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ABSTRACT: Analytical methods presented to analyze the buried steel pipelines at strike-
slip fault crossing use the Euler-Bernoulli beam theory. The cross-section of a buried pipe
that is completely surrounded by soil cannot rotate freely and would not be remained
perpendicular to the bending line after deformation. So it would be better to take into
consideration a rotation between the cross-section and the bending line. The developed model
improves the existing methodologies by using the Timoshenko beam theory and considering
the shear deformations as a refinement to the existing methodologies. The proposed model
results are compared with the results of an existing analytical model and it is found that the
maximum bending and axial strains decrease with taking into consideration the shear
deformations. Furthermore, it is shown that the difference between the results of models
increases with an increase in the burial depth.

Keywords: Buried Steel Pipelines, Stress-Strain Analysis, Strike-Slip Fault Crossing,
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INTRODUCTION

Buried pipelines carry essential resources for
human life like water, natural gas and
petroleum products, so they are referred to as
“lifelines’’. Analysis of buried pipelines for
fault movement is important in their seismic
design because of two considerable reasons.
First, it is likely that buried pipelines cross
active faults due to their huge length. Second,
the break of the pipeline at one location
disrupts its function completely. Significant
damages in water and gas buried pipelines
because of fault crossings were reported in
past earthquakes (O’Rourke and Palmer,
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1996; Towhata, 2010; O’Rourke and Liu,
2012).

Analysis of buried pipelines due to fault
movement has been investigated analytically
and numerically. As the first research,
Newmark and Hall (1975) were developed a
model for the fault crossing problem. It was
assumed that the pipe deforms like a cable.
This assumption confines the usage of the
model for the case where the fault intersection
angle is such that the pipe will be mainly
exposed to tensile strains. An extended model
of Newmark and Hall model which
considered lateral soil-pipe interaction was
carried out by Kennedy et al. (1977).
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Wang and Yeh (1985) investigated a
closed-form analytical model. The pipeline-
soil system was considered by virtue of
beams on elastic foundation theory. They also
included the pipe bending stiffness in their
model. This model was further improved by
Karamitros et al. (2007). Both transverse and
axial pipe-soil interaction were considered
and the stress-strain relationship was
assumed bilinear in order to take into account
the material nonlinearity. Trifonov and
Cherniy ~ (2010) recommended some
refinements to the previous methodology.
They did not use the symmetry condition and
also took into account the elongation caused
by pipe bending. Furthermore, Sarvanis and
Karamanos (2017) presented an analytical
methodology for analysis of buried pipelines
due to ground-induced deformations. The
presented methodology, which was based on
the assumption of a particular shape function
for pipeline deformation, led to expressions
for the maximum strain generated in the
pipeline. Also, an equivalent static model was
used to determine the length of the deformed
pipeline shape.

Takada et al. (2001) presented a hybrid
beam-shell finite element model to determine
the maximum strain induced in pipes due to
fault movement. The pipe was assumed to
deform according to a bent deformation near
the fault and then the maximum strain was
obtained with regard to the bent angle. Xie et
al. (2011) considered a 1-D beam finite
element model alongside with a 3-D shell
finite element model to obtain the bending
and axial strains generated in HDPE pipes
exposed to strike-slip fault crossing. Good
agreement between the results of finite
element analysis employing pipe beam
elements with a modified bilinear soil spring
model and the results of a series of physical
tests was obtained. The modified bilinear soil
spring model was developed via the results of
tactile pressure sensors which were used in
the physical tests to monitor the pressure at
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the soil-pipe interface. All the mentioned
studies up to this point considered continuous
buried pipelines and segmented pipelines
were not specially considered. Xie et al.
(2013) considered the numerical modeling of
HDPE pipes exposed to normal fault crossing
similar to the previous study. Erami et al.
(2015) studied the applicability of pipe-soil
interaction equations presented in pipeline
seismic design codes to segmented pipelines.
It was shown that the mechanical connection
joints affect the performance of segmented
pipelines due to faulting. The results of this
study indicated the effect of the nature of soil
behavior on the soil-pipe interaction
equations and new pipe-soil interaction
equations for segmented pipelines were
developed.

