PIiPE FAILURE
MDDES AND
FAILURE CRITERION

This chapter describes the failure modes for buried pipelines
subject to seismic [oading. The principal failure modes for corro-
sion-free continuous pipelines (e g. steel pipe with welded joints)
are rupture due to axial tension, local buckling due to axial com-
pression and flexural failure. If the burial depth is shallow,
continuous pipelines in compression can also exhibit beam-buck-
ling behavior. Failure modes for corrosion-free segmented pipelines
with bell and spigot type joints are axial pull-out at joints, crush-
ing at the joints and round flexural cracks in pipe segments away
from the joints. For each of these failure modes, the correspording
failure criterion is presented, first for continuous pipelines and then
for segmented pipelines.

CONTINUDUS PIPELINE

The principal farlure modes for corrosion-free continuous pipe-
line with bunal depth of about three feet or more are tensile rupture
and local buckling. Buried pipelines with burial depths less than
about 3 feet {1.e , shallow trench installatior) may experience beam
buckling behavior. Beam buckling has also occurred during post

earthquake excavation undertaken to relieve compressive pipe
strain.

4 .1 1 TENSILE FaAalLURE

When strained in tension, corrosion free steel pipe with arc
welded butt joints is very ductile and capable of mobilizing large
strains associated with significant tensile yielding before rupiure.



On the other hand, older steel pipe with gas-welded joints often
cannot accommodate large tensile strayn before rupture. In addi-
tion, as discussed in detail in Section 4.1.4, welded shp joints in
steel pipe do not perform as well as butt welded joints. The 1994
Northridge event provides a case history of these differences in
behavior. According to T. O’Rourke and M. O'Rourke {1995), none
of the four arc-welded steel pipes with bult joints along Balboa
Blvd suffered tensile rupture when subjected to longitudinal PGD,
However three gas-welded pipes with slip joints suffered tensile
rupture when subjected to the same PGD.

The strain associated with tensiie rupture is generally well above
about 4% (Newmark and Hall, 1975), Often an ultimate tensile
value of 4% is used, beyond which the pipeline is considered to
have failed in tension

Analytical methods for post-yield performance require full
descriptions of the stress-strain behavior. One of the most widely
used models is the one proposed by Ramberg and Osgood (1943),
The Ramberg Qsgood madel is given by-
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where & is the engineeiing strain, @ is the uniaxial tensile stress, £
is the initial Young's modulus, o_is the apparent yield stress, n and
i are Ramberg Osgood pmameteus Commonly used values fore

n and r for various grades of steel are listed in Table 4.1. The
Ramberg Osgood relationship will be used in determming the re-
sponse af continuous pipe subject to longitudinal PGD in Chapter 6.

W Table 4 1 Ramberg Osgood Parsmaters for Mild Steel and X-grade Steel

Grade-B X.47 X-52 X-60 X-70

Yietel Stress (vifa) 227 ng 354 413 517
n 10 15 9 10 5.5

r 100 32 10 12 166




4.1 .2 LOoocAL BUCKLING

Buckling refers to a state of structural instability in which an
element loaded in compression experiences a sudden change from
a stable to an unstable condition. Local budkling {wrinkling) m-
volves |ocal instability of the pipe wall. After the initiation of loral
shell wrinkling, all further gecmetric distortion caused hy pround
delormation or wave propagaticn tends to concentrate at the
wrinkle, The resulting large curvatures in the pipe wall often then
lead to circumferential cracking of the pipe wall and leakage This
is a common failure mode for steel pipe. Wave propagation in the
1985 Michoacan event caused this iype of damage te a water pipe
tn Mexico City, Permanent ground deformation caused this type
of damage to a liquid fuel pipeline in the 1991 Costa Rica event,

as shown in Figure 4.1, and ta water and gas pipelines in the 1994
Northridge event.
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M Figure 4.1 Local Buckling to RECOPE Plpeline

Based on prior laboratory tests on thin wall cylinders, Hall
and Newmark (1977) suggest that compressional wrinkling in a

pipe normally begins at a strain of 1/3 to 1/4 of the theoretical
value of:

Ehrory = 06 " t/R (42)



where [ is the pipe wall thickness and R is the pipe radius. Hence,
in terms of failure criterion the anset of wrinkling uccurs at strains
in tha range,

