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Design Charts for Pipelinesunder Longitudinal Soil
Loading

Selcuk Toprak, Volkan Helva, A. Cem Koc

Abstract — Buried pipelines are important part of the infrastructure
systems. These pipelines extent long distance anover wide areas where they
may be exposed to several hazards. This study prese design graphs for the
pipelines under longitudinal soil loading, such aslateral spreading due to
liquefaction after an earthquake or landslides. Peiormance of buried pipelines
during this type of loading is affected by many fatrs related to geotechnical
properties of the surrounding soil and physical prperties of pipe itself and its
coating. Also the extent of moving ground and the magnitude of ground
movement are important. Design charts(abaques) arexpected to help engineers
design straight continuous pipelines or analyze pgline performance for
expected longitudinal ground movements without pedrming finite element
analysis or using analytical models.
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1.INTRODUCTION

Buried pipelines can be damaged significantly byimg ground which may
result from lateral spreading due to liquefactiferaan earthquake and land sliding.
In general, pipelines are placed into the soil €lts the ground surface, e.g. 1 m.
Because of the deeper ground water table and/btyga, the pipeline is mostly in
non-liquefiable soil layer. However, if the undenky soil is liquefiable then lateral
spreading can still be expected. This paper dedls pipeline performance under
such condition and especially for the case of liuagnal ground movement. In other
words, pipeline orientation is in the same direttiath the ground movement.

There are different methods to analyze pipelineteutongitudinal soil loading.
For example, reference [1] proposed an analyticadlehbased on the sliding block
model. References [2]and [3] used and verified thiglel with the pipelines and soil
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information from the Balboa Blvd. and the 1994 Moadge earthquake case study.
Another common approach to analyze pipelines ulaegitudinal soil loading is the
finite element method. Reference [4] presented firéte element analysis results for
the same case study from the Balboa Blvd. and 99d Northridge earthquake. They
used DIANA finite element program for theanalysigaur continuous pipelines, two
of which failed and two of them were not damaged.

Performance of buried pipelines during this typdoafding is affected by many
factors related to geotechnical properties of tlerosinding soil and physical
properties of pipe itself and its coating [5]. Alde extent of moving ground and the
magnitude of ground movement are important. In thssudy, design
charts(nomograms, abaques) were produced to hejmemns design pipelines or
analyze pipeline performance for expected longitaground movements without
performing finite element analysis or using anabfti models. Buckingham Pi
Theoremwas used to find the appropriate dimensisrparameterfor the correlations.

2.SOIL-PIPE INTERACTION

The load transfer during the soil movement occwsesult of the frictional
forces between soil and pipeline. Depending onetttent of moving ground and the
magnitude of ground displacement, zero shear eamsinditions in the zone can be
developed. The frictional force per unit length,at the pipe-soil interface and Is
the effective length over which, ficts. The frictional force can be expressed by:

fn = (c + uxXyXxH)XxmxD(1)

where c is the soil cohesion, p is the coefficiehtfriction at the soil-pipe
interface,y is the effective unit weight of soil, H is the dlego centerline of the
pipeline, and D is the outside diameter of pipengsa Ramberg-Osgood model for
the pipe material, the pipe straif,., , can be expressed as follows:

BpLe BpLe)"
e = e 2 (5

1+r

In which n and r areRamberg-Osgood parametersiiteimodulus of elasticity
of pipe steels, is the effective yield stres§, is the pipe burial parameter. For
granular soil (c = 0), the pipe burial paramgigcan be computed by:

R )

in which the frictional coefficient, = k tan ¢, ¢ is the soll friction angle, and k
is a coefficient related to the conditions at theil spipe interface.
Representativevalues of k for various types of rextie pipe coatings are as
follows[6]:Concrete (1.0); Coal Tar (0.9); Rougheé&it (0.8); Smooth Steel (0.7);
Fusion Bonded Epoxy (0.6); Polyethylene (0.6). &istrength performance must be
well defined for use in analytical method. For tidentification most widely used
model is Ramberg and Osgood model [7]. The RamB@mgpod parameters defined
in Equation 2 for various common grades of steelliated in Table 1.
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Table 1.Yield Strengths and Ramberg-Osgood ParameteidifdrSteel and X-
Grade Steels[8]

Grade B X-42 X-52 X-60 X-70
Yield Strength (MPa) 227 310 358 413 517
n 10 15 9 10 5.5
r 100 32 10 12 16.6
3. ANALYSIS

Design chartshave been produced herein for use rgineerswithout
applying finite element or analytical analysis. tésean find the strain practically by
using these design charts if the ground motionarafel to the pipe axis (Figure 1).
Design chartsconsist of dimensionless parametersthis study,Buckingham Pi-
Theorem was used to get dimensionless parametefdj@]Pi-theorem can be stated
as follows. Let some dimension physical quantitesiepend on n dimensional
parametersy,.a, -+ a,,, where k of them have an independent dimensioenThe
functional equation for the quantities

a = f(ay.az - Ay, Agerq -+ ay)(4)

can be reorganized n - k dimensionless equation

T = @175+ T ) (5)

That contain n — k dimensional variables. The fadte expressed as;

aq ap ak (
T, = = — e T, = 6
1 x7 x? Xk n—k xmk n=k ax;cl_k\ )
etlyy

a5 4

a2

allalz--»akk a;ta;?-a,

Dimensional analysis is performed to parametersctiffg shape variations.
Unitsbased on FLT (Force-Length-Time) system o&pwaaters are given in Table 2.

