
 

 

NATIONAL TECHNICAL UNIVERSITY OF ATHENS 

School of Civil Engineering 

Institute of Steel Structures  

 

 

 

Optimized Configuration of flexible joints for buried 

pipeline protection against tectonic faulting 

 

 
 

 

 

MSc Thesis 

Moussa Saliba 

 

EMK ME 2025 6 

 

 

Supervisor: Dimitrios Vamvatsikos, Professor NTUA 

Co-supervisor: Vasileios E. Melissianos, Senior Researcher 

 

 

 

 

 

 

 

Athens, June 2025  



 

ΕΘΝΙΚΟ ΜΕΤΣΟΒΙΟ ΠΟΛΥΤΕΧΝΕΙΟ 

Σχολή Πολιτικών Μηχανικών 

Εργαστήριο Μεταλλικών Κατασκευών  

 

 

Βελτιστοποίηση Διάταξης Εύκαμπτων Κόμβων για την 

Προστασία Υπόγειων Αγωγών Έναντι Τεκτονικής 

Διάρρηξης 

 

 
 

 

 

Μεταπτυχιακή Εργασία 

Moussa Saliba 

 

EMK ME 2025 6 

 

 

Επιβλέπων: Δημήτριος Βαμβάτσικος, Καθηγητής ΕΜΠ 

Συν-επιβλέπων: Βασίλειος Ε. Μελισσιανός, Εξωτερικός Συνεργάτης 

 

 

 

 

 

 

 

Αθήνα, Ιούνιος 2025  



 

  



 

 

Copyright © Moussa Saliba, 2025 

Με επιφύλαξη παντός δικαιώματος 

 

Απαγορεύεται η αντιγραφή, αποθήκευση σε αρχείο πληροφοριών, διανομή, αναπαραγωγή, μετάφραση ή 

μετάδοση της παρούσας εργασίας, εξ ολοκλήρου ή τμήματος αυτής, για εμπορικό σκοπό, υπό οποιαδήποτε μορφή 

και με οποιοδήποτε μέσο επικοινωνίας, ηλεκτρονικό ή μηχανικό, χωρίς την προηγούμενη έγγραφη άδεια του 

συγγραφέα. Επιτρέπεται η αναπαραγωγή, αποθήκευση και διανομή για σκοπό μη κερδοσκοπικό, εκπαιδευτικής ή 

ερευνητικής φύσης, υπό την προϋπόθεση να αναφέρεται η πηγή προέλευσης και να διατηρείται το παρόν μήνυμα. 

Ερωτήματα που αφορούν στη χρήση της εργασίας για κερδοσκοπικό σκοπό πρέπει να απευθύνονται προς τον 

συγγραφέα. 

Η έγκριση της διπλωματικής εργασίας από τη Σχολή Πολιτικών Μηχανικών του Εθνικού Μετσόβιου 

Πολυτεχνείου δεν υποδηλώνει αποδοχή των απόψεων του συγγραφέα (Ν. 5343/1932, Άρθρο 202). 

Copyright © Moussa Saliba, 2025 

All Rights Reserved 

 

Neither the whole nor any part of this diploma thesis may be copied, stored in a retrieval system, distributed, 

reproduced, translated, or transmitted for commercial purposes, in any form or by any means now or hereafter 

known, electronic or mechanical, without the written permission from the author. Reproducing, storing and 

distributing this thesis for non-profitable, educational or research purposes is allowed, without prejudice to 

reference to its source and to inclusion of the present text. Any queries in relation to the use of the present thesis 

for commercial purposes must be addressed to its author. 

Approval of this diploma thesis by the School of Civil Engineering of the National Technical University of 

Athens (NTUA) does not constitute in any way an acceptance of the views of the author contained herein by the 

said academic organization (L. 5343/1932, art. 202). 

  



 

 

Moussa Saliba (2025) 

Βελτιστοποίηση Διάταξης Εύκαμπτων Κόμβων για την Προστασία Υπόγειων Αγωγών Έναντι Τεκτονικής 

Διάρρηξης 

Μεταπτυχιακή Εργασία ΕΜΚ ΜΕ 2025 6 

Εργαστήριο Μεταλλικών Κατασκευών, Εθνικό Μετσόβιο Πολυτεχνείο, Αθήνα. 

 

Moussa Saliba (2025) 

MSc Thesis ΕΜΚ ME 2025 6 

Optimized Configuration of flexible joints for buried pipeline protection against tectonic faulting 

Institute of Steel Structures, National Technical University of Athens, Greece 

  



Table of Contents 

List of Figures ...................................................................................................................................................... viii 

List of Tables .......................................................................................................................................................... xi 

Abstract ................................................................................................................................................................ xiii 

Περίληψη ............................................................................................................................................................. xiv 

Acknowledgements ............................................................................................................................................... xv 

1 Introduction ..................................................................................................................................................... 1 

2 Pipe Protection with Flexible Joints ................................................................................................................ 5 

2.1 Overview of protection measures ......................................................................................................... 5 

2.2 Introduction of flexible joint ................................................................................................................ 6 

2.3 Proposed innovative flexible joint ....................................................................................................... 8 

3 Methodology .................................................................................................................................................. 11 

3.1 Pipeline–Fault Crossing Modeling ...................................................................................................... 11 

3.1.1 Flexible joint properties ................................................................................................................. 11 

3.1.2 Numerical modeling ...................................................................................................................... 13 

3.2 Optimization process ......................................................................................................................... 14 

3.2.1 Problem Formulation..................................................................................................................... 14 

3.2.1.1 Objective function .................................................................................................................... 15 

3.2.1.2 Variables ................................................................................................................................... 16 

3.2.1.3 Constraints ................................................................................................................................ 16 

3.2.2 Optimization algorithm ................................................................................................................. 17 

3.2.3 Optimization parameters ............................................................................................................... 18 

3.2.3.1 Input data .................................................................................................................................. 18 

3.2.3.2 Stage 1 – Optimization variables .............................................................................................. 19 

3.2.3.3 Stage 2 – Effect of pipeline–fault crossing angle ..................................................................... 21 

3.2.3.4 Stage 3 – Analysis Time ........................................................................................................... 24 

3.2.3.5 Stage 4 - Effect of population size ............................................................................................ 25 

3.2.3.6 Stage 5 - Effect of fault offset magnitude ................................................................................. 26 

3.2.3.7 Topology Optimization Parameters .......................................................................................... 28 

3.3 Effect of Fault Trace Uncertainty Length........................................................................................... 28 

4 Parametric Investigation................................................................................................................................ 31 

4.1 Reference pipeline ............................................................................................................................. 31 

4.2 Strike-Slip Fault Mechanism ............................................................................................................. 33 

4.3 Normal Fault Mechanism ................................................................................................................... 37 

4.3.1 Fault dip angle 50 degrees ............................................................................................................. 37 

4.3.2 Fault dip angle 60 degrees ............................................................................................................. 41 



 

4.3.3 Fault dip angle 70 degrees ............................................................................................................. 45 

4.3.4 Fault dip angle 80 degrees ............................................................................................................. 49 

4.3.5 Fault dip angle 90 degrees ............................................................................................................. 53 

4.4 Reverse Fault Mechanism .................................................................................................................. 56 

4.4.1 Fault dip angle 50 degrees ............................................................................................................. 56 

4.4.2 Fault dip angle 60 degrees ............................................................................................................. 59 

4.4.3 Fault dip angle 70 degrees ............................................................................................................. 62 

4.4.4 Fault dip angle 80 degrees ............................................................................................................. 65 

4.4.5 Fault dip angle 90 degrees ............................................................................................................. 68 

5 Discussion ..................................................................................................................................................... 71 

6 Conclusions ................................................................................................................................................... 73 

7 References ..................................................................................................................................................... 75 

 

  



List of Figures 

Figure 1-1: Pipeline deformation caused by (a): normal; (b) reverse; and (c) strike-slip fault rupture [adopted 

from Melissianos (2022)] ........................................................................................................................................ 2 
Figure 1-2: Wrinkling of 2.2 m diameter steel water pipe at a fault crossing in Kullar, Ismit (Türkiye) after the 

1999 Kocaeli Earthquake (Uckan et al., 2015) ....................................................................................................... 3 
Figure 1-3: Upheaval buckling of onshore buried steel pipeline due to faulting (Yun & Kyriakides, 1990) .......... 3 
Figure 1-4: Pipe cross-section ovalization due to external loading (AISI, 2007).................................................... 3 
Figure 1-5: Schematic illustration of the introduction of flexible joints in a pipe................................................... 4 
Figure 2-1: Pipe-fault crossing measures for the reduction of soil-induced friction: (A) pipeline rapping with 

friction-reducing geotextile (Gantes & Bouckovalas, 2013), (B) pipe placement within concrete culverts, and (C) 

trench enlargement. ................................................................................................................................................. 5 
Figure 2-2: Pipe structural strengthening measures, (A) wall thickness increase, (B) steel upgrade (Gantes & 

Melissianos, 2016) .................................................................................................................................................. 6 
Figure 2-3: Proposed flexible joint: (a) 3D schematic illustration and (b) details .................................................. 8 
Figure 2-4: Movement capabilities of the proposed flexible joint: (a) axial displacement and (b) rotation ........... 9 
Figure 3-1: Axial stiffness extrapolation up to 80 bar pressure [bullets indicate the values of commercially 

available single joints; the dotted line shows the linear regression model] ............................................................ 11 
Figure 3-2: Axial elongation extrapolation up to 80 bar pressure [bullets indicate the values of commercially 

available single joints; the dotted line shows the linear regression model] ........................................................... 12 
Figure 3-3: Rotational stiffness extrapolation up to 80bar pressure [bullets indicate the values of commercially 

available hinged joints (bellows); the dotted line shows the linear regression model] ......................................... 12 
Figure 3-4: Allowable joint rotation extrapolation up to 80bar pressure [bullets indicate the values of 

commercially available hinged joints (bellows); the dotted line shows the linear regression model]................... 12 
Figure 3-5:  Developed pipe-fault crossing numerical model ............................................................................... 14 
Figure 3-6:  Schematic illustration of the topology optimization process ............................................................. 18 
Figure 3-7: Strike-Slip fault – Optimization results regarding the number of joints for increasing pipeline–fault 

crossing angle ........................................................................................................................................................ 22 
Figure 3-8: Strike-Slip fault – Optimization results regarding the distance between two joints for increasing 

pipeline–fault crossing angle................................................................................................................................. 22 
Figure 3-9: Strike-Slip fault – Optimization results regarding the joint stiffness for increasing pipeline–fault 

crossing angle ........................................................................................................................................................ 23 
Figure 3-10: Strike-Slip fault – Optimization results regarding the joint axial displacement and rotation for 

increasing pipeline–fault crossing angle ............................................................................................................... 23 
Figure 3-11: Strike-Slip fault – Optimization results regarding pipeline strains for increasing pipeline–fault 

crossing angle ........................................................................................................................................................ 23 
Figure 4-1: Strike-Slip fault – Optimization results regarding the total number of joints for increasing pipeline–

fault crossing angle ............................................................................................................................................... 35 
Figure 4-2: Strike-Slip fault – Optimization results regarding the joint stiffness for increasing pipeline–fault 

crossing angle ........................................................................................................................................................ 35 
Figure 4-3: Strike-Slip fault – Optimization results regarding the joint axial displacement and rotation for 

increasing pipeline–fault crossing angle ............................................................................................................... 35 
Figure 4-4: Strike-Slip fault – Optimization results regarding pipeline strains for increasing pipeline–fault 

crossing angle ........................................................................................................................................................ 36 



 

Figure 4-5: Strike-Slip fault – Comparison of pipeline strains between the reference (unprotected) pipe and the 

pipe with optimized configuration of joints for increasing pipeline–fault crossing angle. ................................... 36 
Figure 4-6: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 39 
Figure 4-7: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 39 
Figure 4-8: Normal fault with dip angle 𝜓 = 50 degrees: Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 39 
Figure 4-9: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 40 
Figure 4-10: Normal fault with dip angle 𝜓 = 50 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing 

angle ...................................................................................................................................................................... 40 
Figure 4-11: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 42 
Figure 4-12: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 42 
Figure 4-13: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 43 
Figure 4-14: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 43 
Figure 4-15: Normal fault with dip angle 𝜓 = 60 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing 

angle ...................................................................................................................................................................... 44 
Figure 4-16: Normal fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 46 
Figure 4-17: Normal fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 46 
Figure 4-18: Fault dip angle 𝜓 = 70 degrees – Optimization results regarding the joint axial displacement and 

rotation for increasing pipeline–fault crossing angle ............................................................................................ 47 
Figure 4-19: Fault dip angle 𝜓 = 70 degrees – Optimization results regarding pipeline strains for increasing 

pipeline–fault crossing angle................................................................................................................................. 47 
Figure 4-20: Normal fault with dip angle 𝜓 = 70 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing 

angle ...................................................................................................................................................................... 48 
Figure 4-21: Normal fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 50 
Figure 4-22: Normal fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 50 
Figure 4-23: Fault dip angle 𝜓 = 80  degrees – Optimization results regarding the joint deformation for 

increasing pipeline–fault crossing angle ............................................................................................................... 51 
Figure 4-24: Fault dip angle 𝜓 = 80 degrees – Optimization results regarding pipeline strains for increasing 

pipeline–fault crossing angle................................................................................................................................. 51 



Figure 4-25: Normal fault with dip angle 𝜓 = 80 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing 

angle ...................................................................................................................................................................... 52 
Figure 4-26: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 54 
Figure 4-27: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 54 
Figure 4-28: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 55 
Figure 4-29: Normal fault dip angle 𝜓 = 90 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 55 
Figure 4-30: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 57 
Figure 4-31: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 57 
Figure 4-32: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 58 
Figure 4-33: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 58 
Figure 4-34: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 60 
Figure 4-35: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 60 
Figure 4-36: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 61 
Figure 4-37: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 61 
Figure 4-38: Reverse fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle ................................................................................................ 63 
Figure 4-39: Reverse fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the joint stiffnesses 

for increasing pipeline–fault crossing angle .......................................................................................................... 63 
Figure 4-40: Reverse fault dip angle 𝜓 = 70 degrees– Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 64 
Figure 4-41: Reverse Fault dip angle 𝜓 = 70 degrees– Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 64 
Figure 4-42: Reverse fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the Total Number of 

Joints for increasing pipeline–fault crossing angle ............................................................................................... 66 
Figure 4-43: Reverse fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 66 
Figure 4-44: Reverse fault dip angle 𝜓 = 80 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 66 
Figure 4-45: Reverse Fault dip angle 𝜓 = 80 degrees– Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 67 
Figure 4-46: Reverse fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the total number of 

Joints for increasing pipeline–fault crossing angle ............................................................................................... 69 



 

Figure 4-47: Reverse fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle ............................................................................................................... 69 
Figure 4-48: Reverse fault dip angle 𝜓 = 90 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle ................................................................ 69 
Figure 4-49: Reverse Fault dip angle 𝜓 = 90 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle ............................................................................................................... 70 
Figure 5-1: Number of joints for the feasible optimization results for the reverse fault mechanism for all dip 

angles and pipeline-fault crossing angles .............................................................................................................. 72 

List of Tables 

Table 2-1: Mechanical properties of the proposed bellow-type flexible joint ......................................................... 8 
Table 3-1: Joint mechanical properties for 80 bar internal pressure ...................................................................... 13 
Table 3-2: Investigation of optimization parameters: input variables ................................................................... 19 
Table 3-3: Investigation of optimization parameters: constraints ......................................................................... 19 
Table 3-4: Analysis parameters per test in Stage 1 ................................................................................................ 20 
Table 3-5: Initial population per test ID in Stage 1 ............................................................................................... 20 
Table 3-6: Optimization results per test ID in Stage 1 .......................................................................................... 21 
Table 3-7: Comparison of results for analysis time =12 hours and analysis with no time limit ............................ 24 
Table 3-8: Comparison of iteration efforts for analysis time =12 hours and analysis with no time limit .............. 25 
Table 3-9: Comparison of results for each crossing angle..................................................................................... 26 
Table 3-10: Result comparison for increasing fault offset magnitude ................................................................... 27 
Table 3-11: Result comparison of fault uncertainty length constraint ................................................................... 29 
Table 4-1 : Numerical results for the reference pipeline (RP) under different fault mechanisms ......................... 31 
Table 4-2: Strike-slip fault mechanism optimization results ................................................................................. 34 
Table 4-3: Results for normal fault mechanism with dip angle 𝜓 = 50 degrees .................................................. 38 
Table 4-4: Results for normal fault mechanism with dip angle 𝜓 = 60 degrees .................................................. 41 
Table 4-5: Results for normal fault mechanism with dip angle 𝜓 = 70 degrees .................................................. 45 
Table 4-6: Results for normal fault mechanism with dip angle 𝜓 = 80 degrees .................................................. 49 
Table 4-7: Results for normal fault mechanism with dip angle 𝜓 = 90 degrees .................................................. 53 
Table 4-8: Results for reverse fault mechanism with dip angle 𝜓 = 50 degrees .................................................. 56 
Table 4-9: Comparison between strains of the reference (unprotected) pipe and pipe with optimized 

configuration of flexible joints for crossing angles 80 and 90 degrees [fault dip angle 𝜓 = 50 degrees] ............ 58 
Table 4-10: Results for reverse fault mechanism with dip angle 𝜓 =  60 degrees .............................................. 59 
Table 4-11: Comparison between strains of the reference (unprotected) pipe and pipe with optimized 

configuration of flexible joints for crossing angles 70, 80 and 90 degrees [fault dip angle 𝜓 = 60 degrees] ...... 61 
Table 4-12: Results for reverse fault mechanism with dip angle 𝜓 = 70 degrees ................................................ 62 
Table 4-13: Comparison between strains of the reference (unprotected) pipe and pipe with optimized 

configuration of flexible joints for crossing angles 50, 60, 70, 80 and 90 degrees [fault dip angle 𝜓 = 70 

degrees] ................................................................................................................................................................. 64 
Table 4-14: Results for reverse fault mechanism with dip angle ψ = 80 degrees .................................................. 65 
Table 4-15: Comparison between strains of the reference (unprotected) pipe and pipe with optimized 

configuration of flexible joints for all crossing angles [fault dip angle 𝜓 = 80 degrees] ..................................... 67 



Table 4-16: Results for reverse fault mechanism with dip angle ψ = 90 degrees .................................................. 68 
Table 5-1: Combinations of fault dip angle and fault-pipeline crossing angle that topology optimization was 

found ..................................................................................................................................................................... 72 
 

 



 

Optimized Configuration of flexible joints for buried pipeline protection against tectonic faulting 

 

 

NATIONAL TECHNICAL UNIVERSITY OF ATHENS 

School of Civil Engineering 

Institute of Steel Structures  

 

MSc Thesis 

Moussa Saliba 

EMK ME 2025 6 

 

Optimized Configuration of flexible joints for buried pipeline protection against tectonic 

faulting 

 

Supervisor: Dimitrios Vamvatsikos, Professor NTUA 

Co-supervisor: Vasileios E. Melissianos, Senior Researcher 

Abstract 

Onshore buried steel pipelines are a critical infrastructure and an integral part of the oil and gas industry, playing 

a vital role in the economy and society. The protection of pipelines against earthquake-induced damage is important 

to avoid the potentially devastating consequences of pipeline failure, such as injuries, environmental pollution, 

downtime, and monetary losses. Protecting transmission fuel pipelines remains a hot topic for researchers and 

pipeline engineers. Fault movement has been identified as the most damaging earthquake-induced permanent 

ground displacement imposed on pipelines. The pipeline protection in such case requires the application of 

appropriate measures that aim at reducing the developed compressive and tensile strains in order for the latter to 

remain below the code-based capacity thresholds, while ensuring the operability of the pipeline. The introduction 

of flexible joints in the pipeline has been found to be promising in reducing developed strains. Flexible joints “act” 

as internal hinges, and consequently, pipe deformation is concentrated at these points, because the rotational 

stiffness of the joint is very small compared to the flexural one of the pipe segments, rendering the steel segments 

virtually undeformed. This study investigates the optimized topology configuration of innovative hybrid flexible 

joints, which have biangular and bi-axial movement capabilities. The proposed joint aims to protect buried 

pipelines subjected to large fault movement, while maintaining its operability. The optimization objective is to 

minimize the cost of the protection measure by minimizing the number of joints and maximizing the distance 

between adjacent joints, as well as the joints’ mechanical properties. To accomplish that, a genetic optimization 

algorithm is employed. The pipeline–fault crossing is numerically analyzed to identify the optimized topology for 

different fault mechanisms, namely strike-slip, normal, and reverse, with varying pipeline – fault crossing angles. 

