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ABSTRACT 

The buried pipelines are very vulnerable to damage 

during intense earthquakes with potentially serious adverse 

effect upon the regions that they serve. Therefore, a 

realistic evaluation of stresses induced by seismic exci-

tation at different sections of buried pipeline system is 

important to satisfy the adequacy of its design and to 

perform a seismic risk analysis. The present study deals 

with the analysis of buried pipeline response to random 

ground motion and attempts to find the influence of various 

important parameters on the stresses induced by the ground 

motion. It also investigates the probabilities of occu-

rrence of different damage states in the pipeline due to 

different levels of earthquake intensity. The study 

includes the following. 

A method is proposed for the response analysis of 

strai,zht pipeline to earthquake excitation considered as 

stationary random process characterized by a PSDF and a 

cross spectral density function to account for spatial 

correlation. The soil reaction to dynamic excitation 

along the pipelength is obtained by combining the dynamic 

plane strain solution with the Mindlin's static stresses 

within elastic half space due to uniform load. The pipeline 

is idealized as an assemblage of 2D beam elements. A 

discrete lumped mass model is employed to describe the 

pipe motion. spectral analysis is performed to obtain the 

r.m.s pipe responses in axial direction and in lateral 
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direction separately (independent of each other) assuming 

that the ground motion is either acting along the pipe-

length or perpendicular to it. 

The above procedure is then modified to develop a 

general analysis for determining the stresses at the in-

tersections of the pipelines due to two component earth-

quake incident at an angle w.r.t. a set of global a:-:es. The 

two (horizontal) components of ground motion are assumed 

to be acting in the principal directions (major and mode-

rate) sc, that they may be treated as statistically inde-

pendent. The pipeline system is modelled as two dimens-

ional plane frame in a viscoelastic medium. A lumped mass 

model is used for describing the pipe motion; the equa-

tions of motion are developed by considering the motions 

of pipe along both translational degrees of freedom at 

a node. 

Some of the important outcomes of the parametric 

studies conducted with the help of the above methods of 

analysis show that (i) consideration of cross terms of soil 

stiffness and damping matrices reduces the pipe stresses; 

(ii) for soft soil, the pipe stresses become considerably 

higher than those for the hard soil if the PSDF of ground 

motion is modified for different soil conditions; (iii) 

the distribution and magnitudes of the stresses near the 

pipe ends vary considerably with the pipe end condition, 

where as the stresses in the middle attain stationary 

values for different end conditions if certain minimum 

pipelengths are used in the analysis; (iv) the bending 
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stresses at the pipe intersections are much higher than 

the axial stresses; an opposite phenomenon is observed 

in the middle of a straight segment of pipeline; (v) the 

bending stresses near the pipe intersections are ma znified 

significantly; the magnification and the extent of the 

pipelength over which it anpears depend on the type of 

intersection and the diameter ratio of the intersecting 

pipes; and (vi) the angle of incidence of two component 

earthquake has considerable influence on the pipe stresses. 

Finally, a methodology is described for the seismic 

risk analysis of buried pipeline, in which an analytical 

procedure is developed to estimate the annual probabili-

ties of occurr..,n,-,=,  cf different damage states (damage ind-

ices) for a component segment of the general network 

system of pipelines. The earthquake is considered as a 

stationary Gaussian random process. The PSDF of ground 

acceleration characteriaing the earthquake motion is re-

lated to the earthquake intensities measured in MMI scale. 

The stresses induced in the component pipe segment due to 

each earthquake intensity are determined using the methods 

of analysis described before. The damage index (DI) f..7,1- 

each damage state is obtained by combining a damage pro- 

bability 	(DPM) for the pipe segment with the annual 

probabilities of occurrence of different levels of earth-

quake intensity. The parametric study shows that the 

damage probabilities at the pipe intersections (T and + 

Types) or near the restrained ends (fixed or pinned) 
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are quite high. Also high probability of major damage 

is indicated for the middle of straight pipe segment if it 

is buried in soft soil medium. 



vii 

CONTENTS 

PAGE 
NO. 

CERTIFICATE 	 .. 	i 

ACKNOWLEDGEMENTS 	 II 	ii 

ABSTRACT 	 IR 	
iii 

CONTENTS 	 .. 	vii 

LIST OF FIGURES 	 OS 	xiv 

LIST OF TABLES 	 .. 	xix 

NOTATION 	 .. 	xxi 

CHAPTER-1 	INTRODUCTION  ..  1 

1.1 GENERAL 	 .. 1 

1.2 EARTHQUAKE ANALYSIS OF LURIED 
PIPELINE 	 .. 	4 

1.2.1 Soil-Structure Interaction 	.. 	4 

1.2.2 Modelling of Soil-Pipe 
System 	 .. 	5 

1.9.? Pipe Insulation and Slippage 	. . 	7 

1.9.4 Effect of Pipe Joints 	.. 	7 

1.2.5 Effect of Pipe Junctions 	.. 	8 

1.3 	SEISMIC RISK ANALYSIS 	.. 	8 

1.3.1 Analysis for Reliability of 
Network 	 .. 	9 

1.3.2 Analysis for Expected  Hazard 
Losses 	 .. 	10 

	

