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Highlights Abstract

* The relationship between pipeline stress and rock- Load impact, such as the rockfall, may bring significant threats to the integrity management
fall parameters is quantified. of pipeline. This study is intended to evaluate the reliability of buried pipeline under rockfall
impact, and so as to reduce the possible failure and unnecessary downtime. Firstly, the dy-
namic response of the buried pipeline under load is analyzed by Euler Bernoulli foundation
beam. After that, the process of rockfall impact on buried corroded pipeline is simulated
* The corroded pipeline’s dynamic reliability under  with nonlinear finite element method. Furthermore, the influence of rockfall’s parameters
rockfall impact is evaluated. (including rockfall mass, impact velocity, impact position, etc.) on the pipeline’s equivalent
stress is quantitatively analyzed. Eventually, a time-varying reliability model is established
to calculate the failure probability. The results indicate that the mass and velocity of the
rockfall have obvious influence on the pipeline’s failure probability, and the change of im-
pact’s position has small influence. The proposed method can provide a theoretical reference

for the design and maintenance of buried pipeline.

* Dynamic response of buried corroded pipeline un-
der load impact is analyzed.
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1. Introduction for the pipeline’s deformation and axial stress caused by the friction of
pipe and soil, and pipeline’s stress and deformation along the mining
process were analyzed. On the basis of linear viscoelasticity, Khu-
sainov [11] established a pipe-soil interaction model, and the buried
pipeline’s dynamic response to a longitudinal wave propagating was
analyzed. However, the above analytical models have not considered
the axial and circumferential response of the buried pipeline under
load impact.

Essentially, the deformation mechanism for the buried pipeline
under rockfall impact is a nonlinear contact problem. Even the theo-
retical calculation formula can provide a simple solution, the obtained
result has obvious limitations, especially on the accuracy and the
range of application. In recent years, finite elements method (FEM)
has received attention in this area. Ismail et al. [7] used FEM to eval-
uate the influence of pipeline’s diameter, buried depth, wall thick-
ness and other parameters on the resistance to upheaval buckling of
buried submarine pipeline. Zhang et al. [33] analyzed the pipeline’s
deformation caused by radial impact, inclined impact, and eccentric
impact of spherical rockfall and cubic rockfall. The results indicated
that the smaller the curvature radius of the rockfall contact area is,
the greater the damage to the pipeline will be. Shin et al. [21] applied

Due to its high efficiency and low transportation cost, pipeline has
been widely used to transport natural gas and petroleum. For long-dis-
tance pipeline, it needs to pass through various types of terrains, and
a variety of factors (such as landslide, collapse, and rockfall, etc.) can
affect its performance and reliability [4]. Up to now, lots of rock im-
pact events have occurred on pipeline, and they have seriously threat-
ened the pipeline’s safe operation [35]. To ensure the safe operation
of buried pipeline, it is of great significance to analyze the pipeline’s
deformation mechanism and dynamic response, and further to predict
the pipeline’s reliability under rockfall impact [12, 26].

Affected by the ground motions, such as landslide or explosion,
buried pipeline is vulnerable to rockfall impacts. Considering the dy-
namic interaction between the soil and pipeline, Manolis et al. [16]
used the waveguide model in classical elastodynamics to study the dy-
namic response of continuous pipeline. To analyze the effect of spatial
variability on the response of buried pipeline, Han et al. [6] conducted
a series of three-dimensional shaking table tests to study the effect of
non-uniform seismic excitation on pipeline’s strain. By using the in-
tegral probability method, Xu et al. [28] deduced analytical formulas
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FEM to study the interaction between pipe-soil-rock in the case of
anchor impact. Meanwhile, the pipeline’s strain caused by the change
of anchor weights (drop heights), submarine pipeline buried depth and
rock berm heights was obtained through experiments. Zhang et al.
[32] established a pipe-soil finite elements model for buried pipeline,
and the effects of the impact height, the pipe’s wall thickness as well
as the pipe’s buried depth were studied. Aiming at the X80 steel large-
diameter oil and gas pipeline crossing seismic faults, Yan et al. [29]
employed a large deformation shell FEM to study the strain response,
and the sensitivity of multiple impact factors on the pipeline was con-
ducted. Jiang et al. [8] studied pipeline’s response to the transverse
impact load of falling objects, and the effects of various parameters
on the pipeline were analyzed, including the seabed flexibility, buried
depth and soil properties. Tian et al. [22] applied a nonlinear explicit
dynamic FEM to assess the damage of the submarine pipeline under
the impact of falling objects. Up to now, most studies focused mainly
on the load impact on the pipeline’s mechanical behavior, while the
load impact on the pipeline’s corrosion defects has rarely been stud-
ied.

For pipeline, the load impact usually results in corresponding de-
formation and further influences its reliability. In the last decades,
numerical simulation methods have been widely applied to evaluate
pipeline’s reliability under the impact load. Zelmati et al [30] proposed
a probabilistic method to evaluate the corroded pipeline’s remaining
life, and FEM was used to calculate the pipeline’s failure pressure.
Based on FEM, Abyani et al. [1] proposed a new method to evalu-
ate the reliability of pipeline corrosion resistance. Then, the Latin hy-
percube sampling method was combined with simulated annealing to
simulate the uncertainty of the random parameter. Aryai et al. [2] used
the three-dimensional nonlinear FEM to model the residual strength
of the pipeline in terms of time, and solved the reliability of the water
pipe based on the time-dependent reliability analysis. Nahal et al. [17]
studied the influence of corrosion and residual stress on the irregu-
lar area of the pipeline by establishing finite elements model of the
corroded elbow area. The failure probability and reliability index of
different corrosion areas were calculated by Monte Carlo simulation
(MCS). In addition to using FEM, some studies used other reliability
theories and mechanical models to study the influence of load on the
pipeline’s reliability. Zha et al. [31] studied the influence of traffic
load on the reliability of buried polyethylene pipeline, where the cen-
ter point method and MCS method were applied, and the reliability
index and residual life of the buried pipeline were calculated. Li et
al. [13] adopted Timoshenko beam and Winkler foundation model to
analyze the performance of pipeline, and the pipeline’s reliability was
estimated with the method of subset simulation (SS). Guillal et al. [5]
used the SS approach to study the reliability of medium-strength and
high-strength pipeline under the plastic failure and fracture. Sahraoui
et al. [20] investigated the effect of the repair for welded joint on
the corroded pipeline’s reliability considering the spatial variability of
hardness and soil erosion.

