RESPONSE OF
CONTINUOUS PIPELINES
TO LONGITUDINAL PGD

As mentioned previously, PGG can be decomposed into lon-
gitudinal and transverse components. This chapter discusses the
response of continuous pipeline subject to longitudinal PGD (soi!
movernent parallel to the pipe axis). Subsequent chapters will cover
the response of continuous pipeline to transverse PGD {soil move-
ment perpendicular to the pipe axis) as well as the response of
segmented pipe tu PGD,

Under longitudinal PGD, a corrosion-free continuous pipe-
fine may fail at welded joints, may buckle locally (wrinkle} in a
compressive zone, and/or may rupture in a tensile zone. When
the burial depth is very shallow, the pipeline may buckle like a
beam in a ground compressive zone as discussed in Chapter 4,

Two separate models of buried pipe response to longitudinal
PGD are presented herein. In the first model, the pipeline is as-
sumed to be linear elastic. This model is often appropriate for buried
pipe with slip joints since, as shown in Chapter 4, slip joints typi-
cally fail at load levels for which the rest of the pipe is linear elastic.
In the secand model, the pipaline is assumed to follow a Ramberg
Osgoud type stress-strain relation as given in Equation 4.1. This
model is often appropriate for pipe with arc welded butt joints,
since the local buckling or tensile rupture failure modes typically
occur when the pipe is beyond the linear elastic range. Conditions
leading to local buckling failure are presented, as well as those for
tensile rupture. Finally the effect of flexible expansion joints are
discussed For each of these situations, case history comparisors
are presented when available.



‘ELASTIC PIiIPE MODDEL

As noted previously, the pattern of ground deformation has an
effect upon the response of continuous pipelines to longitudinal
PGD. Examples of observad longiludinal patterns were presented
in Figure 2 10. For the purpose of analysis, M. O’Rourke and
Nordberg (1992) have idealized five palterns as shown in Figure
6.1. That is, the Block pattern 1n Figure 6 1(a) is an idealization of
the refatively uniform longitudinal pattern in Figure 2 10(a} (Sec-
tion Line N-2) while the Ramp, Rarmp-Block, Symmetric Ridge and
Asymmetric Ridge pattern are idealization of the observed pat-
terns in Figure 2-10 (b}, (c), (d) and (e} respectively.

Assuming elastic pipe material and using etther elasto-plastic
or rigid-plastic force-deformation relations at the soil-pipe inter-
face, M. O'Rourke and Nordberg (1992) analyzed the response of
buried steel pipeline to three 1dealized patierns of longitudinal
PGD (i.e.,, Ramp, Block and Symmetric Ridge).

Due to the small values for x , the maximum elastic deforma-
tion for the fongitudinal "soil springs” discussed in Chapter 5, they
found that the response for a simplified rigid-plastic model of the
soil-pipe interaction gives essentially the same results as a more
complex elasto-plastic model for the soil-pipe interface The maxi-
mum pipe strain, g, for all three patterns, normalized by the
equivalent ground strain , is plotted as a function of the normal-
ized length of the PGD zone in Figure 6.2. The length of the PGD
zone is normalized by the embadment length, L, which is de-
fined as the length over which the constant shippage force ¢ must
act to induce a pipe strain equal to the equivalent ground strain.
Note that the Block pattern results in the largest strain in an elastic
pipe.

