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Detailed study of the response of pipelines during seismic excitation can help reduce physical and financial losses
during and after an earthquake. The current research investigated the seismic behavior of pipelines passing through
variations in topography using two-dimensional and three-dimensional modeling. Their behavior has been
modeled at the crest and toe of a slope and during longitudinal passage through the topography. The effects of
the soil stiffness, diameter-to-thickness ratio of the pipeline, height-to-half-width ratio (shape factor), and input
wave characteristics on the performance of the pipeline have been investigated. The results indicate that
topographic effects can increase the strain on pipelines and the factors studied are crucial to accommodating this

Introduction
Buried pipelines are lifeline systems that generally trans-
port sewage, water, oil, and natural gas. The relative dis-
placement between the soil and the pipeline make the
seismic behavior of buried pipelines distinct from most
above-ground structures. A buried pipeline can extend
for a long distance and pass through different types of
soil having different properties; thus, during an earth-
quake, one pipe can experience different types of ground
motion along its length. Major seismic hazards which
can significantly affect a pipeline system include ground
failure (permanent ground deformation) and ground
motion (transient ground deformation). Seismic wave
excitation of the ground can cause buried pipelines to
experience additional stress.

Site effects can strongly affect the seismic response of
a structure. Topographic irregularities are a type of site
effect that can significantly affect the seismic site re-
sponse and the performance of pipelines. The effect of
topography on seismic excitation can result in damage
to structures built on slopes and cause avalanches
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(Athanasopoulos et al. 1999; Hancox et al., 2003; Khazai
and Sitar 2003; Sepulveda et al., 20053, Sepulveda et al.,
2005b) and landslides (Nakileza and Nedala 2020). In
the recent past, numerous seismic motion records and
observed earthquake damage have pointed towards topo-
graphic amplification as an important factor affecting
damage to structures (Davis and West 1973; Griffiths
and Bollinger 1979; Pedersen et al. 1994; Hartzell et al.
1994; Spudich et al. 1996; Chavez-Garcia et al. 1996; Le-
Brun et al. 1999; Caserta et al. 2000; Graizer 2009; Massa
et al., 2010; Marzorati et al. 2011; Buech et al. 2010;
Meslem et al. 2012; Assimari and Jeong, 2013; Hailemi-
kael et al. 2016; Khan et al. 2020). Additionally, a num-
ber of numerical and theoretical studies have
investigated this phenomenon (Boore et al. 1981; Pao-
lucci 2002; Nguyen and Gatmiri 2007; Graizer 2009;
Lovati et al. 2011).

A review of observation records and experimental
studies and their comparison with theoretical and nu-
merical results can be found in Geli et al. (1988) and
Massa et al. (2014). These studies suggest that the
amplification observed to be caused by the topographic
effect reached a value of 10 and that analytical solutions
and numerical methods available for site-specific
problems significantly under-predicted the observed
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amplifications. The results of some recent numerical
studies have estimated even higher values for amplifica-
tion due to the topographic effect (Mitani et al. 2012). In
other cases, the results of numerical research have been
consistent with the observed results (Mayoral et al
2019).

Although a number of studies have been carried out to
model and predict the effect of topography on seismic
amplification, it is still not entirely understood (Rizzitano
et al. 2014; Shabani and Ghanbar, 2020). A few inter-
national seismic building codes have addressed the sub-
ject of topographic amplification; however, this
phenomenon has not been considered in design guide-
lines, attenuation relations, or hazard maps of pipelines.

After the Northridge earthquake in 1994, O’Rourke and
Toprak (1997) investigated the influence of site effects
on buried water pipelines. They analyzed the amount of
pipeline restoration using GIS maps and concluded that
the most severe damage to pipelines occurred on hills.
Isoyama et al. (2000) studied water pipeline systems after
the Kobe earthquake and offered an amplification factor
to accommodate the topographic effect. Kimiyasu and
Tatsuo (2004) evaluated damage to water pipelines after
the Kobe earthquake and concluded that slopes and
pipeline branching had the great effects on the damage
potential to pipelines. Prodromos (2012) and Tromans
(2004) emphasized the importance of the topographic
amplification effect on the behavior of pipelines in seis-
mic events. The current research was undertaken to
study pipeline behavior under seismic excitation when
considering the effect of topography.

