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Preface 

Special Issue on Up-to-Date Problems in Modern Railways and 
Optimization in Engineering Structures 
 

The current issue is the fourth part of the Special Issue series in Acta 
Polytechnica Hungarica, the scientific journal of Óbuda University. In the 
first three issues altogether, 47 papers are available. The authors come from 
two continents, Europe and Asia – including nearly ten different countries. 
The published topics cover a wide range of railway and structure 
optimization. The topics published belong to the following disciplines, 
among others: civil engineering, mechanical engineering, and informatics. 

Modern railways must address increased capacity, reduced environmental 
impact, and improved safety measures. Railways must develop innovative 
solutions to address these constraints as populations grow and urbanization 
continues. Engineering structure optimization is critical for resource 
efficiency and infrastructure longevity. Techniques such as optimizing 
bridge design and building construction can result in cost-effective, resilient, 
and sustainable structures. Innovative technologies like artificial 
intelligence and data analytics are critical for optimizing rail networks, 
predictive maintenance, and passenger safety. Transportation efficiency, 
safety, and environmental sustainability can be improved by focusing on 
these critical aspects. 

We extend our appreciation to all the authors for contributing to the Special 
Issue and sharing their research findings with Acta Polytechnica Hungarica. 

The Special Issue Series cannot be organized without the help of Anikó 
Szakál and Prof. Péter Baranyi. A huge thank for their help and support. 

It is planned to continue the first four parts of the Special Issue in the future, 
i.e., further numbers are under preparation in the Acta Polytechnica 
Hungarica journal. 

 

Dragan Marinkovic, Dmytro Kurhan, Mykola Sysyn , 
Majid Movahedi Rad and Szabolcs Fischer  

Guest Editors 
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Robust Optimization of the Steel Single Story  
Frame 
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Abstract: In contemporary design practices, building structures are expected to not only meet 
safety requirements but also be optimized. However, optimal designs can be highly sensitive 
to random variations in model parameters and external actions. Solutions that appear 
effective under nominal conditions may prove inadequate when parameter randomness is 
considered. To address this challenge, the concept of robust optimization has been 
introduced, which extends deterministic optimization formulations to incorporate the 
random variability of parameter values. In this study, we demonstrate the applicability of 
robust optimization in the design of building structures using a simple orthogonal frame as 
an example. The static-strength analysis is conducted based on the displacement method, 
utilizing second-order theory. To assess the safety level of the steel frame, a preliminary 
evaluation is performed by determining the reliability index and failure probability using the 
Monte Carlo Method. Robust optimization is then employed, leveraging the second-order 
response surface. Experimental designs are generated following an optimal Latin hypercube 
plan. The proposal of a mathematical-numerical algorithm for solving the optimization 
problem while considering the random nature of design parameters constitutes the 
innovative aspect of this research. 

Keywords: reliability; robust optimization; second order theory; displacement method 

1 Introduction  
�7�K�H���G�H�V�L�J�Q���R�I���F�R�P�S�O�H�[���V�W�U�X�F�W�X�U�H�V���S�O�D�F�H�V���D���G�X�D�O���U�H�V�S�R�Q�V�L�E�L�O�L�W�\���R�Q���H�Q�J�L�Q�H�H�U�V�����H�Q�V�X�U�L�Q�J��
�E�X�L�O�G�L�Q�J���V�D�I�H�W�\���Z�K�L�O�H���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���P�L�Q�L�P�L�]�L�Q�J���F�R�Q�V�W�U�X�F�W�L�R�Q���F�R�V�W�V���D�Q�G���V�W�U�X�F�W�X�U�D�O��
�Z�H�L�J�K�W���� �7�K�L�V�� �W�U�H�Q�G�� �K�D�V�� �O�H�G�� �W�R�� �D�Q�� �L�Q�F�U�H�D�V�L�Q�J�� �L�Q�W�H�U�H�V�W�� �L�Q�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �P�H�W�K�R�G�V�� �W�R��
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�W�K�L�V���D�S�S�U�R�D�F�K���I�U�H�T�X�H�Q�W�O�\���\�L�H�O�G�V���R�Y�H�U�O�\���F�R�Q�V�H�U�Y�D�W�L�Y�H���V�R�O�X�W�L�R�Q�V�����D�V���W�K�H���S�D�U�W�L�D�O���V�D�I�H�W�\��
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2 Materials and Methods 

2.1 Displacement Method and Second-Order Beam Theory 
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2.2 The Reliabilit y Assessment using Monte Carlo Method 
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�,�W�� �W�\�S�L�F�D�O�O�\�� �H�Q�K�D�Q�F�H�V�� �W�K�H�� �U�H�O�L�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H���� �,�Q�� �U�R�E�X�V�W�� �R�S�W�L�P�L�]�D�W�L�R�Q���� �W�K�H��
�R�E�M�H�F�W�L�Y�H�� �I�X�Q�F�W�L�R�Q�� �F�R�P�P�R�Q�O�\�� �L�Q�F�O�X�G�H�V�� �W�K�H�� �Y�D�U�L�D�Q�F�H�� �R�I�� �W�K�H�� �V�H�O�H�F�W�H�G�� �V�W�U�X�F�W�X�U�D�O��
�U�H�V�S�R�Q�V�H���T�X�D�Q�W�L�W�\�����&�R�Q�V�W�U�D�L�Q�W�V���F�D�Q���E�H���G�H�W�H�U�P�L�Q�L�V�W�L�F���R�U���H�[�S�U�H�V�V�H�G���W�K�U�R�X�J�K���V�W�D�W�L�V�W�L�F�D�O��
�P�R�P�H�Q�W�V���� �7�K�H�� �R�S�W�L�P�D�O�� �V�W�U�X�F�W�X�U�H�� �D�F�K�L�H�Y�H�G�� �W�K�U�R�X�J�K�� �U�R�E�X�V�W�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �L�V���P�R�U�H��
�U�H�V�L�O�L�H�Q�W�� �W�R�� �I�O�X�F�W�X�D�W�L�R�Q�V�� �L�Q�� �S�D�U�D�P�H�W�H�U�� �Y�D�O�X�H�V���� �8�Q�O�L�N�H�� �R�W�K�H�U�� �W�\�S�H�V�� �R�I�� �R�S�W�L�P�L�]�D�W�L�R�Q��
���H���J�������U�H�O�L�D�E�L�O�L�W�\���R�S�W�L�P�L�]�D�W�L�R�Q�������W�K�H���S�U�H�F�L�V�H���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���S�U�R�E�D�E�L�O�L�W�\���G�L�V�W�U�L�E�X�W�L�R�Q��
�W�\�S�H�V�� �L�V�� �Q�R�W�� �F�U�X�F�L�D�O���� �7�K�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �I�L�U�V�W�� �V�W�D�W�L�V�W�L�F�D�O�� �P�R�P�H�Q�W�V���R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�D�O��
�U�H�V�S�R�Q�V�H���S�U�L�P�D�U�L�O�\���G�H�S�H�Q�G���R�Q���W�K�H���I�L�U�V�W���P�R�P�H�Q�W�V���R�I���U�D�Q�G�R�P���Y�D�U�L�D�E�O�H�V�����,�Q���W�K�H���D�E�V�H�Q�F�H��
�R�I���D�G�H�T�X�D�W�H���G�D�W�D�����D���X�Q�L�I�R�U�P���R�U���Q�R�U�P�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���Y�D�U�L�D�E�O�H�V���L�V���R�I�W�H�Q���D�V�V�X�P�H�G����

�7�K�H���J�R�D�O���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���L�V���W�R���P�L�Q�L�P�L�]�H���E�R�W�K���W�K�H���P�H�D�Q���Y�D�O�X�H���D�Q�G���W�K�H���Y�D�U�L�D�W�L�R�Q��
���V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q���� �R�I�� �W�K�H�� �W�D�U�J�H�W�� �I�X�Q�F�W�L�R�Q���� �&�R�Q�V�H�T�X�H�Q�W�O�\���� �W�K�H�� �W�D�V�N�� �R�I�� �U�R�E�X�V�W��
�R�S�W�L�P�L�]�D�W�L�R�Q���F�D�Q���E�H���I�R�U�P�X�O�D�W�H�G���D�V���I�R�O�O�R�Z�V����

�)�L�Q�G���Y�D�O�X�H�V���I�R�U���Y�D�U�L�D�E�O�H�V����Xd������x�� ������������

�0�L�Q�L�P�L�]�L�Q�J�����^E���>��f��(Xd, X, P���@�����1�>f (Xd, X, P���@�`���� ����������

�6�X�E�M�H�F�W�H�G���W�R����

E �>g
i
(Xd, X, P)�@ - ��i


é �1�>g
i
(Xd, X, P)�@ �•�������������L� �����«����kg,�� ������������



P. Zabojszcza et al.�� Robust Optimization of the Steel Single Story Frame  

�Å��18 �Å��

�P��[ck (Xd, X, P)] ���” �1k
u, �����������������������������������������������������������N� �����«�����Nc���� ������������

Xd j
l �”��Xd j �” Xd j

u                                      �M��� ���������«����nd,�� ������������

��xr
l �”����xr �” ��xr

u,                                          �U��� ���������«����nx,�� ������������

�Z�K�H�U�H����f��–���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q����Xd – �Y�H�F�W�R�U���R�I���G�H�W�H�U�P�L�Q�L�V�W�L�F���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V�� X, P – 
�Y�H�F�W�R�U�V�� �R�I�� �U�D�Q�G�R�P�� �Y�D�U�L�D�E�O�H�V�� �Z�L�W�K�� �H�[�S�H�F�W�H�G�� �Y�D�O�X�H�V ��x���D�Q�G ��p���U�H�V�S�H�F�W�L�Y�H�O�\,��gi��–��
�F�R�Q�V�W�U�D�L�Q�W�� �I�X�Q�F�W�L�R�Q�V����ck��–���I�X�Q�F�W�L�R�Q�V�� �Z�K�R�V�H�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�V�� �F�D�Q�Q�R�W�� �H�[�F�H�H�G�� �W�K�H��
�S�H�U�P�L�V�V�L�E�O�H�� �Y�D�O�X�H�V���1k

u, ����i  
ê > 0��–���W�K�H�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �W�K�H���F�R�Q�V�W�U�D�L�Q�W�V������
gi �•�������U�H�S�U�H�V�H�Q�W�V���W�K�H���V�D�I�H�W�\���P�D�U�J�L�Q�V����

�7�K�H�� �Y�H�F�W�R�U�V�� �R�I�� �U�D�Q�G�R�P�� �Y�D�U�L�D�E�O�H�V�� �K�D�Y�H�� �E�H�H�Q���G�L�V�W�L�Q�J�X�L�V�K�H�G�� �G�X�H�� �W�R�� �W�K�H�L�U�� �G�L�I�I�H�U�H�Q�W��
�Q�D�W�X�U�H�����5�D�Q�G�R�P���Y�D�U�L�D�E�O�H�V��X���F�D�Q���E�H���G�H�I�L�Q�H�G���D�V���U�D�Q�G�R�P���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���E�H�F�D�X�V�H���W�K�H�L�U��
�H�[�S�H�F�W�H�G���Y�D�O�X�H�V����x���F�K�D�Q�J�H���G�X�U�L�Q�J���W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���S�U�R�F�H�V�V�����Z�K�H�U�H����x r�H�S�U�H�V�H�Q�W�V���W�K�H��
�G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�������7�K�L�V���O�H�D�G�V���W�R���D���V�K�L�I�W���L�Q���W�K�H���S�U�R�E�D�E�L�O�L�W�\���G�H�Q�V�L�W�\���I�X�Q�F�W�L�R�Q��fX(x�������2�Q��
�W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �W�K�H�� �S�U�R�E�D�E�L�O�L�W�\�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �W�K�H�� �Y�H�F�W�R�U��P���U�H�P�D�L�Q�V�� �X�Q�F�K�D�Q�J�H�G��
�G�X�U�L�Q�J���R�S�W�L�P�L�]�D�W�L�R�Q�����P�D�N�L�Q�J���W�K�H�V�H���Y�D�U�L�D�E�O�H�V���S�X�U�H���U�D�Q�G�R�P���S�D�U�D�P�H�W�H�U�V����

�7�K�H���F�R�Q�F�H�S�W���R�I���U�R�E�X�V�W�Q�H�V�V���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H���������7�K�H���R�E�M�H�F�W�L�Y�H���L�V���W�R���H�Q�V�X�U�H���W�K�D�W��
�D�W���W�K�H���R�S�W�L�P�D�O���S�R�L�Q�W�����W�K�H���P�H�D�Q���Y�D�O�X�H�V���R�I���W�K�H���F�R�Q�V�W�U�D�L�Q�W���I�X�Q�F�W�L�R�Q��gi������i = 1, ...����kg�����D�U�H��
�J�U�H�D�W�H�U�� �W�K�D�Q�� �R�U�� �H�T�X�D�O�� �W�R�� �W�K�H�L�U�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�V���� �7�K�H���Q�D�W�X�U�D�O��
�F�R�Q�V�H�T�X�H�Q�F�H���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���L�V���D�Q���L�Q�F�U�H�D�V�H���L�Q���W�K�H���U�H�O�L�D�E�L�O�L�W�\���R�I���W�K�H���V�W�U�X�F�W�X�U�H����

��

�)�L�J�X�U�H������

�7�K�H���F�R�Q�F�H�S�W���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���O�L�P�L�W�D�W�L�R�Q�V��

�,�Q�� �W�K�H�� �D�E�R�Y�H�� �I�R�U�P�X�O�D�W�L�R�Q���� �Z�H�� �D�U�H�� �G�H�D�O�L�Q�J�� �Z�L�W�K�� �D�� �P�X�O�W�L-�R�E�M�H�F�W�L�Y�H�� �R�S�W�L�P�L�]�D�W�L�R�Q��
�S�U�R�E�O�H�P���� �W�K�H�� �P�H�D�Q�� �Y�D�O�X�H�� �R�I��E�� �>f(�„ �Š, X, P���@�� �D�Q�G�� �W�K�H�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�� �R�I��
�1�>f(�„ �Š, X, P���@����

�$���Z�L�G�H�O�\���X�V�H�G���D�S�S�U�R�D�F�K���I�R�U���L�G�H�Q�W�L�I�\�L�Q�J���S�R�L�Q�W�V���L�Q���W�K�H���3�D�U�H�W�R���V�H�W���L�V���V�F�D�O�D�U�L�]�D�W�L�R�Q���R�I��
�W�K�H�� �P�X�O�W�L-�R�E�M�H�F�W�L�Y�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �S�U�R�E�O�H�P���� �Z�K�H�U�H�� �D�� �O�L�Q�H�D�U�� �F�R�P�E�L�Q�D�W�L�R�Q�� �R�I�� �W�K�H��
�R�E�M�H�F�W�L�Y�H�V���L�V���X�V�H�G���D�V���W�K�H���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q�����%�\���D�G�M�X�V�W�L�Q�J���W�K�H���F�R�H�I�I�L�F�L�H�Q�W�V�����Z�H�L�J�K�W�V����
�D�V�V�L�J�Q�H�G���W�R���H�D�F�K���F�R�P�S�R�Q�H�Q�W���R�I���W�K�H���Y�H�F�W�R�U�����R�Q�H���F�D�Q���R�E�W�D�L�Q���S�R�L�Q�W�V���L�Q���W�K�H���3�D�U�H�W�R���V�H�W����
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�7�K�H���Y�D�O�X�H�V���R�I���W�K�H�V�H���S�R�L�Q�W�V���D�U�H���D�O�V�R���L�Q�I�O�X�H�Q�F�H�G���E�\���W�K�H���G�H�V�L�J�Q�H�U�
�V���S�U�H�I�H�U�H�Q�F�H�V�����Z�K�L�F�K��
�I�R�F�X�V���R�Q���P�L�Q�L�P�L�]�L�Q�J���E�R�W�K���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H���D�Q�G���Y�D�U�L�D�Q�F�H�����7�K�H�U�H�I�R�U�H�����W�K�H���W�D�V�N���F�D�Q��
�E�H���U�H�I�R�U�P�X�O�D�W�H�G���D�V���W�K�H���I�R�O�O�R�Z�L�Q�J���V�F�D�O�D�U���R�S�W�L�P�L�]�D�W�L�R�Q���S�U�R�E�O�H�P����

�)�L�Q�G���Y�D�O�X�H�V���I�R�U���Y�D�U�L�D�E�O�H�V�����„ �Š������x�� ������������

�0�L�Q�L�P�L�]�L�Q�J����F
é =
1 – ��

��*
E[f ( �„ �Š, X, P)] ��+

��

�1*
 �1�>f (�„ �Š, X, P���@������������������������������������������ ������������������������������������

�V�X�E�M�H�F�W�H�G���W�R����

E �>g
i
(�„ �Š, X, P)�@ -����i


é �1�>g
i
(�„ �Š, X, P)�@���•�������������L� �������«����kg,�� ������������

�1[ck ( �„ �Š, X, P)] ���”���1�N
�X�������������������������������������������������������������� ���N� �������«�����Nc���� ������������

Xd j
l �”��Xd j �” Xd j

u                                        �M��� ���������«����nd,�� ������������

��xr
l  �”����xr �”����xr

u,                                           �U��� �������«����nx,�� ������������

�7�K�H�� �Z�H�L�J�K�W�L�Q�J�� �I�D�F�W�R�U�� �����Ð���>������ ���@�� �L�Q�� �W�K�H�� �I�R�U�P�X�O�D�� �G�H�W�H�U�P�L�Q�H�V�� �W�K�H�� �P�H�D�Q�L�Q�J�� �R�I�� �H�D�F�K��
�F�U�L�W�H�U�L�R�Q���� �Z�K�L�O�H�� ���
�� �D�Q�G�� �1�
�� �D�U�H�� �Q�R�U�P�D�O�L�]�L�Q�J�� �F�R�Q�V�W�D�Q�W�V���� �$�V�V�X�P�L�Q�J�� ����� �� ������ �W�K�H��
�R�S�W�L�P�L�]�D�W�L�R�Q�� �S�U�R�E�O�H�P�� �L�V�� �W�U�D�Q�V�I�R�U�P�H�G�� �L�Q�W�R�� �D�� �V�L�P�S�O�H�� �W�D�V�N�� �R�I�� �P�L�Q�L�P�L�]�L�Q�J�� �W�K�H�� �P�H�D�Q��
�Y�D�O�X�H�����Z�K�L�O�H���I�R�U������� �������W�R���W�K�H���W�D�V�N���R�I���P�L�Q�L�P�L�]�L�Q�J���W�K�H���Y�D�U�L�D�Q�F�H���R�I���W�K�H���W�D�U�J�H�W���I�X�Q�F�W�L�R�Q��
�L�Q���W�K�H���R�W�K�H�U���Z�R�U�G�V���L�Q�F�U�H�D�V�L�Q�J���V�W�U�X�F�W�X�U�D�O���U�R�E�X�V�W�Q�H�V�V������

�,�Q���W�K�H���D�O�J�R�U�L�W�K�P���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q�����Z�H���F�D�Q���G�L�V�W�L�Q�J�X�L�V�K�������V�W�D�J�H�V����

���� �'�H�I�L�Q�L�W�L�R�Q���R�I���W�K�H���S�H�U�P�L�V�V�L�E�O�H���D�Q�G���F�K�R�L�F�H���R�I���Z�H�L�J�K�W�L�Q�J���I�D�F�W�R�U��������

���� �*�H�Q�H�U�D�W�L�Q�J���1���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�K�H���Y�H�F�W�R�U���R�I���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V�����Z�K�L�F�K���D�U�H��
�H�Y�H�Q�O�\���G�L�V�W�U�L�E�X�W�H�G���L�Q���W�K�H���F�X�U�U�H�Q�W���S�H�U�P�L�V�V�L�E�O�H���D�U�H�D�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���S�O�D�Q���R�I���R�S�W�L�P�D�O��
�/�D�W�L�Q���+�\�S�H�U�F�X�E�H�V����

���� �'�H�W�H�U�P�L�Q�D�W�L�R�Q�� �R�I���V�W�D�W�L�V�W�L�F�D�O�� �P�R�P�H�Q�W�V�� �R�I�� �W�K�H�� �R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q�� �D�Q�G�� �W�K�H��
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2.3.1 Determination of the Response Surface by Polynomial 
Approximation 

�$�� �F�U�X�F�L�D�O�� �F�R�P�S�R�Q�H�Q�W�� �R�I�� �W�K�H�� �D�O�J�R�U�L�W�K�P�� �H�P�S�O�R�\�H�G�� �L�Q�� �U�R�E�X�V�W�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �L�V���D�Q��
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�;�X���>�����@�����9�L�Q�L�Q�J�����0�\�H�U�V���>�����@�����<�H�Q�L�D�\���H�W���D�O�����>�����@������
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�Z�K�L�F�K�� �W�D�N�H�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �W�K�H�� �F�X�U�Y�D�W�X�U�H�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H�����W�D�N�L�Q�J�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �W�K�H��
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Ü�� –���D�S�S�U�R�[�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �P�H�D�Q�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �I�X�Q�F�W�L�R�Q�� ��f, gi���R�U ck���� y
Ü�� ��–��

�D�S�S�U�R�[�L�P�D�W�L�R�Q���R�I���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���R�I���W�K�H���I�X�Q�F�W�L�R�Q����y
Ü�1��f, gi���R�U��ck������zi,  i=1, ...,��
ndX��–���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V����Xd���D�Q�G����x������ndX = nd + nx��–���Q�X�P�E�H�U���R�I���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V����

3 Numerical Example 
�,�Q�� �R�U�G�H�U�� �W�R�� �L�O�O�X�V�W�U�D�W�H�� �W�K�H�� �D�G�Y�D�Q�W�D�J�H�V�� �R�I�� �U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���� �D�� �V�W�H�H�O�� �V�L�Q�J�O�H-�V�W�R�U�H�\��
�I�U�D�P�H���Z�L�W�K���G�L�P�H�Q�V�L�R�Q�V��L� �������F�P���D�Q�G��B� �������F�P�����)�L�J�X�U�H���������Z�D�V���D�Q�D�O�\�]�H�G�����%�R�W�K���W�K�H��
�E�R�O�W�� �D�Q�G�� �W�K�H�� �F�R�O�X�P�Q�V�� �R�I�� �W�K�H�� �I�U�D�P�H�� �Z�H�U�H�� �P�R�G�H�O�H�G�� �Z�L�W�K�� �V�W�H�H�O�� �V�T�X�D�U�H�� �W�X�E�H�V�� �Z�L�W�K��
�G�L�P�H�Q�V�L�R�Q�V��D��� �� �����F�P�� �D�Q�G��d��� �� �����F�P���� �<�R�X�Q�J�
�V�� �P�R�G�X�O�H��E��� �� �������*�3�D���� �3�R�L�V�V�R�Q��
�F�R�H�I�I�L�F�L�H�Q�W��v��� ������������ �\�L�H�O�G���V�W�U�H�Q�J�W�K��fy� �������0�3�D�����7�K�H���V�W�U�X�F�W�X�U�H���Z�D�V���O�R�D�G�H�G���Z�L�W�K���W�Z�R��
�I�R�U�F�H�V���Z�L�W�K���Y�D�O�X�H�V����S��� �����������N�1���D�Q�G��P��� ���������N�1����

Static Analysis 

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�H�W�K�R�G���R�I���G�L�V�S�O�D�F�H�P�H�Q�W�����R�Q�O�\���K�R�U�L�]�R�Q�W�D�O���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���E�R�O�W��
�L�V���S�R�V�V�L�E�O�H�����7�K�H�U�H�I�R�U�H�����D�G�R�S�W�L�Q�J���W�K�H���E�D�V�L�F���V�F�K�H�P�H���R�I���W�K�H���G�L�V�S�O�D�F�H�P�H�Q�W���P�H�W�K�R�G�����D�Q��
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�Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �H�T�X�L�O�L�E�U�L�X�P�� �H�T�X�D�W�L�R�Q�� �R�I���ÃX���I�O�R�R�U�� ��-���� �R�I�� �W�K�H�� �I�U�D�P�H��
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§
�6�/2

�(�,
)�����,�Q���W�K�H���F�D�V�H��

�R�I�� �D�� �X�Q�L�W�� �G�L�V�S�O�D�F�H�P�H�Q�W���û���� �W�K�H�� �D�Q�J�O�H�V�� �R�I�� �U�R�W�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�O�X�P�Q�V��1-�$� � �D�Q�G� � � �-�%�� �D�U�H��
�H�T�X�D�O���W�R���� 1A=�� 1B=

1

L
�������8�V�L�Q�J���W�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���I�R�U�P�X�O�D�V�����W�K�H���H�T�X�L�O�L�E�U�L�X�P���H�T�X�D�W�L�R�Q��

�F�D�Q���E�H���Z�U�L�W�W�H�Q������

2�/I (�1)�„�û = 
P�„L3

EI
�� ������������

�7�K�H���K�R�U�L�]�R�Q�W�D�O���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���I�U�D�P�H���E�R�O�W���L�V����

�û = 
P�„L3

2EI�/I( �1)
�� ������������

M =
EI

L2 
k-�.I( �1) 
o PL3

2EI�„�/I( �1)
 =  - PL

���1
 tg �1�� ������������

Reliability Analysis 

�7�K�H�� �U�H�O�L�D�E�L�O�L�W�\�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �X�V�L�Q�J�� �W�K�H�� �0�R�Q�W�H�� �&�D�U�O�R��
�P�H�W�K�R�G�� ���U�D�Q�G�R�P�� �V�D�P�S�O�H�� �V�L�]�H���� ������������ �7�K�H�� �J�H�R�P�H�W�U�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �W�K�H�� �F�U�R�V�V-
�V�H�F�W�L�R�Q�V�� �R�I�� �W�K�H�� �P�H�P�E�H�U�V�� �Z�H�U�H�� �D�G�R�S�W�H�G�� �D�V�� �U�D�Q�G�R�P�� �Y�D�U�L�D�E�O�H�V�� ���'��–���W�K�H�� �H�[�W�H�U�Q�D�O��
�G�L�P�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �F�U�R�V�V-�V�H�F�W�L�R�Q���� �G��–���W�K�H�� �L�Q�W�H�U�Q�D�O�� �G�L�P�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �F�U�R�V�V-�V�H�F�W�L�R�Q��������
�7�K�H���U�D�Q�G�R�P���Y�D�U�L�D�E�O�H�V���D�U�H���G�H�V�F�U�L�E�H�G���L�Q���7�D�E�O�H���������5�D�Q�G�R�P���Y�D�U�L�D�E�O�H�V���D�U�H���Q�R�W���F�R�U�U�H�O�D�W�H�G����
�7�K�H�� �L�Q�L�W�L�D�O�� �P�D�V�V�� �R�I�� �W�K�H�� �P�R�G�H�O�H�G�� �V�W�U�X�F�W�X�U�H�� �L�V�� �0�� � �� ���������������� �N�J���� �7�K�H�� �Y�D�O�X�H�� �R�I�� �W�K�H��
�F�R�H�I�I�L�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q���Z�D�V���V�H�W���D�W���������I�R�U���W�K�H���H�[�W�H�U�Q�D�O���G�L�P�H�Q�V�L�R�Q���'���D�Q�G���������I�R�U���W�K�H��
�L�Q�W�H�U�Q�D�O���G�L�P�H�Q�V�L�R�Q���G���R�I���W�K�H���F�U�R�V�V-�V�H�F�W�L�R�Q����

�7�K�H�� �H�[�D�P�S�O�H�� �D�V�V�X�P�H�V�� �W�Z�R�� �E�R�X�Q�G�D�U�\�� �I�X�Q�F�W�L�R�Q�V�� �G�H�V�F�U�L�E�L�Q�J�� �W�K�H���V�H�U�Y�L�F�H�D�E�L�O�L�W�\�� �O�L�P�L�W��
�V�W�D�W�H���6�*�8���D�Q�G���W�K�H���X�O�W�L�P�D�W�H���O�L�P�L�W���V�W�D�W�H���6�*�1�����U�H�V�S�H�F�W�L�Y�H�O�\������
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�7�D�E�O�H������

�'�H�V�F�U�L�S�W�L�R�Q���R�I���U�D�Q�G�R�P���Y�D�U�L�D�E�O�H�V����

�5�D�Q�G�R�P��
�Y�D�U�L�D�E�O�H�V��

Xi ��

�$�Y�H�U�D�J�H��
�Y�D�O�X�H�V��
�>�F�P�@��

�6�W�D�Q�G�D�U�G��
�G�H�Y�L�D�W�L�R�Q��

�>�F�P�@��

�&�R�H�I�I�L�F�L�H�Q�W���R�I��
�Y�D�U�L�D�W�L�R�Q��

�>���@��
D�� 39�� ���������� 2��
�G�� 33�� ���������� 1��

fSGU = �ûmax - �û �� ������������

�Z�K�H�U�H�� ��  – �K�R�U�L�]�R�Q�W�D�O���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���I�U�D�P�H���E�R�O�W������ �P�D�[��–���P�D�[�L�P�X�P���K�R�U�L�]�R�Q�W�D�O��
�G�L�V�S�O�D�F�H�P�H�Q�W���H�T�X�D�O���W�R���/��������� �����F�P����

fSGN = 0.87·Wy·fy - M�� ������������

�Z�K�H�U�H����Wy·–���W�K�H���V�H�F�W�L�R�Q���P�R�G�X�O�X�V����

�7�K�H�� �U�H�O�L�D�E�L�O�L�W�\���L�Q�G�H�[���I�R�U�� �6�*�8�� �D�Q�G�� �6�*�1�� �Z�H�U�H�� ���6�*�8��� �� ���������� �D�Q�G�� ���6�*�1��� �� ������������
�U�H�V�S�H�F�W�L�Y�H�O�\����

Deterministic Optimization 

�,�Q�� �W�K�H�� �Q�H�[�W�� �V�W�H�S���� �Z�H�� �O�R�R�N�� �I�R�U�� �R�S�W�L�P�D�O�� �F�U�R�V�V-�V�H�F�W�L�R�Q�� �G�L�P�H�Q�V�L�R�Q�V���� �X�V�L�Q�J�� �W�K�H�� �F�O�D�V�V�L�F��
�G�H�W�H�U�P�L�Q�L�V�W�L�F���R�S�W�L�P�L�]�D�W�L�R�Q���D�O�J�R�U�L�W�K�P����

�7�K�H���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q���L�V���W�K�H���P�D�V�V���R�I���W�K�H���V�W�U�X�F�W�X�U�H����

fC = minimum (�!�„A�Ã Li ����
3
i=1  = min(Mass���� ������������

�Z�K�H�U�H����Li��–���O�H�Q�J�W�K���R�I���W�K�H��i �W�K���P�H�P�E�H�U����A��–���F�U�R�V�V-�V�H�F�W�L�R�Q�D�O���D�U�H�D�����!��–���Y�R�O�X�P�H�W�U�L�F���G�H�Q�V�L�W�\��
�R�I���V�W�H�H�O����

�6�L�P�S�O�H���E�R�X�Q�G�V���D�U�H���G�H�V�F�U�L�E�H�G���L�Q���7�D�E�O�H���������7�K�H�\���D�U�H���W�K�H���X�S�S�H�U���D�Q�G���O�R�Z�H�U���O�L�P�L�W�V���R�I���W�K�H��
�V�H�D�U�F�K�H�G���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V����

�7�D�E�O�H������

�6�L�P�S�O�H���E�R�X�Q�G�V���R�I���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V����

�'�H�V�L�J�Q���Y�D�U�L�D�E�O�H��
�/�R�Z�H�U���O�L�P�L�W��
�>�F�P�@��

�8�S�S�H�U���O�L�P�L�W��
�>�F�P�@��

D�� ������������ ������������
�G�� ������������ ������������

�6�L�P�S�O�H���E�R�X�Q�G�V���Z�H�U�H���L�P�S�R�V�H�G���R�Q���W�K�H���E�D�V�L�V���R�I���O�L�W�H�U�D�W�X�U�H���>31������2�����1�������1���@�����)�R�U���W�K�L�V��
�F�D�V�H�������� �W�R�O�H�U�D�Q�F�H�� �R�I�� �W�K�H�� �F�U�R�V�V-�V�H�F�W�L�R�Q�D�O�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� �W�K�H�� �S�L�S�H�� �Z�D�V�� �D�V�V�X�P�H�G����
�,�Q�H�T�X�D�O�L�W�\�� �O�L�P�L�W�D�W�L�R�Q�V�� �D�U�H�� �I�R�U�P�X�O�D�W�H�G�� �D�V�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U�� �Q�R�W�� �H�[�F�H�H�G�L�Q�J���W�K�H��
�S�H�U�P�L�V�V�L�E�O�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���K�R�U�L�]�R�Q�W�D�O���E�R�O�W���R�I���W�K�H���I�U�D�P�H���D�Q�G���Q�R�W���H�[�F�H�H�G�L�Q�J����������
�R�I���W�K�H���O�R�D�G���F�D�S�D�F�L�W�\���I�R�U���E�H�Q�G�L�Q�J����
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fSGU = �ûmax- �û =  4 - �û�� ������������

fSGN = 0.87·Wy·fy - M�� ������������

�7�K�H���U�H�V�X�O�W�L�Q�J���F�U�R�V�V-�V�H�F�W�L�R�Q�D�O���G�L�P�H�Q�V�L�R�Q�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H���������7�K�H���Y�D�O�X�H���R�I��
�W�K�H���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q���Z�D�V���������������������N�J����

�7�D�E�O�H������

�9�D�O�X�H�V���R�I���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���R�E�W�D�L�Q�H�G���L�Q���G�H�W�H�U�P�L�Q�L�V�W�L�F���R�S�W�L�P�L�]�D�W�L�R�Q��

�'�H�V�L�J�Q���Y�D�U�L�D�E�O�H��
�2�S�W�L�P�D�O���Y�D�O�X�H��
�>�F�P�@��

D�� ������������
�G�� ������������

�7�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���I�D�L�O�X�U�H���D�Q�G���W�K�H���U�H�O�L�D�E�L�O�L�W�\���L�Q�G�H�[���Z�H�U�H���D�O�V�R���Y�H�U�L�I�L�H�G�����)�R�U���6�*�8���D�Q�G��
�6�*�1���I�X�Q�F�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\����p�6�*�8��� �������������������6�*�8��� ����������������p�6�*�1��� �������������������6�*�1��� �������������� 

Robust Optimization 

�7�K�H���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q���L�V���P�D�V�V�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H���� �E�X�W�� �D�V�V�X�P�L�Q�J�� �W�K�D�W�� �L�W�� �W�D�N�H�V�� �L�Q�W�R��
�D�F�F�R�X�Q�W�� �W�K�H�� �Z�H�L�J�K�W�L�Q�J�� �I�D�F�W�R�U�� ���� �G�H�W�H�U�P�L�Q�L�Q�J�� �W�K�H�� �P�H�D�Q�L�Q�J�� �R�I�� �H�D�F�K�� �R�I���W�K�H�� �F�U�L�W�H�U�L�D����
�'�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���D�U�H���W�K�H���H�[�S�H�F�W�H�G���Y�D�O�X�H�V���R�I���W�K�H���H�[�W�H�U�Q�D�O���D�Q�G���L�Q�W�H�U�Q�D�O���G�L�P�H�Q�V�L�R�Q�V���R�I��
�W�K�H���F�U�R�V�V-�V�H�F�W�L�R�Q������D������d�����7�K�H���Y�D�O�X�H���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q���Z�D�V���V�H�W���D�W���������D�Q�G��
������ ��

�7�K�H���W�D�V�N���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���W�D�N�H�V���W�K�H���I�R�U�P���R�I����

�)�L�Q�G���W�K�H���Y�D�O�X�H�V���R�I���W�K�H���Y�D�U�L�D�E�O�H�V������D������d�� ����������

�0�L�Q�L�P�L�]�L�Q�J�� fC��� ��
1- ��

���

��E���>Mass�@������

�


�1�

 �1���>Mass�@���� ����������

�6�X�E�M�H�F�W�H�G���W�R����

E[4 - �� ]   -     �>SGU
ë �„ �P[4 - �� ] 
R���r�� ����������

�' �B0.87·Wy·fy - M�C -     ��SGN
ê  �„ �1�B0.87·Wy·fy - M�C���•��0�� (��������

�������������”��µ�½ �”�������������� ����������

�������������”��µ�× �”�������������� ����������

�Z�K�H�U�H�� �����Ð���>������ ���@��–���Z�H�L�J�K�W�L�Q�J�� �I�D�F�W�R�U�� �G�H�W�H�U�P�L�Q�H�V�� �W�K�H�� �L�P�S�R�U�W�D�Q�F�H���R�I�� �H�D�F�K�� �R�I�� �W�K�H��
�F�U�L�W�H�U�L�D�������
�����1�
��-���Q�R�U�P�D�O�L�]�L�Q�J���F�R�Q�V�W�D�Q�W�V����

�5�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q�� �Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���W�K�H�� �V�H�F�R�Q�G-�R�U�G�H�U���U�H�V�S�R�Q�V�H�� �V�X�U�I�D�F�H����
�(�[�S�H�U�L�P�H�Q�W�V�� �D�U�H�� �J�H�Q�H�U�D�W�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �S�O�D�Q�� �R�I�� �R�S�W�L�P�D�O�� �/�D�W�L�Q�� �F�X�E�H�V������

�7�K�H���S�D�U�D�P�H�W�H�U�V������ = ������, ���Ì�À�Î
ë  = 2.0, ���Ì�À�Ç
ë  = 3.0������

�7�K�H���Y�D�O�X�H�V���R�I���W�K�H���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���R�E�W�D�L�Q�H�G���D�V���D���U�H�V�X�O�W���R�I���U�R�E�X�V�W���R�S�W�L�P�L�]�D�W�L�R�Q���D�U�H��
�V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H���������7�K�H���Z�H�L�J�K�W���R�I���W�K�H���V�W�U�X�F�W�X�U�H���L�Q���W�K�L�V���F�D�V�H���Z�D�V�������������������N�J����
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�2�S�W�L�P�D�O���Y�D�O�X�H��
�>�F�P�@��

D�� ������������
�G�� ������������

�7�K�H�� �S�U�R�E�D�E�L�O�L�W�\�� �R�I�� �I�D�L�O�X�U�H�� �D�Q�G�� �U�H�O�L�D�E�L�O�L�W�\�� �L�Q�G�H�[�� �Z�H�U�H�� �Y�H�U�L�I�L�H�G�� �I�R�U�� �6�*�8�� �D�Q�G�� �6�*�1��
�I�X�Q�F�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\����p�6�*�8��� �����������������������6�*�8��� ����������������p�6�*�1��� �����������������������6�*�1��� ����������������

�,�P�S�D�F�W���R�I���W�K�H������Weighting Factor on Optimization Results 

�7�K�H���Z�H�L�J�K�W�L�Q�J���I�D�F�W�R�U�������Ð���>���������@���G�H�W�H�U�P�L�Q�H�V���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���H�D�F�K���R�I���W�K�H���F�U�L�W�H�U�L�D���R�I��
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�1������ �,�1����������-1-�������(�X�U�R�F�R�G�H��1�����$�F�W�L�R�Q�V���R�Q���V�W�U�X�F�W�X�U�H�V��–���3�D�U�W��1–�������*�H�Q�H�U�D�O���D�F�W�L�R�Q�V��–��
�:�L�Q�G���D�F�W�L�R�Q�V����

�1������ �(�1���������������������������(�X�U�R�F�R�G�H��–���%�D�V�L�V���I�R�U���V�W�U�X�F�W�X�U�D�O���G�H�V�L�J�Q����

�1������ �3�1-�(�1�� ����������-�������+�R�W�� �I�L�Q�L�V�K�H�G�� �V�W�H�H�O�� �V�W�U�X�F�W�X�U�D�O�� �K�R�O�O�R�Z�� �V�H�F�W�L�R�Q�V��–���3�D�U�W�� ������
�7�R�O�H�U�D�Q�F�H�V�����G�L�P�H�Q�V�L�R�Q�V���D�Q�G���V�H�F�W�L�R�Q�D�O���S�U�R�S�H�U�W�L�H�V����

�1������ �3�1-�(�1����������-�������(�[�H�F�X�W�L�R�Q���R�I���V�W�H�H�O���V�W�U�X�F�W�X�U�H�V���D�Q�G���D�O�X�P�L�Q�L�X�P���V�W�U�X�F�W�X�U�H�V�����3�D�U�W��
�������7�H�F�K�Q�L�F�D�O���U�H�T�X�L�U�H�P�H�Q�W�V���I�R�U���V�W�H�H�O���V�W�U�X�F�W�X�U�H�V����
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Abstract: Geosynthetic-Reinforced-Pile-Supported (GRPS) embankments are a trustworthy 
option ideal to support the railways over soft soils. They are widely used for the time-bound 
infrastructure projects. The majority of earlier research concentrated on the analysis of the 
GRPS embankments under static loads while the studies on the behavior of these 
constructions under dynamic loads are scarce. The fundamental purpose of this study has 
been to better comprehend the dynamic behavior of GRPS embankments in terms of 
stresses and settlements distribution via 3D modeling employing the finite element method 
(FEM). The advanced constitutive model of Hardening soil with small-strain stiffness was 
utilized to simulate the behavior of the soils under dynamic loads and the train load was 
modeled according to the recommendations of LM71 Eurocode. The results indicate to the 
contribution of the piles and geosynthetic reinforcement in the decrease of the settlements. 
The behavior of settlements and stresses under static and dynamic loads is similar.  
The load efficiency of the piles decreases during the passage of the train remarkably. The 
train speed affects obviously on the behavior of the GRPS embankment 

Keywords: GRPS embankment; 3D modeling; stresses and settlements distribution; 
dynamic loads; load efficiency 

1 Introduction  

�5�D�L�O�� �W�U�D�Q�V�S�R�U�W�� �L�V �D�P�R�Q�J�� �W�K�H�� �P�R�V�W�� �H�F�R�O�R�J�L�F�D�O�O�\�� �U�H�V�S�R�Q�V�L�E�O�H�� �V�R�O�X�W�L�R�Q�V�� �R�I��
�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q�� �L�Q�� �W�K�H�� �Z�R�U�O�G�� �V�L�Q�F�H�� �L�W�� �U�H�O�L�H�V�� �K�H�D�Y�L�O�\�� �R�Q�� �H�O�H�F�W�U�L�F�� �K�D�X�O�D�J�H�� �>���@����
�*�H�Q�H�U�D�O�O�\���� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �Z�L�W�K �S�L�O�H�V�� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �D�Q�� �L�G�H�D�O��
�V�R�O�X�W�L�R�Q���W�R���V�X�S�S�R�U�W���W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�V�� �R�I��high-�V�S�H�H�G �U�D�L�O�Z�D�\�V�� �R�Y�H�U�� �V�R�I�W���V�R�L�O�� �O�D�\�H�U�V��
�>2�@�� �7�K�L�V�� �W�H�F�K�Q�R�O�R�J�\�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �V�X�E�V�W�D�Q�W�L�D�O�O�\�� �U�H�G�X�F�H�� �H�P�E�D�Q�N�P�H�Q�W�� �V�H�W�W�O�H�P�H�Q�W����
�F�R�Q�V�W�U�X�F�W�L�R�Q���W�L�P�H�����D�Q�G���F�R�V�W �>���@. 

�7�K�H�� �E�H�K�D�Y�L�R�U�� �R�I��Geosynthetic-Rei�Q�I�R�U�F�H�G �3�L�O�H-�6�X�S�S�R�U�W�H�G�� ���*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�V��
�X�Q�G�H�U���V�W�D�W�L�F���O�R�D�G�L�Q�J���L�V���L�Q�Y�H�V�W�L�J�D�W�H�G���H�[�W�H�Q�V�L�Y�H�O�\�����7�K�H���P�H�F�K�D�Q�L�V�P���R�I���O�R�D�G���W�U�D�Q�V�I�H�U���L�Q��
�W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�V�� �L�V�� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �F�R�P�E�L�Q�D�W�L�R�Q�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �S�K�H�Q�R�P�H�Q�D: 
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�W�K�H�� �V�R�L�O�� �D�U�F�K�L�Q�J�� �G�X�H�� �W�R�� �W�K�H�� �G�L�I�I�Hre�Q�F�H�� �E�H�W�Z�H�H�Q�� �V�W�L�I�I�Q�H�V�V�� �R�I�� �S�L�O�H�V�� �D�Q�G�� �V�X�U�U�R�X�Q�G�L�Q�J��
�V�R�I�W�� �V�R�L�O���� �W�H�Q�V�L�R�Q�H�G�� �P�H�P�E�U�D�Q�H�� �H�I�I�H�F�W�� �R�I�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F���� �I�U�L�F�W�L�R�Q�D�O�� �E�H�K�D�Y�L�R�U �R�I��
�V�R�L�O-�J�H�R�V�\�Q�W�K�H�W�L�F�� �L�Q�W�H�U�I�D�F�H�� �D�Q�G�� �W�K�H�� �V�R�I�W�� �V�R�L�O�� �V�X�S�S�R�U�W�� �'�L�I�I�H�U�H�Q�W�� �U�H�V�H�D�U�F�K�H�U�V�� �K�D�Y�H��
�L�Q�Y�H�V�W�L�J�D�W�H�G �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�V�� �D�Q�G�� �V�X�J�J�H�V�W�H�G���P�D�Q�\�� �D�Q�D�O�\�W�L�F�D�O��
�P�H�W�K�R�G�V�� �R�I�� �G�H�V�L�J�Q�� ���7�H�U�]�D�J�K�L �>���@���� �/�R�Z�� �H�W�� �D�O���� �>���@���� �5�X�V�V�H�O�O�� �	�� �3�L�H�U�S�R�L�Q�W�� �>���@����
�$�E�X�V�K�D�U�D�U���H�W���D�O�����>���@�����%�6�������������>���@�����(�%�*�(�2���>���@�����&�8�5���������>�����@�����3�K�D�P���>�����@���� 