Up to now, some works have been done regarding the buried pipe-
line under the impact load, including earthquake, explosion, traffic
load, rockfall, etc. However, few studies have analyzed the residual
life of buried steel pipes with corrosion defects, and the impact of
rockfall is rarely considered. Moreover, the existing methods have not
considered the coupling relationship among the dynamic response of
buried corroded pipeline and the rockfall’s parameters, such as rock-
fall mass, impact velocity and the impact position.

This study is to evaluate buried pipeline’s reliability by considering
the coupling relationship among the aforementioned factors. The ma-
jor contributions are as follows: (1) The effect of rockfall parameters
on the pipeline’s deformation is analyzed, including rockfall mass,
impact velocity, and impact position. Meanwhile, the coupling rela-
tionship between the von Mises equivalent stress and rockfall param-
eters is quantitatively analyzed; (2) Sensitivity analyses are conducted
for the rockfall parameters, and dynamic reliability model is estab-
lished to update the pipeline’s reliability; (3) The pipeline’s dynamic

reliability during and after the rockfall impact are studied. This study
can be used to evaluate the buried corroded pipeline’s reliability con-
sidering the rockfall impact.

The remainder of the paper is organized as follows. Section 2 es-
tablishes the mechanical modeling of buried pipeline impacted by the
external load. In Section 3, the dynamic reliability modeling of the
buried pipeline under rockfall impact is introduced. The numerical
model of the pipeline under the rockfall impact is established by FEM
in Section 4, and the sensitivity analysis of various rockfall param-
eters is conducted. The accuracy and effectiveness of the proposed
method is demonstrated through a case study in Section 5. Conclu-
sions are given in Section 6.

2. Mechanism analysis of impact process

The impact process of the rockfall on the pipeline is quite com-
plicated. It needs to be simplified in theoretical aspect, such as trans-
forming it into a static problem for analysis. By taking the rockfall
impact force as the static load, we can analyze the pipeline’s stress.
Up to now, two types of models can be used to describe the stress
load of buried pipeline, i.e. multi-span continuous beam and elastic
foundation beam [22]. In this study, we simplify the buried pipeline
into an Euler-Bernoulli beam model to analyze the vibration response
and the pipeline’s characteristics under the impact load. To determine
the pipeline’s dynamic response under the rockfall impact, besides
the initial boundary conditions, it also needs to quantify the impact
force.

According to the theorem of kinetic energy, during the process of

rockfall collision the energy loss (i.e AE ) can be calculated as [10]:

15 1 5
AE—EmVO fgmvl (1)

where m is the mass of rockfall; v and v are the initial and final ve-
locities of the rockfall impact process respectively.

For the soil, its elastic deformation potential energy (i.e. ) can be
expressed as:

_1 0
W—zkg )

where £ is the stiffness of the soil spring; and { is the deformation
value of the soil.

By now, three types of soil spring models are commonly applied,
they are the pipe axial soil spring, horizontal soil spring, and verti-
cal soil spring respectively. According to the standard of American
Society of Civil Engineers (ASCE), the stiffness coefficients of the
above three soil springs are as follows [29].

(1) Along the pipe axis, the friction f of the pipe per unit length

is:

f =0.75xDhy u 3)

where D is the diameter of the pipe; / is the distance from the central
axis of the pipeline to the surface; y, is the unit weight of soil; and y is
soil friction coefficient of the pipe.

(2) In the horizontal lateral direction, the lateral earth pressure on
the unit length of pipe (i.e. P) is given as:

P=y.,hN,D 4)

where N, is the horizontal bearing capacity coefficient of the sand.
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(3) In the vertical direction, the soil reaction force on unit length
of pipe (i.e. Q) is:

O =y:hN,D 5)

where N, is the vertical bearing capacity coefficient of the sand.

According to Egs. (3) - (5), the values of the stiffness (i.e. k) for
different types of soil springs can be obtained, and the elastic potential
energy (i.e. ) can be calculated. Based on the law of conservation of
energy, we have:

AE=W (6)

When the mass velocity (i.e. v) and the stiffness of the soil spring
(i.e. k) are known, we can obtain the maximum deformation (i.e. {5y )
with Egs. (1)-(6). When the rockfall velocity is 0, the impact force on
the soil will be the largest and the corresponding deformation is also the
largest. The maximum impact force (i.e. F,,,) can be expressed as:

Fax = kgmax @)
Here, the Euler Bernoulli foundation beam is used to model the

buried pipeline. Under the load impact of O(x, 7), the differential equa-
tion for the pipeline’s vibration (i.e. y(x, ¢)) can be obtained as [16]:

84y(x,t) 82y(x,t) ay(x,t)
A o +m " +c > +Ky(x,0)=0(x,t) (8)

where y(x, 7) is the pipeline’s vibration; 4 is the bending stiffness of
the pipeline; m is pipeline mass; ¢ is foundation damping coefficient;
and K is the foundation modulus.