For the Block pattern of PGD, the strain in an elaslic pipe is
then given by:
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Tlores-Rerrones and M. O'Rourke (1992) extended the model
fn a linear elastic pipe with a rigid-plastic “soil spring” (i.e., maxi-
mum 1esistance t for any non-zero relative displacement at the
soil pipe interface) ¢ the Ramp Block and Asymmetric Ridge pat-
tarns. They assigned the most appropriate of the five idealized
patterns in Figure 6.1 to each of the 27 observed patterns pre-
sented by Hamada et al (1986) and determined the peak pipe
strair_ They found that the idealized biock pattern (that is Equation
B 1) gave a reasonable estimate of pipe response for all 27 of the
observed patterns. This is shown in Figure 6.3 wherein the calcu-
lated maximum strain in two elastic pipes $=27°, H=0.9 m (3 ft),
t=1.9 ¢ (3/4 in) for Pipe 1 and $=35°, H=1.8m (6 ft), t=1.27 cm
(1/2 in) for Pipe 2) with the appropriate idealized PGD pattern are
plotted against the value from Equations 6.1 (t e , an assumed Block
pattern).
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Some af the pipeline damage in the 1994 Northridge earth-
quake provide case histories for comparison with the elastic pipe
model. Three out of seven pipelines along Balboa Blvd. wera dam-
aged due to the longitudinal PGD. Figure 6 4 shows a map of the
PGD zone and the locations of the pipe breaks on Balboa Blvd.,
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i which the two parallelograms are the margins of the PG zone.
Accarding to T, O'Raurke and M. O'Rourke (1995), the length or
spatial extent of the PGD zone along Batboa Blvd. was 280 m
(918 Mt and the amount of movemenl was aboul §.50 m (20 in)
The properties of those three damaged pipelines are shown in
Table 6.1 Note that all these pipelines are2 matle of Grade-B steel.

B Table 6.1 Properlies of Three Daraged Pipefines.

tipeiine | Diameler | Thickness e, Burial | Coaling Joints
{mm} frmin) MP) Depth (m)
Cromatl 1260 6 240 i Comentf g jonts
Tlens L ine RO
Rinalel 1730 w3 g 27 Cememt | Slyy o
Tunk Line Muorlar
(e [ e S0 - 147 P Coal Far U sdinliterd
i/ Choxy  {Arc Welderd

Due to the relatively low strength of slip joints and unshielded
arc welded joints, the linear elastic pipeline model discussed above
can be used Lo analyze the hehavior of these pipelines.

The interaclion ferce at the pipe-sofl interlace is evaluated us-
ing Equation 5 1, and assuming d=37° lor dense sand, £=0.87 for
coal tar epoxy, k=1.0 for cemenl mortar coating and
F=188x10" N/m' {115 pcl). For the two water trunk lines, the
joint efficiency of 0 40 is assumned based upon Figure 4.3, For
unshielded arc welded Line-120, the yield strain of the pipe steel
is conservatively used as ciitical straim since the compressive and
tensile strength of this ivpe of joints are less than those deterrmned
liom the yield stength ol the pipe sleel (T O'Routke and m
(FBourke 1995) Table 6 2 shows the criticat strain for the pipes
{i.e . failure condition based on yomnt efficiency, etc.) as well as the
ncluced seismic strain calculated from Eauation 6.1 Sirce the
seismic strain is laiger than the critical strain, failure is predicted
for each of these pipes, which, as mentioned previously, was the
ohserved hehavior,



& Table 6.2 Computation ler Ttres Damaged Pipatines Along Balboa Sved.

Pipehine k Frictional fotmt Critical 1

o | Seismic | Predicied
Coelficient | Efficiency | Strain [tn]

Strain Rehayior
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INELASTICE PIPE MDODEL

As mentioned previously, local buckling of a pipeline wit1 typi-
cal burial depths and arc-walded joints requires a mode! in which
the pipe material is inelastic. Since the Block pattern appears to
e the most appropriate model for elastic pipes. M. (YRourke ot
al (1995} assumed a Block pattern for determination of the cir-
cumstances leading to local buckling failure due to langituding)
PGD in a pipe with a more realistic Ramberg Osgood material
mocdel The idealized Biock pattern, shown in Figure 6.1(a), corre-
sponds to a mass of soil having length £, moving down a slight
incline The soil d'splacement on either side of the °GD zone is
zero, while the sail displacement within the zone is a constant
value 5.