The numerical stress-strain analysis of
buried steel pipelines subjected to strike-slip
faulting was also performed via the finite
element method in some other studies
(Chaudhari et al., 2013; Demofonti et al.,
2013; Zhang et al., 2014, 2016; Trifonov,
2015; Uckan et al., 2015; Vazouras et al.,
2015). Moreover, behavior of buried pipeline
due to normal, reverse and strike-slip faulting
was  considered in  some  studies
experimentally (Ha et al., 2010; Abdoun et
al., 2009; Moradi et al., 2013; Hojat Jalali et
al., 2016, 2018; Saiyar et al., 2016; Van Es
and Gresnigt, 2016; Sarvanis et al., 2017).

In this paper, a solution for the stress-strain
analysis of buried steel pipelines subjected to
strike-slip fault movement is investigated by
following the general concepts employed in
the Karamitros et al. (2007) methodology.
The Timoshenko beam theory is used in the
proposed model to consider the shear
deformations. Some researchers used the
Timoshenko beam to model buried pipes in
past studies (Barros and Pereira, 2004;
Rashidifar and Rashidifar, 2013). In the
buried pipelines that pipe is completely
surrounded by soil, the soil deformation
affects the buried pipe deformation and the
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cross-section cannot rotate freely and would
not be remained perpendicular to the bending
line. So it would be better to take into account
a rotation between the cross-section and the
bending line that comes from the shear
deformations. Following the Karamitros et al.
(2007) model, the pipeline is divided into four
segments and these segments are analyzed
according to the Timoshenko beam on elastic
foundation and the Timoshenko beam theory.
The proposed model results indicate that the
bending and axial strains decrease with taking
into consideration the shear deformations.
Moreover, it is shown that the difference
between the results of the proposed model
and the model introduced by Karamitros et al.
(2007) increases when the burial depth is
greater.

METHODOLOGY OUTLINE

Pipeline Model

Figure 1 indicates the pipeline which is
divided into four segments by following the
Karamitros et al. (2007) model and also
shows the coordinate system of each
segment. Point B is the fault crossing point.

Analyzing Segments AA" and CC’
Segments AA' and CC' (see Figure 1) are
analyzed as the Timoshenko beam on elastic
foundation. The governing  ordinary
differential equations are (Yin, 2000):

D, v w+C,—=0 1)
Cld—l//—CldQVZJrkSW:O 2
dx dx

where the transverse horizontal displacement
(w) and the rotation angle (y) are two
independent variables, ks: is the transverse
horizontal soil springs constant and Dj, Ci:
are the bending and the shear stiffness,
respectively, which can be expressed as:
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D, =E|
C,=kGA,

®)
(4)

where E1: is the elastic Young’s modulus of
the pipeline steel, I: is the moment of inertia
of the pipeline cross-section, Gi: is the shear
modulus, As: is the area of the pipeline cross-
section and k: is the shear coefficient factor
which is calculated for hollow circular cross-
section by (Hutchinson, 2001):

6(r2 +R2)2 (1+v)2
7t 434r’R2+ 7R +
v(12r“+48r2R2+12R“)+

(5)
v2(4r4 +16r°R2 +4R“)

where R: is the outer radius and r: is the inner
radius. Also, v: is Poisson’s ratio.

Egs. (1) and (2) can be reduced to (see the
Appendix):

o dW kD, diw

Vo +kw =0

6
dx* ° ©

1

The solution of Eq. (6) takes the form
(Yin, 2000):

w =e“ (c, cos fx +c,sin fx)+
@)
e (c, cos fx +c,sin Ax)

where

K, and g =

1 1

S

a= +
4D

8

2

K _ K fork, < i,
4D1 1 1

Imposing the boundary conditions, w = 0 for
x =0 and w—0 for x—oo (points A’ and C’ are
at a distance from A and C that transverse
displacements are attenuated), Eq. (7) yields:
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Pipeline