The initial conditions and boundary conditions are defined in Eqgs.
(9) and (10), respectively.

oy (x,t
()]0 = gt ) o-0 ©)
n
tim 220 06,2 0,1,2,3) (10)
X—>0 6xn

During the process of impact, the pipeline is mainly affected by a
series of short pulse loads. The unit pulse function is defined as:

0,x # x

-]

0, X = X0

According to the Dirichlet condition, the function needs to satisfy
the following items [3]: (1) There are only finite discontinuities of the
first kind (both left and right limits exist) in a continuous field; (2) If
there are only finite extreme points, the function can be expanded into
Fourier series. When ¢ satisfies the conditions, it can be expanded as:

6(x,x0)=%§sin(%x)sm(%x0] (12)

n=1

The unit concentrated impulse is:

0o (x.1) =8 (x,x0)5 (.19) :%i sin(%x]-sin(%xo)é(t,to) (13)

n=1

Q(x’t):Fmax Qo (xat) (14)

The solution for Eq. (8) can be expressed as the follows:
& . (nm
y(x,t)= Zyn(t)~s1n(?xj (15)
n=1

Bring Eq. (15) into Eq. (8), we have:

o0 4 o0 oo o0 .
$a (;)sin(ﬂxj+ Sy (t)sin(ﬂxj+ Sy (t)sin(ﬁxj+
n=1 T T n=1 T n=1 T
nZ::lkyn (¢)sin (%x] = %Fmaxgsin(%xjsin (%xo)é(t,to)
(16)
Moreover, it can be simplified as:
yu()+er, (0)+ PPy, (0)=7(1) (17

C
where c=—; pzzl[A
m||T

m

' +k |; and y(z):hsin(ﬂxojﬁ (t:19)-
mT T

The general solution for homogeneous equation y; is:

< 2 2
-%
ya=e 2| Cjcos pz—% t+Cysin pz—% ¢ (18)

where C| and C, are the constants.

The particular solution ;n of the inhomogeneous equation can be
obtained by using undetermined coefficient method:

C
- 2 . (nm —(-10) | 2 ?
=—"—sin| —xg |e 2 sin ——(t—t 19
In= T (T oj \’p 4( )| (19

The solution of vibration control differential equation for the bur-
ied pipeline under unit external force is as follows:

c ) & Cosi , & 2 (nm ”‘z("‘o) . , &
pr-—|t+ p-—— |t+—sin| —x pr——|(t-1
| cos 1 sin , Tsm Rl 3 sin 7 (t-1p)

P
()= X P 2

. Nmw
Smm—x
n=l T

(20)

Therefore, to analyze the dynamic response of the buried pipeline
under external load, we can establish the foundation beam model un-
der impact load, on the basis of unit pulse function and Fourier series.
By analytically calculating of the model, we can obtain the pipeline’s
displacement and velocity response. So far, the mechanical param-
eters are obtained, including the pipeline’s bending moment and shear
force.

3. Structural reliability theory

The pipeline’s stress and strength are essentially random variables,
and we can define them with the probability distributions. At the
initial stage of usage, the strength is usually greater than the stress,
thus the pipeline has sufficient safety margin. With the increase of the
pipeline’s service life, and under the influence of corrosion defect and
other factors, the pipeline’s strength will decrease gradually. When
the strength is lower than the stress, failure will occur. Therefore, we
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can define the pipeline’s limit state function (LSF), i.e. G as follows
[36]:

G=H-§ @1

where H is the generalized strength, and it indicates the pipeline’s
bearing capacity; and S denotes the generalized stress.

According to the value of G, the pipeline has three types of states:
(1) G =0, it indicates that the pipeline is in a limit state; (2) G > 0, it
indicates that the pipeline is in reliable state; and (3) G<<0, it indicates
that the pipeline is in failure state [24]. Therefore, the pipeline’s fail-
ure probability (i.e. Pr) can be written as:

Pf:P(G:H—S<0) (22)

3.1. Limit state functions

3.1.1. Model of burst failure

For buried pipeline, when the operating pressure exceeds the al-
lowable pressure, the pipeline will burst. Here, based on Eq. (21), we
can rewrite the pipeline’s LSF as follows:

G(t)=h-h (23)

where P, is the pipeline’s burst pressure; and Py is the pipeline’s
operation pressure.

In this study, the DNV RP-F101 model is adopted [27], and P, is
estimated with:

d
20U | " o
B = © 24
" D-o|,_d 9
oM

where U is the ultimate tensile strength of the pipeline; w is the pipe
wall thickness; d is corrosion depth; D is the outer diameter of the
pipe; [ is the length of the corrosion defect; and M is the expansion
coefficient of the pipeline.

2
M= 1+O.3ll— (25)
Do

3.1.2.Von Mises stress failure model
For the buried corroded pipeline, it needs to bear various types
of loads, including the internal pressure, soil covering, and potential
rockfall impact, etc. The loads may cause deformation of the pipeline,
thus it will affect the pipeline’s safe operation. Eq. (21) can be rewrit-
ten in stress failure mode, as follows [25]:

G2:O'y—0'e (26)

where ¢, is the yield strength of pipeline material; and o, is the equiva-

lent stress caused by loads.

According to von Mises stress theory, the equivalent stress (i.e. g,)
can be expressed as [14, 19]:

o, =0’ +0} -0,0 @27

where o, is the circumferential stress of buried corroded pipeline; and
o, is the axial stress.

3.2. Calculation of pipeline’s failure probability

In this study, two types of failure modes are considered for the
buried pipeline, i.e. burst pressure and von Mises stress failure. There-
fore, the pipeline’s failure probability can be expressed as [18]:

Pr(t)=P[G,(t)<0UG,(t)<0] (28)

where G, G, are the LSFs of the above failure modes respectively.

3.3. Simulation method

The basic procedures for calculating the pipeline’s failure prob-
ability with MCS are as follows [15]:

(1) Set the total number of simulations (i.e. N) to analyze the fail-
ure probability of the corroded pipeline;

(2) Based on the pipeline’s historical statistical data, determine the
mean and standard deviation of each variable;

(3) By using the statistical characteristics of the random variables
in Step (2), generate the samples;

(4) Substitute the generated samples into LSFs, and count the
number of LSFs that is less than 0 (i.e. Np;

(5) Calculate the pipeline’s failure probability (i.e. p)), by using
Eq. (29):

Ny

- 29)

Py

where Ny is the number of simulations in violation of LSF (i.e., the
LSF is less than zero).