Two cases for a buried pipeline subject to 2 Block paliern of
longitudinal PGD were considered. In Case 1, the amount of g cund
maovemenl, & is large and the pine strain is contiolled by the length,
£, ol the PGD zone. in Case II, L is large and the pipe strain is
controlled by &

The distribut.cn of pipe axial displacement, force #nd strain
are shown in Figure 6.5 for Case | and in Figure 6 6 for Case Il
Nole that ¢, is the friction force per unit length at the pipe-soil
interface and L is the effective length over which ¢ acts,

As shown in Figures 6.5 and 6.6, the force in the p'pe over the
segment AB is linearly proportional to the distance from Point A.
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Using a Ramberg Osgood model, the pipe strain and displace-
~ent can be expressed as follows:

_ Bex Box .
elx) = =& “u-:(c,” (6.3)

N1

2
b0 - B2 o2 o (Rar)
E 24¢ 1+r | g,

(6.4)

where n and r are Ramberg Osgood parameters discussed in Chap-
ter 4, £ is the modulus of elasticity of steel, o is the effective yield
stiess and B, is the pipe burial parameter, having units of pounds
per cube inch, defined below.
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For sandy soil (c=0), the pipe burial parameter B is defined as:

H
By = % {6.5)

where the Inctional coefficient p can be computed by:
1 = tankd (6.6)

For clay, the pipe burial parameter B, can be expressed as:

Br = CLtsu {67}



5.2.1 WRINKLING

Critical displacement and spatial extent of the PGD zone can
be determined by the equations discussed above. Substituting the
critical local buckling strain into Equation 6 3, one can obtain the
critical length of PGD zone ¢, This can then be used to calculate
the critical ground movement &  from Equation 6.4 U5|ng the
Ramberg Osgood pine material model, M, O'Rourke eta’ (1 ags)
develop critical values for 8 and ¢ which result In wrinkling of the
pipe wall in compiession (cntical strain in compression taken as
midpoint of range given in Equation 4.3), Table € 3 shows these
vritical values for Crade-B (n=10, r=100) and X-70 (n=5.5, =15 &)
steel and a variety of burial parameters and R/t ratios (radius of
pipe/thickness)

W Table 6.3 Crilical Length and Gleplacament for Compressive Fallure of Grade-B and X-70 Steel
and Varlous Burlal Parameters and Rt Ralios
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A pipe fails in local buckling when both the length and dis-
placement of the 'GD zone are larger than the critical values given,
for example, n Table 6.3

As a case history, lwo X-52 grade steel pipelines (Line 3000
ancl Mohit O with arc welded joinis subject (o the Tongitucinal



PGD at Balboa Blvd. during the 1994 Northridge earthquake are
studied here These two pipelines are a 0 76 m diameter (30 in)

gas pipeiine and a 0 41 m diameter (16 1n) oil pipeline, as listed in
Table 6.4

W Tghle 6.4 Computation for Threa Undamaged Pipellnes Along Baibos Blyd,

C essi Tersion
Pipefine o (m | B, ipc) OITHreSSIion erEig
(wn) Ln_ {m) f)" {m}h L“ (m) 5" (m}
Line 3000 076 5.5 10 281 0N %2 | 157
Matnt Ol 41 95 a gs bovzs | oo | o4z

Based on the ASCE Guidelings (1984), the [riction reduction
factor is taken as 0.6 for a pipe with epoxy or palyethylene coat-
ings The correspoanding burial pararneter is 10 pei (0.28 kglfem?)
for the gas line and 4 pci (0.11 kgfiem ') for the Modil line, The
cntical displacement &  and the critical length & for both wrin-
kling and tensiie rupture were determined and listed in Table 6.4,
For tensile rupture, the critical strain was taken as 4%, Since lhe
calcu'ated critical length 1s jarger thar the observed length of the
PGD 7ane, the M. O'Rourke et al. (1995) madel predicted suc-
cessful the behavior of those twe X-52 grade steel pipelines along
Balboa Blvd. Note, howevey, that the procedure suggssts that one
of the lines (3000} is close 15 incipient wrinkling