The results confirm that the hybrid flexible joint reduces the developed strains. This study provides a foundation 

for the practical implementation of flexible joints, motivates manufacturers to commercialize the featured joint, 

and offers some practical design guidelines. 
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Περίληψη 

Οι χερσαίοι υπόγειοι χαλύβδινοι αγωγοί αποτελούν κρίσιμη υποδομή και αναπόσπαστο μέρος της βιομηχανίας 

πετρελαίου και φυσικού αερίου, διαδραματίζοντας ζωτικό ρόλο στην οικονομία και την κοινωνία. Η προστασία 

των αγωγών από σεισμικά προκαλούμενες βλάβες συνιστά αδήριτη ανάγκη για την αποφυγή δυνητικά 

καταστροφικών συνεπειών λόγω αστοχίας, όπως τραυματισμοί και ανθρώπινες απώλειες, περιβαλλοντική 

ρύπανση, διακοπή λειτουργίας και χρηματικές απώλειες. Η προστασία των αγωγών παραμένει ένα ζήτημα ύψιστη 

προτεραιότητας για τους ερευνητικές και μελετητές αγωγών. Η τεκτονική διάρρηξη έχει αναγνωριστεί ως η πιο 

επιζήμια σεισμικά προκαλούμενη μόνιμη εδαφική μετακίνηση που επιβάλλεται στους αγωγού. Η προστασία του 

αγωγού σε αυτήν την περίπτωση απαιτεί την εφαρμογή κατάλληλων μέτρων που στοχεύουν στη μείωση των 

αναπτυσσόμενων θλιπτικών και εφελκυστικών παραμορφώσεων ώστε αυτές να παραμείνουν χαμηλότερα από τα 

κανονιστικά οριζόμενα όρια, διασφαλίζοντας έτσι την ασφάλεια και λειτουργικότητα του αγωγού. Η εισαγωγή 

εύκαμπτων κόμβων στον αγωγό έχει αποδειχθεί πως αποτελεί μια πολλά υποσχόμενη λύση για τη μείωση των 

αναπτυσσόμενων παραμορφώσεων. Οι κόμβοι «δρουν» ως εσωτερικές αρθρώσεις και κατά συνέπεια, η 

παραμόρφωση του αγωγού συγκεντρώνεται σε αυτές τις θέσεις, επειδή η στροφική δυσκαμψία του κόμβου είναι 

πολύ μικρή συγκριτικά με την καμπτική δυσκαμψία των τμημάτων του αγωγού. Η εισαγωγή των κόμβων 

μετατρέπει το συνεχές στατικό σύστημα του αγωγού σε έναν υβριδικό τμηματικό αγωγό, καθώς η επιβαλλόμενη 

μετακίνηση λόγω της τεκτονικής διάρρηξης «απορροφάται» από τους κόμβους που περιστρέφονται, αφήνοντας 

τα χαλύβδινα τμήμα του αγωγού σχεδόν απαραμόρφωτα. Στο πλαίσιο της εργασίας διερευνάται η βελτιστοποίηση 

της τοπολογίας των εύκαμπτων κόμβων που έχουν δυνατότητα αξονικής μετακίνησης και διαξονικής στροφής. Ο 

προτεινόμενος εύκαμπτος κόμβος στοχεύει στην προστασία του αγωγού έναντι τεκτονικής διάρρηξης μεγάλου 

μεγέθους, διατηρώντας παράλληλα τη λειτουργικότητα του. Ο στόχος της βελτιστοποίησης είναι να 

ελαχιστοποιηθεί το κόστος του μέτρου προστασίας μέσω ελαχιστοποίησης του πλήθους των κόμβων και 

μεγιστοποίησης της μεταξύ τους απόστασης, καθώς και ελαχιστοποίησης των απαιτούμενων μηχανικών ιδιοτήτων 

των κόμβων. Για να επιτευχθεί αυτό χρησιμοποιείται ένας γενετικός αλγόριθμος βελτιστοποίησης. Η 

διασταύρωση αγωγού-ρήγματος αναλύεται αριθμητικό για τον προσδιορισμός τη βελτιστοποιημένης τοπολογίας 

για διαφορετικούς τύπους ρηγμάτων και διάφορες γωνίες διασταύρωσης αγωγού-ρήγματος. Τα αποτελέσματα 

επιβεβαιώνουν ότι ο προτεινόμενος υβριδικός κόμβος συμβάλει σημαντικά στη μείωση των αναπτυσσομένων 

παραμορφώσεων. Τέλος, η εργασία παρέχει τη βάση για την πρακτική εφαρμογή των κόμβων, δίνοντας το κίνητρο 

στους κατασκευαστές να βιομηχανοποιήσουν τον προτεινόμενο κόμβο και παράλληλα παρέχει ορισμένες 

πρακτικές οδηγίες σχεδιασμού. 
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1 Introduction 

Steel pipelines have been proven over a century as the safest and most economical way for oil and gas 

transportation, connecting oil and gas rigs, process and storage facilities, and customers. Transmission pipelines 

are typically buried a couple of meters below the ground surface to protect against external factors, such as human-

induced damage, accidents, vandalism, and natural hazards, such as extreme weather, fires, etc. However, buried 

pipelines are vulnerable to earthquake-induced failures. The seismic hazard affecting buried pipelines is 

categorized into Transient Ground Displacement (TGD), which is related to seismic wave propagation, and 

Permanent Ground Displacements (PGD) (O’ROURKE, 2010). The ground deformation due to wave propagation 

is relatively smaller than PGDs and generally affects large parts of the piping network. On the other hand, PGD 

are more localized and have been found to be more destructive (Nair et al., 2018; O’Rourke & Liu, 2012). 

Geohazards in the form of earthquake-induced PGDs are ground settlement, lateral spreading, liquefaction, and 

tectonic faulting. The latter is generally the rarest event but still the most destructive among PGDs. In contrast to 

ordinary structures, such as buildings, bridges, etc., where seismic action affects the foundation and the 

superstructure is excited due to its inertia; buried pipelines are surrounded by soil and therefore forced to follow 

the movement of the soil.  

Tectonic fault rupture is the relative movement between two blocks of the earth's crust referred to as fault 

movement. The two blocks are denoted as the hanging wall for the moving block and footwall for the stationary 

one. The rupture surface is usually assumed to be planar for the sake of pipeline–fault crossing analysis; however 

a single planar fault can be hardly found in nature. Depending on the relative movement of the two blocks, the 

faults are categorized in general categories as normal, reverse, or strike-slip. The fault offset magnitude can reach 

up to 10 m (Uckan et al., 2024), while the estimation of the expected fault offset is based on geological and 

seismological surveys carried out for the fault under investigation. In practice, empirical relations are employed 

for the estimation of the fault offset, while efforts by (Melissianos et al., 2023, 2024; Melissianos, Vamvatsikos, 

et al., 2017b, 2017a) highlighted the probabilistic point of view to account for the actual hazard of the fault rupture. 

The fault mechanism dominates the pipeline's mechanical behavior. In cases of normal and reverse faulting, the 

pipeline is mainly tensioned and compressed, respectively, while in case of strike-slip faulting, the pipeline is 

mainly bent (Figure 1-1). 
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Figure 1-1: Pipeline deformation caused by (a): normal; (b) reverse; and (c) strike-slip fault rupture [adopted from 

Melissianos (2022)] 

The focus of this study is buried large-diameter transmission pipelines subjected to tectonic faulting. Transmission 

pipelines are typically referred to as energy highways, with a diameter that ranges usually from 101.6mm (4 in) to 

1219.2 mm (48 in) and are pressurized up to 70 bars or more (Canadian Energy Pipeline Association 2016). The 

failure of a transmission pipeline could result in severe leakage, fire, or even explosion, causing pollution of the 

surroundings due to spillages that could harm the life of animals and humans (toxic gas, liquids). In addition, 

failure of an essential lifeline, such as transmission pipelines, after an earthquake event can disrupt the essential 

services required for emergency response and cause catastrophic damages not related to the seismic activity (Nair 

et al., 2018). Furthermore, a potential pipeline failure will cause a cease of operations (downtime), repair of the 

damaged sections, and reassess the integrity of the remaining parts, which leads to monetary losses and delays in 

the recovery of a city after a major event. It is thus mandatory to implement appropriate seismic countermeasures 

in the pipeline in fault-crossing areas in order to minimize the consequences of faulting and improve its resilience.  

The required mitigation techniques consist of adopting appropriate protection measures. The current engineering 

practice in line with the code recommendations for the design of buried pipelines suggests the use of a combination 

of protection measures to reduce the strains developed in the pipeline. The selection of a particular approach 

depends on the location of the pipeline, the expected failure mode, the potential of collateral damage, risk 

acceptance philosophy, and estimated mitigation costs (Melissianos, 2022). In addition, the guidelines recommend 

the selection of pipeline alignment at a fault crossing in a manner that the pipe shall be subjected to tension plus 

bending, and that is because the pipe is prone to local buckling due to compression.   

The main failure modes of a continuous pipeline subjected to PGD are tensile fracture, buckling, either local  

Figure 1-2 or global Figure 1-3, and cross-section ovalization Figure 1-4. Moreover, a potential failure mode is 

welding failure which is relevant for relatively old pipes that were poorly constructed with mainly oxy-acetylene 

welds. Still, due to the advancement of construction procedures, quality, and safety checks, this failure mode is 

rather rare in modern pipelines. Another weak part of pipelines are the bends, where the development of significant 

stresses and strains could cause failure or rupture. 
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Figure 1-2: Wrinkling of 2.2 m diameter steel water pipe at a fault crossing in Kullar, Ismit (Türkiye) after the 

1999 Kocaeli Earthquake (Uckan et al., 2015) 

 

Figure 1-3: Upheaval buckling of onshore buried steel pipeline due to faulting (Yun & Kyriakides, 1990) 

 

Figure 1-4: Pipe cross-section ovalization due to external loading (AISI, 2007) 

To protect the pipeline against the consequences of faulting, several alternative seismic countermeasures have been 

applied in practice or proposed and studied by researchers. Such conventional measures include the increase of 

wall thickness, the widening of the pipe trench, the use of different backfill materials to reduce pipe-soil friction, 

and the use of sacrificial culverts. A very promising measure that has not been yet applied in practice is the 

integration in the pipeline of flexible joints in the fault vicinity to transform the continuous pipe into a hybrid 

segmented one Figure 1-5, where the flexible joints act as internal hinges (Melissianos et al., 2016a). When the 

pipe is deformed due to tectonic faulting, the flexible joints will deform, essentially rotate, and render the pipe 

segments virtually undeformed and consequently unstrained. The flexible joints also are an economically sound 

choice, as the commercially available joints meet some of the design criteria of the buried pressured pipes and they 

do not require any special construction consideration as they can be welded between pipe segments, ensuring the 

continuity of the pipe.  
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Figure 1-5: Schematic illustration of the introduction of flexible joints in a pipe 

Additionally, engineers have a responsibility to design structures that can endure the various loads encountered 

within its service life, with the least cost possible. With the advancement of structural optimizations, numerical 

optimization algorithms have been developed to meet the demands of design optimization, resulting in an 

economic design satisfying the safety criteria (Lagaros, 2014). 

The objective of the thesis is to further elaborate on the flexible joints as seismic countermeasures. In more detail, 

at first, a new hybrid joint is proposed based on the hinged bellow type joint that allows both biangular rotation 

and a limited amount of axial displacement. Then, a structural optimization formulation is developed to investigate 

the optimal topology of flexible joints to minimize the cost. The optimization variables are the number of joints, 

the distance between two adjacent joints, and the joint’s mechanical properties. Genetic algorithms are employed 

to derive the optimal topology configuration. The pipeline is analyzed by employing the beam-type finite element 

model, where the pipe is discretized into beam-type elements, and the surrounding soil is represented by nonlinear 

translational springs. Parametric analyses are performed with respect to the critical parameters affecting the 

efficiency of joints, namely fault mechanism type and pipeline–fault crossing geometry. Finally, based on the 

findings of the investigation, some practical guidelines are presented for the design of pipelines with flexible joints 

at fault crossings. 
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2 Pipe Protection with Flexible Joints 

2.1 Overview of protection measures 

The protection measures aim to minimize the pipeline strains developed due to the excessive deformation of the 

structure. The selection of the appropriate measure depends on a blend of life-cycle cost analysis, engineering 

judgment, stakeholder requirements, regulatory provisions (Keaton & Honegger, 2008). Several alternative 

approaches can be divided into three categories(Gantes & Melissianos, 2016; Melissianos, 2022): 

Reducing the friction of the pipe with its surrounding soil: This can be achieved by backfilling the trench with 

loose granular soil, wrapping the pipeline with geotextile, using of “sacrificial” box culvert Figure 2-1, using of 

geocell and geogrids or expanded polystyrene geofoam instead of soil for trench backfilling. 

 

Figure 2-1: Pipe-fault crossing measures for the reduction of soil-induced friction: (A) pipeline rapping with 

friction-reducing geotextile (Gantes & Bouckovalas, 2013), (B) pipe placement within concrete culverts, and (C) 

trench enlargement. 
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Strengthening the pipe structure itself: This can be achieved by increasing the pipe wall thickness (stiffness 

improvement), upgrading the steel grade (strength improvement) , wrapping the pipe with composite materials 

(strength improvement) [Figure 2-2]. 

  

A B 

Figure 2-2: Pipe structural strengthening measures, (A) wall thickness increase, (B) steel upgrade (Gantes & 

Melissianos, 2016)  

Other measures that cannot be classified in the two previous categories: Such measures are the introduction of 

flexible joints, elevation of the pipe above ground, installation of protective device that applies external pressure, 

and introduction of a localized buckling pattern. It should be noted that many of these measures have been analyzed 

and tested but not applied in practice, apart from the pipe elevation above ground that has proven it effectiveness 

in the case of the Trans-Alaska pipeline-Denali fault crossing (Honegger et al., 2004) 

A most recent study of Uckan et al. (2024) while evaluating the performance of transmission pipelines after the 

Kahramanmaras earthquake recommended the use of flexible joints/connections at critical crossings. In addition 

to consider a specially designed bypass/ secondary lines that will be activated in the case of failure in the main 

line. 

After the evaluations of Gantes & Melissianos, (2016); Melissianos et al., (2017b); Melissianos & Gantes, (2019); 

Valsamis et al., (2020) for the conventional methods, the following considerations can be drawn regarding the 

effectiveness of these measures with respected to the fault offset magnitude (fault offset magnitude is denoted by 

Δ and pipeline diameter by 𝐷): 

• Pipe strengthening measures are suitable for low to very low fault displacement, Δ < 0.1𝐷. 

• Trench backfilling with fine-graded soil material is efficient for medium to high fault displacement, 1.0D <
Δ < 3.0𝐷. 

• Pipe placement within culverts, an expensive measure but efficient for very high strike-slip fault displacement 

Δ > 3.0𝐷 and requires a certain level in design of sacrificial culverts. 

• Pipe-fault crossing angle and fault dip angle are predominant parameters influencing the performance of the 

protection measure. 

• The use of flexible joints in the proximity of the fault, is efficient for medium to very high fault displacement, 

especially if the pipe is under bending stress. 

2.2 Introduction of flexible joint 

Valsamis et al., (2020) presented a comparison between the different types of commercially available flexible 

joints, namely slide type joints, ball type joints, and bellow type joints, for use as a protection measure in buried 

pipelines subjected to tectonic faulting. The authors analyzed the suitability of these joints with respect to the 

requirements and restrictions for this application and presented the respective advantages and disadvantages. The 

first outcome is that ball type joints could not be used for the high-pressure pipelines, while the bellow and slide 

type joints are candidate ones. In more detail, the slide type joints could increase significantly the cost for the high-

pressure lines due to the special construction measures needed to seal the slide area between the two pipe segments. 

Contrarily, the bellow type joint is simpler in installation and also advantageous as it could minimize both bending 

and elongation strains. Furthermore, Valsamis et al. (2020) explained the criteria that the joints are evaluated by, 

and these criteria are technical and commercial: Design criteria, Construction criteria, Procurement criteria, 

Maintenance and Inspection criteria. Based on these criteria, only the single plane or multiplane angular bellow 

joints were used in numerical analysis and performance-based analysis. 

To evaluate the effectiveness of flexible joints on reducing the tensile and compressive strains Melissianos et al. 