�,�Q���U�H�J�D�U�G�V���R�I���F�\�F�O�L�F���O�R�D�G�L�Q�J�����W�K�H���O�L�W�H�U�D�W�X�U�H���U�H�Y�L�H�Z���L�V���P�X�F�K���P�R�U�H���O�L�P�L�W�H�G�����K�R�Z�H�Y�H�U��
�W�K�H���E�H�K�D�Y�L�R�U �R�I���W�K�H���*�5�3�6���H�P�E�D�Q�N�P�H�Q�W���X�Q�G�H�U���W�K�L�V���W�\�S�H���R�I���O�R�D�G�L�Q�J���L�V���F�U�X�F�L�D�O���R�Z�L�Q�J��
�W�R���W�K�H���U�H�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���W�K�H���S�U�R�E�O�H�P�� �+�H�L�W�]���H�W���D�O�����>��2�@ �L�Q�G�L�F�D�W�H�G���W�K�D�W���Q�X�P�H�U�R�X�V��
�I�D�F�W�R�U�V���U�H�G�X�F�H��the �V�R�L�O���D�U�F�K�L�Q�J���D�Q�G�����D�V���D���U�H�V�X�O�W����the �O�R�D�G���H�I�I�L�F�L�H�Q�F�\ ��E is the r�D�W�L�R���R�I��
�O�R�D�G���D�S�S�O�L�H�G���Rver th�H���S�L�O�H���K�H�D�G���W�R���W�K�H���W�R�W�D�O���O�R�D�G��. �%�D�V�H�G���R�Q���D���V�P�D�O�O-�V�F�D�O�H���P�R�G�H�O���R�I��
�D�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �H�[�S�R�V�H�G�� �W�R�� �F�\�F�O�L�F�� �O�R�D�G�L�Q�J���� �7�K�H�V�H�� �I�D�F�W�R�U�V�� �L�Q�F�O�X�G�H�� �S�L�O�H��
�F�R�Q�I�L�J�X�U�D�W�L�R�Q���� �O�D�\�H�U�V�� �R�I�� �J�H�R�V�\�Q�W�K�H�W�L�F���� �Q�X�P�E�H�U�� �R�I�� �F�\�F�O�H�V���� �D�Q�G�� �O�R�D�G�L�Q�J�� �I�U�H�T�X�H�Q�F�\�� 
�<�X���H�W���D�O�� �>�����@ �F�R�P�S�D�U�H�G���W�K�H���G�L�I�I�H�Uence i�Q���W�K�H���E�H�K�D�Y�L�R�U���R�I���S�L�O�H�G���H�P�E�D�Q�N�P�H�Q�W���X�Q�G�H�U��
�V�W�D�W�L�F�� �D�Q�G�� �W�U�D�I�I�L�F�� �O�R�D�G�V���� �W�K�H�� �U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W�� �W�K�H�� �V�R�L�O�� �D�U�F�King �S�K�H�Q�R�P�H�Q�R�Q���K�D�V 
�G�L�V�D�S�S�H�D�U�H�G�� �D�I�W�H�U�� �������� �F�\�F�O�H�V�� �D�Q�G�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�� �F�D�U�U�L�H�G�� �E�\���W�K�H�� �V�R�I�W�� �V�R�L�O��
�L�Q�F�U�H�D�V�Hs �Z�L�W�K���W�K�H���F�\�F�O�H���Q�X�P�E�H�U�V�����+�D�Q���D�Q�G���%�K�D�Q�G�Dri �>��4�@ �G�H�Y�H�O�R�S�H�G���D�����'���G�L�V�F�U�H�W�H��
�H�O�H�P�H�Q�W�� �P�R�G�H�O�� ���'�(�0���� �R�I�� �D�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �D�Q�G�� �G�L�V�F�R�Y�H�U�H�G�� �W�K�D�W�� �W�K�H�� �V�W�U�H�V�V��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q �U�D�W�L�R ���6�&�5 is �W�K�H�� �U�D�W�L�R�� �R�I�� �W�K�H�� �V�W�U�H�V�V�� �R�Y�H�U�� �W�K�H�� �S�L�O�H�� �K�H�D�G���W�R�� �W�K�H�� �V�W�U�H�V�V��
�R�Y�H�U�� �W�K�H�� �V�R�I�W�� �V�R�L�O�� �L�Q�� �D�� �X�Q�L�W�� �F�H�O�O�����D�Q�G��the �J�H�R�J�U�L�G�� �W�H�Q�V�L�R�Q�� �L�Q�F�U�H�D�V�H �D�V��the 
�H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W���� �J�H�R�J�U�L�G�� �V�W�L�I�I�Q�H�V�V���� �D�Q�G�� �S�L�O�H�� �H�O�D�V�W�L�F�� �P�R�G�X�O�X�V�� �L�Q�F�U�H�D�V�H�� �X�Q�G�H�U��
�F�\�F�O�L�F���O�R�D�G�V. 

�+�D�Q���H�W���D�O�����>�����@ �F�U�H�D�W�H�G���D���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O���D�Q�G���W�K�H���P�R�G�H�O���W�H�V�W�V���Z�D�V���I�R�O�O�R�Z�H�G���E�\���)�(��
�D�Q�D�O�\�V�L�V�����7�K�H���I�L�Q�G�L�Q�J�V���L�Q�G�L�F�D�W�H���W�K�D�W �W�K�H���G�\�Q�D�P�L�F���O�R�D�G���K�D�V���D�Q���R�E�Y�L�R�X�V���L�Q�I�O�Xence on 
�W�K�H�� �V�R�L�O�� �D�U�F�K�L�Q�J �L�I�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W�� �L�V�� �Q�R�W�� �H�Q�R�X�J�K���� �0�R�U�H�R�Y�H�U�����W�K�H�� �J�H�R�J�U�L�G��
�S�U�H�V�H�Q�F�H���F�R�Q�W�U�L�E�X�W�H�V���L�Q���P�R�U�H���V�W�D�E�L�O�L�W�\���R�I���W�K�H���V�R�L�O���D�U�F�K���L�I�� �W�K�H���U�D�W�L�R���R�I���H�P�E�D�Q�N�P�H�Q�W��
�K�H�L�J�K�W�� �W�R�� �S�L�O�H�� �V�S�D�F�L�Q�J�� �L�V�� �P�R�U�H�� �W�K�D�Q�� ��.4. �=�K�X�D�Q�J�� �H�W�� �D�O���� �>�����@ i�Q�Y�H�V�W�L�J�D�W�H�G�� �W�K�H��
�E�H�K�D�Y�L�R�U �R�I���S�L�O�H�G���H�P�E�D�Q�N�P�H�Q�W���X�V�L�Q�J���)�(���P�H�W�K�R�G���D�Q�G���0�R�K�U–�&�R�X�O�R�P�E���W�R���P�R�G�H�O���W�K�H��
�H�P�E�D�Q�N�P�H�Q�W���V�R�L�O. T�K�H���U�H�V�X�O�W�V �L�Q�G�L�F�D�W�H�G���W�K�D�W���W�K�H���D�S�S�O�L�H�G���Y�H�U�W�L�F�D�O���V�W�U�H�V�V���R�Y�H�U���W�K�H���S�L�O�H��
�F�D�S���L�Q�F�U�H�D�V�H�V���Z�L�W�K���W�K�H���L�Q�F�U�H�D�V�H���R�I���F�\�F�O�L�F���O�R�D�G�L�Q�J �W�R���D���F�H�U�W�D�L�Q���S�R�L�Q�W���R�I���W�L�P�H���D�Q�G���W�K�H�Q��
�G�H�F�U�H�D�V�H�V���G�X�H��to the re�G�X�F�W�L�R�Q���R�I���W�K�H���V�R�L�O���D�U�F�K�L�Q�J�����7�K�H���Y�H�U�W�L�F�D�O���V�W�U�H�V�V���L�Q�F�U�H�D�V�H�V���D�O�V�R��
�Z�L�W�K���W�K�H �G�H�F�U�H�D�V�H���R�I���W�K�H���Y�H�K�L�F�O�H���V�S�H�H�G. �7�K�H���U�H�V�H�D�U�F�K�H�U�V���V�W�D�W�H�G���W�K�D�W���W�K�H���F�R�P�S�O�L�F�D�W�H�G��
�G�\�Q�D�P�L�F���V�R�L�O���E�H�K�D�Y�L�R�U���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W���F�D�Q�Q�R�W���E�H���U�H�S�U�H�V�H�Q�W�H�G���D�G�H�T�X�D�W�H�O�\���G�X�H to 
�W�K�H�� �D�G�R�S�W�L�R�Q���R�I�� �W�K�H�� �V�L�P�S�O�H�� �F�R�Q�V�W�L�W�X�W�L�Y�H�� �P�R�G�H�O���0�R�K�U-�&�R�X�O�R�P�E�� �7�R�� �L�Q�Y�H�V�W�L�J�D�W�H���W�K�H��
�E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W���� �+�R�X�G�D�� �H�W�� �D�O�����>�����@ �S�H�U�I�R�U�P�H�G�� �V�H�Y�H�U�D�O�� ���'��
�V�P�D�O�O-�V�F�D�O�H�� �P�R�G�H�O�� �W�H�V�W�V�� �X�Q�G�H�U�� �O�R�Z�� �I�U�H�T�X�H�Q�F�\�� �F�\�F�O�L�F�� �O�R�D�G���� �7�K�H�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q��
�U�H�Y�H�D�O�H�G���D���V�H�W�W�O�H�P�H�Q�W���D�F�F�X�P�X�O�D�W�L�R�Q�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���W�K�H���I�L�U�V�W���W�H�Q���F�\�F�O�H�V�����Z�K�H�U�H������������
�V�H�W�W�O�H�P�H�Q�W���D�F�F�X�P�X�O�D�W�L�R�Q���R�F�F�X�U�U�H�G�����)�X�U�W�K�H�U�P�R�U�H�����D�S�S�O�\�L�Q�J���W�K�H���F�\�F�O�H�V���L�Q�F�U�H�D�V�H�V���O�R�D�G��
�H�I�I�L�F�L�H�Q�F�\�����$�I�W�H�U������–�������F�\�F�O�H�V�����D���Y�D�O�X�H���R�I���U�R�X�J�K�O�\�������� �L�Q���Z�K�L�F�K���S�U�D�F�W�L�F�D�O�O�\���W�K�H���I�X�O�O��
�O�R�D�G���L�V���W�U�D�Q�V�I�H�U�U�H�G���W�R���W�K�H���S�L�O�H �K�H�D�G�V�����L�V���R�E�W�D�L�Q�H�G���D�Q�G���W�K�H�U�H�D�I�W�H�U���U�H�P�D�L�Q�V���V�W�D�E�O�H�� 