65.2.2 TENSILE FAILURE

As indicated previously, an imtial compressive failure in steg!
pipes subject to longitudinal PGD is more likely than an initial
tensi.e rupture failure. That is, since the peak ppe force ard strain
in tension and compression are equal as shown in Figuie 6 5 {Case
1) and 6.6 (Case I1), and the critical failure strain in compression 15
less, one first expects a compressive failure One can determine
the conditions for an nutial tensile rupture (for example in a pipe
locally reinforced in the compression region near the toe of an
expected lateral spread) by substituting a tensile rupture stiain into



Equation 6 3. This gives the critical length of the longitudinal PGD
zore which in corbination with Equation 6.4 yields the critical
ground displacement. Note that the critical parameters, [_and 8_,
for tensile failure are larger than that for compression failure.
These values can be used to evaluate the likelihaod of a sub-
sequent lensile failure. By subsequent tensile failure, we mean a
tensile rupture failure in the pipe near the head of the PGD zone,
afer a local buckiing failure in the compression region near the
toe For Case Il shown in Figure 6.6, the critical parameters can be
Lsetd directly to determine the potential for a subsequent tensile
rapture. In that case, [ is large enough and & is small enough so
that a compression failure at Point E does not affect the state of
stzess in the tensiie region around Point B, For Case | shown in
Figure 6 5, the critical parameters for tensile failure are upper
bounds for subssquent tensle failure since a compressive failyre

which limits the pipe force at Paint ), increases the tensife force at
Foint B.

INFLUEMNTCE O F
E X PANGSI|ION JoOoINTS

M. O'Rourke ard Liu (1994} studied the influence of flexible
expansion joints in a continuous pipeline subject to longitudinal
PGCD Depending upon the location of the expansion joints, they
imay have 1o effect, have a beneficial effect or have a detrimental
effect. For example, referring to Figure 6 5 (Case 1) if the expan-
sion jaint is located at a distance larger than £ away from the center
of the PGD zone (i e.. to the leit of Point A or to the right of Point
tin Figure €.5), an expansion joint would have no effect on the
pipe stress and strain induced by the longitudinal PGD since the
axial force in the pipe would be zero there even with no expan-
sion joints. Similarly for Case 1l shown in Figure 6 6, an expansion
jnint ta the lefto” Peint A, to the right of Point F. or between Points
C and D would have no effect.



Figures 6.7 through 6.9 illustrate the beneficial effects of two
expansion joints close to the head and toe areas of a longitudinal
PGD zone. In all three cases an expansion joint is located within
a distance L ([ <L/2} of the head of the PGD zone (Point B) and
another within L(L,<1/2) of the toe (Point E). This placement is
beneficial since the peak tension and compression forces are lim-
ited to t L, and t [, respectively.
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For Case ! showr in Figure 6.10(a), the tensile stress 15 reduced
to t,L, but the compression stress is increased to ¢ L. That is, a
single expansion joint made the situation worse since the fotal
load ¢ ¢ is no longer shared equally at both the compression and
tension zones. The reverse occurs for a single expansion joint near
the toe region. That is for Case | the compression stress 15 reduced
but the tensile stress increases. For Case Il shown in Figura 6.70(b),
the tensile stress is still reduced to ¢ L, but the compression stress
is unchanged.

The use of expansion joints presupposes that they are able to
accommodate the imposed relative expansion and contraction
Far example, if the distance L, and L, in Figure 6.9 are smal’ (ex-
pansion jeints very close to the head and toe of the PGD zane),
the required expansion and contraction capability would essen-
tally the same as the ground displacement & For an expansion
jointatdistance L (L,<{/2) away [rom the head or tow, the required
expansion or contraction capacity is 8 - t L. #(A£) as shown in Fig-
ure 6.70.