(2016a) investigated the numerical FEM modeling of the pipe with flexible joints and performed parametric 

analysis. In addition, efforts were made to find the optimum topology configuration based on a specified 

combination of number of joints and distance between the joints. The optimum option for the strike-slip mechanism 
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with crossing angle 𝛽 = 90 degrees, of 4 joints at distances 𝐿𝑗  and 𝐿𝑗 2⁄  with 𝐿𝑗 = 6.5m, was adopted for the 

remainder of the study. The parametric analysis evaluated the effect of the pipeline-fault crossing angle 𝛽 >
90 & 𝛽 < 90 degrees, that resulted respectively in compressive with bending and tensile with bending strains, the 

effect of the increase of wall thickness, and the effect of burial depth. Furthermore, the authors highlighted the 

fault uncertainty length and explained that the flexible joints should be installed at a constant length covering the 

entirety of the uncertainty length plus 2 joints outside (1 at each side). And they concluded that the installation of 

flexible joints is most beneficial for the bending dominant state of 𝛽 = 90 degrees, where the rotation of the joint 

relieved the pipeline from stresses and reduced significantly the strains. Also, the flexible joint advantages were 

found to be independent of the thickness of the pipe wall and the burial depth. Although the study demonstrated 

the effectiveness of flexible joints, it also limited the joints to a single axial rotation with constraints to elongation. 

In addition, the focus of the study is the strike-slip fault mechanism with implications that the flexible joints could 

be considered for the Normal & Reverse fault mechanisms. 

Gantes & Melissianos (2016) elaborated that the introduction of bellow type joints is effective against fault 

activation, focusing on the strike-slip mechanism. The study numerically evaluated alternative protection measures 

The results from the evaluations were compared to a reference unpressurized pipe of diameter 𝐷 = 914mm and 

thickness of 𝑡 = 12.7 mm buried at 𝑑 = 1.3 m under loose cohesionless sand. It was found that the introduction 

of flexible joints is considerable effective in particular for high fault offset magnitude. 

Then, Melissianos et al. (2017) performed physical tests (experiments) to demonstrate the effectiveness of flexible 

joints in reducing pipeline strains. The authors experimentally tested continuous pipe and pipe with (single) 

flexible joint specimens. Strike-slip fault mechanism was replicated with the help of a fixed frame and hydraulic 

press that developed the displacement of 1𝐷. Tests were also performed to define the axial and rotational stiffness 

of the joints Finite element models were developed and calibrated based on the experimental results. Special 

attention was given to the numerical modeling of the flexible joint, which was represented by three springs, i.e., 

one rotational spring and two translational ones for the axial and lateral moving capability. The experimental results 

are in very good agreement with numerical ones. 

Due to the natural randomness of the earthquake, the study of Melissianos et al. (2017b)  highlighted the difference 

between the probabilistic and deterministic approaches for the seismic hazard analysis of a strike-slip fault 

mechanism. Then, numerical analyses were conducted for a reference pipe, five alternative protection measures, 

and two indicative pipeline-fault crossing angles, namely 𝛽 = 90 and 𝛽 = 75 degrees. The examined protection 

measures were (a) strengthening the pipe by upgrading the pipe steel grade or increasing of wall thickness, (b) 

reducing the soil-pipe friction by using pumice as backfill material or, using concrete culverts, and finally (c) 

installing flexible joints. The study demonstrated the effect of calculating the design fault displacement via a 

deterministic or probabilistic approach in terms of evaluating the effectiveness of alternative protection measures.  

However, throughout the study, the flexible joint showed consistent effectiveness in reducing the strains developed 

in the pipeline due to tectonic faulting. 

In parallel with numerical studies, analytical methodology was developed by Valsamis & Bouckovalas (2020a) to 

facilitate the preliminary design of the buried pipelines with flexible joints. The methodology is applicable for the 

range of 𝛽 > 45  degrees, Flexible joint distance = [ 8𝐷 , 16𝐷] with 𝐷 being the pipeline diameter, and Δ =
[1𝐷, 4𝐷] being the fault offset magnitude. Improved accuracy was reported for 𝛽 = 90 degrees, which is the 

suggested crossing angle according to the codes and guidelines. It is noted that no topology optimization of joints 

was offered by the authors. Also, the study clearly showcased the effect of the fault trace location on the developed 

strain in the pipe, where the flexible joints were most effective if the fault trace pass through the middle of the 

installed joints, while the worst-case scenario was the case of two flexible joints installed before and after the fault 

trace. The study revealed that the use of flexible joints reduces pipeline strains up to 86.5% and up to 72.9% for 

respectively the straight, 𝛽 = 90 degrees, and oblique crossing, 𝛽 = 60 degrees, of a strike-slip fault mechanism. 

Additionally for normal fault mechanism, for crossing angle 𝛽 = 90 degrees and respectively for dip angle 𝜓 =
90, 75, 60 degrees, flexible joints reduce up to 87.5%, 83.3% and 71.5%. After executing the cost-benefit analysis 

the study concluded that for different faults mechanisms the flexible joint is most beneficial for a perpendicular 

crossing of strike slip fault with Δ > 3.3𝐷 and for perpendicular crossing of normal faults for displacements 

2.0𝐷 < Δ < 3.3𝐷. Although the study reported the benefits of the flexible joints in reducing the strain, the 

configuration of the joints is fixed in both the number of joints and the distance between two consecutive joints, 

in addition to the type of joint that is constraint against axial deformation. 

Later on, Melissianos & Gantes (2019) evaluated the effectiveness of the conventional protection measures 

(friction reduction and pipe strengthening) and the installation of flexible joints, with biaxial rotation, in reducing 

the strains developed in cases of normal and reverse faulting. The study examined five combinations of fault dip 

angle and pipeline-crossing fault angles, namely: 𝜓 = 60 & 𝛽 = 70;  𝜓 = 60 & 𝛽 = 90;  𝜓 = 75 & 𝛽 = 70;  𝜓 =
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75 & 𝛽 = 90;  𝜓 = 90 & 𝛽 = 90 (angles in degrees), where the dip angle 𝜓 = 90 degrees was used for 

comparison as the pipe is mainly subjected to bending rather than tension or compression. An important issue was 

raised about the operability of the pipe after the rotation of the joints and the required practical, legislation, and 

manufacturing issues. Although the study reported the benefits of flexible joints in reducing pipe strains, especially 

for the rather theoretical dip angle 𝜓 = 90 degrees, it showed the advantage of other more conventional measures 

when the pipe strain is dominated by tension. This was mostly due to the limitation of joints that could not 

accommodate any axial displacements. 

Although the previous research highlighted the benefits of the flexible joint in reducing the strains developed in 

buried pipelines, the joint considered had only biaxial rotation capacity without any elongation capability. This 

limitation is disadvantageous to the joint’s performance in a pipeline under tensile strain. Furthermore, on one 

hand, the optimized topology of the flexible joint was explored in a preliminary sense, as the selection of the 

topology was from a preset of combinations that the authors found most effective in reducing the developed strains, 

while the fault uncertainty length was essentially disregarded. On the other hand, the researchers focused only on 

strike-slip faulting. Therefore, there is a lack of knowledge about the optimal topology configuration of joints for 

pipeline–normal and reverse crossings. In light of these limitations and knowledge gaps, the work in this thesis 

introduces an innovative flexible joint, with elongation capabilities (Figure 2-3), that can protect the buried 

pipelines against tectonic faulting and keep them operational. 

  

Figure 2-3: Proposed flexible joint: (a) 3D schematic illustration and (b) details 

2.3 Proposed innovative flexible joint 

The proposed innovative flexible joint is a hybrid bellow-type joint, which to our knowledge at the time being is 

not commercially available. The bellow is based on the Gimbal-type hinged (bi-axial rotation capability) joint and 

has additional axial displacement capability for relieving axial strains to expand the joint’s efficiency. This type of 

joint could be manufactured by allowing the pin of the hinge to move within an oval-shaped hole (Figure 2-4). 

The mechanical properties of the proposed joint are listed in Table 2-1. 

 

Table 2-1: Mechanical properties of the proposed bellow-type flexible joint 

Mechanical Property 

𝐾𝑎 axial stiffness 

α axial displacement 

𝛫𝜑 rotational stiffness 

φ rotation 
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(a)  (b) 

Figure 2-4: Movement capabilities of the proposed flexible joint: (a) axial displacement and (b) rotation 
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3 Methodology 

3.1 Pipeline–Fault Crossing Modeling 

3.1.1 Flexible joint properties 

Large-diameter transmission pipelines are examined. A typical API5L-X65 natural gas pipeline is evaluated as a 

case study with a diameter of 𝐷 = 914mm and thickness of 𝑡 = 12.7mm. The technical datasheets of joint 

manufacturers provide data for large diameter joints but for low internal pressure, i.e., not for the pressure of the 

order of 8MPa (80bar) that is the case under investigation referring to gas transmission pipelines, such as the Trans-

Adriatic Pipeline (TAP). As the proposed joint (Section 2.3) is not commercially available and it is based on the 

hinged bellow with the additional capability of limited axial movement, the following assumptions are considered 

to obtain realistic values for the joint stiffnesses: 

• The axial stiffnesses of single bellows are adopted. It is noted that the axial displacement limit for single 

bellows that is provided by manufacturers refers to axial displacement without concurrent lateral movement or 

rotation. 

• The rotational stiffnesses of hinged bellows are adopted. 

From the available information we are calculating the required values via extrapolation. It is important to note that 

this “prediction” technique must be applied with great caution, as it generally might lead to “unsafe” results, and 

basically, a curve shall be fitted to extend our knowledge and estimate the required values. After acknowledging 

the risks of extrapolation, the values of stiffness and maximum deformations for axial movement and rotation have 

been calculated. In more detail, the axial spring rate (axial spring stiffness) of commercially available joints 

concerning the internal pressure is shown in Figure 3-1, where a linear trend has been identified and therefore, a 

linear regression model was adopted as shown with the dotted line.  

 

Figure 3-1: Axial stiffness extrapolation up to 80 bar pressure [bullets indicate the values of commercially 

available single joints; the dotted line shows the linear regression model] 
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The axial elongation (maximum allowed axial displacement) of commercially available joints concerning the 

internal pressure is shown in Figure 3-2, where a nonlinear trend has been identified and therefore, an exponential 

regression model was adopted as shown with the dotted line. The rotation (maximum allowed rotational 

deformation) of commercially available joints regarding the internal pressure is shown in Figure 3-4, where a 

nonlinear trend has been identified and therefore, an exponential regression model was adopted as shown with the 

dotted line. The required joint mechanical properties for the pipeline under investigation have been calculated from 

the regression models presented in Figure 3-1 through Figure 3-4 and are listed Table 3-1. 

 

Figure 3-2: Axial elongation extrapolation up to 80 bar pressure [bullets indicate the values of commercially 

available single joints; the dotted line shows the linear regression model] 

 

Figure 3-3: Rotational stiffness extrapolation up to 80bar pressure [bullets indicate the values of commercially 

available hinged joints (bellows); the dotted line shows the linear regression model] 

 

Figure 3-4: Allowable joint rotation extrapolation up to 80bar pressure [bullets indicate the values of commercially 

available hinged joints (bellows); the dotted line shows the linear regression model] 
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Table 3-1: Joint mechanical properties for 80 bar internal pressure 

𝑎𝑚𝑎𝑥: Maximum 

allowable axial 

displacement (m) 

min(𝐾𝑎): Minimum 

axial stiffness (kN/m) 

𝜑𝑚𝑎𝑥: Maximum 

rotation (degrees) 

min(𝐾𝜑): Minimum 

rotational stiffness 

(kNm/rad) 

0.08 1910 12 740 

3.1.2 Numerical modeling 

A beam-type Finite Element Model (FEM) is developed for the analysis of buried pipelines with flexible joints 

under faulting similar to Gantes & Melissianos (2016), Melissianos & Gantes (2019) and following the suggestions 

of the guidelines ALA (2001), CSA Z662 (CSA, 2019), EN 1998-4 (CEN, 2006). A schematic illustration of the 

model is presented in the Figure 3-5. The pipeline is meshed into beam-type finite elements and the surrounding 

soil is modeled with nonlinear translational springs in four directions that connect the pipe elements to the “ground” 

nodes. The soil springs are elastic-perfectly plastic elements, exhibiting stiffness only in the local axial direction. 

The first direction is the axial springs along the pipe axis to model pipe-soil friction, secondly lateral horizontal 

springs model the soil resistance to pipe lateral movement in the trench and lastly vertical springs in upward and 

downward direction model the soil resistance to pipe vertical movements. The values of the soil springs are 

estimated according to ALA provisions. The soil “ground” nodes on the footwall are fixed, whilst fault offset is 

applied on the fault hanging wall as imposed displacements on the corresponding “ground” nodes that are 

rotationally fixed for numerical reasons. 

Flexible joints are represented by translational and rotational springs that reflect the joint’s axial and angular 

movement capabilities. Joint length is not considered, and the torsional movement is generally not allowed by the 

manufacturers so rotation about the longitudinal axis is restricted. In addition, lateral movement is restrained. 

The commercial FE software ADINA is used (ADINA R&D, 2022), taking into account the numerical 

considerations presented in Kojic & Bathe (2005) and using the Newton-Raphson solution algorithm with a 

sufficient number of analysis steps to achieve convergence and allow the fault offset to be applied smoothly. The 

pipeline modeling length is equal to 1500m, which is sufficient for the effects of the fault on the pipe to vanish. 

The pipe is meshed into 6,000 PIPE elements, a mesh density equal to 0.25m, that are Hermitian 2-node beam-

type elements with extra degrees-of-freedom to account for the strains caused by in- and out-of-plane ovalization 

and calculated using the von Karman ovalization modes. Pipe strains are calculated at several Gauss integration 

points along the element length, through the cross-section thickness, and around the circumference of the cross-

section (Almeida & Ho, 1983). Second-order effects triggered by excessive fault offset are considered through 

geometrically nonlinear analysis. The pipe steel is modeled using a bi-linear stress–strain relationship with 

isotropic hardening. It is noted that the adopted material modeling is sufficient because the global behavior of the 

structure is examined. Adopting a smoother stress–strain relationship, such as Ramberg-Osgood, would be of 

importance for evaluating local effects, e.g. local buckling, which is not the case here. This modeling choice is 

selected based on the reduced computational cost and easy implementation, which are suitable for this study. 
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Figure 3-5:  Developed pipe-fault crossing numerical model 

The pipeline integrity is checked by comparing the code-based strain limits (strain capacity, 𝜀𝑐𝑎𝑝) to the 

corresponding maximum longitudinal strains (strain demand, 𝜀𝑑𝑒𝑚) obtained from the numerical analysis, 

regardless of the location along the pipe. Pipeline integrity is ensured if: 

𝜀𝑑𝑒𝑚≤ 𝜀𝑐𝑎𝑝 (1) 

Finally, it is noted that non-seismic and in-service actions, internal pressure, are not considered and the trench is 

wide enough for the development of soil failure surfaces. Neglecting the internal pressure is adopted as a less 

favorable situation. 

3.2 Optimization process  

3.2.1 Problem Formulation 

The ultimate objective is to obtain a lower-bound design of the pipeline–fault crossing, or in other words a joint 

configuration that satisfies the design requirements most cost-effectively, i.e., one with a minimum number of 

joints having the proper mechanical properties. For this reason, a structural optimization problem is formulated, 

defined as a nonlinear programming problem with the general form (Lagaros et al., 2001): 

min 𝐹(𝑠) 

subjected to ℎ𝑖(𝑠) ≤ 0   𝑖 = 1,2, … ,𝑚  

with 𝑠𝑗
𝑙 ≤ 𝑠𝑗 ≤ 𝑠𝑗

𝑢   𝑗 = 1,2, … , 𝑡 

(2) 

where 𝑠 is the vector of the design variables, 𝐹(𝑠) is the objective function to be minimized, ℎ𝑖(𝑠) are the 

behavioral constraints, and 𝑠𝑗
𝑙 and 𝑠𝑗

𝑢are the lower and upper bounds, respectively, of a design variable 𝑠𝑗. 

The optimized configuration of flexible joints in a pipeline subjected to faulting stands for the minimization of the 

number of required joints, given the pipeline–fault crossing geometry and the (“maximum expected”) fault offset 

magnitude. The optimization variables are the number of joints 𝑛𝑗 on one side of the fault trace for given fault 

crossing location and without considering the fault trace uncertainty length, the relative distance between two 

adjacent joints 𝐿𝑗 (joints are equally spaced along the pipeline), the axial stiffness of the joint 𝐾𝑎, and the rotational 

stiffness of the joint 𝐾𝜑 Therefore, the vector of the design variables (m = 4) is: 
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𝑠 = (𝑛𝑗 , 𝐿𝑗 , 𝐾𝑎 , 𝐾𝜑) (3) 

The constraints are related to the behavior of the pipeline and the joint, and the corresponding vector (t = 4) is: 

ℎ = (𝜀𝑡 , 𝜀𝑐, 𝑎, 𝜑) (4) 

where: 

• 𝜀𝑡 and 𝜀𝑐 are the maximum longitudinal tensile and compressive, respectively, strains of the pipeline regardless 

of the location along the pipeline and on the pipe cross-section, 

• 𝑎 is the axial displacement of the joint; the maximum displacement (elongation or contraction) among all joints 

is reported and is calculated as the norm of the vectoral deformation, and 

• 𝜑 is the rotation of the joint; the maximum rotation among all joints is reported and is calculated as the norm 

of the biangular rotation. 

3.2.1.1 Objective function 

The aim of a seismic countermeasure is the reduction of pipe strains below the allowable code-based limits with 

minimum cost. The life-cycle cost of flexible joints as a protection measure consists of the capital cost, the 

maintenance cost, and the potential cost of repair in the event that their capacity is exceeded (Khan & Tee, 2016; 

Melissianos, 2022). In more detail: 

• The capital cost includes the cost of design, manufacture, certification, and purchase of joints, and the cost of 

installation. The total capital cost is defined by the number of joints. 

• The maintenance cost is relatively low and essentially a very small fracture of the entire periodic inspection 

and maintenance cost of the pipeline. 

• The cost of repair is essentially negligible because the flexible joints ensure that the pipeline is operational 

after the fault rupture. In the unlikely case their capacity is exceeded, joints will be replaced as part of the repair 

actions to the entire pipeline. It is important to note that pipelines are critical infrastructure being designed with 

increased safety factors. The same applies to the design fault offset magnitude, which defines the number of 

joints required. 

Owing to the above, the life-cycle cost is roughly equivalent to the capital cost represented by the total number of 

joints 𝑁𝑗 introduced in the pipeline along the entire fault trace uncertainty length. Therefore, minimizing the 

variable 𝑁𝑗 achieves the minimization of the cost. 

Furthermore, a small part of the capital cost is related to the mechanical properties of the joints, i.e., the axial 

stiffness 𝐾𝑎 and the rotational stiffness 𝐾𝜑 of the joint. A close analysis of technical datasheets and price lists of 

joints’ manufacturers reveals that the mechanical properties have a minor influence on the joint’s price, compared 

to the diameter, the wall thickness, and the maximum allowed internal pressure. It is thus concluded that the joint’s 

mechanical properties affect the capital cost much less than the number of joints. 

