but the iwprovement*is small. Also, the reasoning
expressed by Shah and Cbm (2) tegarding the assumption
of flexibllicy of boch legs when both A2y and Az,
exceed 3x/4, M for SPLT subtypes zmay accordingly be
calculated from (17).

For Type 2 SP subtypes:

-

L' .=

= (26)
Values for 4 are again calculated from (15). For ST
subtypes, S may be {gnored and A& calculated from
(15a). For LT subtypes, S beccomes:

YAhednd
s - A=320% (20a)

‘ .
Then, substituting (20a) tanco (15) gives an expression
for &:

@)

and then S and ¥ can be calculated frem (20) and (21).

?
t
o
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For Type 3 and Type 5 elezents of subtype SP':

L' = ¢ (28) -

2
For ST subtypes, A can be calculated fros {15a), vhile
for LT subtypes, & iz found by (27). Then, for Types 3
and S SPST and SPLT subtypes, S and M can be found from
{(20) aad (21).

Elbow Flexibility

D L .

Approxicate mechods of analyzing buried eltovs
described above conservatively treat the legs entering
and leaving the elbow as relatively flexible but creat
the elbow Ztself as inflexible, zhat is, there iz no
relative rotation due to bending momenc becween the
entrance and exit tangent points. However, sowme
relative rotation does take place, consideration of
which results in lower calculated bending moments for
a given set of conditions (Refer to TFlgure 9.
Consideration of the effects of eldow flexibility may
be accomplished by deriving a system of equations
reflecting the interdependence of forces, moments, sotl
deformation, and rotations of the pipe in che i=mediate
vicinicy of the eldbow.

By applying Timoshenko's creatzent of bending
stress in thin wall curved tubes (18), such & systea
of equatlons (15), (29) and (31) can be wricten, as
follows (5, 6):

st _f'?

A-:L' - - S

AE (15)

. Msine 29
TV @9

where ¢ = elbow or bend radius

8 = angle of bend

2 (30)

K =le————
10 + 12(555)
22

t = pipe vall thickness
a3 = pipe outside radius

k,Asine
22

S = + AM (31)

In order to solve this system of equations, it is
conventent 2o first reaa=z= the groups of independent
variabies as follows:

-

£fr”

a5 - el' - AT
.
2 " - X

~—>— where K {3 found froz= (30)

Ay anr em= - st epmpmas b " — -
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A= a4y + 299 S

LS} A34nb

21
S = a3y Aging + a3, hi

Subscizuting (29) into (31) and chen iato (15) enables
the variazbles & and § to ba calculated directly as

follova:
a
11
. 4= - (32)
1 alzazlsine ;.8 21a31$.n8
(33)

S = 53189(831 + 821632)

Equztion (29) san thea be used to calculate the flexible
elbuv bending mozment M resulting froa strain M.

The zaxizmua bending stress (corresponding to the
intensifled elbow stress of the ASME/ANSI Codes) can
then be found froa the VonRarzan equaztion (Ref. 1§,

p. 408) as followa:

¥d M
G Xir"k1 3z (34)

vhere kl - 2
JK‘/ 33
vhere K is found froz (30) and 3 =

-6
5+ 6 (EE) z
az)

Consideration of elbow flexibility gives much lower
values for calculated bending coments and stresses,
However, cauticn zust be used in using this analysis
procedure due to the likely presence of some restrain-
ing effect by the backfill to the slight £lactening or
ovalization which {@ characteriscic of an elbovw or bend
under high bending mooent. It ia suggesced that the
analyst intuitively assign a aultiplier of 2 to elbow
-bending scresses calculacted vith consideration of
flexibility to account for passive restraint of
compacted backfill to the flactening at the bend
=idpoint. g
The elbow flexibility aspect of buried piping

aubjected to thermal expansion has been treated by Tung
and Yeh {n Reference 17. Theilr findings appear to
support the validity of considering elbow flexibilizy
(in which theyrefer apprapriately to the elbovs as
‘torsion springs') suggesting though thac the torsion
.3pring model underestizates S and overestiznates
effective friction length, which are becter cotained
(from the rigid elbow model. On the ocher hand, the
higher value of S obtained from the rigid elbow model
would result fn a lover calculated value for A&, upcn
which the value of the bending =oment depends.

Classificacion of Some Addizional Elezencs

in addi{tion to bends and tees, Lt is useful to
Ldentify sc=e types of straight pipes :nd pipes with
offsets vhich nced 2o be anslyzed and which aay be
treated as followvs: .