If the amount of ground movement and requited expansion/
cantraction capability are larger than the allowable movement of
the expansion joint, the pipeline will likely be damaged This type
of damage has been observed in past events For example, T,
O’Rourke and Tawfik (1983} note that during <he 1971 San
Fernando earthquake, two water mains contaiming flexible joints
were damaged at mechanical joints. However in that particular
case, the pipe was subject to lransverse PGIY in combination of
with a small amount of longitudinal PGD,

In surnmary, the use of expansion joints to miligate against the
effects of longitudinal PGD on continuous pipelines must be dane
with care. In general. to be effective, at least two expansion joints
are needed, one close to the head of (he PCD zone and the other
close to the toe In addition, the expansion and contraction capa-
bility of the joints themselves needs to be comparable to the amount
of ground defermation 8. Finally, o%e reeds a reasonably accu-
rate estimate of both the location and extent of the PGD zone
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The respense of a straight pipeline subject to longitudinal PGD
is discussed in Sections 6.1 and 6.2, If an elbow or bend is located
close to but beycnd the margins of a longitudinal PGD zone, large
pipe stresses may occur due to the induced bending moments
The case of a 90° bend in the horizonta! plane 1s considered here
The longitudinal PGD causes the elbow to move in the direction
of gound movement. This elbow movement 15 resisted by trans-
verse 50il springs along the transverse leg (i.e., the leg perpendicular
ta the direction of ground metion) The soil loading on the trans-
verse leg results in bending moments, M, at the elbow as well as a
concentiated foice £ (an axial force in the longitudinal leg and a
corresponding, shear foice in the transverse leg). Similar to the
models in Figures 6.5 and 6.6, two cases are considered herein as
shown in Figuie 6.11.

In hath cases, the elbow is located at 2 distance L from the
compression area (1., the ground movement is in a direction Lo-
waris the elbow) [n Case |, the length of the PGD zone, £, is small
andthe pipe response s controlled by the length of the PGED zone,
as shown in Fipure 6.11(a). In Case Il, the length of the PGD zone
15 large and pipe response is controlled by the displacement of the
PCD zone, , as shown in Figure 6.11(b)

In the analytical develcpment which follows, the pipe is as-
sumer to be elastic and the axial force per unit length along the
longitudinal leg is taken as ¢ Assuming that the lateral soil spring
along both the longitudinal and transverse legs are elastic, a beam
on elastic foundation model of the elbow shown in Figure 6.12
results in the following relation between the imposed displace-
ment &' and the resulting {orce F:

1
8 = ——(F = AM) 6.8
VES 16.5)
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B Figure § 12 Model lor Beans pn Eiastic Foundalion

whete,

k

y W T
aEl (6.9)

For an imposed displacement & at the elbow, the relation be-
tween the resulting mement and force £ s given by

JW: -_—
m {610}

For a given foice F at the elbow, equilibrium of the longitudi-
nal leg near the compression margin recuires:

F=il -1, (6 11)

whete [ is the distance ftom the compiession margin of the PGD
zone (o the pomt of zero axial pipe stress within the PGD zone
(Poit A in Figue 6.1 11aY)

For a small L case {Case | in Figure 6.1 11a), the pipe response
is controlled hy the iength of PGD zone. The maximum pipe dis-
placement 8 s less than the ground displacement & Considering
pipe deflormation near the compression margin,

§ = § 45 (6.12)

where & 15 given by Frualions 6.8 and 6.10, and

3 = L‘.’.E + ..............r”‘r'”". + <!.‘_"}..1.:.'..

A3
Al ZAF LAF (6.13)



is the displacement due to pipe strain hetween Point A and the
etbow.