�=�K�X�D�Q�J���H�W���D�O�����>�����@ �L�Q�Y�H�V�W�L�J�D�W�H�G���D���U�D�Q�J�H���R�I�����'���I�L�Q�L�W�H���H�O�H�P�H�Q�W�����)�(�����P�R�G�H�O�V���R�I���*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W�� �X�Q�G�H�U���F�\�F�O�L�F �O�R�D�G���� �7�K�H�� �S�D�U�D�P�H�W�U�L�F�� �V�W�X�G�\�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �V�H�W�W�O�H�P�H�Q�W�V��
�L�Q�F�U�H�D�V�H �Z�L�W�K�� �Y�H�K�L�F�O�H�� �Z�K�H�H�O�� �O�R�D�G�� �D�Q�G���V�S�H�H�G���� �Z�K�H�U�H�D�V�� �W�K�H�� �V�R�L�O�� �D�U�F�K�L�Q�J�� �L�V�� �U�H�G�X�F�H�G 
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�Z�L�W�K�� �O�D�U�J�H�U�� �Y�H�K�L�F�O�H�� �O�R�D�G�� �D�Q�G���V�S�H�H�G. ���'�� �Q�X�P�H�U�L�F�D�O�� �V�L�P�X�O�D�W�L�R�Q�V�� �R�I�� �*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �L�Q�� �W�K�H��P�K�D�P���H�W�� �D�O�����>�����@���V�W�X�G�\����T�K�H�� �D�Q�D�O�\�V�L�V�� �U�H�V�X�O�W�V��
�L�Q�G�L�F�D�W�H�G���W�K�D�W���W�K�H���6�&�5���G�H�F�U�H�D�V�H�V���Z�L�W�K���W�K�H���Q�X�P�E�H�U���R�I���F�\�F�O�H�V���G�X�H���W�R���W�K�H���U�H�G�X�F�W�L�R�Q���R�I��
�W�K�H�� �V�R�L�O�� �D�U�F�K�L�Q�J���� �Whe veh�L�F�O�H�� �V�S�H�H�G�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �T�X�L�F�N���G�L�V�D�S�S�L�D�W�L�R�Q���R�I�� �W�K�H�� �V�R�L�O��
�D�U�F�K�L�Q�J���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �W�K�H�� �F�X�P�X�O�D�W�L�Y�H�� �V�H�W�W�O�H�P�H�Q�W�V�� �L�Q�F�U�H�D�V�H�� �D�V�� �W�K�H���Y�H�K�L�F�O�H�� �V�S�H�H�G 
�D�Q�G���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W���U�L�V�H�����7�K�H���U�H�V�H�D�U�F�K�H�U�V���D�O�V�R���G�L�V�F�R�Y�H�U�H�G���W�K�D�W���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I��
the n�X�P�E�H�U���R�I���J�H�R�V�\�Q�W�K�H�W�L�F���O�D�\�H�U�V���F�R�X�O�G���E�H���Q�H�J�O�L�J�L�E�O�H�� �:�D�Q�J���H�W���D�O�����>20�@ �R�E�V�H�U�Y�H�G��
�W�K�U�R�X�J�K �W�K�H�����'���G�\�Q�D�P�L�F���D�Q�D�O�\�V�L�V���W�K�D�W���W�K�H���S�L�O�H���V�W�L�I�I�Q�H�V�V���D�Q�G���W�K�H���I�L�[�H�G���H�Q�G���S�L�O�H�V���F�D�Q��
�U�H�G�X�F�H�� �W�K�H���V�W�U�H�V�V�H�V�� �L�Q�� �W�K�H�� �V�R�I�W�� �V�X�E�V�R�L�O�����$�T�R�X�E�� �H�W�� �D�O�����>��1�@, �E�D�V�H�G�� �R�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O��
�D�Q�D�O�\�V�L�V, �R�E�V�H�U�Y�H�G���D�Q���L�P�S�U�R�Y�H�P�H�Q�W���R�I���W�K�H��GRPS �H�P�E�D�Q�N�P�H�Q�W���E�H�K�D�Y�L�R�U���U�H�O�D�W�H�G���W�R��
�W�K�H�� �O�R�D�G�� �H�I�I�L�F�L�H�Q�F�\�� �D�Q�G�� �V�H�W�W�O�H�P�H�Q�W�� �X�Q�G�H�U�� �F�\�F�O�L�F�� �O�R�D�G�L�Q�J�� �Z�L�W�K�� �W�K�H���L�Q�F�U�H�D�V�H�� �R�I��
�J�H�R�V�\�Q�W�K�H�W�L�F�� �O�D�\�H�U�� �Q�X�P�E�H�U�V. I�W�� �Z�D�V���Q�R�W�L�F�H�D�E�O�H �W�K�D�W�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �R�I�� �W�K�H��
�H�P�E�D�Q�N�P�H�Q�W���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���R�F�F�X�U�U�H�G���G�X�U�L�Q�J���W�K�H���I�L�U�V�W�����������F�\�F�O�H�V�����2�Q���Whe other 
�K�D�Q�G���� �W�K�H�� �U�H�V�H�D�U�F�K�H�U�V�� �I�R�X�Q�G�� �D�O�V�R�� �W�K�D�W�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �W�H�Q�V�L�R�Q�� �L�Q�F�U�H�D�V�H�V�� �G�X�U�L�Q�J��
�G�L�I�I�H�U�H�Q�W���F�\�F�O�L�F���O�R�D�G�L�Q�J���V�W�D�J�H�V, �K�R�Z�H�Y�H�U, �U�H�P�D�L�Q�V���Q�H�D�U�O�\���F�R�Q�V�W�D�Q�W���L�Q���H�Y�H�U�\���V�W�D�J�H�� 