Methods

Models used

The model geometry used included double-faced slopes
with pipelines. The surrounding soil medium was devel-
oped using the general-purpose finite element (FE) code
program in ABAQUS (2012). The operation of the pipe-
lines subjected to topographic effects were investigated
by placement of a pipeline at the crest or toe of a slope
or by running the pipeline along a hillside and crest as a
function of topography.

For a pipeline at the crest or toe of a slope, the inter-
action between the soil and the pipeline is an important
factor for which two-dimensional (2D) analysis is suit-
able. When running the pipeline up a hillside or over
crest, in addition to the interaction, the curvature of the
pipeline at the bottom and top of the slope makes deter-
mination of the bending of the pipe an additional factor
for consideration. For this condition, the model should
be three-dimensional (3D).

Because it is difficult for a beam model to analyze
large deformation in pipe cross-sections as well as the
interaction with the surrounding soil, a shell element

Page 2 of 14

was used to model the pipeline system in both the 2D
and 3D models. The FE shell model has been previously
proposed for this purpose (Behnamfar et al. 2013; Datta,
1999; Duhee et al. 2020; Kouretzis et al. 2006; Saberi
et al. 2011, 2015; Takada and Higashi 1992; Oskouei and
Ghaznavi, 2017; Rahimi et al. 2019).

Mitani et al. (2012) emphasized the ability of ABAQUS
to investigate topographic effects on the amplification of
seismic motion. Some building codes (BS EN 2004; The
Iranian Code of Practice for Seismic Resistant Design of
Building 2015) indicate that topographic effects are im-
portant for hills having an elevation of over 30 m. Ac-
cordingly, the height of the slopes was selected to be 50
m.

Material characteristics

In this research, the effect on pipelines of slope instabil-
ity which leads to permanent ground deformation was
not investigated. Therefore, a soil profile was selected
that avoided instability and slippage. The specifications
were based on experiments carried out on tuff and shale
rock in the cities of Sanandaj and Saqqez in Iran. The
main line for Iranian gas transport to Turkey passes
through the Sanandaj-Saqqez axis. The aim of using dif-
ferent specifications was to investigate the effect of
changes in the shear wave velocity on the slope and
pipeline performance.

The soil medium included four types of homogenous
tuff and shale material: R1, R2, R3, and R4. Table 1 pre-
sents the specifications of the soil types. Materials R1 to
R3 were used only for analysis of the effect of the soil on
the amplification of axial strain in the pipe. Mohr—Cou-
lomb models were used for the seismic effects common
to the region and elastic models were used for the infin-
ite boundary elements. The ability of Mohr—Coulomb
models to estimate topographic effects has been con-
firmed by Mitani et al. (2012). To ignore the effect of
impedance on the results, the stiffness of the infinite
parts was set to be the same as for the finite parts.

The pipe was composed of steel and exhibited inelastic
behavior. The yielding condition followed the von Mises
yield criterion for isotropic/kinematic hardening. The pipe
specifications were extracted from American Petroleum
Institute Specification for pipeline (2000) and are summa-
rized in Table 2. When investigating the effect of pipe
stiffness on its seismic performance, diameter-to-thickness
(D/t) values of 40, 50, 99 and 129 were evaluated.

Material damping was of the Rayleigh type and used coeffi-
cients a and P for mass and stiffness-proportional damping,
respectively. These coefficients were computed from the re-
sults of modal analysis to identify the modes making major
contributions. A damping ratio of 3%, formerly adopted by Qi
(2011), was employed to carrying out the slope simulation.
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Table 1 Characteristics of soil medium

Rock type R1 R2 R3 R4
Description shale shale tuff tuff
Cohesion C (kPa) 30 36 31 32
Internal friction angle ¢ (deg.) 27 30 30 32
Modulus of elasticity E (Pa) 1.00E+ 9 2.02E+9 3.156+9 427E+9
Mass density (kg/m?) 2200 2250 2320 2350
Poisson ratio v 0.28 0.28 0.27 0.26
Dilatant angle ¢ (deg.) 2 3 4 4

Shear wave velocity (m/s) 421 592 731 849
Dynamic loading 1 1\ V.