Considering pipe deformation near the tersion marain, that 1s
integrating pipe strain fo the lelt of Poinl A gives,

amnx = "“"—"‘—[“(L -~ L‘!‘}j

= (G 4
AE “
hence
(L F F ! ’ €L
E_f_______'l = -...l;g.-q- _._._..t’LU ¥ .l"_.l.'_‘_ 6.15)

For a large lenpth case (Case [ in Figure & 1115, the pipe

response is cont-olled by the maximum ground displace ment. Tha:
is,

3 =—6=a’+a‘ (G 16

"oy

ot

b= —0

PR bl L
W' AF 2AF QAR

6.17)

The force £ ai the elbow and the eifective length L car be
obtained by simuitaneously solving Equations 6.11 and 6.5 {(Case
1) or Equations 6.17 and 6.17 (Case I!). The momen! can then be
calcuiated by Equation 6.10. When the elbow 15 localed near the

compression margin, the maximum pipe strass at the elhow t3 then
grven by

*-— (0. 13)

When the elbow is lacated hevon:l the PGD 7one but closs to
the tension margin, the same relaiion applies but the ‘oice a the
elbow, £, would be tension



As acase hislory, New Line 120 1s considered herein As shown
in Frigure 6.13, New Line 120 was subject to longitudinal PGD
along McLennan Avenue during the 1994 Northridge earthquake,
There is an elbow at about 40 m (131 ) away from the southern
{compression) margit of the PGD zone. The length of the PGD
zone was about 280 m (918 fi} and the amount of ground dis-
placement was reported to be about 0 50 m (20 im This fne is
X-60 grade steel pipe with £=0.61 m (24 in), t=0.0064 m {1/4 in)
angl H=1.5 m (5.0 fl) For the pipe with fusion bounded epoxy
ceating (u = 0.38), the axial {riciion force per unil length is est-
mated to be [.8%10' Nyrm (103 1be/in} from Equation 5.1 while the
lateral itransverse) spring coefficient is estimated to be 1.67%10°
N/m? (242 1bs/in?) (1.0x10° N/m (571 1bs/in) from Equation 5.5,
divided by 0.06 m {2 4 in} from Equation 5 6).

Tensile PGD Zone Compressive PGD Zone
4]
I,New line 120 '
‘t
]
2l =
: Srenada Trunk 1 ine A E
gtk e - ==
1 I ] \ Beinoa Bhe \
N A OldLimne 120 Rinaldi Trunk Line
= 4
~380 m

For Case I, Equations 6.11 and 6 15 suggest that £ =90 m
(225 1t} and Equation 6.13 gives 8, =0.253 m (10 in) while for
Case It Equations 3 11 and 6.17 suggest l.r=1 10 m 36111 and
& =0.50m (20 in}. Based onthese parameters, the case history

i

conespands 1o Case ] (i.e., length control).



For L, =90 m (295 ), the peak pipe stress at the compression
margin ¢ L /A=132 MPa (19.1 ksi), the axial stress at the elbow F/
A=73 MPa (10.6 ksi) while the bending stress at the elbow M/
5=1100 MPa (159 ksi). Hence, the total stress at the etbow, assum-
ing the pipe remains elastic, is 1173 MPa (170 ksi). Note that these
values, based on the analytical relation for an elastic pipe com-
pare favorably with corresponding FE results for an elastic pipe.

Note that the results presented here are based on an elastic
assumption for both the lateral soil spring caefficients and pipe
material. For non-linear soil spring coefficients and elasto-plastic
pipe material, the maximum stresses at the bend are less. For the
New Line 120, a finite element analysis shows that the compres-
sive stress at the compression margin is 517 MPa (75 ksi). The
maxirmurn tensile strain is 2.78 % 70 while the maximum compres-
sive strain is 4.02x 107 at the elbow. This compressive strain is
larger than the critical strain for local buckling (1.80x10" from
Equation 4.3). Hence, wrinkling is expected at the bend, but not
at the compression margin.

The authors understand that the line was inspected aiter the
Northridge event and is currently in service. No distress was noted
at either the tension or compression margin However, the elbow
region was not inspected.