Following the aforementioned discussion and an appropriate sensitivity analysis, the objective function of the 

optimization problem is: 

𝑓 = (
𝑛𝑗

𝑁𝑗
) × 𝑒

1
𝐿𝑗/𝐷 × (

𝐾𝑎

𝐾𝐴
𝑝𝑖𝑝𝑒

) × (
𝐾𝜑

𝐾𝐵
𝑝𝑖𝑝𝑒

) (5) 

where:  

• 𝐾𝐴
𝑝𝑖𝑝𝑒

= 𝐸𝐴/𝐿  is the axial stiffness of a pipeline segment with length 𝐿 =  1m. 

• 𝐴    is the pipe cross section area 

• 𝐾𝐵
𝑝𝑖𝑝𝑒

= 𝐸𝐼 𝐿⁄   is the bending stiffness of a pipeline segment with length 𝐿 =  1m 

• 𝐼    is the pipe cross-section moment of inertia 

• 𝐸    is the pipe steel elastic modulus 

• 𝐿𝑗    is the distance between two adjacent joints 

• 𝐷    is the pipeline diameter 
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(6) 

• 𝑛𝑗    is the number of joints on each side of the fault trace 

• 𝑁𝑗 = 2𝑛𝑗 + 1   is the total number of joints  

3.2.1.2 Variables 

The design variables of the optimization problem are [Eq. (3)(7)]: the number of joints 𝑛𝑗 on one side of the fault 

trace, which is a part of the total number of joints 𝑁𝑗 along the fault trace uncertainty length, the relative distance 

between two consecutive joints 𝐿𝑗, the joint axial stiffness 𝐾𝑎, and the joint rotational stiffness 𝐾𝜑. In more details: 

1. The number of joints 𝑛𝑗 on one side of the fault trace is a discrete variable. For practical and constructional 

reasons, and to consider the fault uncertainty length, an equal number of joints 𝑛𝑗 shall be introduced on every 

side of the fault trace. The minimum number of joints on one side is 1, and the maximum number is set to 15, 

following appropriate sensitivity analysis. Thus, the limits of the variable are: 

𝑠1
𝑙 = 1 ≤ 𝑠1 = 𝑛𝑗 ≤ 𝑠1

𝑢 = 15 (7) 

2. The relative distance between two adjacent joints 𝐿𝑗is a discrete variable. For constructional and practical 

reasons, joints are equally spaced along the pipeline. The actual length of a flexible joint depends on its 

mechanical properties, mainly the number of convolutions, while the length of sleeves for welding to the pipe 

segments is defined upon pipe design specifications. It is derived from joint technical data sheets that the joint 

length cannot be lower than half of the pipe diameter. For large diameter pipes, it is assumed that the minimum 

distance between the center points of two adjacent bellows is 𝐿𝑗,𝑚𝑖𝑛 = 1𝑚. On the other side, the maximum 

distance between two joints is equal to the half the fault trace uncertainty length (= 𝐿𝑢) to have at leaste 1 joint 

on each side of the fault trace. Therefore, the limits of the variable are: 

𝑠2
𝑙 = 1 𝑚 ≤ 𝑠2 = 𝐿𝑗 ≤ 𝑠2

𝑢 = 𝐿𝑢 (8) 

3. The bellow axial stiffness 𝐾𝑎 is defined by the number of convolutions of the joints with respect to the diameter, 

the thickness, and the internal pressure. It is assumed to be a discrete variable for simplicity, in addition to be 

compatible to current manufacturing procedures. Noting that the lower and upper limits are defined by the 

manufacturer of the joint, in our study, as explained in section 3.1.1, the limits of the variable are: 

𝑠3
𝑙 = 1900 kN m⁄ ≤ 𝑠3 = 𝐾𝑎 ≤ 𝑠3

𝑢 = 2000 kN m⁄  (9) 

4. The bellow rotational stiffness 𝐾𝜑 similarly to the axial stiffness is defined by the number of convolutions of 

the joints with respected to the diameter, the thickness, and the internal pressure. It is assumed to be a discrete 

variable. The lower and upper limit of the variable are defined by the manufacturer, however in our study the 

variable limits are: 

𝑠4
𝑙 = 735 kNm rad⁄ ≤ 𝑠4 = 𝐾𝜑 ≤ 𝑠4

𝑢 = 785 kNm rad⁄  (10) 

3.2.1.3 Constraints 

The optimization has four constraints [Eq. (4)]: (1) pipe longitudinal tensile strain 𝜀𝑡, (2) pipe longitudinal 

compressive strain 𝜀𝑐, (3) bellow maximal allowable axial displacement 𝑎𝑚𝑎𝑥, and (4) bellow maximum allowable 

rotation 𝜑𝑚𝑎𝑥 . In more detail: 

1. The tensile strain demand 𝜀𝑡,𝑑𝑒𝑚 should be lower than a code-based strain limit (capacity)to avoid tensile 

fracture, especially in the weld areas. The operable limit after ALA is adopted as the tensile strain capacity: 

𝜀𝑡,𝑐𝑎𝑝 = 2% (11) 

2. The compressive strain can cause local buckling. Local buckling is handled by code and standards as an 

ultimate limit state and compressive strain limit expression are provided to avoid this critical condition. The 

ALA operable limit adopted is: 

𝜀𝑐,𝑐𝑎𝑝 = 0.5 (
𝑡
𝐷′⁄ ) − 0.0025, with 𝐷′ =

𝐷

1 − 3
𝐷 − 𝐷𝑚𝑖𝑛

𝐷

 (12) 

where 𝑡 is the pipe wall thickness, 𝐷 is the nominal pipe diameter, 𝐷𝑚𝑖𝑛 is the minimum pipe inside diameter. 

3. The joint maximal allowable axial displacement 𝑎𝑚𝑎𝑥  is obtained from the joint manufacturers’ datasheets, and 

in our case is found through the extrapolation. 
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4. The joint maximum allowable rotation 𝜑𝑚𝑎𝑥  is obtained from the joint manufacturers’ datasheets, in addition 

to being related to the operability of the pipe. In other words, the rotation of the joint should not exceed a 

certain limit so the inline inspection of the pipe can be conducted properly. 

It is noted that we can add an additional constraint that will consider the fault trace uncertainty length, but as it 

will be explained later in Section 3.3, the optimization results are independent of this constraint. In addition, due 

to design process and to consider the worst-case scenario, it is better to disregard the fault trace uncertainty length 

in the structural analysis of the required topology. 

3.2.2 Optimization algorithm 

Optimization algorithms are categorized as deterministic or probabilistic categories. The deterministic algorithms 

require a smooth objective function in order not to fail in finding the optimum and they rely on linear algebra, as 

usually they tend to calculate the gradient or even in some case the hessian of the objective function. However, 

probabilistic algorithms does not require smoothness in the objective function and they rely on stochastic approach, 

random variables, and require a large number of simulations to reach the optimum. The probabilistic algorithms 

have frequently been used to solve building optimization problems (Wetter & Wright, 2004). Moreover, the 

heuristic or metaheuristic algorithms are nature-inspired search procedures that fall within the category of 

probabilistic algorithms. The choice of probabilistic approaches is based on the nature of the objective function 

and the nonlinear constraints selected (Sections 3.2.1.1 and 3.2.1.3 ). 

The objective function, in the way it is defined, includes an exponential function in addition to the multiplication 

of different variables. This nature of the objective function requires a derivative free algorithm because finding the 

solution of the gradient or hessian for the multiple variables is a highly complex task….. Furthermore, the 

algorithm needs to consider the inequality constraints that are the safety design checks and account for the type of 

variables (discrete, integer). Considering these aspects, the generic algorithm is the appropriate probabilistic 

heuristic optimization algorithm type. 

The optimization process is implemented with in-house algorithm employed in MATLAB programming language 

(The MathWorks Inc., 2023) and is schematically illustrated in Figure 3-6. The genetical algorithm (ga) 

optimization is available in the MATLAB’s library “Mathematics and Optimization”. The ga function in MATLAB 

allows, in addition to the nonlinear inequality constraints and the integer variables, the user to specify the 

optimization options manually, namely the time limit or maximum time the algorithm is allowed to run, the 

population size, and the initial population. In more detail, the population size is, as recommended by MATLAB, 

equal to min{max(10 × nb. of variables, 40) , 100} and the initial population is inputted by the user and in the 

case of this study the initial population is based on previously related research and on the engineering judgement.   

Moreover, the ga function handles the constraints’ vector following the below criteria (Deb, 2000), with the help 

of tournament selection operator: 

• Any feasible solution is preferred over any infeasible solution. 

• Among two feasible solutions, the one having better objective function value is preferred 

• Among two infeasible solutions, the one having smaller constraint violation is preferred. 

This constraint handling method is key in understanding the selection of feasible solutions by the optimization 

algorithm, especially when there is no viable solution found within the search space. 
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Figure 3-6:  Schematic illustration of the topology optimization process 

3.2.3  Optimization parameters  

The first task in an optimization process is to define the parameters of the optimization algorithm. To do so, the 

strike-slip fault mechanism is selected for the investigation as the simpler case due to the symmetric response of 

the pipeline on the two sides of the crossing point. In this case, the pipeline–fault crossing angle is the dominant 

parameter affecting the pipeline response, which fall within the range of [30 − 90]. The median value of 𝛽 = 50° 
is selected for the first stages of the investigation. 

3.2.3.1 Input data 

The transmission line under investigation is an API5L-X65 pipeline, featuring a diameter 𝐷 = 914 mm and 

thickness of 𝑡 = 12.7 mm. API5L-X65 steel properties are Young’s modulus 𝐸 = 210 GPa, yielding limit 𝑓𝑦 =

448.5 MPa, ultimate limit 𝑓𝑢 = 531 MPa, and failure strain 𝜀𝑢 = 18%. The pipeline is assumed to be 

corrosion/defect-free, coated with coal tar, and buried under 1.3 m of medium density sand with unit weight 𝛾 =
18 kN m3⁄ and friction angle 𝜑 = 36°.  

The tensile and compressive strain capacities are calculated from Eq. (3) and (4), respectively, yielding 

𝜀𝑡,𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 2% and 𝜀𝑐,𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 0.39%. The axial and bending stiffnesses for a pipe segment of length equal to 

1m are 𝐾𝐴
𝑝𝑖𝑝𝑒

=
𝐸𝐴

𝐿
= 7.56 ×  10+6 kN m⁄  and 𝐾𝐵

𝑝𝑖𝑝𝑒
=

𝐸𝐼

𝐿
= 7.56 ×  10+6 kNm rad⁄ . 

The proposed flexible joint (Section 3.1.1), has minimum values of axial and rotational stiffnesses 𝐾𝑎,𝑚𝑖𝑛 =

1900 kN m⁄  and 𝐾𝜑,𝑚𝑖𝑛 = 735 kNm rad⁄ , respectively. The maximum stiffness of the joint are 𝐾𝑎,𝑚𝑎𝑥 =

2000 kN m⁄  and 𝐾𝜑,𝑚𝑖𝑛 = 785 kNm rad⁄ . The maximum allowable deformations (optimization constraints) of 

the joint are: (a) axial displacement 𝑎𝑚𝑎𝑥 = 0.08m and (b) rotation 𝜑𝑚𝑎𝑥 = 12 degrees. 
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For practical and constructional reasons, the minimum number of joints under consideration are 𝑛𝑗 = 1 thus 𝑁𝑗 =

3, while the maximum number of joints consider is 𝑛𝑗 = 10, thus 𝑁𝑗 = 21. Furthermore, the minimum distance 

between two adjacent joints is 𝐿𝑗,𝑚𝑖𝑛 = 1𝑚. It should be noted that for constructional reasons and in order to 

reduce any uncertainty regarding the fault trace manifestation on the ground surface, the maximum distance 

between two adjacent joints has been set equal to 25m, which is half the value of the fault trace uncertainty length 

suggested by EN 1998-4 (CEN, 2006): 𝐿𝑗,𝑚𝑎𝑥 = 25m. 

It is noted that, based on the findings of Melissianos et al. (2016a), the pipeline diameter, the pipeline wall 

thickness, and the burial depth do not affect the efficiency of the flexible joints and thus are not included in the 

parametric analysis. A summary of the input values (variables) is listed in Table 3-2 and of the constraints in Table 

3-3 for the investigation of the optimization parameters. 

Table 3-2: Investigation of optimization parameters: input variables 

Variable Value 

Pipe Diameter 𝐷 = 0.914m 

Pipe wall thickness 𝑡 = 0.0127m  

Pipe’s steel Young Modulus of Elasticity 𝐸 = 210GPa 

Pipe’s steel yield stress limit  𝑓𝑦 = 448.5MPa  

Pipe’s steel ultimate stress limit  𝑓𝑢 = 531.0MPa  

Pipe’s steel Failure strain  𝜀𝑢 = 18%  

Total number of joints (included in the model) [Eq 

(6)]  
 𝑁𝑗 ∈ {3,5,7, … ,21} 

Relative distance between two adjacent joints  𝐿𝑗 ∈ {1,1 + 1,1 + 2,… ,25} 𝑚  

Joint axial Stiffness  𝐾𝑎 ∈ {1900,1900 + 5,1900 + 10,… ,2000} kN/m 

Joint rotational Stiffness  𝐾𝜑∈{735,735 + 5,735 + 10,… ,785} kNm/rad  

Table 3-3: Investigation of optimization parameters: constraints 

Constraint Value 

Pipe tensile strain capacity  𝜀𝑡,𝑐𝑎𝑝=2% 

Pipe compressive strain capacity  𝜀𝑐,𝑐𝑎𝑝=0.39% 

Joint maximum allowable axial displacement  𝑎𝑚𝑎𝑥 = 0.08 m  

Joint maximum allowable rotation  𝜑𝑚𝑎𝑥 = 12⁰  

3.2.3.2 Stage 1 – Optimization variables 

At first, for a constant pipeline–fault crossing angle 𝛽 =  50 degrees and fault offset magnitude equal to three 

times the pipe diameter, the effects of the population size, the step considered in the values of the joint stiffnesses, 

and the analysis time are investigated. The parameters of the investigation are summarized subsequently and are 

detailed in Table 3-4 and Table 3-5. 

Constant parameters: 

• Pipe-fault crossing angle: 𝛽 =  50 degrees 

• Horizontal fault offset magnitude (strike-slip fault) = 3 × 𝐷 =  2.742m (𝐷 = pipe diameter) 

Investigated parameters: 

• Population size = 40 and 10 

• Step considered for the joint stiffness variables 

• Analysis time limit = 10800s (= 3 hours) and 18000s (= 5 hours) 
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Table 3-4: Analysis parameters per test in Stage 1 

Test ID 

Fault Crossing 

Parameters 
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241018.1 50 3 × 𝐷 0 ga 40 10800 integer integer integer integer 

241019.1 50 3 × 𝐷 0 ga 40 18000 integer integer integer integer 

241020.1 50 3 × 𝐷 0 ga 40 10800 integer integer integer integer 

241020.2 50 3 × 𝐷 0 ga 40 10800 

integer 

(step 

5) 

integer 

(step 5) 
integer integer 

241022.1 50 3 × 𝐷 0 ga 10 10800 
integer 
(step 5) 

integer 
(step 5) 

integer integer 

Table 3-5: Initial population per test ID in Stage 1 

 
Initial Population 

Test ID 𝐾𝑎 (kN/m) 𝐾𝜑 (kNm/rad) 𝑛𝑗 𝐿𝑗 

241018.1 1950 750 2 2 

241019.1 1950 750 2 2 

241020.1 1987 737 7 10 

241020.2 2000 785 7 10 

241022.1 1987 737 7 10 

 

The optimization results per test ID are listed in Table 3-6 with the following observations: 

(1) Effect of analysis time:  

The first two tests (IDs: 241018.1 and 241019.1) deal with the effect of analysis time, where the analysis time is 

increased from 3 hours to 5 hours. By inspecting the optimization results in Table 3-6, it is observed that test ID 

241019.1 yields a lower objective function and in particular two fewer joints with the same adjacent distance 𝐿𝑗. 

Therefore, an increased analysis time is required. 

(2) Effect of initial population: 

The effect of the initial population is examined by comparing test IDs 241018.1 and 241020.1 with reduced 

analysis time (i.e., 3 hours). In test ID 241020.1, the initial population is increased compared to test ID 241018.1. 

By inspecting the optimization results in Table 3-6 it is observed that test ID 241020.1 yields a lower objective 

function, indicating that the increased values of initial population improved the performance of the algorithm to 

reach a “better” solution given the analysis time limit set (i.e., 3 hours). 

An alternative test regarding the effect of the initial population is examined by comparing test IDs 2410.18.1 and 

241020.2, where in the latter an upper bound initial population was set. The optimization results in Table 3-6 

indicate that this approach yields non-optimal results (highest value of objective function among tests) and 

consequently it is disregarded. 

(3) Effect of population size: 

The effect of population size is examined by comparing test IDs 241018.1 and 241022.1, where in the latter test 

(i) the population size is decreased to 10 and (ii) a step of 5 is set for the joint stiffness (𝐾𝑎 and 𝐾𝜑) integer 
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variables. The analysis time for both tests is the reduced one (i.e., 3 hours). By inspecting the optimization results 

in Table 3-6, it is observed that test ID 241022.1 yields optimum results compared to all other tests, even with 

reduced analysis time. 

Based on the results and their interpretations, it is concluded that: 

• Analysis time: An increased analysis time is required to get optimum results. 

• Initial population: Setting an increased initial population improved the results 

• Population size: Decreasing the population size does not necessarily yield a lower objective function value. 

• Introduce steps in variables: Introducing a set of joint stiffness integer variables improved the results. 

These outcomes are adopted to the next stage of the investigation of the optimization parameters. 

Table 3-6: Optimization results per test ID in Stage 1 

Test ID 
𝐾𝑎 

(kN/m) 

𝐾𝜑 

(kNm/rad) 
𝑛𝑗 𝐿𝑗 

F: Objective 

function value 

(×10−7) 

241018.1 1927 752 9 10 1.296 

241019.1 1987 737 7 10 1.291 

241020.1 1987 737 7 10 1.291 

241020.2 1905 740 9 7 1.311 

241022.1 1985 735 7 10 1.285 

3.2.3.3 Stage 2 – Effect of pipeline–fault crossing angle 

Subsequently at this stage, the fault offset magnitude is a constant equal to three times the pipe diameter, the 

analysis time is relatively equal, and the effects of the pipeline-fault crossing angle is investigated. 