3.4. Reliability analysis for buried corroded pipeline under
rockfall impact

On the basis of the reliability theory and Egs. (21)-(28), we can
obtain the probability of failure of the event (i.e. p;) as follows:

B(t)=P(Gi(H;.5;.1)<0)=P(H,;(1)<5;(1)) (30)

where P,(f) denotes the probability of an event; Si(¢) denotes the struc-
tural response (i.e., load effects); H,(f) denotes the structural resis-
tance; and G; is the LSF, it is defined as G=H(¢)—S,(¢).

Considering the process of the rockfall impact on the buried pipe-
line, the first time that the rockfall impact usually has the most serious
harm to the pipeline. In dynamic reliability theory, it also satisfies the
first transcendental failure mechanism. It can be regarded as “first pas-
sage probability”, and the corresponding expression is as follows [9]:

Py ()=1-[1-p, @) 61

where p(0) is the failure probability at time /=0; and v is the mean rate
for the response process () to upcross the threshold H(?).

The upcrossing rate (i.e. v) can be determined by Rice formula [23]:

SS

v=vj :j;(é—l}jf .(H,.;‘jdé (32)
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where vj; is the upcrossing rate of the response process S(t) relative
L]
to the resistance threshold process threshold H; H is the slope of H
L]
relative to time z; S(t) is the time derivative process of S(f); and

f « () is the joint probability density function of S and S :
SS

o, H-pu. H-p, H-p.
sls [ H- S|s SIS SIS
NIV q{ #SJ s | 5 o |
Og Og G.‘ G.‘ G.‘
S|s S|s s|s
(33)

where vj;_, is the upcrossing rate relative to deterministic threshold
H; ¢(-) and ®(-) are the standard normal density and distribution
functions respectively; u and o are the mean and standard devia-

tionof Sand S.

When the response process obeys Gaussian process, its mean
function (i.e. ,Us(l)) and auto-covariance (i.e. Cy, (ti,tj)) can be
determined by the Eqgs. (34) - (39) [23]:

and the cross-covariance function is:

C .(ti’tj)zw

39
sS ot; 39)

On this basis, we can determine all the variables in Eq. (33).

For a clear illustration, the analysis process can be divided into
four parts, they are: (1) mechanism analysis of impact process; (2)
pipeline’s reliability modeling; (3) simulation with FEM: and (4) case
study, respectively. The framework is shown as in Fig. 1.

4. Finite element model

In this

study, by using the finite element analysis software of

ABAQUS, a three-dimensional FEM of the pipeline-soil-rockfall is
established, and it is used to analyze the rockfall impact on buried
corroded pipeline. In this model, the rockfall is assumed to impact the
soil vertically to the tangent plane of the defect length.

4.1. Parameters of the material

In the FEM model, the length of the pipeline is set to be 10m, and
the length of the rockfall is set as 320 mm. Besides, the size of the

o oy stratum is 10 mx4 m x4 m, and the thickness of backfill soil is 1m.
. =E|S|S=H |=p.+pg—>|H - 34 . . . ? o .
'us‘s { | } ﬂS Ps GS[ #S] 34 The ideal elastic-plastic Drucker-Prager constitutive model [32] is
adopted to describe the mechanical behavior of stratum and rock ma-
terials. The other parameters for the pipeline, soil, and rockfall are
c. = |lo.2 (1 -p S) (35) shown as in Table 1 and Table 2 respectively [34]. Moreover, the dila-
sls S tion angles of the soil and rock are set to be zero.
Table 1. Parameters of the pipeline
where:
Diameter | Wall thickness | Density | Poisson’s | Young’s modulus | Yield strength
d (mm) (mm) (kg/m?) ratio (MPa) (MPa)
. dug() (36)
Hg = dt 813.00 8.00 7800.00 0.30 2.06x10° 448.50
Table 2. Parameters of the soil and rockfall
(37
Internal
. Density . , . Elastic modulus friction Cohesion
Material type (kg/m?) Poisson’s ratio (MPa) angle (MPa)
()
ps = S5 (38) Soil 1840.00 0.30 20.00 15.00 0.015
\/CSS (’i’tj)cgg(ti”j) Rockfall 2800.00 0.30 2.85x10° 42.00 6.72
Result 4.2.  Geometric modeling

verification
‘ Construct the FEM model of rockfall impact pipeline F— Theoretical modeling and solution ‘

A4

l Different impact mass

‘ Finite element simulation solution %il Different velocity

‘ Change the distance from the
‘ load position of corrosion defects

Simulation data fitting analysis

A 4
‘ Update the LSFs

(von Mises and burst models)

Monte Carlo simulation
\ 4

‘ Pipeline reliability evaluation during impact

First passage probability model

‘ Reliability evaluation of pipeline after impact

Fig. 1. Flow chart of the proposed approach

The geometric models are established for the rockfall,
soil, and pipeline respectively, as shown in Fig. 2. The fall-
ing rock is represented by a cube, and the soil is modeled
with a cuboid hollowed out in the middle, as shown in Fig.
2(a). The eight-node hexahedron linear reduced integral
solid element (i.e. C3D8R) is adopted for the pipeline and
soil respectively. Moreover, to obtain accurate simulation
results, it needs to refine the mesh locally. On this basis,
the dense grids are arranged at the defected parts, and at
the intact parts coarse meshes are used, as shown in Figs
2(b) respectively.