Fig. 1. Partitioning of the pipeline into four segments by following the Karamitros et al. (2007) model

w =e “c,sin fx =Ae " sin fx ©) Zﬂ =Ae ™ (—asin fx + [cos X ) (15)
X
The bending moment (M) and the shear dw — Ao
force (V) in the Timoshenko beam are given dx * (16)
by (Timoshenko, 1921): [(az —ﬂz)sinﬂx —ZaﬂcosﬂxJ
M —-p, ¥ (10) dy _dW kW _ oo
dx dx dx* C,
vV :C17:C1(Z_V)\(I_‘//j (11) [(az—ﬁz)sinﬂx —Zaﬂcosﬂx:l— 17)
Le‘“X sin x
By using Egs. (1), (2) and (9), the C,
following relations are obtained: d’y d (d,,,j A
dx? dx \dx ) o
z_"”:?j?v‘; _kcs_W (12) [(az—ﬂz)sinﬂx —Zaﬂcosﬂx]
X X 1 , +Ae—ax (18)
Cl(‘;ﬂ_v,)z_Dl‘; 'f (13) [ (- B*)cos px + 20" sin px |+
X X
_dn D, ay P e
L C, dx? ' 1
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Now the bending moment, the shear force
and the rotation angle for point A are
determined:

dy
Ydx 7 (19)
-D, x-2Aapf = 2AafD,

dw
V.=V |x0:C1(d_X_l//)|xo =

M, = -D,

d’y
_D1dX_2|x:0:_D1x
(20)
|:2Aa ﬁ+Aa - Aﬂ A'Bk :|
:ADlﬂ{ 3’ + B + }
dw D,d%
Vo=V x:oza x=0 C_d -0
D8 ) (21)
=A + L e
/ C, [ 7 CJ

Analogous relations apply for point C due
to symmetry.

Analyzing Segments AB and BC

For segment AB or BC, the pipe-soil
interaction is considered equal to a uniformly
distributed load (qu). The intensity of the
distributed load (qu) is equal to the maximum
lateral soil force per unit length of the pipe
(Pu) which is expressed in cohesionless soil
(sand) as (ALA-ASCE, 2001):

q,=P, =N 7H(2R) (22)

where Ngn: is the horizontal bearing capacity
factor, y: is the effective unit weight of the
soil and H: is the depth of the soil. The
expression for Ngn is (ALA-ASCE, 2001):

2
N, =a+b (i)m (ij
2R 2R
3 4
+d (ij +e(ij
2R 2R

(23)

where a, b, ¢, d and e: are defined in the ALA-
ASCE guidelines (2001).

By using the Timoshenko beam theory, the
equilibrium equations of segment AB are as
follows:

d’y dw 0o 24)
dx ? dx
C d—y/—C dz\’: = (25)
dx dx
where
D =El (26)
C =kGA, 27)

where E: is Young’s modulus of the pipeline
steel (for the analysis of segments AB and BC
where the maximum bending moment occurs,
the secant Young’s modulus is used).
Combining two equilibrium equations leads
to (see the Appendix):

pih
dx

d’q
dx 2

D
—q-— (28)
e

As mentioned before, q is constant for the
segment AB or BC and equal to qu. So the
equilibrium equation is obtained as:

Dd‘\N

dx * ~

(29)

The solution of Eq. (29) is determined as:

w=ax'+ax’+ax’+ax+a, (30)
and

wi| _,=0=a,=0 (31)

ﬁ =243, = 24a,D =

dx (32)

q, =a, =
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By using Egs. (24), (25) and (30), the
following relations are determined:

dv = d 2\/\2 % _ =12ax’
dx dx° C (33)
+6a,x +2a, +q—
—( ) 243X +6a, (34)
dx?

_dw D

T dx C dx
4ax’+3ax’+2ax +a, + (35)

3[24a0x +6a, |

The boundary conditions on the junction
point with AA’ segment are as follows:

M|o=-M, (36)
v |><:O:VA (37)
V/lx:o:V/A (38)

The unknown coefficients, ai, a2 and as,
can be evaluated by using the above boundary
conditions.

x:Oz_MA_)
M pdv D 2a + 3
) L) e
D, ¢
—2afAD. »>a =afA L -4
PAD, @, =af D 2
x:OZVA _)C (zﬂ_l/lj x =0 =
Vv 2 X _
dy
-D X2|X:0=—6Da1
(40)

AD,B| -3a’ + +k—s
Cl

k
30’ + 7 +—=
k]

1

1. D
—_ZAp—
sas-garg)

6D
0= Wa & +?a1 =

AD,S .
e

D, Dyl 5.2, oo, ke
wipeg et

At point B, the bending moment is zero
and the displacement is equal to half of the
transverse component of the fault movement.