The main characteristics of the strong motions selected 1< <§ to g) fmaxWS 51 (1)

were earthquake magnitude, shear wave velocity of the
soil on which the motion was recorded, and frequency
content. This study determined the time history re-
sponse of the pipes under the effect of topography due
to seismic loading, which required the selection and ap-
plication of suitable ground motions for the model.

For selection of ground motion, the Pacific Earth-
quake Engineering Research Center (n.d) strong motion
database was consulted. Modal analysis had previously
been conducted for each soil category and the range of
frequencies having large mass participation factors was
calculated using linear perturbation analysis. This was
compared to the strong frequency band of the Fourier
amplitude spectrum of each record examined. Table 3
shows the motions chosen for similar soil types having
frequency bands that were sufficiently strong (magni-
tude > 6).

Records from the Northridge (1994) and Chi-Chi (1999)
earthquakes were examined for this purpose. The character-
istics of the selected records are summarized in Table 3. The
spectra of ground motion are shown in Fig. 1. In order to in-
vestigate the dependence of the pipeline and the slope re-
sponse on the incoming wave frequency, a harmonic wave
with a duration of 10 s and amplitude of 0.8 g was applied at
frequencies of 1, 3, 5, 7 and 9 Hz as input waves.

Mesh size

To avoid the filtering out of the high-frequency compo-
nents of the seismic input motion during propagation
and ensure the accuracy of the numerical solution, the
length of the elements of the mesh was selected as:

Table 2 Pipe characteristics

where w and [ are the width and length of the ele-
ments, respectively, in the direction of wave propagation
and f,,,,, is the maximum frequency of the input motion
(Rizzitano et al. 2014). The explicit solution is stable if
the maximal time step size At is smaller than the critical
time step size At™, for which the criterion is:

1
cro_
At = v (2)
Where V is the wave propagation velocity (Li et al.,
2019: Courant et al. 1928: Kuchleme and Lysmer 1973).
The lengths of most elements used in analysis was
0.85 m; however, to study the sensitivity of pipe strain
versus increment time of input motion, harmonic mo-
tion with an amplitude of 0.8 g and frequency of 3 Hz
was applied with a shape factor of 0.7 and diameter-to-
thickness (D/t) ratio of 99. The time increment was set
at 0.2, 1 and 5 times 0.001 (i.e. 0.0002, 0.001 and 0.005
s). The results of analysis of the three models are pre-
sented in Fig. 2 and show that the difference in pipe
strain is about 2%; thus, the time step was selected to be
0.001 s.

Soil-pipeline interaction

A contact surface algorithm was employed to model
the soil-pipeline interface in which sliding and soil-
pipe separation were made possible using the contact
function. This contact capability allows finite sliding
and separation between two surfaces based on the
Coulomb friction criterion. The reduced interface

Pipe type Diameter D (cm)

Thickness (cm)

Burial depth (m) Mass density (kg/m?)

Steel APIX65 101.6 (40 in)
Modulus of elasticity E (Pa)

210E+9 0.30

Poisson ratio (v)

1.03 (0406 in) 15
Yield stress o, (Pa)
4654F +6

7850
Ultimate stress o, (Pa)
5177E+6
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Table 3 Characteristics of ground motions used

Earthquake Station \'A PGA
Chi-Chi CHY080 469 0.902
Northridge Santa-Monica 609 0.883

friction angle between the soil and pipe was set at
0.75 of the internal friction angle of the soil (¢), as
suggested by Yimsiri (2004).