015 - 1/RSe 2020 t/R (4.3)

This assumed wrinkling strain is thought to be appropriate for
thir wall pipe but somewhat conservative for thicker wall pipe.
The additional amount of longitudinal compressive deformation
across Lhe wrinkled zone which results in tearing of the pipe wall
due to large curvzture al individual wiinkles is, at present, net
well established

4.1,3 BEgEaM BUCKLING

Beam buckling of a pipeline is similar lo Euler buckling of a
slendes column in which the pipescolumn undergoes a transverse
upward displacement. The relative movement is disiributed over a
large distance and hence the compressive pipe strains are not large.
As aresult beam buckling of a pipeline in a ground compression
zone is considered more desirable than local buckling since the
potential for tearing of the pipe wall is lessened.

3eam buckiing of pipes has been observed in a few events.
For example, during the period irom 1932 to 1959, displacements
on the arder of 360 mm {14 i) accumulated across the Buena
Vista reverse fault {l loward, 1968). This pround movement fed to
compressinn siresses in oilf pipelines, ranging from 51 to 406 mm
{2 10 16 in.) in diameter. The oil sipelines buried at depths be-
tween G 15 and 030 m (6 to 12 in.), and in loose to medium soil,
lifted out of the ground as a result of compressive forces.

Another example occurred during the 1979 Impenal Valley
earthquake. Two high pressure pipelines, 219 mm (8.6 in.) and
273 mm (10.7 in | in diameter, crossing the matn trace of the Im-
perial fault were affected. No evidence of local buckling or beam
buckling was observed immediately after the event, However, re-
maoval of caver during mspection after the earthquake caused both
pipes to displace laterally in a beam buckling mode (McNorgan,
1989),



As opposed to tensile rupture, or wrinkling and associated tear-
ing of the pipe wall, the pipes do not “fail” aiter beam buckling.
The beam bucking of pipes may better be described as a service-
ability prablem since the pipe continues to serve its lunction of
transmitting fluid without interruption. In that sense it is difficult to
establish a failure criterion for beam buckling strictly in erms of
pipe material properties [ts occurrence depends on saveral fac-
tors such as the bending stiffness and burial depth of the pipe as
well as initial imperfections. A discussion of the conditions lead-
ing to beam buckling 1s presented below.

Beam buckling of buried pipelines has been the subject of
many analytical studies. An analytical solution for a type of beam
buckling was first provided by Marek and Daniels (1971). They
studied the behavior of continuous crane rails subject to a tem-
perature rise Hobbs (1981) adapted the Marek and Daniels model
to solve the prehlem of buckling of submarine pipelires, Hobbs
considered the compressive loads due to temperature changes or
internal pressures, which can cause beam buckling in the pres-
ence of an initial imperlection His model 1s shown in Tiguie 4.2,
where w is the submerged weight of pipeline per unit length, £, is
the length of the buckle, L is the fength of pipe adjacent to (he
buckle which slips with respect (o the surrounding soil

w ‘L‘L¢
5 <—+‘—"<—H¢ W b, o
— ——
L Ls L L L Ls 1
] A El 7
Afler Hobbs 1581

W Figure 4.2 Vertical Buckling Mode

Figure 4.3 shows the buckling load versus the buckling length,
L, and the maximum buckling amplitude, v .

As shown in Figure 4.3, the buckling Joad is a nonlinear func-
tion of buckling fength and achieves a minimum value at Point B
for a certain buckling length, £, . Due to uplift resistance and soil
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friction, the buckling load increases for the buckling length farger
than [, . Qbvigusly, for any load higher than that at Point B, there
are two possible buckling lengths and amplitudes, for example,
values at Paint A and Point C1n Figure 4.3 The situation at Point A
is unstable and the pipe will tend to eventually snap through Lo
Pomt C at a constant axial load. Nole that, for the case of small
imtial impetfection, the pipe buckles and the post-buckling curve
is shown, for example, in Path | after the compressive load reaches
the maximum value at Point O. On the contrary, for large initial
imperfection case, no shap-through is observed (far example, Path
il) since the imperfection is gradually magnified in this case.
Kyriakides et al. (1983) used a somewhat similar approach mare
recently which requires imperfection information. Ariman and Lee
(1989) augmented the Kyriakides et al's model by considering an
axial friction force at the pipe-sorl interface, nonlinear uplift resis-
tance, as well as an elasto-plastic moment-curvature relation for
the pipe One difficulty in applying both the Kyriakides et al. or
the Ariman and Lee model in practice, is that information on typi-
cal pipeline imperfections is apparently not readily available.
Mayersohn (1931) overcame this difficulty by extending Hobbs
procedure to the problem of beam buckling of buried pipelines
subject to longitudinal PGD. Figure 4.4 shows the distribution of