7

(41)

v, =0—>-D

12a L’ +6al +2a, +E“

(42)
q,L,’

u-c

2/3D1K—3a2 + B +éj L, —205}

4 3
—— o —al, +al ~+

w

al’+al, =
Ay Af sing
2 2

(43)
5,6 =

where Af: is the fault movement and ¢: is the
fault intersection angle.

With regards to Egs. (32), (39), (40), (41)
and (42), Eq. (43) becomes a polynomial
equation in terms of L. which can be solved
iteratively by the Newton—Raphson method.

{3(12— ﬂz—ks}quLf
Gy | « C,

+
24D ¢ , 5, k
12D 4| -3a* + B +C—S L, —2a
1

ag,L

2D —3a2+,6’2+k—$ L, -2
Cl
14( 2Dy —3a2+ﬂ2+k—5 q,L’
c C, C,
2 2 k
2D, 9| Ba” + 7+ L, - 2a
Cl

+

+

(44)
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After determining L, all other coefficients
(A, a1, a2 and az) would be determined. Then
the maximum bending moment developing
on the pipeline is expressed as:

dﬂ:d_(_Dd_l//jzoé_D
dx dx

dx
a (45)
2dax _+6a |[=0—>x_ =———
[ 0"" max al] max 4a0
Mmax:_Dd_wxzx :_D
dX max
(46)

12ax’ +6ax,  +2a,+ i—”}

Note that according to the coordinate
systems considered for segments AB and BC,

qu value is negative (g, =-N,7H (2R)).

Calculation of the Bending and Axial
Strains

After calculating the maximum bending
moment, the procedure that is used to obtain
the bending and axial strains is like the
procedure used in Karamitros et al. (2007).
The procedure was specified in detail in
Karamitros et al. (2007) and also is presented
in the Appendix.

RESULTS

This study considers a refinement to the
methodology presented by Karamitros et al.
(2007) and the proposed model results are
compared with their. Comparison between
the proposed model results with the
experimental results, which include a series
of physical tests, and the finite element
models results, which consider the shear
deformations effect by using the Timoshenko
beam to model pipe, is under investigation by
authors. The numerical results are determined
using the following data. The pipe is a gas
line with properties of R =0.4572 mand t =
0.0119 m. The characteristics of the bilinear
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stress-strain curve of steel pipeline are o1 =
490 MPa, E1 = 210 GPa, &1 = 01/E1 = 0.233%
and E>=1.088 GPa. The friction angle (¢) and
the unit weight of the soil (y) which are
required to calculate the soil springs
properties are equal to 36° and 18 KN/m?,
respectively. Also, ko and f are equal to 1 and
0.8, respectively.

The numerical results which cover the
bending strain, the axial strain, and the
maximum longitudinal strain (emax = cateén)
values for the burial depth (H) ranged from
0.1 to 6 m, are presented in Figure 2. The
results are computed for Af/D = 0.5 (Af=0.45
m) and three different intersection angles. As
demonstrated in Figure 2, the difference
between the proposed methodology results
and the results of Karamitros et al. (2007)
increases with increasing the burial depth. In
fact, the effect of the shear deformations on
the results increases versus the burial depth
because the soil effect on the pipeline is more
in deeper areas. It is clear that for burial depth
values ranged from 1 to 3 m, the effect of the
shear deformations on the results is not much
remarkable but for deeper buried pipelines,
the shear deformations affect the results
significantly. Also, the difference between
these two models for the intersection angle
equal to 45° is less than the two other
intersection angels. Furthermore, Figure 2
indicates that bending and axial strains
decrease with considering the shear
deformations by using the Timoshenko beam
theory in the proposed model.

The stress-strain relationship of the steel
pipeline is assumed bilinear to include the
material nonlinearity (see Figure 5 in
Karamitros et al. (2007)). The sudden jumps
in strain indicated in Figure 2 could be related
to using the bilinear stress-strain relationship
for the steel material.