Modeling of far-field soil medium

In order to simulate the far-field effect, infinite elements
were employed instead of the use of absorbing boundary
conditions such as springs and dampers. This approach
overcomes difficulties with the absorbing boundary con-
ditions and requires less memory and computation time.
The nodal points in each infinite element are located on
the interface with the FE region. The nodes pointing to-
ward the infinite direction are positioned far enough
away to enhance the performance of the infinite
elements.
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Fig. 1 Fourier spectra of selected input seismic motions: (a)

Northridge; (b) Chi-Chi
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Fig. 2 Effect of time increment of input motion on maximum
pipe strain

2D model

The bottom and sides of the model were set as infinite
elements to increase the functionality of the model
slope.

3D model

All sides of the model were set as infinite 3D elements.
The bottom of the model continued up to a depth of 40
m and the base was set as seismic bedrock.

3D modeling of far-field pipeline

To produce a realistic estimation of the dynamic response,
it was necessary to model the infinite length of the pipe
away from the toe of the slope. This was possible by ex-
tending a limited length of pipe from the toe to a suitable
boundary condition. In this research, the boundary condi-
tion proposed by Takada et al, 2001 was adopted. They
assumed that lateral deformation of distant portions of the
pipeline will not affect the response of the portion under
study, but that longitudinal friction is important.

Fig. 3 shows the friction force along part OB of the pipe
due to axial force F consisting of static friction OC and
slip friction CB. The relation of F to extension AL is used
to introduce a nonlinear spring at the pipe boundary as:

Friction(N/m)

A Elongation(m)

F

LIl s Lo R, T T -

--------------------- -

" Static Soil Friction Slidina Soil Friction

Fig. 3 Boundary conditions simulating infinite length of pipe (Liu
et al, 20043; Liu et al, 2004b)
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where E is the elastic modulus, A is the pipe cross-
section, f; is the slip friction force on the unit length of
the pipe, Uy is the yield displacement, and o, is the yield
stress on the pipe material.

A number of sensitivity analyses were employed to de-
termine the sufficient and optimized length of the pipe
legs when modeling slopes for SF = 0.7 and rock type R4.
In this context, straight lengths 20D, 40D and 60D were
selected to simulate the shell parts in the elbow
branches. The effect of the shell length on the maximum
axial strain on the pipeline elbows is shown in Fig. 4. It
can be seen that the difference between the axial strains
for the three shell lengths was less than 4%. As a result,
length 40D was considered to optimize the computa-
tional time and provide satisfactory accuracy.

Sensitivity analysis was employed to determine the op-
timal finite part of the model perpendicular to the pipe
axis. According to Wolf (1985), modeling of a soil
medium up to a distance from the center of a pipe that
is equal to four times the diameter will produce an ac-
curate response for pipe-soil system analysis. In the
current study, models with distances of 4, 7.5 and 12
times the diameter from the center of the pipe were
compared and the results are presented in Fig. 5. As
seen, the difference between the strains in the models
was about 5%; thus, the model was extended by FE up to
7.5 times the diameter of the pipe. Examples of the 2D
and 3D models used in the analyses are presented in
Figs. 6 and 7.

0.0009
5 0.00086
-]
wn
&
& 0.00082
0.00078
20D 40D 60D
End of straight part of pipe
Fig. 4 Sensitivity of straight part vs. pipe strain at elbow in 3D
models under Northridge earthquake record (SF = 0.7; rock type
R4; D/t=99)
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Fig. 5 Sensitivity analysis to determine optimal finite part of model
perpendicular to pipe axis under Northridge earthquake (SF=0.7;

rock type R4; D/t =99)

Results

Amplification of input motion and crest/ toe strain ratio
of pipeline due to topography

In this research, topographic amplification is defined as
the peak ground acceleration (PGA) for the crest to toe
of the slope. To investigate the topographic effects on
the amplification of a seismic wave, the hills were mod-
eled in 2D at height-to-half-width for SF values of 0.3,
0.5, 0.7, 0.9 and 1.7 (equivalent to a 60° slope). The rock
type was R4. The results are shown in Figs. 8 and 9 for a
harmonic wave with 0.8 g of amplitude and the Chi-Chi
and Northridge records, respectively.