4.3. Contact and boundary setting

In the finite elements model, two types of contact pairs
are defined, they are the contact pair between the pipeline
and soil, and the contact pair between the rockfall and soil,
respectively. Moreover, it is assumed that the buried soil
belongs to large granular sand, and the soil’s friction coef-
ficient is 2.5. Both the contact pairs are surface to surface
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Fig. 2. Finite element model for the pipeline: a) finite element model of pipe-
soil-rockfall, b) mesh division of the pipeline and enlargement of the
defect’s mesh

(explicit) contacts, and the penalty function algorithm is adopted.
Moreover, in order to simplify the simulation process, this paper
selects a single pipe as the research object, where the influence of
pipe connection on the simulation results is ignored [34]. Within the
impact model, three types of factors are considered in the boundary
conditions, they are: (1) limit the rigid displacement of the pipeline
along the vertical direction of the soil, and the soil’s bottom boundary
is set as a fixed one; (2) set the soil and pipeline’s section symmetrical
boundary conditions; (3) the rockfall is restrained, and it can move
only vertically along the soil.

5. Results and discussion

5.1. Parameter determination

In this section, to demonstrate the effectiveness of the proposed
method, numerical cases are conducted to analyze the dynamic re-
sponse and reliability variation for the pipeline with corrosion de-

fects and under the rockfall impact. The diameter of the APIX80
pipeline is 813 mm, the wall’s thickness is 8§ mm, and the yield
strength is 448.5 Mpa. To facilitate the research, the corrosion de-
fects are appropriately simplified. It is assumed that the shape of
the corrosion defect is cuboid, and the size of the corrosion defect is
400 mmx200 mmx4 mm. The falling rock is cubic, and its side length
is 320 mm. The buried depth of the pipeline is 1m. In total, 395 times
of simulations are done, where the rockfall impact velocity increases
from 10 m/s to 30 m/s, with an increment of 5 m/s; the rockfall mass
increases from 68.9 kg to 160.7 kg, with an increment of 22.9 kg; the
axial distance from the impact position to the corrosion center moves
from Omm to 2500 mm with an increment of 625 mm each time; the
corrosion length is from 200 mm to 600 mm with an increment of
100 mm; the corrosion width is from 100 mm to 300 mm with an
increment of 50 mm; and the corrosion depth is from 2 mm to 6 mm
with an increment of 1 mm.

5.2. Validation of finite element model

By using the parameters introduced in Section 5.1 and comparing
the result with the theoretical model introduced in Section 2, the effec-
tiveness of the proposed FEM simulation model is demonstrated. The
displacement response curves of the theoretical solution and FEM
simulation are shown in Fig. 3. It is found that the results obtained
with the two types of methods are quite close, and the maximum error
is around 9%. Further, it is more convenient to apply FEM to analyze
the rockfall impact on buried corroded pipeline’s dynamic reliability.
Subsequently, the reliability of the buried pipeline will be evaluated
and updated through a large number of FEM simulation data.

24+
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Fig. 3. Displacement response results of FEM simulation and theoretical so-
lution

5.3. Parameters analysis of rockfall impact

Here, the rockfall mass is assumed to be 160.7 kg, the impact ve-
locity is 20 m/s, and the axial distance to the center of the corrosion
defect is 2500 mm. With respect to different impact times, the impact
analysis results are shown in Fig. 4. Figs. 4(a)-(b) show the falling
contact process of rockfall impact. The radial displacement results
show that the rockfall only contacts with the soil in Os and reaches the
deepest point in 0.01s. Meanwhile, the rockfall has moved 152.7 mm
downward. Figs. 4(c)-(f) show the rebound process after the rock-
fall hitting against the deepest point. It is found that the rockfall re-
bounds upward at 0.02s and moves upward by 47.8 mm. Moreover,
the trend is more obvious at 0.05s, where the rockfall moves upward
by 166.2 mm.

A large number of simulations are carried out to analyze the influ-
ence of rockfall masses, velocities and axial distances on the corro-
sion defect. Table 3 lists some of the results of the simulation.
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e)

U, Magnitude
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Fig. 4. Variation of rockfall radial displacement during impact: a) the impact time is 0s, b) the impact time is 0.01s, c) the impact time is 0.02s, d) the impact time

is 0.03s, e) the impact time is 0.04s, f) the impact time is 0.05s

Table 3. Simulation results under different parameters of rockfall

b)

d)

U, Magnitude

%

+1.527e+02
+1.400e+02
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+1.273e+01
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f)

U, Magnitude

%

+4.585e+01
+4.203e+01
+3.821e+01
+3.439%e+01
+3.057e+01
+2.675e+01
+2.293e+01
+1.911e+01
+1.528e+01
+1.146e+01
+7.642e+00
+3.821e+00
+0.000e+00

U, Magnitude

%

+1.662e+02
+1.523e+02
+1.385e+02
+1.246e+02

+6.924e+01
+5.539e+01
+4.155e+01
+2.770e+01
+1.385e+01
+0.000e+00

Rockfall mass (kg) Rockfall velocity (m/s) Axial distance from corrosion defect (mm) Von Mises (MPa)
68.90 10.00 0.00 335.60
68.90 20.00 0.00 354.20
68.90 30.00 0.00 384.70
68.90 10.00 625.00 236.10
68.90 20.00 625.00 289.20
68.90 30.00 625.00 305.30
68.90 10.00 1250.00 227.70
68.90 20.00 1250.00 259.70
68.90 30.00 1250.00 284.60
68.90 10.00 1875.00 233.60
68.90 20.00 1875.00 264.30
68.90 30.00 1875.00 321.50
137.80 10.00 0.00 346.40
137.80 20.00 0.00 549.00
137.80 30.00 0.00 677.50
137.80 10.00 625.00 335.50
137.80 20.00 625.00 538.00
137.80 30.00 625.00 643.00
137.80 10.00 1250.00 323.20
137.80 20.00 1250.00 493.50
137.80 30.00 1250.00 616.20
137.80 10.00 1875.00 313.30
137.80 20.00 1875.00 514.20
137.80 30.00 1875.00 594.80
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Fig. 5. Nephogram of pipeline’s stress under different impact velocities: a) 10m/s, b) 20m/s, ¢) 30m/s