L. Type & =~ Serefight pipe axtally fres at dotn

eads. For short pipes, vnere L, < 2L=:
L' = £,/2 (35)
For long pipes, where Lz > ZLn:
LI
L= L (36)

2. Type 7 - Straight pipe axially free at one

end and anchored at the other. For short
pipes, where Lz _,L H
' -
- 2, a7
For long pipes, where Lz > Lm:
t -
L Lu (36)

For both Type 6 and Type 7 pipes, the relative
aovezent between pipe and soll at the free end
{3 calculated by:

. fLr?
&=l -3 (28)

3. Type 8 ~ Pipes wich offsecs. Pipes with off=-
sets =ay be analyzed conservatively as pipes
vith elbows, Types 1, 2 or 3. A sore rigorous
treatzent of offsets considering balanced

friction effects on each side of the offses
2ay be appropriate, but 1s not covered here.

Axial Load Di{agrams

Tables 1 and 2 present loading diagrams for various
types of bends and other elements for which analysis way
be required. For all types of buried piping and bende
subjected to soil/pipe =ovements, there is either a
point or reglon of zero relative zmovement at the soil/
pipe interface on the P leg. The diagra=ms shown {a
Tables 1 and 2 show where this point or region s loca-
ted for each type. The maxime= axial force {an the pipe
will occur at chis point and can be expressed by:

Fmax = S + €L’ (39)

For a long pipe with a free eand, where friction
fully develops to produce a region of zero slippage,
this force becozes:

- ’
Foax = CAE (40)
The analyst must keep {n =ind that soll bearing
force, S, and friction force, fL' or ft.., are passive
{a nature and cannot exceed cerzain practical li=ics.
Neither can occur untfl an aczual Telative movement
occurs becween pipe and soil. The bearing force cannot
occur until some movement zakes place to deform the
soil ndrmal to the T leg. Correspondingly, friczion
force acts only when there s slipoage; Lt {3 zero at .

iree ends, and at points or regions of zéro slippage
in the P leg.

DESIGN CONSIDERATIONS

Whenever analysis shovws a Suried pipe to be
stressad beyond allovable iimfts, it 438 necessary ¢
provlde additional flexibiiizy in che svscem or %o
a0dify the restralning effects of zhe baekffli.
Several considerations are discussed {n References %
and 14, and one of these, the use of flexibdle
couplings, has®been used in several recently designed
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Sofls and seismic daca:

¢ 2dulus” of subgrade reaccion x ~ 13,500 psi
73,150kPa)

friction at soil/pipe interface f = 200 1b/in. .
(350 N/cm)

Seisnic soll strain - Eq. (1) and (2):

Tor a 0.24g earthquake
Vg, ~ (4Bafsec.)(26) = 11.52 fau/sec (29.26cz/sec)
Assusing vave valocity C of 2,000 frSec(600a/sec)

AN (11.52in/sec/2,000 fe/sec)(124in/tt)

=24.8 x 1074 tn./ta. (c=/en)
Systen characteriscic A - 2§. (10):
A = 0.0158 fa.”L (6.22 x 1073ea™Y

Min{zuz siippage length £ - Eq. (11):
f. = cAE/¢ ) 6
- (a 8 x 10°)(27.83)¢27.9 x 10” )/200
1,864 fnches (47.33m)

Classificacion of the pipe elezenc:

The element {s shown zo be a Type 1l bend, that is,
a pipe free at one end with an elbow at the other.

»

Transverse 'T' leg:
£y = 30 £ x 12 in./fe
= 360 inches (9léem)
3x/4x = 149 {nches (378cz) 5

S{nce 2y > 3n/641, th
(‘LT subtype).

transverse leg is long

Longitudinal 'P’ leg:  Assume flaftially that iz
{3 'long’ and calculate L' from (14).

Q = AEA/k = 909 inches (2,308cx)
Foax = fto = 372,800¢ (1,658kN)
Then L' = 909(1.2586) = 1,144 fnches (2,905¢z)
Therefcre, since ty = 2,400 iaches (6,100¢z=) and
L.+ L' = 1,866 « 1,144 = 3,008 iaches (7,640cs),
‘z <ty + L' and che 'P' leg L3 shorr (SP).

Thus, the elbov {3 now finally classified as
2 Type 1-3PLT bend.