axial compressive forces before buckling and after buckling. The
length of the stressed portion of the pipe is directly associated
with the magnitude and extent of the ground displacement. Qnce
the axial force in the pipe P equals or exceeds a certain value,
referred to as P, beam buckling occurs. The frictional forces are
then rclieved over the uplifted length of the pipe. The frictional
forces also change direction over portions of the pipe at hoth sides
of the buckle (1.e., the zone of reversed friction in Figure 4 4(bj},
relieving some axial stress. The force P_represents the maximum
axial force after equilibrium is restored.
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[ntuitively, beam buckling is more likely to occur in pipelines
buried in shallow trenches and/or backfilled with loose materials.
That is, beam buckling load is an increasing function of the cover
depth. Hence, if a pipe is buried at a sufficient depth, it will de-
velop local buckling before beam buckling. Based on this cancept,
Meyersohn (1991) determined a critical cover depth by setting the
lowest beam buckling stress equal to local buckling stress. Any
pipe buried with less cover than the critical depth would experi-
ence beam buckling before local buckling. Conversely, if the pipe
is buried at a depth more than the critical depth, 1t will experience
local buckling. Figure 4 5 shows the critical cave- depth for Crade
B and X-60 steel pipes.

The shadled areas in the figure correspond to different degrees
of backfill compaction. Note that critical depth for X-60 steel is
larger than that for Grade B steel. That Is, the strongar the pipe, the
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sraller the passibility ot shell wrinkling as opposed to beam buck-
ing. towever, as noled by Meyersohn (1991), the VD) ralio is
typically less than or about equal to 0 02 Hence, from Figure 4 5,
the likelihood of beam buckling of buried pipelines is small since
the rritical depth is less than typical burial depths.



4 .1 .4 WELDED SLIP JdJDINTS

The failure criterion for steel pipelines with arc-welded but:
joints is based on the strength of pipe material as discussed previ-
ously. Howevaer, for steel pipelines with slip joints, riveted joints or
oxy-acetviene/gas welded joints, failure criterion i3 based on the
strength of these juints since it is less than that of pipe materials
Many such steel pipelines have suffered failure at those joints dur-
ing past earthquakes. For example, during the 1971 San Fernando
earthquake, the Granada Tiunk line {1260 mm in diameter) was
damaged at its welded slip joinis (T. O'Rourke and Tawfik, 1983)
Figure 4.6 shows a slip joint where t is the pipe wall thickness.
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Tawfik and T. O'Rourke {1985), Moncarz et al. (198/), and
Brockenbrough {1290) analyzed the strength of slip joints, Con-
sidering 108 inch (2,74 m) diameter pipe with an inner weld,
Moncarz etal. calculated a joint efficiency of 0 4 (strength of joint
compared 1o strength of pipe) by using an inelastic frite element
model Consiclering the same type of joints, Biockenbrough deter-
mined a joint efficiency af 0.35, which is a litle fess (12%) than
Monicarz et al.’s result. Figure 4 7 presents the joint efliciency of
bell-spigot joints with an inner weld by Brockenbrough's model.
Note that the maximum elficiency is 0 41, wiren no space or gap
exists between the bell and spigot walls, and the jomnt efficiency is
a decrcasing function of the gap.

However, for most pipelines, slip joints with an outer weld are
used since it is difficult to weld inside portions of pipe segments
when the pipe diameter is small. Figure 4.8 shows a slip joint with
an outer weld
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As shown in Figure 4.6(h), ¢ is the wall thickness, R, is the
pipe radius, e is the eccentricity (offset of the joint) and [ is the
length of curved portion of bell. Using an inelastic shell model,
Tawfik and T. O'Rourke [1985) calculate joint efficiencies as shown
in Figure 4.9. Note that two failure modes are cansidered in their
analyses. Made | refers to yielding in the vicinity of welded con-
nections and Mode Il refers 1o plastic flow in the curvilinear, belled
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ends of the joints For normakized length of the bell /R »0.30,
Mode | governs and the joint efficiency is about 0.29.