1.3.3 Analysis for System Performance.. 	10 

1.4 	NEED FOR THE PRESENT WORK 	.. 	11 

1.5 	SCOPE AND OEJECTIVE OF THE PRESENT 
WORK 	 .. 	12 

1.6 	ORGANISATION OF THE CHAPTERS 	.. 	13 



viii 

CHAPTER-2 	REVIEW OF LITERATURE  ..  17 

2.1 	INTRODUCTORY REMARK 	.. 	17 

2.2 	SOIL-STRUCTURE INTERACTION 	. 	17 

2. 	DESCRIPTION OF EARTHQUAKE INPUT 	• • 	19 

2.4 	PIPELINE RESPONSE TO SEISMIC WAVES 	. 	22 

2.4.1 Deterministic Analysis of 
Pipe Response 	• • 	23 

2.4.2 Important Effects on the 
Pipeline Response 	 .. 	27 

2.4.3 Stresses at Pipeline Junctions 
and Network Effect 	29 

2.4.4 Non-deterministic Analysis of 
Pipe Response 	.. 	30 

2.5 ANALYSIS OF BURIED PIPELINE RESPONSE 
TO FAULT MOVEMENT AND SOIL LIQUE- 
FACTION 	 .. 	31 

2.6 EXPERIMENTAL PLOGRAMMES AND FIELD 
MEASUREMENTS 	 • • 	34 

2.7 QUALITATIVE AND QUANTITATIVE ANALYSES 
OF PIPE DAMAGE 	 .. 	35 

2.7.1 Qualitative Analysis of Damage . 	35 

2.7.2 Quantitative Analysis of Damage.. 	36 

2.3 	SEISMIC RISK ANALYSIS OF BURIED PIPE- 
LINES 	 18 

2.3.1 Seismic Risk 	• • 	38 

2.8.'1  Seismic Risk Analysis 	• • 	39 

CHAPTER-3 	SEISMIC RESPONSE OF STRAIGHT  ..  47 
BURIED PIPELINES 

3.1 	INTRODUCTORY REMARK 	• • 	47 

-, -, MATHEMATICAL MODEL AND ASSUMPTIONS 	49 -).- 	 .. 

3.3 	SEISMIC EXCITATION 	 50 

3.4 	SOIL REACTIONS TO MOTION OF BURIED 
PIPELINE 	 .. 	54' 



3.4.1 	Calculation of Soil Stiffness 
Matrix 

3.4.' 	Evaluation of Soil Damping 
Matrix 

ix 

• • 

56 

59 

3.5 EQUATION OF MOTION • • 61 

0 	- RESPONSE ANALYSIS • • 62 

3.6.1 	Undamped Natural Frequencies 
and Mode Shapes 63 

3.6.° 	Frequency Response Functions • . 63 

3.6.2a 	Modal Analysis 63 

3.6.2b 	Direct Frequency Method.. 63 

3.6.3 	Spectral Analysis of Respons... 69 

'..6.4 	Power Spectral Density Function 
Matrix [Spp] of Loading 70 

Calculation of Root Mean Square 
(r.m.s 	) 	of Response • • 72 

3.7 NUMERICAL STUDY 74 

3.7.1 Effect of Pipe Length • • 75 

3.7.2 Effect of Element Length • • 76 

3.7.3 Comparison of Responses Ob- 
tained by Different Methods 77 

3.7.4 Effect of Number of Modes 
Considered in the Analysis • • 78 

3.7.E,  Effect of Cros 	Terms Trms of Soil 
Stiffness and Damping Matrices .. SO 

3.7.6 Effect of Radius and Wall 
Thickness of the Pipe 34 

3.7.7 Effect of End Conditions on 
the Pipe Stresses • • 84 

3.7.3 Effect of the Parameter C 
(Degree of Correlation) • • 85 

3.8 CONCLUSIONS • • 86 

FIGURES 88 



CHAPTER-4 	SEISMIC STRESSES AT PIPE INTERSECTIONS ..  103 

4.1 	INTRODUCTORY REMARK 	

• 	

103 

4.2 	SEISMIC EXCITATION 	

▪ 	

105 

4.3 MATHEMATICAL MODEL AND ASSUMPTIONS 	

• 	

107 

4.4 	EQUATION OF MOTION FOR PIPELINE SYSTEM .. 	107 

4.5 GENERATION OF SOIL STIFFNESS AND 
DAMPING MATRICES 	

• 	

103 

4.6 	PIPE STIFFNESS MATRIX 	

▪ 	

110 

4.7 	RESPONSE ANALYSIS OF INTERSECTING 
PIPELINES 	

▪ 	

111 

4.8 	NUMERICAL STUDY 	

• 	

116 

4.8.1 Validity of the Proposed Method .. 	116 

4.8.1  Junction Stresses for Different 
Types 0: Intersection 	

• 	

117 

4.8.2a Effect of the Lengths 
of Pipe Branches and 
the Size of Elements on 
the Stresses 
	