The parameters of the investigation are summarized subsequently: 

Constant parameters: 

• Horizontal fault offset magnitude (strike-slip fault) = 3 × 𝐷 = 2.742m (𝐷 = pipe diameter) 

• Population size = 10 

• Step considered for the joint stiffness variables 

Investigated parameters: 

• Pipeline-fault crossing angle: 𝛽 =  30 –  90 degrees 

• Analysis time limit = 10800s (= 3 hours), 14400s (= 4 hours), and 18000s (= 5 hours) 

• Varying initial population per pipeline-fault crossing angle 

The number of joints, which resulted from the optimization efforts with reference to the pipeline–fault crossing 

angle is shown in Figure 3-7, where the dots are the results for each crossing angle and the blue line connects the 

result. The number of joints appears to be following a decreasing trend. 

The distance between two joints, resulted from the optimization efforts, with reference to the pipeline-fault 

crossing angle is shown in Figure 3-8. The distance between the two joints follows a decreasing trend. The joint 

stiffnesses resulting from the optimization efforts, regarding the pipeline– fault crossing angle are shown in Figure 

3-9, where the dots are the results for each crossing angle and the blue line is the axial stiffness while the orange 

line is the rotational stiffness. The stiffnesses does not follow a particular progression. 

The joint axial displacement and rotation, resulted from the optimization efforts, with reference to the pipeline-

fault crossing angle are shown in Figure 3-10, where blue line presents the axial displacement and the orange line 

the joint rotation. The axial displacement appears to be constant and equal to the maximum allowable 

displacement, while the joint rotation follows an increasing trend due to the increasing bending. The pipeline 

strains, resulting from the optimized topology, with reference to the pipeline-fault crossing angle are shown in 

Figure 3-11, where the blue line shows the axial strain and the orange line shows the compressive strain. The pipe 

is under tension for the low values of crossing angle, and at 𝛽 = 90 degrees the tension and compressive strain 

are roughly equal. 

The general trends observed in Figure 3-7 to Figure 3-11 are reasonable and represent the expected behavior of a 

pipeline subjected to strike-slip faulting. Still, the observed spikes, Figure 3-10 at 𝛽 = 70 degrees and Figure 3-11 
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at 𝛽 = 0 degrees, do have a physical meaning and consequently, the optimization parameters should be further 

examined. Moreover, it is noticed that the considered step for the joint stiffnesses resulted in a better result, so it 

is applied in the following computation efforts. 

 

 

 

Figure 3-7: Strike-Slip fault – Optimization results regarding the number of joints for increasing pipeline–fault 

crossing angle 

 

Figure 3-8: Strike-Slip fault – Optimization results regarding the distance between two joints for increasing 

pipeline–fault crossing angle 
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Figure 3-9: Strike-Slip fault – Optimization results regarding the joint stiffness for increasing pipeline–fault 

crossing angle 

 

Figure 3-10: Strike-Slip fault – Optimization results regarding the joint axial displacement and rotation for 

increasing pipeline–fault crossing angle 

 

Figure 3-11: Strike-Slip fault – Optimization results regarding pipeline strains for increasing pipeline–fault 

crossing angle 
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3.2.3.4 Stage 3 – Analysis Time 

In continuation, for a variable pipeline–fault crossing angle and fault offset magnitude equal to three times the pipe 

diameter, the effects of analysis time limit are investigated. The analysis time limits investigated are (i) the 12 

hours (= 43200s) limit and (ii) the NO time limit. The parameters of the investigation are summarized 

subsequently: 

Constant parameters: 

• Horizontal fault offset magnitude (strike-slip fault) =  3 × 𝐷 =  2.742m (𝐷 = pipe diameter) 

• Population size = 40 

• Step considered for the joint stiffness variables 

Investigated parameters: 

• Pipeline–fault crossing angle: 𝛽 =  30 –  90 degrees 

• Analysis time limit = 12 hours (= 43200s) and no time limit. 

The effect of analysis time is evaluated by directly comparing the results of the 2 optimization efforts, in Table 

3-7. 

Table 3-7: Comparison of results for analysis time =12 hours and analysis with no time limit 

Parameter 
Analysis 

time limit 

𝛽: Pipeline–fault crossing angle (degrees) 

30 40 50 60 70 80 90 

F: Objective function 

value (×10-7) 

No 1.217 1.218 1.217 1.121 0.872 0.879 0.879 

12 hours 1.230 1.220 1.220 1.130 0.885 0.886 0.962 

Variables 

𝑛𝑗: Number of joints 
No 9 7 6 3 1 1 1 

12 hours 9 7 6 3 1 1 1 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

No 14 12 10 11 11 10 10 

12 hours 13 12 10 11 11 10 10 

𝐾𝑎: Joint axial 

stiffness (kN/m) 

No 1900 1910 1900 1900 1900 1900 1900 

12 hours 1910 1900 1905 1915 1915 1915 1960 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 

No 735 735 735 735 735 735 735 

12 hours 735 740 735 735 740 735 780 

Constraints 

𝑎: Joint elongation 

(m) 

No 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

12 hours 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 

No 0.291 0.504 2.194 1.572 2.3 5.469 10.077 

12 hours 0.325 0.502 2.195 1.572 2.297 5.469 10.059 

𝜀𝑡: Pipeline tensile 

strain (%) 

No 1.945 1.992 1.947 1.986 1.964 1.683 0.257 

12 hours 1.949 1.992 1.947 1.986 1.964 1.683 0.258 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

No 0 0 0 0 0 0.171 0.237 

12 hours 0 0 0 0 0 0.171 0.237 

The results of the two optimization efforts (i.e., with no analysis time limit and analysis time limit set to 12 hours) 

resulted in identical outcomes for most of the parameters, namely the number of joints (𝑛𝑗), the joint elongation, 

and the pipeline compressive strain. The following remarks can be drawn for the rest of the variables and 

constraints: 
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• The differences in the objective function are between 0.15 ~ 1.45%, these differences are considered acceptable 

tolerances. 

• Regarding the distance between the joints, i.e. variable 𝐿𝑗, a single difference equal to 1m was observed for 

𝛽 =  30 degrees. 

• The joint axial stiffnesses found in the no time limit analysis are closer to the lower bound and in some cases 

equal to the lower bound than the 12 hours time limit analysis. 

• The rotational stiffnesses are identical for 𝛽 = 30, 50, 60, 80 degrees, while for 𝛽 = 40 degrees and 𝛽 =  70 

degrees there is a 5kNm/rad difference. For crossing angle 𝛽 =  90 degrees, the difference is 45kNm/rad. 

• The joint rotations are identical for 𝛽 =  40, 50, 70 degrees, while the differences for the rest of angles β are 

between 0.1 and 10%. 

• The pipeline tensile strains are roughly equal for 𝛽 =  40 − 80 degrees, while the difference for 𝛽 =  30 

degrees is 0.19% and for 𝛽 =  90 degrees is 0.12%. 

It is observed that the results from the 12-hour analysis are within the acceptable tolerance threshold. Therefore, 

the analysis time limit of 12 hours is adopted hereinafter. Additionally, the 12-hours limit is practically a sound 

choice to perform the required computations in reasonable time. 

A comparison of the iteration efforts is listed in Table 3-8, where the generations count (i.e., how many populations 

of size 40 the algorithm tested), the average generation time, and the function count are listed. As expected, the 

higher the analysis time is, the generations count, the function count, and the generation time are in general 

increased. It is noted that the function count is dependent on the capabilities of the workstation. 

Table 3-8: Comparison of iteration efforts for analysis time =12 hours and analysis with no time limit 

Time limit Generations Count 
Average generation 

time (s) 
Function Count 

3 to 5 hours 5 2278 60 

12 hours 15 2832 650 

No limit 51 2758 1980 

3.2.3.5 Stage 4 - Effect of population size 

Afterward, for a variable pipeline–fault crossing angle, fault offset magnitude equal to three times the pipe 

diameter, and a fixed analysis time limit of 12 hours, the effects of population size are investigated. The analysis 

population sizes investigated are (i) 40 and (ii) 80. The parameters of the investigation are summarized 

subsequently: 

Constant parameters: 

• Analysis time limit = 43300s (= 12 hours) 

• Step considered for the joint stiffness variables 

• Horizontal fault offset magnitude (strike-slip fault) = 3 × 𝐷 (𝐷 = pipe diameter) 

Investigated parameters: 

• Population size = 40 and 80 

• Pipeline–fault crossing angle: 𝛽 =  30, 50, 90 degrees 

The results are presented in the comparative Table 3-9. The results indicate minor deviations in the optimum 

solution when increasing the population from 40 to 80, apart from the 𝛽 =  50 degrees, where a higher number 

of joints was selected as the optimum solution.  

Therefore, the population size of 40 is adopted hereinafter. 
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Table 3-9: Comparison of results for each crossing angle 

Parameter 
Population 

size 

𝛽: Pipeline–fault crossing angle 

(degrees) 

30 50 90 

F: Objective function 

value (×10-7) 

40 1.23 1.22 0.962 

80 1.227 1.241 0.962 

Variables 

𝑛𝑗: Number of joints 
40 9 6 1 

80 9 8 1 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

40 13 10 10 

80 14 10 10 

𝐾𝑎: Joint axial 

stiffness (kN/m) 

40 1910 1905 1960 

80 1915 1900 1985 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 

40 735 735 780 

80 735 735 770 

Constraints 

𝑎: Joint elongation 

(m) 

40 0.0799 0.0799 0.0799 

80 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 

40 0.325 2.195 10.059 

80 0.291 3.573 10.064 

𝜀𝑡: Pipeline tensile 

strain (%) 

40 1.949 1.947 0.258 

80 1.945 1.783 0.258 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

40 0 0 0.237 

80 0 0.131 0.237 

3.2.3.6 Stage 5 - Effect of fault offset magnitude 

In the end, for a variable pipeline–fault crossing angle, the effects of fault offset magnitude are investigated. The 

fault offset magnitude is increased in the function of the pipe diameter 𝐷. The parameters of the investigation are 

summarized subsequently: 

Constant parameters: 

• Step considered for the joint stiffness variables 

Investigated parameters: 

• Horizontal fault offset magnitude (strike-slip fault) = 0.5 × 𝐷, 1.0 × 𝐷, 2 × 𝐷, 3 × 𝐷, and 4 × 𝐷 (𝐷 = pipe 

diameter) 

• Pipeline–fault crossing angle: 𝛽 =  70, 80, 90 degrees 

• Analysis time limit = 10800s (= 3 hours), 14400s (= 4 hours), 18000s (= 5 hours), 30000s (≈ 8.5 hours) and 

43200s (= 12 hours) 

• Population size = 10 and 40 

The results are presented in the comparative Table 3-10. It is observed that: 

• The number of joints does not change until the displacement of 4 × 𝐷 =  3.656m, where it increases for 𝛽 =
 90 degrees. 
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• The distance between joints is decreasing for all angles 𝛽 with the increase of fault displacement. 

• The joint rotation exceeds the limit for 4 × 𝐷 cases at 𝛽 =  90 degrees, being equal to 3.656m. 

• The joint elongation increases with the increase of fault displacement for 𝛽 =  90 degrees. 

• For crossing angle 𝛽 = 70 degrees, the pipe tensile strain tends to saturate after fault offset magnitude equal 

to 2 × 𝐷. The pipe tensile strain is the critical constraint. 

Table 3-10: Result comparison for increasing fault offset magnitude 

Parameter 

𝛽: Pipeline–

fault crossing 

angle  

(degrees) 

Fault offset magnitude 

(integer × 𝐷) 

0.5 1 2 3 4 

F: Objective function value  

(×10-7) 

70 0.853 0.853 0.876 0.885 1.136 

80  0.874 0.917 0.874 0.915 0.893 

90 0.879 0.872 0.879 0.887 1.22 

Variables 

𝑛𝑗: Number of joints 

70 1 1 1 1 3 

80 1 1 1 1 1 

90 1 1 1 1 2 

𝐿𝑗: Distance between two adjacent 

joints (m) 

70 15 15 11 11 10 

80 14 11 11 10 10 

90 11 11 10 10 4 

𝐾𝑎: Joint axial stiffness (kN/m) 

70 1900 1900 1910 1915 1910 

80 1925 1945 1905 1965 1905 

90 1915 1900 1900 1905 1915 

𝐾𝜑: Joint rotational stiffness 

(kNm/rad) 

70 735 735 735 740 735 

80 740 755 735 740 745 

90 735 735 735 740 735 

Constraints 

𝑎: Joint elongation (m) 

70 0.0799 0.0799 0.0799 0.0799 0.0799 

80 0.0799 0.0799 0.0799 0.0799 0.0799 

90 0.0138 0.0283 0.06 0.0799 0.0799 

𝜑: Joint rotation (degrees) 

70 0.244 0.576 2.191 2.297 3.292 

80 0.427 2.637 3.81 5.467 5.832 

90 1.191 2.725 7.37 10.075 12.137 

𝜀𝑡: Pipeline tensile strain (%) 

70 0.204 0.729 1.929 1.963 1.923 

80 0.205 0.264 1.343 1.784 1.808 

90 0.1766 0.267 0.247 0.258 0.115 

𝜀𝑐: Pipeline compressive strain 

(%) 

70 0.191 0.321 0.193 0 0 

80 0.2 0.251 0.342 0.171 0.057 

90 0.175 0.261 0.237 0.237 0 
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3.2.3.7 Topology Optimization Parameters 

Based on the extensive investigation presented in the previous stages, the adopted parameters for the topology 

optimization and the parametric analysis are listed subsequently. 

Optimization process selected parameters: 

• Analysis time limit = 43200s (= 12 hours) 

• Population size = 40 

• No initial population 

• Step considered for the joint stiffness variables 

• Fault offset magnitude = 3 × 𝐷 =  2.742m (𝐷 = pipe diameter) 

Optimization variables: 

• Joint axial stiffness: 𝐾𝑎 = 1900 − 2000kN/m 

• Joint rotational stiffness: 𝐾𝜑 = 735 − 785kNm/rad 

• Number of joints on one side of the fault trace: 𝑛𝑗 = 1 − 10 

• Distance between two adjacent joints: 𝐿𝑗 = 1 − 25m 

Optimization constrains: 

• Joint elongation: 𝑎𝑚𝑎𝑥 = 0.08m 

• Joint biaxial rotation: 𝜑𝑚𝑎𝑥 = 12 degrees 

• Pipeline longitudinal tensile strain capacity threshold: 𝜀𝑡,𝑐𝑎𝑝  =  2% [operable limit after ALA (2001)] 

• Pipeline longitudinal compressive strain capacity threshold: 𝜀𝑐,𝑐𝑎𝑝 = 0.39% [operable limit after ALA (2001)] 

Parametric investigation parameters: 

• Fault mechanism (strike-slip, normal, reverse) 

• Pipeline-fault crossing angle: 𝛽 =  30 − 90 degrees with 10 degrees increment  

• Fault dip angle: 𝜓 = 50 − 90 degrees with 10 degrees increment 

3.3 Effect of Fault Trace Uncertainty Length  

A seismic fault is defined as a discontinuity between two blocks of the earth's crust, where relative movement 

occurs to release the concentrated energy below the crust. The fault movement is usually concentrated in a 

relatively narrow zone, referred to as the fault plane (Kramer & Stewart, 2024). Considering the fault as planar is 

a reasonable assumption, as buried pipes are commonly placed a couple of meters below the ground surface and 

is quite accurate for rocky or stiff soil conditions. If this is not the case, the assumption might be violated as 

inhomogeneous upper soil layers may alter the rupture propagation from the bedrock to the ground surface, and 

consequently, the fault might not “appear” where it is expected (Anastasopoulos et al., 2007; Tsatsis et al., 2019). 

The length on the ground along the pipe that includes the potential fault trace locations is referred to as the fault 

trace uncertainty length and is estimated by seismological and geotechnical studies of the wider fault crossing area. 

Seismic countermeasures for buried pipes are typically applied along the entire fault trace uncertainty length to 

ensure that the pipe is protected wherever the fault trace might “appear” on the ground surface EN 1998-6 (CEN, 

2006). This is also the case for the introduction of flexible joints. 

In this thesis, the uncertainty length is considered equal to 𝐿𝑢 = 50 𝑚 on each side of the fault trace, according to 

the suggestions of EN 1998-4 (CEN, 2006) in the absence of detailed geological study. Engineers in practice tend 

to implement the protection measure along the total length of the fault trace uncertainty. In the case of the flexible 

joints, we shall apply the joints as stated in Section 3.2.1.2, namely one joint very close to the fault trace, 𝑛𝑗 number 

of joints on each side of the fault trace uncertainty spaced out at a fixed interval of 𝐿𝑗, in addition to two more 

joints outside the uncertainty length on each side.  
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{
 
 

 
 

𝑁𝑗 = 2𝑛𝑗 + 1                         if           𝑛𝑗 × 𝐿𝑗 > 𝐿𝑢

𝑁𝑗 =
2 × 𝐿𝑢

𝐿𝑗
+ (2𝑛𝑗 + 1)   if           𝑛𝑗 × 𝐿𝑗 < 𝐿𝑢  (a) 

𝑁𝑗 =
2 × 𝐿𝑢

𝐿𝑗
+ (2 + 1)      if           𝑛𝑗 × 𝐿𝑗 < 𝐿𝑢  (b)

 (13) 

Both options (a) and (b) in Equation (13) are implemented in the condition of the optimized joints topology is 

implemented within the limit of the uncertainty length thus the number required to cover this distance is calculated 

from the round up number of the fraction 
2×𝐿𝑢

𝐿𝑗
. Apart from this number, one joint [part “+1”] is introduced at the 

crossing point. Furthermore, where the fault is developed at the edge of the fault trace uncertainty length, option 

(a) of Equation (13) implies, as a worst-case scenario, the optimized number of joints 𝑛𝑗 should be introduced at 

each side from the fault trace [part “+2𝑛𝑗”], contrary to option (b) Equation (13) that implies only one joint should 

be introduced at each side. For practical reasons the option (b) of Equation (13) is adopted. 