5.3.1. The effect of impact velocity

Fig. 5 shows the von Mises equivalent stress nephogram corre-
sponding to the buried pipeline under the impact velocity from 10m/s
to 30 m/s. The stress nephogram of changing rockfall mass and impact
position is similar to that in Fig. 5. The results show that the pipeline’s
von Mises equivalent stress will increase with the increase of impact
velocity. The reason is that the increase of impact velocity will in-
crease the rockfall’s energy impacting on the soil, which will increase
the deformation of the buried pipeline. Meanwhile, since the strength
of the corrosion defect is low, and the increase of the load will lead to
the transfer of the maximum stress position.
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Fig. 6. The effect of impact velocity variation on von Mises equivalent stress

Fig. 6 indicates the relationship between the von Mises equivalent
stress and the impact velocity under different axial distances. It is
found that for buried pipeline, the von Mises equivalent stress in-
creases with the increase of impact velocity, when the impact position
is from 0 mm to 2500 mm. However, the relationship between the
impact velocity and von Mises equivalent stress is not a simple lin-
ear growth relationship. The impact force increases with the increase
of rockfall velocity, and the pipeline’s peak stress will also increase.
Meanwhile, as the impact position of rockfall will gradually move
away from the corrosion defects, the von Mises equivalent stress will
first decrease when the axial distance is within 0mm-1250 mm, and
then increase when the axial distance is within 1250-2500 mm.

5.3.2. The effect of rockfall mass

Moreover, according to Eq. (1), the impact energy will increase
with the increase of the rockfall’s mass, and it will aggravate the pipe-

line’s deformation and stress concentration. Fig. 7 shows the curves of
the von Mises equivalent stress of the buried pipeline vs. the rockfall’s
mass with different velocities. Obviously, under the same impact ve-
locity, the pipeline’s von Mises equivalent stress will monotonously
increase with rockfall mass. It is found that the larger the impact ve-
locity, the larger the von Mises equivalent stress will be. When the
rockfall mass exceeds a critical value, the peak of the pipeline’s von
Mises equivalent stress will exceed the yield strength, and finally re-
sult in the pipeline’s failure.
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Fig. 7. Von Mises equivalent stress curve (impact position of 1250mm)

5.3.3.The effect of impact positions

Fig. 8 shows the curves of the von Mises equivalent stress under
different impact positions and velocities. It is found that at the same
impact position, the von Mises will increase with the increase of rock-
fall impact velocity. Meanwhile, as the position of the rockfall im-
pact moves gradually away from the pipeline’s defect, the von Mises
equivalent stress will first decrease and then increase. Fig. 9 describes
the relationship between the impact positions and the von Mises
equivalent stress. Actually, it can help to explain the above results.

According to Fig. 9, when the rockfall mass is 68.9 kg and the
impact velocity is 10 m/s, as the impact position of the rockfall moves
gradually away from the defect center, the pipeline’s corresponding
position of von Mises equivalent stress changes greatly. Some conclu-
sions can be gained as follows:

(1) When the impact position is at the defect center (i.e. 0 mm), the
maximum stress will occur at the defect’s edge. As the impact position
increases from Omm to 1250 mm, the maximum stress will gradu-
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ally move to the defect center. With the further increase of the impact
position, the position of the maximum stress will suddenly move to
the impact position. In this study, the impact position that caused the
sudden change of maximum stress position is defined as the critical
impact position. When the rockfall mass is 68.9 kg and the impact
velocity is 10m/s, the critical impact position is around 1250 mm. The
reason is that the effect of the corrosion defects on the pipeline is
weakened gradually, and the effect of the impact on the pipeline stress
is larger than the defect.

(2) When the rockfall’s mass remains unchanged and its velocity
increases from 10 m/s to 30 m/s, the maximum stress is still at the
edge of the defect, with the rockfall impact happening at the defect
center. With the increase of the impact position, the maximum stress
will also move to the impact’s position. As the velocity of the impact
becomes larger, the critical impact position becomes smaller. When
the rockfall’s mass is 137.8 kg, the curves for different velocities are
similar while with smaller critical impact positions.

(3) When the impact energy is less than a certain threshold, and
within the critical impact position, the maximum stress gradually
moves from the defect edge to the defect center. When the impact po-
sition is larger than or equal to the critical impact position, the maxi-
mum stress position will move to the impact area.

According to Figs. 6-9, it is found that the impact mass, velocity,
and the position of the rockfall impact will affect the results of the von
Mises stress. To further evaluate the reliability of the buried pipeline
under the rockfall impact, the relationship among these factors and the
pipeline’s von Mises equivalent stress needs to be investigated.

5.3.4. The effect of corrosion defect

The existence of pipeline corrosion defects will lead to the decrease
of its strength. Therefore, in this section we study the influence of cor-
rosion defect size on the von Mises equivalent stress of the pipeline.
When the impact mass of rockfall is 91.8 kg and the impact position is
Omm, the analysis results are shown as in Fig. 10. Figs. 10 (a) and (b)
show the stress diagrams corresponding to the change of defect length
and width respectively. It can be found that the stress increases with
the increase of defect length, while the increasing speed decreases
gradually. The overall variation range of von Mises equivalent stress
is very small, basically within 25 MPa. Meanwhile, when the impact
velocity increases, the stress will increase accordingly. The change
of corrosion defect width has the same trend. Fig. 10 (c) shows the
effect of the change of defect depth on the stress. It can be seen that
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Fig. 10. The stress diagram of different corrosion defect geometry: a) different
corrosion lengths, b) different corrosion widths, c) different corrosion
depths
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the stress increases with the increase of defect depth, which is almost
linear. When the impact velocity is 30m/s, the overall variation range
of von Mises equivalent stress amplitude reaches 229 MPa. There-
fore, the equivalent stress of the pipeline is greatly affected by the
defect depth.