According to the ALA-ASCE guidelines,
the peak compressive strains should be
limited to 0.88 t/R. For the analyzed pipe, this
limit is 0.0229, around 2.3%. The results
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presented in Figure 2 show that for burial
depth smaller than 5 m, the compressive
strains are smaller than this limit when only
the bending strains are considered (tensile
axial strains are not considered in checking
the peak compressive strains limitation). For
burial depth higher than 5 m, the bending
strains are higher than the peak compressive
strains limitation and a pipe with higher
resistance should be used. It should be noted
that the numerical results are determined
using the data presented in Karamitros et al.
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2 2
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©=30°
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(2007) and the burial depth for the considered
pipeline in their research was 1.3 m.

The results of these two models are
presented in Tables 1 and 2 for burial depth
equal to 2 m and Af/D equal to 0.5 and 1,
respectively. Also, Tables 3 and 4 present the
results for burial depth equal to 4 m and Af/D
equal to 0.5 and 1, respectively. The results
are specified in these tables to better
understand the difference between the results
of these two models.

Proposed Modée
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Fig. 2. Comparison of the proposed methodology results with the results of Karamitros et al. (2007)

316



Civil Engineering Infrastructures Journal, 52(2): 309 — 322, December 2019

Table 1. Comparison of results of the proposed model with Karamitros et al. (2007) for different fault crossing
angles, Af=045mandH=2m

. Peak axial strain (%) Peak bending strain (%) Lc (M)
Faul;rfg:)essmg Karamitros  Proposed  Karamitros Proposed Karamitros Proposed
et al. model et al. model et al. model
15 0.34 0.32 0.29 0.26 35 3.49
30 0.41 0.39 0.42 0.39 3.97 3.95
45 0.39 0.36 0.45 0.41 4.6 4.60
60 0.31 0.29 0.43 0.4 5.36 5.33
75 0.2 0.19 0.37 0.35 6.19 6.16
85 0.1 0.09 0.33 0.31 6.82 6.77

Table 2. Comparison of results of the proposed model with Karamitros et al. (2007) for different fault crossing
angles, Af=09mandH=2m

. Peak axial strain (%) Peak bending strain (%6) Lc (m)
Faul;rtlzgi)essmg Karamitros  Proposed Karamitros Proposed Karamitros Proposed
et al. model etal. model etal. model
15 1.8 1.8 0.9 0.84 0.7 0.67
30 1.43 1.38 0.92 0.89 0.72 0.69
45 1.08 1.05 0.93 0.9 1.53 1.49
60 0.81 0.78 0.84 0.8 3.65 3.65
75 0.55 0.52 0.73 0.69 5.55 5.53
85 0.31 0.3 0.64 0.6 6.92 6.89

Table 3. Comparison of results of the proposed model with Karamitros et al. (2007) for different fault crossing
angles, Af=0.45mandH=4m

. Peak axial strain (%0) Peak bending strain (%) Lc (M)
Faul;r(]:g?essmg Karamitros  Proposed Karamitros Proposed Karamitros Proposed
etal. model et al. model et al. model
15 3.04 2.36 2.02 1.54 0.66 0.58
30 3.21 2.75 2.18 1.84 0.69 0.63
45 2.12 1.9 2.03 1.8 1.25 1.21
60 1.51 1.37 1.62 1.47 2.34 2.30
75 0.94 0.84 1.22 1.09 341 3.38
85 0.48 0.43 0.97 0.86 4.14 411

Table 4. Comparison of results of the proposed model with Karamitros et al. (2007) for different fault crossing
angles, Af=09mandH=4m