Calculatton of L', S and M:

a. Elbow assumed {nflexible: From Tadble 3, it L8,
seen that Tor Type 1-SPLT, values for L', S and
M are found by (23), (19) and (17) respectively.
Accordingly:

L' « 852 fnches (2,165¢c=:)
S = 139,2001bs. (615kN)
M = 2,9356,700in.1bs. (331.8kN)

b. Elbowv assumed flexibler Values for § and M
are calculaced from (33) and (29) as follows:

4 = 0.211 inches (0.536ca)

S = 95,6681ba. [125.5%xN)
[V 149 6101a~15s. (39.5k)

223

5. Calculation of code stresses {n the elbov:

a. Elbov assumed {nflexibdle:

(1.) Seisnic streas assumed prizmary -

P 1,040pssl (7,170xPa)
Oy = 0.754 M/Z = 57,137pst (393,946kPa)
a, = S/A = 5,002pst (34,488kPa)

CAA toyto, = 63,179psi (435,604%Pa)

.

(2.) Seismic stress assuced secondary =~
o, = IM/Z = 76,184psi (525,270kPa)
2 = 5,002psf (34,488kPa)

Total stress range =
g - 2(°b + °a) ~ 162,372pst (1,119,952kPa)}

Ia either case, the stresses are far above
allovable levels, and the pipe would have to
be modified to provide axial flexibilicy fn
the P leg near the elbow.

b. Elbow assumed flexible:

(1.) Selszic stress assuxmed prizary -
° ” 1,040psi (7,170kPa)
oy ?s(klxlz)

where the safety factor Fg (to account for
passive soll resistance o ovalizaction) is
taken as 2 and ky = 3.229 froz (30) and (34),

then -

= 13,946p31 (96,154kPa)
A" 5,002psi (34,438kPa)
g, " 19,988psL (137,812kPa)
(2.) Seiszic stress assuszed secondary -
- 13,946pst (96,154kPa)
gy = 5,002psi (34,483kPa)

Total stress range =
o= 2(65 + °1) = 37,8%6psi (2561,284kPa)

It 18 the responsibility of the analyst To 2ake the
necessary assumptions regarding elbow flexibilicy
and primary vs., secondary treatzent of stresses,
and then to apply cthe appropriate allcwable stresses
to dezerm=ine L code condizions are =et.

The kind assiscance of several individuals (s
gratefully acknowledged for zhelr having pointed ou:z
various cyposraphical and transcripction errors in
previous vorks, and assisted !n developing and clarifv-
ing certaln concepts involving the {nteraction of duried
piping and the surrounding scils. ?Zarzicularly helpfui
wvere Dr. M. A, Igbal, Dr. M. 2. Lee, Dr. R. A. Mover,
R. J. Hunt, T. Chadda and Dr. A. Sallahuddin. * Also,
the persiscance and patience of Sandra Sustello, wvho
typed this manuscript Ls gratefully acknowledged.
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TABLE 1 AXIAL LOADING DIAGRAMS FOR PIPING ELDEXTS
(POINTS AND REGIONS LABELED A EXPERIENCE ZERO SLIPPAGE BEIWEEN SOIL AND PIPE)
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TASLE 2 AXIAL LOADING DIAGRAMS FOR PIPING ELEMENTS
(POINTS AND REGIONS LABELED A EXPERIENCE ZERO SLIPPAGE BEIWEEN SOIL AND PIPE)
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TABLE 3
3 L >
MATRIX OF APPLICABLE EQUATIONS BY ELEMENT TYPE AND SUBTYPE
ELEMENT TYPE AND SUBTYPE
1-SPST | 1-LPST | 1-LPLT | 2~SPLT j 2-SPST | 3-5PST | 3-SPLT | 4~LPiT] 6-5P | 6-LP | 7-sP
1-SPLT | 2-L®st | 2-LPLT 5-5PST | S-SPLT | S~LPLT 7-LP
VARIABLE }| 4-SPsT | 3-L®ST | 3-LPLT
4-SPLT | 4-LPST
5-LPST
cn 2)
. (%)
% L {7) or 0.6E4
£ : (9)
by (10)
t, (11)
L' (23)» (24) « (L4) (26) (26) (28) (28) (14) (35) (36) (&r))
s a9 _| (20) (16)° { (20a) (20) (20) (20) :6)
a 22) (25) (18)~ @2n @27 (15a) 27 . (22) | (38) 38) | (38)
LT:(17)"
b s;=§21§ (21) an an IZ38) (21) (21) (21)
Foax (39) {40) (40) (39 (19) 39) (39) (40) Foax = fL°
1

NOTE:

Table 3 1ia based on the assuxprion of inflexible elbows.