5.4. Fitting of rockfall parameters

The coupling relationship among the mass, velocity, impact posi-
tion and pipeline’s maximum von Mises equivalent stress are shown
in Fig. 11. From Fig. 11 (a), with the increase of the impact veloc-
ity and impact time, the von Mises equivalent stress continues to in-
crease. The relationship among the rockfall mass, impact time and the
von Mises equivalent stress are shown in Fig. 11 (b), and it has a simi-
lar trend as Fig. 11(a). Meanwhile, the effect of the rockfall impact’s
position on the von Mises equivalent stress is shown in Fig. 11(c).
Obviously, compared with the rockfall mass and impact velocity, the
effect of the rockfall impact’s position on the von Mises equivalent
stress is relatively small. Here, the polynomial function is used to fit
the relationship among the rockfall mass, velocity, impact position,
and the maximum equivalent stress of the pipeline. Moreover, by us-
ing the parameters fitting technique, the results can be quantified to
update the corroded pipeline’s reliability under the rockfall impact.

To better describe the change process of von Mises during impact,
we draw the trend diagrams of stress and rockfall parameters under
different parameters in Fig. 11. Among them, the change slope of von
Mises can be obtained.
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Fig. 11. Variation of the pipeline’s von Mises equivalent stress under differ-
ent parameters: a) Von Mises equivalent stress vs. impact velocity
and impact time, b) Von Mises equivalent stress vs. rockfall mass and
impact time, c) Von Mises equivalent stress vs. impact position and
impact time

Here, R-squared (R?) is used to evaluate the imitative effect of the
fitting function, and it is shown as in Eq. (40) [37]:

2

e

RSN v

whers v, is the ith observation; y is the mean value of observed value;

and y;, is the ith observation of linear regression.

After the impact time is 0.05s, the relationship between von Mises
stress and rockfall mass, impact velocity and impact position is shown
in the Fig.12.

Fig. 12 shows the relationship between rockfall parameters and
stress after impact. Among it, Fig. 12 (a) shows the von Mises stress
relationship corresponding to the change of rockfall mass and veloc-
ity when the impact position is 625 mm; Fig. 12(b) shows the stress
contour map under different masses and velocities. When the velocity
increases from 10 m/s to 30 m/s and the mass increases from 72 kg to
160 kg, the peak stress gradually increases from 100 MPa to 500 MPa.
And the rockfall velocity has a greater impact on the stress. Fig. 12(c)
indicates the relationship among the stress and the rockfall mass and
the impact position when the impact velocity is 10m/s. The corre-
sponding stress contour map is shown in Fig.12(d). As observed from
Fig.12(c) and Fig.12(d), when the rockfall mass increases from 72 kg
to 160 kg and the impact position increases from Omm to 1800 mm,
the peak stress changes from 100 MPa to 300 MPa. As the impact posi-
tion varies from 600 mm to 1800 mm, the stress will decrease first and
then increase. In this process, the stress amplitude changes little. The
stress relation diagram corresponding to different rockfall velocities
and impact positions when the rockfall mass is 68 kg are shown in
Figs.12(e)-(f). When the rockfall velocity increases from 10m/s to
30 m/s and the impact position increases from Omm to 2500 mm, the
peak stress changes from 240 MPa to 380 MPa. The change of peak
stress has a similar trend with that in Fig.12(c)-(d).

Through the analyses in Fig. 12, we find that both the rockfall
mass and impact velocity have a positive correlation with von Mises
stress, while the relationship between impact position and stress is
relatively complicated. In order to better describe the relationship be-
tween these parameters and von Mises stress, artificial neural network
(ANN) model is used in this paper. The rockfall mass, impact velocity
and impact position are taken as input variables and stress as an out-
put variable. The relationship among them is shown in Eq. (41). The
finite element simulation data for selected factors are used to train the
ANN model and the simulation data points are randomly divided into
three sets: (1) 70% for training; (2) 15% for testing; and (3) 15% for
validation. Through running multiple tests with different ANN model
parameters, we find that when the number of input layers is 3, the
number of hidden layers is 10 and the number of output layers is 1, the
prediction accuracy of ANN model is the best. The predicted results
are shown in Fig.13. It can be seen from the Fig.13 that the prediction
accuracy of the ANN model is relatively high (R? is 0.9765). Subse-
quently, the von Mises equivalent stress results of the pipeline under
different parameters can be predicted based on this model:

S:f(m,v,d) (41)

5.5. Reliability analysis of buried corroded pipeline
As mentioned previously, when the rockfall contacts the soil for
the first time, the impact energy is the largest, and the impact force on
the underground pipeline is the largest. When the rockfall impacts the
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Fig. 13. R value corresponding to ANN model

soil again, the impact force on the ground is significantly reduced, and
the kinetic energy after the rebound is far less than that for the first
time. Thus, during the process of the rockfall impact on the buried

pipeline, the rockfall’s first impact has the most significant harm to
the pipeline.

Here, the MCS is applied to evaluate the variation of the buried
corroded pipeline’s failure probability. The distributions for the pipe-
line’s parameters are shown in Table 4 [10]. Combined with the ex-
pected failure LSF of corroded pipeline, we can obtain the buried cor-
roded pipeline’s reliability before the rockfall impact by using MCS.

According to the proposed ANN Model, the von Mises stress can be
predicted for different rockfall parameters. Based on the time-varying
reliability theory, the time-varying failure probability model of cor-
roded pipeline is established by taking the yield strength of pipeline
material as the structural resistance and the equivalent stress caused
by loads as the additional load. After calculating the crossing rate,
the pipeline failure probability after rockfall impact can be obtained
by Eq. (31). Among them, the parameters of crossing rate can be de-
termined by Egs. (34)-(39). The changes of pipeline reliability after
rockfall impact are shown in Figs. 14-16 respectively.