. Peak axial strain (%6) Peak bending strain (%6) Lc (M)
Fault cr?ssmg Karamitros  Proposed Karamitros Proposed Karamitros Proposed

angle etal. model et al. model et al. model

15 411 411 2.08 1.78 0.68 0.62

30 3.75 3.75 2.17 1.98 0.69 0.66

45 3.46 3.25 2.23 2.08 0.7 0.68

60 3.42 3.25 2.29 2.17 0.72 0.69

75 1.99 1.88 2.13 2 2.38 2.35

85 1.21 1.11 1.84 1.69 3.87 3.85
Tables 1 to 4 show that the difference results of these two methods is more for
between the results of the present model and higher burial depth (H = 4 m compared with
Karamitros et al. (2007) model is 5-10%, O- H = 2 m) and smaller fault movement (Af =
7%, 10-24 % and 0-15 % in Tables 1 to 4, 0.45 m compared with Af = 0.9 m). The axial
respectively. So the difference between the and bending strains obtained via the proposed
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model are always smaller than the strains
determined by Karamitros et al. (2007). It
should be noted that the Timoshenko beam
theory will predict the behavior of a beam
always better than the Euler-Bernoulli beam
theory. The results presented in Tables 1 to 4
show that both models predict the length of
segments AB and BC (L) close to each other.
With regard to the determined length of
segments AB and BC (Lc) in Tables 1 to 4,
these segments are specified as short beams
in most considered cases, and therefore it is
better to use the Timoshenko beam theory to
predict their behavior.

CONCLUSIONS

A solution in regards to the stress-strain
analysis of buried steel pipelines crossing
strike-slip faults was presented by using the
Timoshenko beam theory and following the
general concepts employed in Karimitros et
al. (2007) methodology. The difference
between the proposed model results which
takes into account the shear deformations and
the results of the model introduced by
Karamitrous et al. (2007) were considered.
Results revealed that:
e Both the axial and bending strains
generally decrease by using the Timoshenko
beam theory and considering the shear
deformations in the proposed model.
e An increase in burial depth causes a
greater difference between the results of the
proposed model and the Karimitros et al.
(2007) model. In fact, the effect of the shear
deformations on the results increases when
the burial depth increases.
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APPENDIX
Reaching Eqg. (6) from Egs. (1) and (2):

Egs. (1) and (2) were expressed as:

d’y dw
Dldx—z—cll//-}—cld—xzo (A'l)
W
¢, ¢ MY w =0 (A-2)
dx dx
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Differentiation of Eq. (A.1) yields:

3
d 'y Cdg// Cd2W

L =0 (A-3)
dx Ydx o tdx?

D
Using Eqg. (A.2) and Eqg. (A.3) yields:

DdW

+kw =0 (A-4)
Px?
Also, using Eq. (A.2) yields:
dv _dw K, a-9
dx dx° C,

Double differentiation of Eq. (A.5) yields:

d dWw k dw
3 .4~ de? (A-6)
dx® dx* C,dx
Using Eqg. (A.4) and Eqg. (A.6) yields:
DldA"‘:—kledZ"‘;Jrksw:o (A-7)
dx C, dx

Reaching Eq. (28) from Egs. (24) and (25):

Egs. (24) and (25) were expressed as:

d’y dw

=0 (A-8)

dx ® dx

Cd—w—CdQ\A; =( (A-9)
dx dx

Differentiation of Eq. (A.8) yields:
3

pd¥ v, ch -0 (A-10)

dx dx dx 2

Using Eqg. (A.9) and Eq. (A.10) yields:

(A-11)
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Also, using Eq. (A.9) yields:

dy _d'w 4 (A-12)
dx dx* C
Double differentiation of Eq. (A.12) yields:

d’y dw
dx®  dx’

d 7

’ Cdx ? e

Using Eqg. (A.11) and Eqg. (A.13) yields:

Ddq

C dx?

DdAW: (A - 14)
dx *

Calculation of the Bending and Axial
Strains

The bending strains can be evaluated as:

mex (A - 15)

Geometrical second order effects are not
taking into account in Eq. (A.15). According
to Karamitros et al. (2007), the actual bending
strain is expressed as:

1

1

I

1
__T+ I (A-16)
& & &

where &,': is the bending strains calculated
geometrically by neglecting the bending

stiffness of pipeline and is given by
(Karamitros et al., 2007):

11 un

&y :F_ (A-17)

a

where Fa: is the axial force at the intersection
of the pipeline with the fault trace. The
combination that is used in Eg. (A.16),
provides a rather good approximation to real
strains although it lacks physical meaning
(Trifonov and Cherniy, 2010).
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The axial force at the intersection of the
pipeline with the fault trace is given by:

where o2 is the axial stress developing at the
intersection point and is calculated by
Karamitros et al. (2007) as:

F =0A (A-18)
Et AL 2
1tu req |f ALreq < o-l S
A, Et,
o, = . ) t (A-19)
o,(E,-E,)+ [0/ (E, —E1E2)+E1E2ALrqu— 25
o, = - ifALreq>-9_i—i
E Et

1

where ALreq: is the geometrically required
elongation that is defined as the elongation
provoked in the pipeline by the fault
movement, o1 and Ez: are the yield stress and
the plastic Young’s modulus of the pipeline
steel and ty: is the maximum axial soil force
per unit length of the pipe that is defined in
cohesionless soil (sand) as (ALA-ASCE,
2001):
t,=7zRyH (1+k,)tan(f ¢) (A-20)
where Ko: is the coefficient of pressure at rest,
f: is the coating dependent factor relating the
internal friction angle of the soil to the
friction angle at the soil-pipe interface and ¢:
is the internal friction angle of the soil.
According to Karamitros et al. (2007), the
elongation generated due to the vertical fault
displacement component Ay can be ignored
compared to the elongation due to the
horizontal fault displacement component Ax.

AL, =Ax,Ax = Af cosg (A-21)
& Fe
T, L R
gb
& Fe & Fe&
¢, = arccos( 1 aj, —1< 22«1
gb b
0 1< g te,
8b
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17u

Eg. (A.19) is obtained by equating the
geometrically required and the stress-induced
pipeline elongation and assuming a bilinear
stress-strain relationship for the pipeline steel
(see Figure 5 in Karamitros et al. (2007)).

Calculation of the Axial Strain

As mentioned in Trifonov and Cherniy
(2010), by following the developments of
Karamitros and his colleagues (2007), the
distribution of stresses on the cross-section
(see Figure 8 in Karamitros et al. (2007)) is
given by:

o,+E,(e-¢), 0<6<4g,

$<O0<rm—¢,

-o0,+E,(6+¢), 1—-¢, <0< 7.
(A-22)

o=1Ee,

where ¢1: is the yield strain, : is the polar
angle of the cross-section and the angles ¢1,2:
stand for the portion the cross-section that is
under yield:

(A - 23)
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The axial force and bending moment in the
cross-section are evaluated by integrating the

F =2 oR,tdo

stresses over the cross-section (Karamitros et
al., 2007):

(A - 24)
= F =2R t[Eme, —(E,—E,)(¢ +¢,)e, +(E, —E,)4 —¢,)s, — (E, —E,)(sing, —sing,)e, |
M =2[ oR, R, cos0do
,. | E e . . . .
=M =2Rmt[ L2 —(E,—E,)(sing, —sing,)e, + (E, —E,)(sing, —sing,)¢, (A - 25)
_(E,—E))(4,+4,)s, (E,—E,)(sin24 +sin 2@)%}
2 4
and _I\/I(ga,gb)D ~
_2R-t ’ A-27
R, = 5 (A - 26) M(sa,gb)D i_i ( :
21 g &

where t: is the pipeline thickness.

The axial strain in the cross-section can be
computed by equating the axial force
obtaining from the integration over the cross-
section to the applied axial force calculated
using Eq. (A.18). The solution of Eq. (A.23)
together with Eq. (A.24) results in a complex
formula for &a which can be solved iteratively,
using the Newton-Raphson method. Details
of application of the Newton-Raphson
method are given in Karamitros et al. (2007).

The computation of the maximum bending
moment by Eq. (46) was based on the elastic
Timoshenko beam theory and the
nonlinearity behavior of steel pipeline was
not taking into account. According to
Karamitros et al. (2007), one can use an
iterative solution by readjusting the secant
Young’s modulus of the pipeline steel on
each iterative to consider the steel pipeline
nonlinearity. If the bending moment in the
cross-section that was evaluated by Eq.
(A.25) is not equal to the bending moment
calculated by Eqg. (46), the secant modulus for
the next iteration can be calculated as:
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Then the procedure for segments AB and BC
would be repeated using the secant modulus
until convergence is achieved.