117 

4.8.2b Evaluation of Stresses 
Produced at Different 
Types of Intersection 	121 

4.8.3 Effect of Angle of Intersection 
on the Junction Stresses 
	12.3 

4.8.4 Effect of the Ratio of Inter- 
secting Pipe Diameters 	• • 	124 

4.8.5 Effect of Cross Terms of Soil 
Stiffness and Damping Matrices 

	
125 

4.9 CONCLUSIONS 
	

126 

FIGURES 
	

128 

CHAPTER-5 	PARAMETRIC STUDIES ON SEISMIC RESPONSE 
OF BURIED PIPELINES  141 

5.1 	INTRODUCTORY REMARK 	

• 	

141 

5.2 THEORY 	 • 142 



xi 

5.3 	NUMERICAL STUDY 	

• 	

143 

5.3.1 Effect of End Conditions on 
the Pipe Stresses 
	143 

5.3.' Effect of Embedment Depth 
	

146 

5.3.3 Effect of Shear Wave Velocity Vs  
and Associ4ted Spectra of 
Ground Motion 	• • 	146 

5.3.4 Effect of Fluid Inside the Pipe . 

• 	

148 

5.3.5 Effect of Angle of Incidence y 
of Propagating Waves 
	151 

5.4 CONCLUSIONS 
	

153 

FIGURES 
	

157 

CHAPTER-6 	CEPAIC RIM ANALY  OF BURIED 
PIPELINES  170 

6.1 	INTRODUCTORY REMARK 	. . 	170 

6.2 	SEISMIC RISK 	 174 

6.3 	ASSESSMENT or DAMAGE STATES 	.. 	178 

6.4 	SEISMIC RISK ANALYSIS 	. . 	180 

6.4.1 Seismic Excitation 	. . 	180 

6.4.2 Response Analysis 	 . . 	182 

6.4.1 Quantifying the Damage by 
Damage Probability Matrix 
(DPM) 	 . . 	183 

6.4.4 Annual Probabilities of 
Occurrence of Different Damage 
States (Damage Indices) 	

• 	

185 

6.5 NUMERICAL STUDY 	 186 

6.5.1 Damage Probability Matrices 
(DPMs) and Annual Probabilities 
of Occurrence of Different Damage 
State (Damage Indices )for Different 
Sections of the Pipeline 	187 

6.5.2 Effect of Pipe Radius on the 
Damage Index 	

• 	

192 



xii 

6.5.'1 Effect of the Ratio (rr) of 
Intersecting Pipe Diameters on 
the Damage Index 	192 

6.5.4 Effect of Angle of Incidence of 
Earthquake Wave Upon the 
Damage Index 	• • 	193 

6.5.5 Effect of Angle (.) of Inter-
section of Pipes Upon the 
Damage Index 	• • 	193 

6.5.6 Effect of Shear Wave Velocity 
(Soil Type) and Associated 
Ground Spectra on the Damage 
Index 	 194 

6.6 	CONCLUSIONS 	 • • 	194 

FIGURES 	 . 197 

CHAPTER-7  CONCLKIOU AND NUPE OF FUTURE WURL • 105 

7.1 	CONCLUSIONS . 205 

7.2 	SCOPE OF FUTURE WORK .. 210 

APPENDIX-I 	IMPORTANT EXPRESSIONS FOR DESCRIPTION 
OF EARTHQUAKE INPUT 212 

APPENDIX-II 	SIMPLIFIED FORMULAS FOR CALCULATING 
SEISMIC RESPONSE OF BURIED PIPELINES • • 216 

AII.1 	DUE TO GROUND MOTION ASSOCIATED WITH 
WAVE PROPAGATION • • 216 

A.II.1.1 	Neglecting Soil-Pipe 
Interaction • • 216 

A.II.1.2 	Considering Soil-Pipe 
Interaction • • 217 

A.II.2 	DUE TO FAULT MOVEMENT AND SOIL 
LIQUEFACTION • • 221 

APPENDIX-III 	ESTIMATION OF SEISMIC RISK AT 
A SITE • • 223 

AIII.1 	ATTENUATION RELATIONSHIPS . . .,_.) ,,,,, 

A.III.2 SEISMIC RISE AT A SITE . . 226 

A. III. 3 CORRELATION BETWEEN PEAK GROUND 
ACCELERATION AND EATTNQUAFE INTENSITY.. 231 



APPENDI:7_-IV 

AIV.1 

AIV.2 

DYNAMIC SOIL REACTIONS FOR PIPE 
MOTION FOR PLANE STRAIN CASE 

CALCULATION OF COMPLEY STIFFNESS 
OF SOIL IN AXIAL DIRECTION 

CALCULATION OF COMPLEX STIFFNESS 
OF SOIL IN LATERAL DIRECTION 

909 

234 

APPENDIX-V 	CALCULATION OF MODAL DAMPING PATIOS 
OF SOIL USING ENERGY CONSTnERATTON  .  710.3 

REFERENCES 	 241 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14