5.6. Sensitivity analysis

In this section, the sensitivity analysis of the rockfall impact veloc-
ity, mass, and impact position on pipeline’s reliability is conducted.
Generally, the greater the impact energy is, and the more prone the
buried pipeline will fail. The selected numerical cases focus mainly on
the extreme cases, and the rockfall’s impact velocity is 30 m/s. The re-
sults for different rockfall masses are compared, as shown in Fig. 14.

Fig. 14 shows the impact analysis results of the rockfall mass on the
pipeline’s reliability. The rockfall’s impact velocity is fixed at 30m/s.
The pipeline’s reliability under different rockfall masses are shown in
Fig. 14(a). Obviously, with the increase of rockfall’s mass, the pipe-
line’s reliability decreases. The reason is that the increase of rockfall’s
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Table 4. Parameters of various pipeline distributions

there exists a sudden change in the 10th year. With the

increase of the rockfall mass, the failure probability of
Parameters Mean value Standard deviation | Distribution type the pipeline increases significantly.
Fig. 15 shows the results of the impact velocity on the
Diameter/mm 813.00 18.00 Normal pipeline’s reliability, where the rockfall mass is 160.7kg.
) Fig. 15(a) shows the real-time change of pipeline’s reli-
Wall thickness/mm 8.00 0.07 Normal ability under different impact speeds. When the velocity
Yield strength/MPa 448.50 28.00 Normal of the impact is small, the pipeline’s reliability remains at
a high level. As the impact velocity increases gradually
Tensile strength/MPa 535.00 36.00 Normal from 10m/s to 30m/s, the reliability declines significant-
ly. The reason is that with the increase of the impact ve-
Internal pressure/MPa 2.00 0.80 Normal locity, the pipeline deformation and the local equivalent
stress will increase, and it is closer to the critical yield
Initial corrosion depth/mm 4.00 0.15 Lognormal strength. When the impact velocity reaches 30m/s, the
pipeline’s reliability will be far lower than the allowable
Initial corrosion length/mm 400.00 2.00 Lognormal reliability. Fig. 15(b) indicates that the impact velocity
can affect the pipeline’s reliability greatly.
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Fig. 14. The effect of different rockfall masses on pipelines reliability:
a) pipeline s reliability, b) pipeline s failure probability

mass will increase the impact’s energy, thus increase the pipe’s defor-
mation and reduce its strength. Furthermore, with the increase of the
rockfall’s mass, the rockfall’s energy impact to the soil is gradually
enhanced, which will significantly reduce the pipeline’s reliability.
Fig. 14(b) shows the impact of rockfall’s mass on the pipeline’s reli-
ability. The rockfall impact happens in the 10th year. And the curve of
m=0 kg indicates that there is no rockfall impact as the reference line.
It can be seen that the rockfall impact has great impact on the buried
pipeline’s reliability. Moreover, compared with no rockfall impact,

Fig. 15. The effect of different impact velocities on pipeline reliability:
a) pipeline s reliability, b) pipeline s failure probability

Fig. 16 shows the results of the impact’s position on pipeline’s reli-
ability. The impact’s position is evaluated as the axial distance from
the center of the corrosion defect. The variation of the pipeline’s re-
liability with different impact positions is shown in Fig. 16(a). The
results show that as the impact position increases from 0 mm and
when it is smaller than the critical impact position (i.e. 1250 mm), the
reliability will increase. However, when the impact position exceeds
1250 mm, the pipeline’s reliability will decrease. Fig. 16(b) shows
the curves of pipeline’s failure probability when the rockfall impact
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Reliability

impact time, and it will result in the increase of the subsequent failure

probability. However, compared with the impact mass and velocity,
1.00 |- the impact’s position has relatively small impact on the pipeline’s reli-
ability.
0.98 |- As a summary, the mass and velocity of the rockfall can signifi-
cantly affect the pipeline’s reliability. Therefore, to evaluate pipeline’s
0.96 - reliability accurately, it is essential to take into account the effect of
the rockfall’s impact.
0.94
—=— O0mm 6. Conclusions
e S Lz In this study, a novel approach is proposed to evaluate the effect
e of rockfall impact on the buried pipeline’s reliability, where the finite
0.90 | —v— 1875mm . . . . S .
e 2500mm element. simulation and tlme-vaqlng reha'blhty theog are 1nFegrated.
The finite elements model of pipeline-soil-rockfall is established by
0.88 |- ABAQUS, and the pipeline’s stress-strain results under the rockfall
Il " 1 L 1 L 1 " 1

impact are analyzed. Moreover, the results are also verified with the
results from theoretical mechanical modeling. It is found that the
Impact time/s length and width of the corrosion defects have little influence on von

0.01 0.02 0.03 0.04 0.05

b) Mises equivalent stress, and the depth of defects has a great influence.
The rockfall’s mass and velocity have relatively large effect on the
Lo pipeline’s dynamic response and failure probability. While the varia-
tion of rockfall impact’s axial distance from the corrosion defect has
08 L a relatively small effect on the pipeline’s reliability. The proposed
method can help to make decisions regarding the pipeline’s integrity
E‘ planning in engineering practice.
= o - Actually, besides the rockfall impact, the buried pipeline’s reli-
8 —=— No impact e . . .
S e Omm ability is a.ffected by various types qf env1r0nmen'tal factors: I.n this
=04l paper, the impacts of rockfall’s velocity, mass and impact position on
E N G2 the pipeline’s reliability are studied. In the future, other factors can
E —v— 1250mm be considered further, including internal pressure, buried depth, etc.
02 D L Moreover, to better evaluate the pipeline’s reliability, we can improve
—<4—2500mm . . . Do . .
the accuracy of finite element simulation by establishing a pipe-soil
00 L geometric model more close to the actual working condition and im-
| | L | | proving the relevant soil parameters.
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