N

For the flexible elbow assuzption, 8, S and K

for Typea 1, 2 and 3 may be found from Equactions (32), (33) and (29) respectively.
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DATE TIME TO BE CONFIRMED
11-03-88 0650 Cves  [xyne

FROM

Dale Eggen, Prin Fire Pctn Engr.CEQEZ- Hashington Public Power Supply System

NAME COMPANY OR DEPARTMENT

Robert Soloman, Staff Liaison, NFPA 24

NAME COMPANY OR DEPARTMENT

SUBJECT(S) DISCUSSED
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 paragraph 8-6.2.8 "Thrust blocks or other suitable means of
thrust restraint shall be provided at each change in the direction of a pipeline and
at all tees, plugs, caps. and bends. The thrust blockes shall be of concrete of a
mix not leaner than one part cement, two and one-half parts sand, and five parts stone.
Backing shall be placed between undisturbed earth and the fitting to be anchored and

- shall be of such bearing area as to assure adequate resistance to the thrust to be
encountered. In general, backing shall be so placed that the joints will be accessible
for inspection and repair. Thrust blocks are not suitable for vertical pipe.”

Mr. Soloman stated that other "suitable 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 generally used as most plants 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. Additionally. Mr. Soloman
stated that the calculations should be submitted to the "Authority having jurisdiction"
for their approval.

NFPA 1973 has the same words about usina “other suitable means". '
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BURT C. PROOM, CPCU
President ond Chief Executive Officer
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Mr. Howard J. Fowler, MD #927S .
WNP-2 Fire Marshal :

Washington Public Power Supply System

P. 0. Box 968

Richland, WA 99352

"Dear Skip:

VASHINGTON PUBLIC POVER 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 nev 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, NFPA 24 requires the installation of some type of
approved pipe restraint, such as a thrust block, to prevent pipe movement 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, l4th. 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 reviéwed, 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

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 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 safe or harmiu), or are in compliance with any law, rule or regulation, orin compliance
with any technical specification by any government authority or agency. , .

The Exchonge. Suite 245 / 270 Formington Avenwe / Formington, Connecticut 06032 / {200677-7305 M Eng. Dept. (203) 677-7715 / TLX No. 643-529
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Skip Fowler o

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 Baker
Senior Regional Field Engineer

CcC:-

c.
c.

'A.

H.

M.
D.
c.
D.

Powvers - WNP-2, Richland, WA
Eggen - WNP-2, Richland, vav
Marzette - WPPSS, Richland, WA
Pickerl - M&MNC, Chicago, IL
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"BURT C. PROOM, CPCU
President and Chief Execunve Officer

Mr. Howard J. Fowler, MD #927S

WNP-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 acceptable 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 restraint
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 Xaker

. Senior Regional Field Engineer
cc: C. M. Powers - WNP-2, Richland, WA~ S

C. D. Eggen - WNP-2, Richland, WAY - s

D. H. Walker - WPPSS, Richland VA

A. C. Marzette - WPPSS, Richland, VA

. H. D. Pickerl - M&MNC, 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 of the inspection which was made for underwriting purposes. These comments do not purport to list all hazgrds 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 undenakmg 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 harmfu!, or are in comphance with any law, rule or regulation, or in compliance -
with any technical specification by any government authority or agency.
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D. H. Walker, Manager

Industrial Safety & Fire Protection
Washington Public Power Supply System
P.0. Box 968

3000 George Washington Way

Richland, WA 99352

Dear Mr. Walker:

This replies to your letter of August 1, 1989 requesting information
on NFPA 24, Standard for the Installation of Private Fire

Service Mains and Their Appurtenances. The NFPA cannot approve

a particular design or arrangement but I can offer you ny

personal opinion of the Standard as it relates to your situation.

NFPA 24, Paragraph 8-6.2.8 requires the use of thrust blocks

or other suitable means to restrain the expected movement

of the pipe due to hydrostatic and hydrodynamic forces. According
to the Ductile Iron Pipe Research Association (DIPRA) Thrust
Restraint Manual, the use of a special push on, or mechanical
restrained joint is considered to be an acceptable alternative

to the use of concrete thrust blocks.

When the alternative means of pipe restraint is provided,

a detailed analysis of the soll conditions and expected pipe

forces is necessary to verz;y the design. The DIPRA manual

as well as any civil englneerlng handbook pzov1des the necessary
guidance for proper pipe restraint when using alternative approaches.

This response does not represent a Formal Interpretation as
noted below.

iﬁreﬁl%{g@wfﬁ -

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

RES/pmm

~ NOTICE ON INYERPRETATIONS ~

A statement, written of oral, that is not processed In aooofdanee with Section 16 ©f tha Rannletiana fa s ®
considered the Officis! position of NFPA rr sru ~t Js #a