Table 3-11: Result comparison of fault uncertainty length constraint 

Optimizing variable 

Uncertainty 

length 

constraint 

𝑛𝑗 × 𝐿𝑗
> 𝐿𝑢 

Pipeline-fault crossing angle 𝛽 

30 40 50 60 70 80 90 

F: Objective 

function value  

(×10-7) 

No 1.230 1.220 1.220 1.130 0.885 0.886 0.962 

Yes 1.217 1.212 1.217 1.213 1.198 1.216 1.215 

𝑛𝑗: Number of joints 
No 9 7 6 3 1 1 1 

Yes 9 7 6 5 5 5 5 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

No 13 12 10 11 11 10 10 

Yes 14 12 10 10 11 10 10 

𝑁𝑗: Total number of 

joints 

No 21 17 15 13 13 13 13 

Yes 21 17 15 13 13 13 13 

𝐾𝑎: Joint axial 

stiffness (kN/m) 

No 1910 1900 1905 1915 1915 1915 1960 

Yes 1900 1900 1900 1910 1915 1915 1925 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 

No 735 740 735 735 740 735 780 

Yes 735 735 735 740 735 740 735 

Constraints  

𝑎 : Joint elongation 

(m) 

No 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

Yes 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑 : Joint rotation 

(degrees) 

No 0.325 0.502 2.195 1.572 2.297 5.469 10.059 

Yes 0.291 0.504 2.195 3.651 5.101 9.265 10.241 

𝜀𝑡 : Pipeline tensile 

strain (%) 

No 1.949 1.992 1.947 1.986 1.964 1.683 0.258 

Yes 1.945 1.992 1.947 1.818 1.806 0.264 0.255 

𝜀𝑐 : Pipeline 

compressive strain 

(%) 

No 0 0 0 0 0 0.171 0.237 

Yes 0 0 0 0.087 0.357 0.21 0.235 
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To confirm the choice concerning the uncertainty length, a brief investigation was conducted by directly including 

the uncertainty length 𝐿𝑢 in the optimization process. An additional constraint, 𝑛𝑗 × 𝐿𝑗 > 𝐿𝑢, forced the algorithm 

to optimize a topology configuration of joints that are introduced along the total length of 𝐿𝑢. The results from the 

optimization efforts, with and without uncertainty length constraint, are compared in Table 3-11. By including the 

constraint to cover the entire length of the fault uncertainty trace, the optimized results are almost identical for 

pipeline – fault crossing angles 𝛽 = 30°, 40°, 50°, and different for the remaining angles as expected 

inconsideration of the introduced constraint. 

The overall mechanical behavior of the joints is identical to the previous optimization results as we can notice the 

same “trend” for the total number of joints and for the joint axial displacement and rotation. On the other hand, 

the strains developed in the pipe notice a spike for compressive strain is reported at 𝛽 = 70° and this spike is 

related to the optimization algorithm and the results within the final generation. If the algorithm was allowed more 

time to execute further iterations a more adequate value following the “trend” could be found. Finally, the axial 

and rotational stiffness of the joints are equal or slightly higher than the lower bound. We shall adopt hereafter the 

optimizations without considering the trace uncertainty length. 
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4 Parametric Investigation 

The optimization results for the different fault mechanisms, i.e., strike-slip, normal, and reverse are presented. For 

the normal and reverse fault, the fault dip angle is also investigated as it significantly affects the pipeline behavior. 

The imposed displacement Δ = (Δ𝑥 , Δ𝑦 , Δ𝑧) on the pipeline due to faulting consists of three components that are 

calculated as: 

Δ𝑥 = 𝐹ℎ × cos𝛽 +
𝐹𝑣

tan𝜓
× sin 𝛽 (14) 

Δ𝑦 = 𝐹ℎ × sin 𝛽 +
𝐹𝑣

tan𝜓
× cos 𝛽 (15) 

Δ𝑧 = 𝐹𝑣 (16) 

where 𝐹𝑣 is the vertical displacement of fault rupture in case of normal and reverse fault mechanism, 𝐹ℎ is the 

horizontal displacement of the fault rupture in case of strike-slip fault mechanism, Δ𝑥 is the longitudinal (along 

the pipeline axis) imposed displacement, Δ𝑦 is the transverse horizontal, and Δ𝑧 is the vertical imposed 

displacement. It is noted that 3D fault movement is not considered, i.e., oblique type faults. 

4.1 Reference pipeline 

A typical API5L-X65 pipeline with no protection measure is considered as a reference case, in the subsequent 

sections the results related to the pipe are annotated by “RP”. The pipeline is evaluated for different fault 

mechanisms and various pipeline-fault crossing angles. We are mostly interested in the reduction of tensile and 

compressive strains, for this reason, the tensile and compressive strains resulting from the numerical model are 

listed in Table 4-1. 

Table 4-1 : Numerical results for the reference pipeline (RP) under different fault mechanisms 

Fault 

mechanism 

𝜓: Fault 

dip angle 

(degrees) 

 

𝛽: 

Pipeline 

–fault 

crossing 

angle 

(degrees) 

Δ: Fault 

offset 

magnitude 

(m) 

Imposed displacement in 

numerical model 
Pipeline strains 

Δ𝑥 (m) Δ𝑦 (m) Δ𝑧 (m) 

𝜀𝑡: 
Tensile 

strain (%) 

𝜀𝑐: 
Compressive 

Strain (%) 

Strike-Slip 

90 30 2.742 2.375 -1.371 0.000 5.55 0.00 

90 40 2.742 2.100 -1.763 0.000 5.32 0.00 

90 50 2.742 1.763 -2.100 0.000 4.93 0.00 

90 60 2.742 1.371 -2.375 0.000 4.30 0.00 
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90 70 2.742 0.938 -2.577 0.000 2.69 0.00 

90 80 2.742 0.476 -2.700 0.000 2.42 0.23 

90 90 2.742 0.000 -2.742 0.000 2.81 1.76 

Normal 

50 30 2.742 1.150 -1.99  -2.742  6.62      0.00 

50 40 2.742 1.479 -1.76  -2.742  7.15      0.00 

50 50 2.742 1.763 -1.48  -2.742  7.53      0.00 

50 60 2.742 1.993 -1.15  -2.742  7.75      0.00 

50 70 2.742 2.162 -0.79  -2.742  7.85      0.00 

50 80 2.742 2.266 -0.40  -2.742  7.84      0.00 

50 90 2.742 2.301 0.000 -2.742  7.77      0.00 

60 30 2.742 0.792 -1.37  -2.742  5.48      0.00       

60 40 2.742 1.018 -1.21  -2.742  6.07      0.00        

60 50 2.742 1.213 -1.02  -2.742  6.32      0.00 

60 60 2.742 1.371 -0.79  -2.742  6.53      0.00 

60 70 2.742 1.488 -0.54  -2.742  6.65      0.00 

60 80 2.742 1.559 -0.27  -2.742  6.67      0.00 

60 90 2.742 1.583 0.00 -2.742  6.63      0.00 

70 30 2.742 0.499 -0.86  -2.742  5.16       0.40      

70 40 2.742 0.642 -0.76  -2.742  5.27       0.23      

70 50 2.742 0.765 -0.64  -2.742  5.41       0.10      

70 60 2.742 0.864 -0.50  -2.742  5.60       0.02      

70 70 2.742 0.938 -0.34  -2.742  5.77      0.00 

70 80 2.742 0.983 -0.17  -2.742  5.79       0.01 

70 90 2.742 0.998 0.00 -2.742  5.79       0.03 

80 30 2.742 0.242 -0.42  -2.742  4.96       1.02      

80 40 2.742 0.311 -0.37  -2.742  4.90       0.83      

80 50 2.742 0.370 -0.31  -2.742  4.87       0.66      

80 60 2.742 0.419 -0.24  -2.742  5.02       0.62      

80 70 2.742 0.454 -0.17  -2.742  5.11       0.60      

80 80 2.742 0.476 -0.08  -2.742  5.14       0.61      

80 90 2.742 0.483 0.00 -2.742  5.26       0.64      

90 50 - 90 2.742 0.00 0.00 -2.742 5.14 3.71 

Reverse 

50 30 2.742 -1.150 -1.993 2.742  20.71       49.78      

50 40 2.742 -1.479 -1.763 2.742  26.13       49.51      

50 50 2.742 -1.763 -1.479 2.742  28.21       49.69      

50 60 2.742 -1.993 -1.150 2.742  29.44       49.99      

50 70 2.742 -2.162 -0.787 2.742  26.63       49.99      
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50 80 2.742 -2.266 -0.400 2.742  28.33       49.82      

50 90 2.742 -2.301 0.000 2.742  31.25       49.98      

60 30 2.742 -0.792 -1.371 2.742  13.43       45.60      

60 40 2.742 -1.018 -1.213 2.742  21.01       49.63      

60 50 2.742 -1.213 -1.018 2.742  10.53       49.52      

60 60 2.742 -1.371 -0.792 2.742  10.53       49.52      

60 70 2.742 -1.488 -0.541 2.742  18.88       49.70      

60 80 2.742 -1.559 -0.275 2.742  23.30       50.00      

60 90 2.742 -1.583 0.000 2.742  26.43       49.18      

70 30 2.742 -0.499 -0.864 2.742  9.37       19.21      

70 40 2.742 -0.642 -0.765 2.742  8.24       20.89      

70 50 2.742 -0.765 -0.642 2.742  9.30       37.66      

70 60 2.742 -0.864 -0.499 2.742  17.88       49.92      

70 70 2.742 -0.938 -0.341 2.742  21.16       49.84      

70 80 2.742 -0.983 -0.173 2.742  23.18       49.99      

70 90 2.742 -0.998 0.000 2.742  23.87       49.93      

80 30 2.742 -0.242 -0.419 2.742  5.60       11.65      

80 40 2.742 -0.311 -0.370 2.742  6.81       14.38      

80 50 2.742 -0.370 -0.311 2.742  8.91       22.19      

80 60 2.742 -0.419 -0.242 2.742  7.81       32.28      

80 70 2.742 -0.454 -0.165 2.742  8.72       35.60      

80 80 2.742 -0.476 -0.084 2.742  9.41       37.63      

80 90 2.742 -0.483 0.000 2.742  9.62       38.23      

90 50 - 90 2.742 0.00 0.00 -2.742 5.14 3.71 

It is apparent, as expected, that the pipeline cannot safely accommodate such large fault offset magnitude. It is 

noted that the reported strains are the maximum tensile and compressive strains regardless of the location along 

the pipeline and on the cross-section. 

4.2 Strike-Slip Fault Mechanism 

In the case of strike-slip faulting, the pipeline response around the fault crossing point is symmetric and the 

crossing angle (𝛽) is the only parameter affecting the pipe response. The optimization results for the strike-slip 

mechanism are presented in Table 4-2, where the critical constraint in each case (crossing angle 𝛽) is highlighted 

with green color.  

The topology optimization results for strike-slip fault mechanism and varying pipeline–fault crossing angle are 

illustrated in Figure 4-1 and Figure 4-2 for the variables and in Figure 4-3 and Figure 4-4 for the constrains. The 

optimum total number of joints is shown in Figure 4-1 for increasing pipeline–fault crossing angle (𝛽), where it is 

observed that the increase of angle 𝛽 results to the decrease of the required number of joints. This is attributed to 

the pipeline behavior when subjected to strike-slip faulting, as the higher the angle 𝛽 is, bending dominates the 

pipeline response. The joint axial and rotational stiffnesses are shown in Figure 4-2 indicating that for higher 

crossing angles 𝛽 the required joint stiffness is increased due to the decreased required number of joints.  

Furthermore, the joint axial displacement and rotation is depicted in Figure 4-3. Regardless of the crossing angle 

𝛽, the joint elongation is the maximum allowed because the elongation of the joints essentially relieves pipe 

tension. It is recalled that the proposed joint is allowed to undergo maximum predefined elongation and after that 
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there is mechanical locking. Then, the increase of angle 𝛽 results in the increase of joint rotation as the pipeline 

bending prevails the structure response. Finally, for the latter reason, pipe tensile strain is essentially the critical 

constraint for all angles 𝛽 < 90 degrees, contrary to pipe compressive strains (Figure 4-4). 

The introduction of flexible joints reduces the tensile strains below the code-based operational limit for all crossing 

angles. In particular, for crossing angle 𝛽 = 30 degrees, where the highest value of tensile strain is reported for 

the reference pipe, the strain was reduced by 65%, while for crossing angle 𝛽 = 90 degrees, the tensile strain was 

reduced by 91% and the compressive strain by 86%. In more detail the pipeline strains for the reference pipe and 

the pipe with optimized flexible joints’ topology are presented in Figure 4-5 for all pipeline–fault crossing angles. 

 

Table 4-2: Strike-slip fault mechanism optimization results 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

𝐹: Objective 

function value 

(×10−7) 

1.230 1.220 1.220 1.130 0.885 0.886 0.962 

Variables 

𝑛𝑗: Number of joints 9 7 6 3 1 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

13 12 10 11 11 10 10 

𝑁𝑗: Total number of 

joints 
21 17 15 13 13 13 13 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1910 1900 1905 1915 1915 1915 1960 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 740 735 735 740 735 780 

Constraints  

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
0.325 0.502 2.195 1.572 2.297 5.469 10.059 

𝜀𝑡: Pipeline tensile 

strain (%) 
1.949 1.992 1.947 1.986 1.964 1.683 0.258 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0 0 0 0 0 0.171 0.237 

Note: Critical constrained marked with light green color. 
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Figure 4-1: Strike-Slip fault – Optimization results regarding the total number of joints for increasing pipeline–

fault crossing angle 

 

Figure 4-2: Strike-Slip fault – Optimization results regarding the joint stiffness for increasing pipeline–fault 

crossing angle 

 

Figure 4-3: Strike-Slip fault – Optimization results regarding the joint axial displacement and rotation for 

increasing pipeline–fault crossing angle 

5

10

15

20

25

30

30 40 50 60 70 80 90

N
j:
 T

o
ta

l 
n
u
m

b
er

 o
f 

jo
in

ts

β: Pipeline–fault crossing angle (degrees)

Strike-Slip fault: Total Number of Joints

700

720

740

760

780

800

1890

1910

1930

1950

1970

1990

0 0 0 0 0 0 0 K
φ
: 

Jo
in

t 
ro

ta
ti

o
n
al

 s
ti

fn
es

s 

(k
N

m
/r

ad
)

K
a
: 

Jo
in

t 
ax

ia
l 

st
if

fn
es

s 
(k

N
/m

)

β: Pipeline–fault crossing angle (degrees)

Strike-Slip fault: Joint Stiffness

Axial Stiffness Rotational Stiffness

0
1
2
3
4
5
6
7
8
9
10
11

0

0.02

0.04

0.06

0.08

0.1

0 0 0 0 0 0 0

φ
: 

Jo
in

t 
ro

ta
ti

o
n
 (

d
eg

re
es

)

a
: 

Jo
in

t 
el

o
n
g
at

io
n
 (

m
)

β: Pipeline–fault crossing angle (degrees)

Strike-Slip fault: Joint Axial Displacement and Rotation

Axial displacement Rotation



36  CHAPTER 4 

MSc Thesis of MOUSSA SALIBA  N.T.U.A. - 2025 

 

Figure 4-4: Strike-Slip fault – Optimization results regarding pipeline strains for increasing pipeline–fault crossing 

angle  

 

Figure 4-5: Strike-Slip fault – Comparison of pipeline strains between the reference (unprotected) pipe and the 

pipe with optimized configuration of joints for increasing pipeline–fault crossing angle. 
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4.3 Normal Fault Mechanism 

In the case of normal faulting, the pipeline response is asymmetric due to the mobilization of the vertical bearing 

soil resistance in the fault stationary block and the vertical uplift soil resistance in the fault moving block (ALA, 

2001; O’Rourke & Liu, 2012; Tsatsis et al., 2019). The pipe response is determined by the fault dip angle (𝜓) and 

the crossing angle (𝛽). The optimization results for normal fault mechanism are presented and evaluated 

considering fault dip angles 𝜓 = 50,60,70,80,90 degrees. It is noted that the fault dip angle 𝜓 = 90 degrees is 

theoretical and can hardly be found in nature, but it is examined for comparison purposes. 

4.3.1 Fault dip angle 50 degrees 

The optimization results for normal fault mechanism with fault dip angle 𝜓 = 50 degrees are presented in Table 

4-3. The topology optimization results for normal fault mechanism with fault dip angle 𝜓 = 50 degrees and 

varying pipeline–fault crossing angle are illustrated in Figure 4-6 and Figure 4-7 for the variables and in Figure 

4-8 and Figure 4-9 for the constrains. The optimum total number of joints is shown in Figure 4-6 for increasing 

pipeline–fault crossing angle (𝛽), where it is observed that the increase of angle 𝛽 results to the increase of the 

required total number of joints, which is attributed to tension that prevails the pipe mechanical behavior. Τhe joint 

axial and rotational stiffnesses (Figure 4-7) with respect to the crossing angle 𝛽 slightly fluctuate around the 

minimum values indicating that the more joints are favored to relieve pipe strains instead of fewer joints with 

increased stiffness.  

Furthermore, the joint axial displacement and rotation are depicted in Figure 4-8. Regardless of the crossing angle 

𝛽, the joint elongation is the maximum allowed because the elongation of the joints essentially relieves pipe 

tension. Then, the increase of crossing angle 𝛽 yields a trend of decreasing joint rotation due to the increase of the 

total number of joints. Finally, a trend of decreasing pipe strains is observed for increasing crossing angle 𝛽  due 

to the increasing number of joints (Figure 4-9). In conclusion, pipe tensile strain is the critical constraint regardless 

of the crossing angle 𝛽. 

The introduction of flexible joint reduced the tensile strains to the acceptable operating range for all crossing 

angles. In particular for crossing angles 𝛽 = 60;  70; 80; 90 degrees, where the tensile strain saturates, the 

reduction is around 78%. However, an increase in compressive strain for angles 𝛽 = 30;  40; 50; 60; 70 degrees 

is noticed, where for crossing angle 𝛽 = 40 degrees the increase was about 50% of the operable limit. In more 

detail, the pipeline strains for the reference pipe and the pipe with optimized flexible joint topology are presented 

in Figure 4-10 for all pipeline–fault crossing angles.  
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Table 4-3: Results for normal fault mechanism with dip angle 𝜓 = 50 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 50 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F: Objective 

Function value  

(×10-7) 

1.183 1.224 1.221 1.221 1.227 1.235 1.232 

Variables 

𝑛𝑗: Number of joints 4 7 7 9 10 10 10 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

10 11 11 15 14 14 14 

𝑁𝑗: Total number of 

joints 
13 17 17 21 23 23 23 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1905 1905 1900 1915 1905 1905 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
740 735 735 735 735 740 740 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
5.051 5.903 4.670 5.123 5.106 4.530 4.088 

𝜀𝑡: Pipeline tensile 

strain (%) 
1.917 1.974 1.960 1.885 1.712 1.703 1.450 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.063 0.191 0.012 0.122 0.038 0 0 

Note: Critical constrained marked with light green color. 
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Figure 4-6: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-7: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 

 

Figure 4-8: Normal fault with dip angle 𝜓 = 50 degrees: Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle 
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Figure 4-9: Normal fault with dip angle 𝜓 = 50 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

 

Figure 4-10: Normal fault with dip angle 𝜓 = 50 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing angle 
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4.3.2 Fault dip angle 60 degrees 

The optimization results for normal fault mechanism with fault dip angle 𝜓 = 60 degrees are presented in Table 

4-4. 