As seen, as SF increased, the amplification of the seis-
mic wave increased. Maximum amplification occurred
when the frequency of the input motion was 3 to 5Hz,
which is in good agreement with the natural frequency
of the slopes. In this study, the strain ratio denotes the
strain on a pipeline located at the crest of the topog-
raphy to the strain at the toe. To analyze the effect of
slope on pipeline performance, the results of models in
which the pipeline is located at the crest were compared
with those in which the pipeline was located at the toe.
The crest-to-toe ratio of the strain is presented in Fig. 10
for the Chi-Chi and Northridge earthquakes.

As seen, the maximum amplification of seismic accel-
eration was 6.2. When the maximum radial strain ratio
in models for which the pipeline was located at the top

Fig. 6 2D model used for analysis (SF=0.7)
.
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Fig. 7 3D model used for analysis (SF=0.5)

of the slope was compared with the strain of the pipeline
located at the bottom of the slope, the value was 113 for
the Chi-Chi earthquake at D/t = 129. It should be noted
that the D/t of the pipeline, which is directly related to
the stiffness of the pipe section, has an important effect
on the strain ratio of the pipe. By increasing the D/t
from 40 to 129, the maximum strain ratio changed from
63 to 113 at SF=1.7. Another important factor relating
to the strain ratio is the SF of the slope. At SF=0.3, the
strain ratio for models having a pipeline near the top of
the slope was compared with those having pipelines near
the bottom of the slope. This value was about 7; how-
ever, as the SF increased, the strain ratio increased.

Effect of soil characteristics (shear wave velocity) on
seismic response of pipelines at crest

The evaluation criterion from American lifelines alliance
(ALA) (2001) was used to evaluate the performance of
the pipelines against wave propagation.

ALA suggests a critical strain limit of 0.5% in tension
and uses the formula shown in Eq. (4) for compression. In
this research, however, the strain was normalized to the
critical and yield strains (e, and ¢,) for compressive and

w

Amplification

0 02 04 06 08 1 12 14 16 18
SF

Fig. 8 Effect of SF on amplification of seismic input motion

(harmonic motion amplitude = 0.8 g) at various frequencies
(. J

7
6 |
=
25t
8
S 4
g3 7
< s —— ChiChi
1F =t Northridge
0 I L I I I I /! L

0 02 04 06 08 1 12 14 16 18

SF
Fig. 9 Effect of SF on amplification of seismic input motion (Chi-Chi

and Northridge)

tensile strain, respectively. The yield strain was evaluated
using Hook’s law and was calculated to be about 0.002.

avePropagation t D 2
el = 0.75 [0.5 (E) ~0.0025 + 3000 (%) }

(4)
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Fig. 10 Effect of SF on amplification of crest-to-toe strain: (a) Chi-
Chi; (b) Northridge
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The results for the Chi-Chi and Northridge earth-
quakes at D/t =99 for different values of SF is presented
in Fig. 11. The most important seismic parameter, shear
wave velocity, was used to define the stiffness of the ma-
terial. It can be seen that, as the stiffness of the soil
medium increased, the normalized strain increased. This
could be the result of reduced slippage between the
surrounding soil and the pipeline. An increase in
the stiffness of the soil medium increased the rate
of increase in the strain. To evaluate the response
of pipelines to variations in the stiffness of the soil
medium due to harmonic wave motion, a harmonic
motion of 0.8g and period of 0.333s (3 Hz) was
considered. The results are presented in Fig. 12 and
indicate that the rate of increase of the strain in-
creased as the stiffness of the soil medium
increased.