As shown in Figure 4.7 and Figure 4.9, the joint cfficiency of
slip joints with an inner weld is often larger than that with an outer
weld, Presumably this 1s because the eccentricity of the weld with
respect to the pipe radius for joints with an inner weld are smeller
than that with an outer weld,
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SEGMENTED PIPELINE

For segmented pipelines, particularly those with large diam-
eters and relatively thick walls, observed seismic failure is most
aflen due to distress at the pige joints. For example, in the 1376
Tangshan earthguake, Sun and Shien (1983} observed that around
80 percent ol pipe breaks were associated with joints. M. O'Rourke
and Ballantyne (1992) identified six types of damage mechamism



to segmenterd nipelines shownin Figure 4.10 during the 1991 Costa
Rica earthquske. For the Cl and DI trensmiission pipeiines in the
Limon area, 52% repairs are due to pull-oul at joints (Figure 4.101(f))
and 42% renairs are due to breaks at segments (Figuie 4.10{a)}
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Axial pull-out, sometimes in combination with relative angu-
lar ratation 21 jo'nts, ic a commaon faifure machanism in areas of
tensile ground strain since the shear strength of joint caulking
materials 1s much less than the tensile sirength of the pipe. In areas
of compressive ground strain, crushing of bell and spigot joints is
a fairly common failure mechanism in, for example, concrete pipes.
For small diameter segmented pipes, circumferential flexural fail-
ure have heen abserved in areas of ground curvature. For example,
as ohserved by T. O’Raurke el al, (1991), more than 80 percent of



the breaks in cast iren pipes with small diameters (100 mm 1o 200
mm {4 to 8 in)) in the Marina distr'ct after the 1969 Lorra Prieta
evenl were round cracks in pipe segments close to joints.

4.2 .1 AxiaL PULL-OuUT

In terms of farlure critenion, information fer the various types
of segmented pipes is not as well developed as for conlinuous
pipes. El Hmadi and M. O'Rourke {(1989) summarized the then
available information on joint puil-out faiture, Specifically, based
on laboralory tests by Prior (1335), El Hmadi and M. O'Rourke
(1989} established a cumulative disiribution for leakage as a “unc-
tion of the normalized ](Jlﬂt axial displacement u"/d; shown in
Figure 4.11. Note that u;" is the joint opening and d is the joint
depth.

As shown in Figure 4 11, the mean value of the joint opening
corresponding to joint leakage 15 0.52 d_witha coeflicient of varia-
tion of 10%. Hence, El Hmadi and M. O'Rourke suggest a relative
Joint displacement corresponding to 50% of the total joint depth
as the failure criterion for pull-out of segmented pipelines with
“rigid” joints.

For ductile iron pipes with rubber gasketed joints, they present
labaratery data and semi-empirical relations developed by Singhal
{(1983) for the ultimate axial tensile force in the joint al pull-out
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More 1ecently, laboratory tests on concrete cylingder pipes with
rubber gasketed joints by Bouabid and M. O'Rourke (1994) sug-
gest that, at moderate internal pressures, the relative joint
displacement leading to significant leakage corresponds to roughly
nalf the total joint depth Hence. it would appear that a relative
axial joint extension of roughly half the total juint depth may be
an appropriate failure criterion for many types of segmented pipes.

4, 2.2 CRUBSBHING 0OF BeELL aAND
SPIGOT JOoINTS

As noted by Ayala and M. O'Rourke {1989}, most of the con-
crete cylinder pipe lailures in Mexice City occasioned by the 1985
Michoacan event were due to joint crushing. The correspanding
failure criterion, based on laboratory tests for crushing of bell and
spigot joints, is apparently not well established at this time.