Table 4-4: Results for normal fault mechanism with dip angle 𝜓 = 60 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 60 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F: Objective 

function value 

(×10^-7) 

0.832 1.001 1.118 1.135 1.140 1.157 1.142 

Variables 

𝑛𝑗: Number of joints 1 2 4 5 5 6 5 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

25 25 22 25 22 24 25 

𝑁𝑗: Total number of 

joints 
7 7 11 13 13 15 13 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1905 1905 1900 1900 1905 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 740 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
4.862 4.506 5.086 5.099 4.515 4.937 3.568 

𝜀𝑡: Pipeline tensile 

strain (%) 
1.921 1.996 1.827 1.717 1.796 1.279 1.982 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.029 0 0.036 0.039 0 0.006 0 

Note: Critical constrained marked with light green color. 

The topology optimization results for normal fault mechanism with fault dip angle 𝜓 = 60 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-11 and Figure 4-12 for the variables and in Figure 4-13 

and Figure 4-14 for the constrains. The optimum total number of joints is shown in Figure 4-11 for increasing 

pipeline–fault crossing angle (𝛽), where it is observed that the increase of crossing angle up to 𝛽 = 80 degrees 

results to the increase of the required total number of joints, while a minor drop in the total number of joints is 

observed for 𝛽 = 90 degrees. The distance between two adjacent joints is roughly equal to the maximum allowed, 

i.e., 25m, as shown in the Table 4-4, while the number of joints increases with the increase of crossing angle 𝛽. 

The joint axial and rotational stiffnesses (Figure 4-12) with respect to the crossing angle 𝛽 slightly fluctuate around 

the minimum values indicating that the more joints are favored to relieve pipe strains instead of fewer joints with 

increased stiffness. Furthermore, the joint axial displacement and rotation are depicted in Figure 4-13. Regardless 

of the crossing angle 𝛽, the joint elongation is the maximum allowed because the elongation of the joints essentially 

relieves pipe tension. Then, the joint rotation fluctuates between 4.5 and 5.0 degrees for crossing angle up to 𝛽 =
80 degrees and then drops for 𝛽 = 90 degrees, signaling the requirement for less joints. 
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Finally, the pipe compressive strains are essentially negligible, while the pipe tensile strain is the critical constraint 

regardless of the crossing angle 𝛽. 

The introduction of flexible joints reduces the tensile strains to the acceptable operating range for all crossing 

angles. Moreover, for crossing angles 𝛽 = 50°, 60°, 70°, 80°, 90°, where the tensile strain saturates, the reduction 

is around 74%. However, an increase in compressive strain for angles 𝛽 = 30°, 50°, 60°, 80° is observed where 

for 𝛽 = 60° the highest value is reached still, as evident, the compressive strain of the pipeline with flexible joint 

remains well below the capacity threshold. In more detail, the pipeline strains for the reference pipe and the pipe 

with optimized flexible joint topology are presented in Figure 4-15 for all pipeline–fault crossing angles.  

 

 

Figure 4-11: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-12: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-13: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle 

 

Figure 4-14: Normal fault with dip angle 𝜓 = 60 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 
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Figure 4-15: Normal fault with dip angle 𝜓 = 60 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing angle 
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4.3.3 Fault dip angle 70 degrees 

The optimization results for normal fault mechanism with fault dip angle 𝜓 = 70 degrees are presented in Table 

4-5. 

Table 4-5: Results for normal fault mechanism with dip angle 𝜓 = 70 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 70 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F : Objective 

function value  

(×10−7) 

0.853 0.853 0.085 0.853 1.026 1.026 1.026 

Variables 

𝑛𝑗: Number of joints 1 1 1 1 2 2 2 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

25 25 25 25 24 25 25 

𝑁𝑗: Total number of 

joints 
7 7 7 7 8 7 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1900 1900 1900 1905 1905 1905 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
6.046 5.453 4.957 4.454 4.884 4.564 4.376 

𝜀𝑡: Pipeline tensile 

strain (%) 
1.436 1.547 1.694 1.850 1.414 1.489 1.252 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.144 0.068 0.035 0 0.19 0 0 

Note: Critical constrained marked with light green color. 

The topology optimization results for normal fault mechanism with fault dip angle 𝜓 = 70 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-16 and Figure 4-17 for the variables and in Figure 4-18 

and Figure 4-19 for the constrains. The distance between two adjacent joints is equal to the maximum allowed, 

i.e., 25m as shown in the Table 4-5 for almost all crossing angles 𝛽. The optimum total number of joints is shown 

in Figure 4-16 for increasing pipeline–fault crossing angle (𝛽), where it is observed that (i) the minimum allowed 

number of joints (provided that the maximum distance between two adjacent joints is selected as the optimum) 

results for crossing angle up to 𝛽 = 60 degrees, (ii) then a transition point (from predominant tension to bending) 

for crossing angle 𝛽 = 70 degrees is observed, while for crossing angle 𝛽 = 80 and 𝛽 = 90 degrees a joint less 

is required compared to the case of 𝛽 = 70 degrees. Τhe joint axial and rotational stiffnesses are shown in Figure 

4-17. Joint axial stiffness is the minimum one, while the rotational stiffness is the maximum one, regardless of the 

crossing angle 𝛽. By maximizing the rotational stiffness, the joint rotation is roughly equal to the maximum 

allowed (Figure 4-18). On the other hand, as observed in all cases, the joint elongation reaches the maximum 
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allowable value and the joint locks. Finally, the pattern of pipe strains follows the one of the total number of joints 

with respect to the crossing angle 𝛽. 

The optimized topology of flexible joint reduced the tensile strains to the acceptable operable limit for all crossing 

angles, the reduction is around 72%. Furthermore, it is noticed for compressive strain at angles 𝛽 = 30°, 40°, 50° 
degrees, the reduction of strain is around 65%. Furthermore, for crossing angles 𝛽 = 60, 80, 90 degrees, the 

compressive strain is reduced completely. However, at crossing angle 𝛽 = 70 degrees there is an increase, still, as 

evident, the compressive strain of the pipeline with flexible joint remains well below the capacity threshold. In 

more detail the pipeline strains for the reference pipe and the pipe with optimized flexible joint topology are 

presented in Figure 4-20 for all pipeline-fault crossing angles.  

 

 

Figure 4-16: Normal fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-17: Normal fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-18: Fault dip angle 𝜓 = 70 degrees – Optimization results regarding the joint axial displacement and 

rotation for increasing pipeline–fault crossing angle 

 

Figure 4-19: Fault dip angle 𝜓 = 70 degrees – Optimization results regarding pipeline strains for increasing 

pipeline–fault crossing angle 
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Figure 4-20: Normal fault with dip angle 𝜓 = 70 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing angle 
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4.3.4 Fault dip angle 80 degrees 

The optimization results for normal fault mechanism with fault dip angle 𝜓 = 80 degrees are presented in Table 

4-6. 

Table 4-6: Results for normal fault mechanism with dip angle 𝜓 = 80 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 80 

𝛽: Pipeline-fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F : Objective 

function value  

(×10-7) 

0.832 0.832 0.832 0.832 0.832 0.832 0.832 

Variables 

𝑛𝑗: Number of joints 1 1 1 1 1 1 1 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

25 25 25 25 25 25 25 

𝑁𝑗: Total number of 

joints 
7 7 7 7 7 7 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1900 1900 1900 1900 1900 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
6.777 6.558 6.359 6.19 6.056 6.001 6.01 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.365 0.372 0.378 0.362 0.315 0.270 0.272 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.114 0.077 0.052 0.026 0 0 0 

Note: Critical constrain marked with light green color. 

The topology optimization results for normal fault mechanism with fault dip angle 𝜓 = 80 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-21 and Figure 4-22 for the variables and in Figure 4-23 

and Figure 4-24 for the constrains. The distance between two adjacent joints is equal to the maximum allowed, 

i.e., 25m as shown in the Table 4-6, regardless of the crossing angle 𝛽. The optimum total number of joints equals 

to minimum allowed, provided that the maximum distance between two adjacent joints is selected as the optimum, 

regardless of the crossing angle 𝛽 (Figure 4-21). The joint axial and rotational stiffness are also the minimum 

allowed, regardless of the crossing angle 𝛽 (Figure 4-22). The joint elongation (Figure 4-23), as observed in all 

cases, is the maximum allowable value and the joint locks. On the other hand, a slight decrease of joint rotation 

with the increase of crossing angle 𝛽 (Figure 4-23) is observed. Finally, the pipe tensile strain is roughly constant 

for all crossing angles 𝛽, while the pipe compressive strain decreases due to the decrease of the joint rotation 

(Figure 4-24). The critical constraint is joint elongation for all crossing angles 𝛽. 
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The optimized topology of flexible joint reduced the tensile and compressive strains to the acceptable operating 

range for all crossing angles, the reduction is around 93% and 95% respectively for tensile and compressive strains. 

Furthermore, compressive strains at crossing angles 𝛽 = 70,80,90 degrees are essentially eliminated. In more 

detail, the pipeline strains for the reference pipe and the pipe with optimized flexible joint topology are presented 

in Figure 4-25 for all pipeline-fault crossing angles. 

 

 

Figure 4-21: Normal fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-22: Normal fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-23: Fault dip angle 𝜓 = 80  degrees – Optimization results regarding the joint deformation for increasing 

pipeline–fault crossing angle 

 

Figure 4-24: Fault dip angle 𝜓 = 80 degrees – Optimization results regarding pipeline strains for increasing 

pipeline–fault crossing angle 
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Figure 4-25: Normal fault with dip angle 𝜓 = 80 degrees – Comparison of pipeline strains between the reference 

(unprotected) pipe and the pipe with optimized configuration of joints for increasing pipeline–fault crossing angle 

  

Tensile limit

Compressive limit

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 0 0 0 0 0 0

ε c
: 

C
o

m
p

re
ss

iv
e 

st
ra

in
 (

%
)

ε t
: 

T
en

si
le

 s
tr

ai
n
 (

%
)

β: Pipeline–fault crossing angle (degrees)

Normal fault (ψ = 80 degrees): Pipeline Strains

Tensile strain RP Tensile strain Tensile limit

Compressive strain RP Compressive strain Compressive limit



Parametric Investigation 53 

Optimized Configuration of flexible joints for buried pipeline protection against tectonic faulting 

4.3.5 Fault dip angle 90 degrees 

The optimization results for normal fault mechanism with fault dip angle 𝜓 = 90 degrees are presented in Table 

4-7. 

Table 4-7: Results for normal fault mechanism with dip angle 𝜓 = 90 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 90 

𝛽: Pipeline-fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F : Objective 

function value 

(×10−7) 

0.832 0.832 0.832 0.832 0.832 0.837 0.843 

Variables 

𝑛𝑗: Number of 

joints 
1 1 1 1 1 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

25 25 25 25 25 25 25 

𝑁𝑗: Total number of 

joints 
7 7 7 7 7 7 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1900 1900 1900 1900 1910 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 745 

Constraints 

𝑎: Joint elongation 

(m) 
0.07973 0.07973 0.07973 0.07973 0.07973 0.07973 0.07973 

𝜑: Joint rotation 

(degrees) 
7.887 7.887 7.887 7.887 7.887 7.887 7.886 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.204 0.204 0.204 0.204 0.204 0.204 0.204 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.186 0.186 0.186 0.186 0.186 0.186 0.186 

Note: Critical constrained marked with light green color. 

The topology optimization results for normal fault mechanism with fault dip angle 𝜓 = 90 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-26 and Figure 4-27 for the variables and in Figure 4-28 

and Figure 4-29 for the constrains. The distance between two adjacent joints is equal to the maximum allowed, 

i.e., 25m as shown in the Table 4-7, regardless of the crossing angle 𝛽. By inspecting Figure 4-26 through Figure 

4-29, it is observed that the optimum topology configuration with respect to the variables is identical, while any 

minor differentiations, e.g., the joint stiffness for crossing angles 𝛽 = 80 and 𝛽 = 90 degrees are essentially 

negligible. The same outcome is drawn for the constraints, which have constant values regardless of the crossing 

angle 𝛽. This behavior is attributed to the limitation of the distance between two adjacent joints to a maximum 

value for practical and constructional reasons. Following a pertinent investigation, it was found that there would a 

variation in the results for higher distances between two adjacent joints. The examined case of a normal fault with 

dip angle 𝜓 = 90 degrees is theoretical from a physical point of view as an actual vertical fault plane can be hardly 
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found in nature. A pipeline subjected to vertical normal faulting means that the pipe is mainly bent, which results 

to a requirement for a lower number of joints with greater distance among them. 

 

Figure 4-26: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-27: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-28: Normal fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle 

 

Figure 4-29: Normal fault dip angle 𝜓 = 90 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 
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4.4 Reverse Fault Mechanism 

In the case of reverse faulting, the pipeline response is asymmetric due to the mobilization of soil with essentially 

different stiffness in the stationary and moving blocks of the fault. The examined pipe is deeply buried and has a 

high diameter to thickness ratio and the expected failure mode is local buckling (Melissianos et al., 2020). The 

pipe response is determined by the fault dip angle (𝜓) and the crossing angle (𝛽). The optimized topology 

configuration of joints in case of reverse faulting is investigated for a range of fault dip angles, namely, 𝜓 =
50°, 60°, 70°, 80°, 90°. It is noted that the angle 𝜓 = 90 degrees is rather theoretical, but it is examined for 

comparison purposes. Bending and mainly compression are the dominant behaviors of the pipe when subjected to 

reverse faulting. The fault dip angle determines the magnitude of compression that the pipe experiences. The lower 

the fault dip angle is, the more intense compression is developed in the pipe. In addition, the pipeline deformation 

under reverse fault rupture indicates an increased rotation demand for the joints thus, especially for low dip and 

crossing angles, the rotation demand surpassed the capacity, and no feasible solution was found. 

4.4.1 Fault dip angle 50 degrees 

The optimization results for reverse fault mechanism with fault dip angle 𝜓 = 50 degrees are presented in Table 

4-8. 

Table 4-8: Results for reverse fault mechanism with dip angle 𝜓 = 50 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 50 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F: Objective 

function value 

(×10−7) 

1.1328 1.2103 1.3129 1.2471 1.3301 0.8378 0.8334 

Variables 

𝑛𝑗: Number of joints 2 3 7 4 10 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

10 10 10 10 11 24 24 

𝑁𝑗: Total number of 

joints 
13 13 17 13 23 8 8 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1935 1905 1910 1905 1900 1910 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
775 785 780 780 785 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
15.737 15.809 15.857 15.896 14.473 9.156 8.874 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.248 0.241 0.231 0.214 0.232 0.295 0.270 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.264 0.265 0.260 0.245 0.268 0.384 0.357 

Note 1: Critical constrain marked with light green color. 

Note 2: Cases without optimum solution are marked with red color.  
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An optimum topology configuration was found only for crossing angles 𝛽 = 80 and 𝛽 = 90 degrees, while for 

lower crossing angles 𝛽 the pipe is subjected to significant compression and bending, which results to excessive 

rotation at the joints that exceeds the rotation capacity. This finding is reasonable in light of the excessive 

deformation of the pipeline due to significantly high fault offset magnitude. Therefore, results are presented 

subsequently only for the cases (i.e., crossing angles) that feasible solution in terms of topology optimization was 

found. 

The topology optimization results are illustrated in Figure 4-30 and Figure 4-31 for the variables and in Figure 

4-32 and Figure 4-33 for the constrains. The optimization results for crossing angles 𝛽 = 80 and 𝛽 = 90 degrees 

(Table 4-8) reveal that the optimized configuration of joints is essentially identical for both crossing angle. It is 

wort noting that the adjacent distance between two joints is roughly equal to the maximum allowable value. Then, 

regarding the constraints, the differences are minor. The optimized topology of flexible joint reduced the tensile 

and compressive strains to the acceptable operating range for all crossing angles, the reduction is around 99% for 

both strains. In more detail the pipeline strains for the reference pipe and the pipe with optimized flexible joint 

topology are presented in Table 4-9 for the mentioned angles. 

 

 

Figure 4-30: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-31: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-32: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle 

 

Figure 4-33: Reverse fault with dip angle 𝜓 = 50 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

Table 4-9: Comparison between strains of the reference (unprotected) pipe and pipe with optimized configuration 

of flexible joints for crossing angles 80 and 90 degrees [fault dip angle 𝜓 = 50 degrees] 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

𝜀𝑡: Pipeline with 

flexible joints 

tensile strain (%) 

𝜀𝑐: Pipeline with 

flexible 

compressive strain 

(%) 

𝜀𝑡: Reference 

Pipeline tensile 

strain (%) 

𝜀𝑐: Reference 

Pipeline 

compressive strain 

(%) 

80 0.29 0.38 28.33  49.82  

90 0.27 0.36 31.25  49.98  
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4.4.2 Fault dip angle 60 degrees 

The optimization results for reverse fault mechanism with fault dip angle 𝜓 = 60 degrees are presented in Table 

4-10. 

Table 4-10: Results for reverse fault mechanism with dip angle 𝜓 =  60 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 60 

𝛽: Pipeline-fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F: Objective 

function value 

(×10−7) 

3.068 2.971 1.282 1.287 0.838 0.833 0.833 

Variables 

𝑛𝑗: Number of joints 6 6 5 8 1 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

1 1 11 12 21 24 24 

𝑁𝑗: Total number of 

joints 
103 103 13 19 8 8 8 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1970 1920 1930 1910 1900 1900 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
785 780 780 770 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0474 0.0593 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
15.163 15.038 14.344 13.227 8.837 8.69 8.624 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.021 0.020 0.280 0.316 0.277 0.242 0.239 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.013 0.015 0.310 0.382 0.337 0.288 0.276 

Note 1: Critical constrain marked with light green color. 

Note 2: Cases without optimum solution are marked with red color. 

An optimum topology configuration was found only for crossing angles 𝛽 = 70, 𝛽 = 80 and 𝛽 = 90 degrees, 

while for lower crossing angles 𝛽 the pipe is subjected to significant compression and bending, which results to 

excessive rotation at the joints that exceeds the rotation capacity. This finding is reasonable in light of the excessive 

deformation of the pipeline due to significantly high fault offset magnitude. Therefore, results are presented 

subsequently only for the cases (i.e., crossing angles) that feasible solution in terms of topology optimization was 

found. 