Effect of shape factor SF

Models of rock type R4 at D/t=99 with different SF
values and seismic motions were analyzed to determine
the effect of the SF of the topography on pipeline strain.
The results are presented in Fig. 13 and indicate that an
increase in SF increased the normalized strain on the

_.3.00 —+— Shape Fac’(ox=0.3_,

Q ~—=— Shape Factor=0.5

= 250 | —=— ShapeFactor=0.7

® Shape Factor=).9

'E 2.00 —#— Shape Factor=1.7

g 1.50

§ 1.00

% P S—
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Fig. 12 Maximum strain of pipelines vs. shear wave velocity of soil
medium by SF value
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pipelines. At SF = 1.7, the tensile and compressive strains
of the pipeline exceeded the yield and critical strains for
harmonic motion.

Effect of frequency content of input motion

To investigate the effect of the frequency content of the
input motion on the response of pipelines, harmonic
motion with an amplitude of 0.8 g and duration of 10s
was applied at different frequencies. The rock type was
R4 and D/t=99. The results presented in Fig. 14 indi-
cate that, in all models, the maximum normalized strain
for harmonic motion occurred at a frequency of about 3
Hz. This is in good agreement with the natural fre-
quency of the topography, which was about 3 Hz at SF =
0.3, the natural frequency of the model.

Results of 3D models

The performance of longitudinal pipelines running
through topography was studied to evaluate the effect of
SF and the shear wave velocity of the environment. Be-
cause the pipeline passes through different topographical
features, the need for periodic visits, repairs and inspec-
tions prevented the operating slope from exceeding a
specific level. Therefore, the maximum ratio of the shape
studied in the 3D models was set at 0.7 (35° slope).

Effect of SF on seismic response of pipelines

Figure 15 shows the maximum axial strain ratio versus
D/t at SF values of 0.3, 0.5 and 0.7 at the elbows located
at the crest and toe of the slope for the Chi-Chi and
Northridge input motions. As seen, the rate of change of
the strain ratio at SF = 0.7 was much higher than for the
0.5 and 0.3 ratios, (rock type R4). Figure 16 shows that,
for the R1 material at D/t =99, the amount of strain at
the elbow at the crest of the slope was much higher than
at the toe.

Effect of shear wave velocity (stiffness) on the seismic
response of pipelines

The maximum radial strain of the pipeline was investi-
gated at the toe and crest of the model at SF values of
0.3, 0.5 and 0.7. Figure 17 shows that, as the shear wave
velocity of the environment increased, the axial strain ra-
tio increased to maximum critical strain. However, fol-
lowing the increase in material hardness, this ratio
decreased gradually. This could be the result of a de-
crease in displacement between the pipeline and the sur-
rounding medium and the proximity of the natural
frequency of the structure to the frequency of the input
motion. It should be noted that most strain due to the
topographic effects occurs at the pipe elbows.
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elbows at the crest and toe of the slope: (@) Chi-Chi earthquake; (b)
Northridge earthquake

Discussion

Observation and field studies have revealed that the
magnification of a seismic wave caused by the effect of
topography can, in some cases, reach a value of 10
(Massa et al. 2014). The results obtained in the present
study produced a maximum amplification of about 6.2.
The magnification rate is a function of the dominant fre-
quency of the input wave and its degree of adaptation to
the natural frequency of the topographic impediment. In
such a case, harmonic input waves with frequencies of 3
to 5 Hz obtained the highest magnification and this fre-
quency limit corresponded to the natural vibrational fre-
quency of the slope.

Another important factor affecting the magnification
rate was the shape factor of the impediment. An increase
in SF was found to increase the amplification ratio. The
results of most numerical research have shown that the
maximum amplification ratio in numerical investigations
was 250% (Massa et al. 2014; Lovati et al., 2011); how-
ever, the results of the present study revealed much
greater values that were consistent with the results re-
ported by Mitani et al. (2012).



Elyasi et al. Geoenvironmental Disasters (2021) 8:22

Fig. 16 Maximum axial strain at elbow at crest of slope is higher
than at the toe for Northridge input motion and rock type R1
at SF=0.7

The performance of pipelines subjected to topographic
effects were investigated by placement of the pipeline at
the crest or toe of a slope or by running the pipeline
along a hillside or crest as a function of the shape of the
topography. In the former condition, 2D models were
used. In the latter condition, determination of the strain
of the pipeline at the bottom and top of the slope be-
came an important consideration; thus, the 3D modeling
was used.