Table 2Physical Parameters used in Dimensional Analysis

Symbol Meaning Unit The Dimension of FLT syste
D Pipe outside diameter mm L
H Depth to center-line of pipeline mm L
y Effective unit weight of soil | N/mr F/L®
t Wall thickness of pipe mm L
o Yield strength N/mrh F/L?
L Length of PGD mm L
E Modulus of elasticity N/mm F/L®

Permanent displacement of
) mm L
ground
Lg The length of pipeline system mm L

Dimensionlesst terms was found by using Dimensional Analysis Teghe
and Buckinghamr Theorem;
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H DXy t E

Mg ™= =g ™S
L Lg 0

=5 =D ™ =D

nterms can be used to have another dimensionlessmpters. Different
operations were tried to get such a parametefi8s parameter is defined as

LHY
Sp = to (8)
Parameter works for steel pipes up to 1000 millenediameter and for
cohesionless ground. Calculations were made fourgtalisplacements) between
0,25 to 4 meters. Results show that strain is emahder 0,25m ground displacement
therefore it was not included in production of graphs. In essence, the design charts
provides conservative value for the ground disptaaets less than 0,25 m.
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Fig. 1 Ground motion parallel to the pipe axis

<t

S, parameter is correlated with strain calculateanfiequation 2 for steel pipe
which has 227 MPa yield strength. Also finite elemanalyses were performed.
Many different combinations of different burial dep wall thickness, ground
conditions, length and size of the ground motiomenesed to develop the correlations
shown in Fig 2.The horizontal axis indicates siaiiereas the vertical axis indicates
S, values. It was noted that strains increases as ftintional coefficient
k tan gincreases. Dots (a pair of, &nd strain)in Fig. 2 correspond to different
frictional coefficients. The lines were obtainedrfr the data points by usind” 6
degree polynomial equation. Values corresponding iritermediate frictional
coefficients can be found by interpolation.
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Fig 2. Design charts for steel pipe witjx 227 MPa
4.RESULTS AND CONCLUSIONS

Thousands of analyses were performed to prepaigrndeBarts for steel pipes
with different yield strengths. Figure 3 and 4 pd®s the charts for yield strengths of
310, 358, 413 and 517 MPa. An example is presebédolv on how to use these
correlations in pipeline design.
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Fig. 3Design charts for steel pipe wih= 310 and 358 MPa
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Fig. 4 Design charts for steel pipe with=413 and 517 MPa
Example

The conditions for the planned pipeline and soihditons are as follows:
diameter of pipe, D = 406 mm, wall thickness ofepip= 7.9 mm, yield strengty, =
358 MPa, Ramberg-Osgood parameters, n = 9, r Fh@th of pipeline system,500
m, ¥ = 19,65kN/ni, soil friction anglep = 35°, burial depth H = 1.5 mand coating
material of pipe is concrete,k= 1. The expectegldementd)of the moving ground
where pipeline is located is: 0,4 m. The predidezdjth (L) of the moving ground is:
250 m and 350 m. The design question is: the strathe pipeline is at acceptable
levels to Eurocode 8 Part 4?

First step is the calculationof $arameter which requiresthe conversionof the
units:L = 250 m, H = 1.5 my = 19.65 kN/m, t = 0.0119 mg = 358000 kN/m

ThenS, = X199 _ 5 605, 5, = XL _ 3 65 The second step is to
0.0079%358000

0.0079%x358000
calculate friction factor to determine the appraf@icurve: k = 1f = 35°,u =1 x
tan 35, u = 0.7. The last step is to read the strain values fioengraphs for the steel
pipe withs, = 358 MPa as shown in Fig. 5. The result is ‘00002 0.217 %’ and
‘0.0239=2.39 %'.
The limits from Eurocode 8 Part 4 are: tensileisttamit: 3%, compressive
strain: limit {Min. 1%; 20t/D (%)}. Accordingly, tB compressive strain limit

is:20 X 0(;(1007: =0.39 %. The results show that the pipe is safe2fasd m ground

displacerhent whereas not safe for 350 m groundatisments. Design parameters
should be changed.
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Fig. 5Pipeline design example for steel witj+358 MPa

The design charts presented herein applicablehirstraight continuous steel
pipelines under longitudinal soil loading. Otheffatient cases such as network of
pipelines as in water/gas distribution system ofudman area, segmented pipelines
and other type of pipe materials are being studied will be presented in future
publications.
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