The topology optimization results are illustrated in Figure 4-34 and Figure 4-35 for the variables and in Figure 

4-36 and Figure 4-37 for the constrains. The optimization results for crossing angles 𝛽 = 80 and 𝛽 = 90 degrees 

(Table 4-10) reveal that the optimized configuration of joints is essentially identical for both crossing angle. It is 

wort noting that the adjacent distance between two joints is roughly equal to the maximum allowable value. Then, 

regarding the constraints, the differences are minor. The optimized topology of flexible joints reduced the tensile 
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and compressive strains below the acceptable operational limit for all crossing angles; the reduction is around 99% 

in both cases.  In more detail, the pipeline strains for the reference pipe and the pipe with optimized flexible joint 

topology are presented in Table 4-11. 

 

 

Figure 4-34: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

 

Figure 4-35: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 
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Figure 4-36: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding the joint axial 

displacement and rotation for increasing pipeline–fault crossing angle 

 

Figure 4-37: Reverse fault with dip angle 𝜓 = 60 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

Table 4-11: Comparison between strains of the reference (unprotected) pipe and pipe with optimized configuration 

of flexible joints for crossing angles 70, 80 and 90 degrees [fault dip angle 𝜓 = 60 degrees] 

𝛽: Pipeline–fault 

crossing angle 
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𝜀𝑡: Pipeline with 

flexible joints 
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𝜀𝑐: Pipeline with 

flexible 

compressive strain 

(%) 

𝜀𝑡: Reference 

Pipeline tensile 

strain (%) 

𝜀𝑐: Reference 

Pipeline 

compressive strain 

(%) 

70 0.27653 0.33668  18.88       49.70      

80 0.24167 0.28773  23.30       50.00      

90 0.23885 0.27624 26.43 49.18      
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4.4.3 Fault dip angle 70 degrees 

The optimization results for reverse fault mechanism with fault dip angle 𝜓 = 70 degrees are presented in Table 

4-12. 

Table 4-12: Results for reverse fault mechanism with dip angle 𝜓 = 70 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 70 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F : Objective 

function value 

(×10−7) 

1.296 1.217 0.865 0.832 0.832 0.832 0.832 

Variables 

𝑛𝑗: Number of joints 5 3 1 1 1 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

11 12 14 25 25 25 25 

𝑁𝑗: Total number of 

joints 
13 12 11 7 7 7 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1940 1945 1920 1900 1900 1900 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
785 785 735 735 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
14.192 13.107 11.380 9.008 8.726 8.660 8.608 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.257 0.292 0.314 0.333 0.290 0.273 0.270 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.262 0.310 0.345 0.376 0.328 0.306 0.295 

Note 1: Critical constrain marked with light green color. 

Note 2: Cases without optimum solution are marked with red color. 

The topology optimization results for reverse fault mechanism with fault dip angle 𝜓 = 70 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-38 and Figure 4-39 for the variables and in Figure 4-40 

and Figure 4-41 for the constrains. An optimum topology configuration was not found for crossing angle 𝛽 =
30 and 𝛽 = 40 degrees, the pipe is subjected to significant compression and bending that resulted in excessive 

rotation at the joints, which exceeds the rotation capacity. 

The optimized topology of flexible joint reduced the tensile and compressive strains to the acceptable operating 

range for all crossing angles, the reduction is around 98% for tensile strain and 99% for compressive strain. In 

more detail the pipeline strains for the reference pipe and the pipe with optimized flexible joint topology are 

presented in Table 4-13 for angles 𝛽 = 50, 60, 70, 80, 90 degrees. 
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Figure 4-38: Reverse fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the total number of 

joints for increasing pipeline–fault crossing angle 

 

Figure 4-39: Reverse fault with dip angle 𝜓 = 70 degrees – Optimization results regarding the joint stiffnesses 

for increasing pipeline–fault crossing angle 
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Figure 4-40: Reverse fault dip angle 𝜓 = 70 degrees– Optimization results regarding the joint axial displacement 

and rotation for increasing pipeline–fault crossing angle 

 

Figure 4-41: Reverse Fault dip angle 𝜓 = 70 degrees– Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

Table 4-13: Comparison between strains of the reference (unprotected) pipe and pipe with optimized configuration 

of flexible joints for crossing angles 50, 60, 70, 80 and 90 degrees [fault dip angle 𝜓 = 70 degrees] 
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flexible joints 

tensile strain (%) 
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flexible joints 

compressive strain 

(%) 

𝜀𝑡: Reference 

Pipeline tensile 

strain (%) 

𝜀𝑐: Reference 

Pipeline 

compressive strain 

(%) 

50 0.31376 0.34464  9.30       37.66      

60 0.33269 0.37592  17.88       49.92      

70 0.29004 0.32805  21.16       49.84      

80 0.27341 0.30552  23.18       49.99      

90 0.27033 0.29513  23.87       49.93      
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4.4.4 Fault dip angle 80 degrees 

The optimization results for reverse fault mechanism with fault dip angle 𝜓 = 80 degrees are presented in Table 

4-14. 

Table 4-14: Results for reverse fault mechanism with dip angle ψ = 80 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 80 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F: Objective function 

value (×10−7) 
0.832 0.832 0.832 0.832 0.832 0.840 0.834 

Variables 

𝑛𝑗: Number of joints 1 1 1 1 1 1 1 

𝐿𝑗: Distance between 

two adjacent joints 

(m) 

25 25 25 25 25 24 25 

𝑁𝑗: Total number of 

joints 
7 7 7 7 7 8 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1900 1900 1900 1900 1915 1905 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 0.0799 

𝜑: Joint rotation 

(degrees) 
8.145 8.184 8.227 8.270 8.304 8.242 8.329 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.250 0.236 0.241 0.245 0.248 0.216 0.250 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.246 0.230 0.239 0.245 0.250 0.220 0.254 

Note: Critical constrain marked with light green color. 

The topology optimization results for reverse fault mechanism with fault dip angle 𝜓 = 80 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-42 and Figure 4-43 for the variables and in Figure 4-44 

and Figure 4-45 for the constrains. The number of joints decrease significantly for dip angle 𝜓 = 80 degrees, the 

optimization results are almost equal to the minimum configuration with axial and rotational stiffnesses at 

minimum values and distance between joints at maximum values. In addition, the pipe is subjected to bending and 

compression, as high compressive strains are reported for all crossing angles and the compressive and tensile 

strains are almost equal. The joint rotation is the critical constraint but still within the acceptable operable limit. 

The optimized topology of flexible joints resulted to the significant reduction of tensile and compressive strains 

below the acceptable thresholds for all crossing angles. The reduction is around 97% for tensile strains and 99% 

for compressive strains. In more detail the pipeline strains for the reference pipe and the pipe with optimized 

flexible joint topology are presented in Table 4-15. 
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Figure 4-42: Reverse fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the Total Number of 

Joints for increasing pipeline–fault crossing angle 

 

Figure 4-43: Reverse fault with dip angle 𝜓 = 80 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 

 

Figure 4-44: Reverse fault dip angle 𝜓 = 80 degrees – Optimization results regarding the joint axial displacement 

and rotation for increasing pipeline–fault crossing angle 
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Figure 4-45: Reverse Fault dip angle 𝜓 = 80 degrees– Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

Table 4-15: Comparison between strains of the reference (unprotected) pipe and pipe with optimized configuration 

of flexible joints for all crossing angles [fault dip angle 𝜓 = 80 degrees] 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

𝜀𝑡: Pipeline with 

flexible joints 

tensile strain (%) 

𝜀𝑐: Pipeline with 

flexible joints 

compressive strain 

(%) 

𝜀𝑡: Reference 

Pipeline tensile 

strain (%) 

𝜀𝑐: Reference 

Pipeline 

compressive strain 

(%) 

30 0.250 0.246  5.60       11.65      

40 0.236 0.230  6.81       14.38      

50 0.241 0.239  8.91       22.19      

60 0.245 0.245  7.81       32.28      

70 0.248 0.250  8.72       35.60      

80 0.216 0.220  9.41       37.63      

90 0.250 0.254  9.62       38.23      
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4.4.5 Fault dip angle 90 degrees 

The optimization results for reverse fault mechanism with fault dip angle 𝜓 = 90 degrees are presented in Table 

4-16. 

Table 4-16: Results for reverse fault mechanism with dip angle ψ = 90 degrees 

𝜓: Fault dip angle 

(degrees) 
𝜓 = 90 

𝛽: Pipeline–fault 

crossing angle 

(degrees) 

30 40 50 60 70 80 90 

F : Objective 

Function value 

(×10−7) 

0.832 0.832 0.832 0.832 0.832 0.832 0.832 

Variables 

𝑛𝑗: Number of joints 1 1 1 1 1 1 1 

𝐿𝑗: Distance 

between two 

adjacent joints (m) 

25 25 25 25 25 25 25 

𝑁𝑗: Total number of 

joints 
7 7 7 7 7 7 7 

𝐾𝑎: Joint axial 

stiffness (kN/m) 
1900 1900 1900 1900 1900 1900 1900 

𝐾𝜑: Joint rotational 

stiffness (kNm/rad) 
735 735 735 735 735 735 735 

Constraints 

𝑎: Joint elongation 

(m) 
0.0798 0.0798 0.0798 0.0798 0.0798 0.0798 0.0798 

𝜑: Joint rotation 

(degrees) 
7.838 7.838 7.838 7.838 7.838 7.838 7.838 

𝜀𝑡: Pipeline tensile 

strain (%) 
0.204 0.204 0.204 0.204 0.204 0.204 0.204 

𝜀𝑐: Pipeline 

compressive strain 

(%) 

0.186 0.186 0.186 0.186 0.186 0.186 0.186 

Note: Critical constrain marked with light green color. 

The topology optimization results for reverse fault mechanism with fault dip angle 𝜓 = 90 degrees and varying 

pipeline–fault crossing angle are illustrated in Figure 4-46 and Figure 4-47 for the variables and in Figure 4-48 

and Figure 4-49 for the constrains. The results represent the minimum topology configuration possible, minimum 

number of joints, largest distance and minimum values for axial and rotation stiffnesses. The results are also smaller 

in terms of compressive and tensile strains from the previous dip angle 𝜓 = 80 degrees. The critical constraint in 

all crossing angles is the joint rotation. 
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Figure 4-46: Reverse fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the total number of 

Joints for increasing pipeline–fault crossing angle 

 

Figure 4-47: Reverse fault with dip angle 𝜓 = 90 degrees – Optimization results regarding the joint stiffness for 

increasing pipeline–fault crossing angle 

 

Figure 4-48: Reverse fault dip angle 𝜓 = 90 degrees – Optimization results regarding the joint axial displacement 

and rotation for increasing pipeline–fault crossing angle 
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Figure 4-49: Reverse Fault dip angle 𝜓 = 90 degrees – Optimization results regarding pipeline strains for 

increasing pipeline–fault crossing angle 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.0

0.5

1.0

1.5

2.0

30 40 50 60 70 80 90 ε c
: 

C
o

m
p

re
ss

iv
e 

st
ra

in
 (

%
)

ε t
: 

T
en

si
le

 s
tr

ai
n
 (

%
)

β: Pipeline-fault crossing angle (degrees)

Reverse fault (ψ = 90 degrees): Pipeline Strains

Tensile strain Compressive strain



 

Optimized Configuration of flexible joints for buried pipeline protection against tectonic faulting 

5 Discussion 

The introduction of flexible joints in a buried pipeline subjected to tectonic faulting is considered the appropriate 

seismic countermeasure in case large fault offset magnitudes are “expected” in the pipeline lifetime (Valsamis et 

al., 2020). The efficiency of a proposed new hybrid flexible joint with both rotation and axial displacement 

capabilities is investigated. The optimized topology configuration for flexible joints is investigated in detail taking 

into account alternative fault mechanisms (i.e., strike-slip, normal and reverse) and combinations of pipeline–fault 

crossing and fault dip angles. 

Based on the findings of the optimization process, the following practical design considerations and limitations 

are expressed: 

• The joint rotation capacity is the critical design parameter. Its prescription by the pipe designer for 

manufacturing the joint must be carried out based on (1) the pipeline–fault crossing geometry at hand, (2) the 

“expected” maximum fault offset magnitude, and (3) in particular, the pipe owner’s specifications regarding 

the in-line inspection procedures, namely, the pigging criteria. 

• Given that the actual manifestation of the tectonic rupture on the ground surface remains uncertain, the fault 

trace uncertainty length determines the total number of joints and accordingly the total cost. The uncertainty 

length shall be a key input parameter in the optimization process. 

• The implementation of the proposed optimization scheme has assumed that the rupture is very close to a joint. 

This condition can be seen as the “worst-case” scenario for the case of strike-slip rupture (Valsamis & 

Bouckovalas, 2020b). In the case of dip slip faulting (i.e., normal and reverse) and accounting for the research 

findings for segmented pipelines (e.g., Q. Chen & Ni, 2023; Y. Chen et al., 2024), this condition might not 

always be the “worst-case” scenario. Therefore, it is proposed that the adopted regular spacing of joints equals 

half the one obtained from the optimization process to be on the safe side, while the fault rupture location is 

inherently unknown. 

Regarding the results per fault mechanism, the following remarks can be drawn: 

Strike-slip: 

The behavior of the pipe with flexible joints matches the expected behavior for crossing angle 𝛽 < 90 degrees, 

namely it is subjected to tension and bending. For the lower crossing angles 𝛽 = [30 − 70] degrees, the pipe 

tensile strain is close to the capacity threshold, while the joint is extended (elongated) to the maximum allowable 

displacement. In general, the cost of flexible joints is minimized for higher crossing angles, which is in line with 

the code recommendations for arranging the pipeline as close as possible to perpendicularity with respect to the 

fault trace. 

Normal fault: 

The results for all the examined fault dip angles reveal that the main constraint is the pipeline tensile strain. This 

is expected because the pipeline is mainly tensioned in the case of normal faulting. Furthermore, for dip angles 

𝜓 < 70 degrees, the optimum total number of joints increases with the increase of the crossing angle 𝛽, which is 

attributed to the tension that prevails the pipe mechanical behavior. It is noticed that for dip angles 𝜓 = 80 and 90 

degrees, the required number of joints is the minimum, while the distance between two adjacent joints is the 

maximum. Furthermore, it is observed that regardless of the fault dip angle and the crossing angle, the joint 
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elongation is maximized (the joint mechanically locks and additional elongation is restricted) and the joint rotation 

remains sufficiently below the capacity threshold. In any case, the results prove the efficiency of the new hybrid 

joint in protecting the pipeline under normal fault rupture when the obtained strains are compared to corresponding 

unprotected pipeline. The number of required joints and consequently the cost of the protection measure is mainly 

defined by the fault dip angle, which a natural property of the fault. Then, the pipeline designer should perform a 

cost-benefit analysis within the route selection procedure to define the crossing angle by taking also into account 

the findings of the study, i.e., the number of required joints is minimized for angles  𝛽 < 90°. 

Reverse fault: 

In the case of reverse faulting, the pipeline is substantially compressed and excessively deformed. Consequently, 

the integrated joints reach the angular capacity even for low fault offset magnitude. The latter depends on the 

pipeline–fault crossing geometry, i.e., the fault dip angle and the pipeline–fault crossing angle. In that sense and 

for given joint properties (i.e., axial and rotational capacities), feasible topology optimization solutions are not 

found for every single [𝜓, 𝛽] combination. In more detail, for the examined pipeline–fault crossing an optimized 

topology was found for the cases listed in Table 5-1. In the rest of the examined case, a feasible solution was not 

available due to excessive rotation of the joints, which is the critical constraint. The feasible optimization results 

in terms of the total number of joints with respect to combinations of fault dip angle and pipeline-fault crossing 

angles are detailed in Figure 5-1 . 

 

Table 5-1: Combinations of fault dip angle and fault-pipeline crossing angle that topology optimization was found 

Fault type Fault dip angle (𝝍) Pipeline–fault crossing angle (𝜷) 

Reverse 

50ο > 70ο 

60ο > 60ο 

70ο > 40ο 

80ο  30ο – 90ο 

90ο  30ο – 90ο 

 

 

 

Figure 5-1: Number of joints for the feasible optimization results for the reverse fault mechanism for all dip angles 

and pipeline-fault crossing angles 
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6 Conclusions 

A structural topology optimization framework was developed for onshore buried steel pipelines with flexible joints 

subjected to tectonic fault rupture. The use of flexible joints as a seismic countermeasure at fault crossings, 

especially where large fault offset magnitude is expected, is a novel design approach with very promising results. 

Joints are integrated in the pipeline at the fault vicinity to concentrate deformation via rotation and limited axial 

displacement, thus rendering pipe segments between joints virtually undeformed and roughly unstressed. The 

proposed joint is based on the Gimbal-type bellow with bi-axial rotation and axial displacement capabilities. 

Considering that flexible joints have not been previously used as mitigation measures, it is necessary to address 

the relevant technological, practical, and regulatory aspects prior to their field application. 

The structural optimization process considers the main elements that determine the cost of the mitigation measure, 

which are the number of joints and their regular spacing, as well as the joint mechanical properties and in particular 

the axial and rotational stiffnesses. The first two parameters are the main contributors to the cost because joints 

are introduced along the entire fault trace uncertainty length. Optimization is carried out using genetic algorithms 

to handle the integer variables and the nonlinear constraints. The defined objective function aims at minimizing 

the number of joints and their stiffness, thus minimizing the total capital cost of the mitigation solution. 

The developed optimization scheme was applied in a parametric investigation considering all three typical fault 

types (i.e., strike-slip, normal, and reverse) for a range of combinations of the fault dip angle (𝜓) and the pipeline–

fault crossing angle (𝛽). A typical large-diameter transmission pipeline after Melissianos et al. (2016b) was 

considered. The main findings of the parametric analysis with respect to the fault type can be summarized as 

follows: 

• Strike-slip fault: The necessary number of joints decreases for increasing angle 𝛽 (i.e., crossing tends to 

perpendicularly), where it saturates to the minimum value. This is in agreement with the general code 

recommendation and research findings that the optimal crossing angle is close to 𝛽 = 90°. Hence, a higher 

crossing angle results in the installation of fewer joints with relatively increased stiffness, but in any case, the 

overall cost is decreased.  

• Normal fault: The pipeline response is governed by the combination of fault dip and crossing angles. For low 

angles 𝜓, the total number of joints increases with the increase of crossing angle. Then, for angles 𝜓 ≥ 70°, 
the total number of joints equals the minimum allowed regardless of the crossing angle. Therefore, the fault 

dip angle has a higher influence on the cost of the protection measure. 

• Reverse fault: The joint rotation capacity controls the design. Thus, within the conducted parametric analysis, 

no feasible solutions were found for combinations of very low angles 𝜓 and 𝛽 due the excessive deformation 

of the structure. In general, the total number of joints equals the minimum allowed. 
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