Because the goal was to study the topographic effect
on pipelines, the properties of the materials selected
were those that did not cause general instability on the
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slope. Under such conditions, displacement of the slope
itself would be much greater than displacement at the
toe of the slope. In 2D models, however, the maximum
strain on the pipeline at the crest of the topography was
affected simultaneously by the maximum displacement
at the edge of the slope and acceleration magnification.
The vibration and displacement were in the direction of
the cross-section of the pipeline and the strain on this
section primarily coincided with displacement of a slope
exhibiting less stiffness compared to the longitudinal dir-
ection. Thus, the crest-to-toe strain ratio varied from 7
to 113 at SF values of 0.3 to 1.7.

In 3D models (Fig. 15), the maximum strain ratio of
the pipe bend at top of the slope compared to that at
the bottom of the slope was about 10 for Chi-Chi and
12 for Northridge. This corresponds to the maximum
values in the 2D models of 51 and 56, respectively. Be-
cause the pipeline passes through different topographical
features, the need for periodic visits, repairs and inspec-
tions prevented the operating slope from exceeding a
specific level. Therefore, the maximum ratio of the shape
studied in the 3D models was set at 0.7. In fact, under
these conditions, the directions of vibration and dis-
placement ran parallel to the longitudinal axis of the
pipeline and the much greater stiffness in this direction
caused the strain of the pipe to be more in line with ac-
celeration. Therefore, the results were synchronized with
the maximum acceleration amplification.

The elbows are the most critical parts of pipelines
under seismic wave propagation loading. The results of
studies such as those by Saberi et al. (2015) have shown
that strain in pipelines at the bends, regardless of the
topographic effect, can exceed critical values, depending
on the angle of the bend and the type of input wave.

In the present study, limit values selected were based
on American lifelines alliance (ALA) (2001). In the 3D
models, the greatest axial strain occurred at the bends of
the pipes. In fact, the simultaneous effect of horizontal dis-
placement at the slope crest and magnification of the
maximum acceleration at the pipe bend, which is actually
the most vulnerable part, was the cause of this. Although
successive changes in compressive and tensile axial strain
occurred on the slope of the relief, the magnitude com-
pared to strain at the elbows was negligible. Observation
of the topographic effects of past earthquakes has revealed
that the amplification effects were negligible along the
slope of the relief (Massa et al. 2014).

The performance of a pipeline at a bend depended on
a range of parameters, including the diameter-to-
thickness ratio, the characteristics of the frequency con-
tent of the input motion, and the angle of the pipe bend.
In this study, the strain values at the elbows changed
with changes in the type of soil, rock environment, input
motion, SF, and D/t in the 3D models.
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The Iranian Code of Practice for Seismic Resistant De-
sign of Building, suggests 1.1-1.4 for the lower bound of
the topographic effect as a potential geotechnical hazard.
Modern seismic design codes for lifelines, however, have
failed to consider topographic effects as a potential geo-
technical hazard, although they can pass through a wide
range of geotechnical conditions, especially topograph-
ies. For example, the latest version of the loading and
seismic analysis guidelines for Iranian lifelines Code 600
(2012) considers only liquefaction, ground sliding due to

0.001
—o— ChiChi-Top
0.0008 }—#*— ChiChi-Bot
~&— Northridge-Top
g 0.0006 [ Northridze-Bot
5
“ 0.0004
0.0002
0 1 1 1 1
400 500 600 700 800 900
Shear velocity (m's)
0.02 =@ ChiChi-Top
== ChiChi-Bot
~— Northridgs-Top
0.015 | Northridge-Bot
Z
% 001 } /‘\
e | /
A =1 ‘6"/‘
0 i 1 1

400 00 €00 700 200 S00
Shear velocity (m/s)

Fig. 17 Effect of stiffness of soil medium on maximum strain of
pipeline elbows at crest and toe of slope: (a) SF=0.3; (b) SF=0.5;
(c) SF=07

Topographic effects have been incorporated into some
modern building codes. For example, horizontal amplifi-
cation factors of 1.1-1.6 for convex topography have
been suggested in the Seismic Code of China GB50011
(2010) and 1.2-1.4 has been suggested in BS EN (2004).
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(Jafarzadeh et al. 2015)

permanent ground displacement, and fault rupture as
geotechnical threats.