According to Bouabid and M O'Rourke’s observation in their
1993 axial compressive tests, joint failure to reinforced concrete
cylinder pipes with rubber gasketed joints can start at either the
inner cancrele lining or the outer concrete lining. That is, a cir-
cumferential crack starts ta form in the ends of the concrete lining
when the applied load nears the ultimate value. After concrete
lining cracks, the critical section then becomes the welded inter-
face belween the steel joint ring and the steel pipe cylincer. The
eccentricity existing hetween these two-elements causes some
denting (ot even local bucklingl near this welded 1egion. Such
dlamaging actron evenlually would result in a leakage path and/or
cause the section to hurst. Flence, both Bouabid and M O'Rourke
11994) as well as Krathy and Salvadori (1978) proposed that the
crushing failuie criterion for conciete pipes can be taken as the

ultimate compression force of the cancrele core at joints, £ . That
IS,

Frr = Cenagr * Aqmr (‘i 4)

where o s the compressive strength of concrete and A is the
area of lhe cancrele core. For plain concrete pipes, A s the
cross-section area, while lor reinforced pipes, the transformed area
of steel bars needs Lo be added.



4.2.3 CIRRCUMFERENTIAL FLEXURAL
FAILURE AND JOINT ROTATION

When a segmented pipeline Is subject to bending induced by
lateral permanent ground movement or seismic shaking, the ground
curvature is accommodated by seme combination of rotation at
the joints and flexure in the pipe segments. The relative contribu-
tion of these mechanisms depends on the joint rotation and pipe
segment flexural stiffnesses. For a flexible pipeline system such as
DI pipe with Tyton joints or FLEX joints, stress in the pipe seg-
ments starts to increase greatly only after the jo:nt rotation capacity,
typically about 4° and 15° respectively, i5s exceeded. On theother
hand, for a more rigid segmented pipeline system such as cast
iron pipe with cement/lead joints, ground curvature is accomma-
dated from the start by some combination of joint rotation and
flexure in the segments as will be discussed in more detail in Chap-
ter 11,

In terms of failure criterion, it seems reasonable to base joint
rotation failure/leakage criterion for “standard” segmented pipe-
line juints on some multiple {say 1.1to0 1.5) of the allowable angular
offset for pipe laying purposes contained ir manufacturer’s itera-
ture. Table 4.2 contains a listing of such manufacturer’s
recommended allowable offset.

For cast iror or asbestos cemen: pipes subjact to ground cur-
vature, round flexural cracks in segments are a major failure mode.
On the other hand, for cuncrete pipes subject to ground curva-
ture, cracks typically occur at the bell and spigot ends due in part
to the joint ring eccentricity mentionec previously.

For round flexural cracks, it seems reasonabie to e, as 1 fail-
ure criterion, the pipe curvature correspanding to the smaller of
the ultimate tensile or compressive strains for the material. n this
regard El Hmadi and M. O'Rourke (1989) presented a hsting of
these mechanical properties far Cl and DI pipe materials. Table
4.3 summarizes this information as well as the properties for other
common pipe materials



W Tabie 4.2 Typicd Manulacturer's Recommended Allowable Argular Ctfsst {deg. and min ) for
Various P_Igg Joinls

D T Casl Iran Ductile tron Prostressed Cancrele
{iny Push-gn Mechanical Congrete
4 4-20 5 g.18
b 3-30 5 707

—
8 3.14 4 521
n q 5.21
12 00 4 5-21
1 3 333
16 a-4 3 35 2-19
'8 1 pon 204
20 24 3 3-00 | h2
24 1-47 2 2-23 1-34
27 2 22: 1.24
i 1.6 b 223 1.44 1-18
1 1-30 1-35 1-09
m, 130 G §-78 1-03
42 130 2-00 16 .03
1R -3 2-00 1-06 1-0%
Rl -1 . [-50
7} 1-300 C-H6




W Tahle 43 Mechanleal Properties for Commaon Pipe Malerlals

[tem Cast lron Ductile Concrele mC HINPE
Iron
Yield 1A Ly 1 75 to Ollo 17 1a 21
Straim « 10! 3.0 217 13 22 75
Ulhmale 5040 100 02510 50w 50 1a
Strain x10" 40 30 =100 >100
¥leld Stress 14 1o 42 10 0.3210 5.0 g 2210
1kai) a2 52 4.0 nh 25
ini*lal 14,000 24,000 3.000 290-560 100-120
Marlulus
[kai}