The results of the 2D and 3D models in the present
study indicate that the topographic effect must be incor-
porated into seismic design codes for buried pipelines.
The failure to take topography-related amplification into
account for the seismic design of pipelines could result
in severe damage to pipelines during earthquakes. The
topographic amplification factors presented in building
codes are generally lower than the results of the present
study and experimental observation from past
earthquakes.

Verification

To evaluate the reliability of the model when modeling
the performance of a pipeline, the axial strain-to-yield
strain ratios at the elbow of a pipeline located at the
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bottom of a hill for SF values of 0.3, 0.5 and 0.7 were
compared with the results obtained by Saberi et al.
(2015) at the same D/t ratio and a shear wave velocity
similar to that of the Chi-Chi earthquake. The topo-
graphic effect at the elbow located at the base of the hill
was negligible. The results are presented in Fig. 18.

To validate the reliability of the models used for the
topographic effect, shaking table test results for a phys-
ical slope model on a small scale of 1g were obtained
(Jafarzadeh et al. 2015). The amplification of seismic ac-
celeration at the slopes was used as the reference criter-
ion (Figs. 19 and 20). A corresponding ABAQUS slope
model was built using the same geotechnical parameters
under infinite element boundary conditions (Fig. 21). A
harmonic 6-s motion with an amplitude of 0.3 g was
used as the input motion to insure a similar PGA. The
results indicated that, at the bottom of the slope, the
peak value of acceleration was about 1.3 times higher
than that of the input wave. At the top of the slope at
the crest, the peak value was about 2.6 times higher than
that of the input wave and the waveform was almost the
same as that at the toe. All the results show that this
method is practically acceptable.

Conclusion

Researchers have studied topographic effects in recent
decades as part of site-effect investigations. In the
current study, double-faced slopes were modeled and
the topographic effects were compared with the results
of numerical and field research. Next, the performance
of pipelines running near the crest of a slope and the ef-
fect of topography were investigated using 2D models.
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The strain ratio of a pipeline running near the crest was
compared with that of one running near the toe and
with the amplification factor. Pipelines crossing the slope
were modeled in 3D and their behavior was evaluated.
Specifically, bends in the pipes, as the most critical zones
at the top and bottom of a slope, were compared and
the following results were obtained:

1. The amplification ratio at the crest of a slope was
greater than at the bottom of the slope. This
amplification ratio is a function of the dominant
frequency of the input wave and its degree of
adaptation to the natural frequency of the
topographic impediment, the shape factor (SF), and
the material properties.

2. The maximum amplification of motion was about 6.
The crest-to-toe strain ratio, which is the radial
strain of the pipeline at the crest of the slope to that
at the toe, for 2D models varied from 7 to 113. This
varied according to the SF and the D/t of the pipe-
line as well as other factors and indicates the im-
portance of the topographic effect on pipeline
performance.

3. An increase in soil stiffness (shear wave velocity)
generally increased the strain of the pipeline at the
crest of the slope. This could be due to the decrease
in displacement between the pipeline and the
surrounding medium. For pipelines running along a
slope, the critical maximum strain value on the
pipeline was at the crest.

4. The bends in a pipeline crossing the slope crest
strongly increased the amplification of the axial
strain of the pipeline compared to that at the toe of
the slope.

5. The amplification of input motion and strain on a
pipeline at the crest was dependent on the natural
frequency of the slope. When the significant
frequency of the input motion approached the
natural frequency of the slope, the amplification of
input motion and strain on the pipeline increased.
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