�7�K�H���V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F���S�H�U�I�R�U�P�D�Q�F�H���R�I���*�5�3�6���H�P�E�D�Q�N�P�H�Q�W���Z�D�V���L�Q�Y�H�V�W�L�J�D�W�H�G���%�L���H�W��
�D�O�����>��2�@ �Q�X�P�H�U�L�F�D�O�O�\����the �U�H�V�H�D�U�F�K�H�U�V���R�E�V�H�U�Y�H�G���W�K�D�W���W�K�H���6�&�5���G�H�F�U�H�D�V�H�V���X�Q�G�H�U���O�R�Q�J-
�W�H�U�P���W�U�D�I�I�L�F���O�R�D�G�V���D�Q�G���W�K�H���V�W�L�I�I�Q�H�V�V���R�I���W�K�H���V�R�I�W���V�R�L�O���K�D�V���D���P�D�L�Q���U�R�O�H���L�Q���X�Q�G�H�U�P�L�Q�L�Q�J��
�W�K�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �V�R�L�O�� �D�U�F�K�L�Q�J���� �7�K�H�\�� �R�E�V�H�U�Y�H�G�� �D�O�V�R �W�K�D�W�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O��
�V�H�W�W�O�H�P�H�Q�W�V���L�Q�F�U�H�D�V�H �Zit�K���W�K�H���F�\�F�O�H�V���Q�X�P�E�H�U���W�R���I�L�Q�D�O�O�\���E�H���L�Q���D���V�W�D�E�O�H���V�W�D�W�H�� �=�K�X�D�Q�J��
�H�W�� �D�O�����>�����@ �H�Y�D�O�X�D�W�H�G�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �X�Q�G�H�U�� �F�\�F�O�L�F�� �O�R�D�G�L�Q�J�� �D�Q�G�� �X�Q�O�R�D�G�L�Q�J��
�W�K�U�R�X�J�K�� �W�K�H�� �)�(�� �D�Q�D�O�\�V�L�V���� �7�K�H�� �S�D�U�D�P�H�W�U�L�F�� �V�W�X�G�\�� �G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�D�W�� �W�K�H�� �K�L�J�Ker 
�Y�H�K�L�F�O�H���V�S�He�G���D�Q�G���W�K�H �Z�K�H�H�O���O�R�D�G���D�Q�G���W�K�H���O�R�Z�H�U���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���V�W�L�I�I�Q�H�V�V�����W�K�H���O�R�D�G��
�H�I�I�L�F�L�H�Q�F�\�� �O�R�Z�H�U�����3�D�W�H�O�� �H�W�� �D�O�����>��4�@ �D�Q�D�O�\�]�H�G�� �W�K�H�� �G�\�Q�D�P�L�F�� �U�H�V�S�R�Q�V�H�� �R�I�� �*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W �D�Q�G���I�R�X�Q�G���W�K�D�W���I�R�U���D�Q���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W���W�R���S�L�O�H���V�S�D�F�L�Q�J���U�D�W�L�R ��a�� �R�I��
�O�H�V�V�� �W�K�D�Q�� �R�U�� �H�T�X�D�O�� �W�R�� ���������� �J�H�R�V�\�Q�W�K�H�W�L�F�� �V�W�L�I�I�Q�H�V�V�� �R�I�� ���������� �N�1/m �L�V�� �D�G�H�T�X�D�W�H�� �W�R��
�D�F�K�L�H�Y�H�� �K�L�J�K���6�&�5���� �D�V�� �Z�H�O�O�� �D�V�� �W�R�� �G�H�F�U�H�D�V�H�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�V�� �X�Q�G�H�U��
�G�\�Q�D�P�L�F���O�R�D�G�V���D�Q�G���G�L�I�I�H�U�H�Q�W���K�H�L�J�K�W�V���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W����I�I��a �L�V���P�R�U�H���W�K�D�Q�����������W�K�H�Q��
�W�K�H���6�'�5���L�Q�F�U�H�D�V�H�V���Z�L�W�K���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���V�W�L�I�I�Q�H�V�V�� �)�D�Q�J �H�W���D�O�����>�����@ �S�U�R�Y�L�G�H�G �D���G�X�D�O-
�E�H�D�P�� �P�R�G�H�O���W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �S�D�Y�H�P�H�Q�W�� �D�Q�G�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �L�Q�� �R�U�G�H�U�� �W�R�� �D�V�V�H�V�V�� �W�K�H��
�G�\�Q�D�P�L�F�� �E�H�K�D�Y�L�R�U �R�I�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �7�K�H�� �I�L�Q�G�L�Q�J�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W�� �W�K�H��
�P�R�Y�L�Q�J�� �O�R�D�G�� �S�R�V�L�W�L�R�Q�� �K�D�V�� �D�Q�� �L�Q�I�O�X�H�Q�F�H�� �R�Q�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�
�V�� �V�W�U�H�V�V�� �D�Q�G��
�G�H�I�O�H�F�W�L�R�Q���G�L�V�W�U�L�E�X�W�L�R�Q���� �'�H�I�O�Hct�L�R�Q���D�Q�G���V�W�U�H�V�V�� �L�Q�F�U�H�D�V�H�� �D�V�� �W�K�H�� �V�S�H�H�G���R�I�� �W�K�H�� �P�R�Y�L�Q�J��
�O�R�D�G���L�Q�F�U�H�D�V�H�V�����%�\���L�Q�F�U�H�D�V�L�Q�J���S�L�O�H���V�W�L�I�I�Q�H�V�V���D�Q�G���J�H�R�V�\�Q�W�K�H�W�L�F���P�R�G�X�O�X�V�����W�K�H���H�I�I�H�F�W���R�I��
�P�R�Y�L�Q�J�� �O�R�D�G�� �V�S�H�H�G�� �R�Q�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �F�D�Q�� �E�H�� �G�H�F�U�H�D�V�H�G���� �W�K�H�V�H�� �W�Z�R��
�S�D�U�D�P�H�W�H�U�V���F�R�Q�W�U�L�E�X�W�H���W�R���L�P�S�U�R�Y�H���W�K�H���V�W�D�E�L�O�L�W�\���R�I t�K�H���*�5�3�6���H�P�E�D�Q�N�P�H�Q�W�V�����'�X�D�Q et 
�D�O�����>��6�@���G�L�V�F�X�V�V�H�G���W�K�H���U�H�G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���G�\�Q�D�P�L�F���V�W�U�H�V�V���X�Q�G�H�U���P�R�Y�L�Q�J���W�U�D�L�Q���O�R�D�G��
�G�X�H���W�R���W�K�H���V�R�L�O���D�U�F�K�L�Q�J���S�K�H�Q�R�P�H�Qo�Q���L�Q���W�K�H���H�P�E�D�Q�N�P�H�Q�W���E�R�G�\���D�Q�G���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q��
�R�I�� �J�H�R�J�U�L�G�� �L�Q�� �W�K�L�V�� �S�U�R�F�H�V�V�������'�� �V�L�P�X�O�D�W�L�R�Q�V�� �D�U�H�� �H�P�S�O�R�\�H�G�� �L�Q�� �W�K�H s�W�X�G�\�� �W�R�� �E�H�W�W�H�U��
�H�O�X�F�L�G�D�W�H���W�K�H���G�\�Q�D�P�L�F�V���R�I���*�5�3�6���H�P�E�D�Q�N�P�H�Q�W�V���X�Q�G�H�U���D���V�L�Q�J�O�H���F�\�F�O�H���R�I���K�L�J�K-�V�S�H�H�G��
�W�U�D�L�Q���� �3�U�R�S�H�U�� �F�R�Q�V�W�L�W�X�W�L�Y�H�� �P�R�G�H�O�V�� �D�U�H�� �X�W�L�O�L�V�H�G�� �W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H��
�E�H�D�U�L�Q�J�� �V�R�L�O���� �V�R�I�W�� �V�R�L�O�� �D�Q�G�� �H�P�E�D�Q�N�P�H�Q�W�� �I�L�O�O�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V�� �R�I��
�6�K�D�K�U�Dki �H�W���D�O�����>�����@ �W�R���E�H�W�W�H�U���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I��their �E�H�K�D�Y�L�R�U�� �5�H�V�X�O�W�V���K�L�J�K�O�L�J�K�W���W�K�H��
�L�Q�I�O�X�H�Q�F�H�� �R�I�� �X�V�L�Q�J�� �S�L�O�H�V�� �D�Q�G�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�V�� �W�R�� �V�X�V�W�D�L�Q�� �W�K�H��
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�H�P�E�D�Q�N�P�H�Q�W���� �D�Q�G�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�H�V�� �D�Q�G�� �V�H�W�W�O�H�P�H�Q�W�V�� �L�Q�� �W�K�H��
�H�P�E�D�Q�N�P�H�Q�W�� �E�R�G�\���� �7�K�H�� �L�Q�G�L�F�H�V�� �R�I�� �G�H�V�F�U�L�E�H�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W�� �D�U�H�� �G�L�I�I�H�U�H�Q�W�� �D�V�� �V�K�R�Z�Q�� �L�Q�� �W�K�H�� �O�L�W�H�U�D�W�X�U�H���� �W�K�L�V�� �S�D�S�H�U�� �D�G�R�S�W�V �W�K�H�� �O�R�D�G��
�H�I�I�L�F�L�H�Q�F�\�����W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���W�H�Q�V�L�R�Q�����D�Q�G���W�K�H���V�H�W�W�O�H�P�H�Q�W�V���W�R���I�L�Q�G���R�X�W���W�K�H���L�Q�I�O�X�H�Q�F�H�V��
�R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W�����F�R�Y�H�U���U�D�W�L�R�����D�Q�G���W�U�Din �V�S�H�H�G���R�Q���W�K�H���D�I�R�U�H�V�D�L�G���L�Q�G�L�F�H�V�� 

2 Finite Element Modelling 

2.1 Description of GRPS Embankment Model 

�7�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �H�P�S�O�R�\�H�G�� �W�R�� �V�X�S�S�R�U�W�� �H�P�E�D�Q�N�P�H�Q�W�V�� �F�R�Q�V�L�V�W�V�� �R�I�� ���L���� �D�� �Q�H�W�Z�R�U�N�� �R�I��
�Y�H�U�W�L�F�D�O�� �H�O�H�P�H�Q�W�V�� ���S�L�O�H�V������ �Z�K�L�F�K�� �D�U�H�� �F�R�P�P�R�Q�O�\�� �V�O�H�Q�G�H�U�� �D�Q�G�� �F�\�O�L�Q�G�U�L�F�D�O�� �L�Q�� �V�K�D�Se. 
�7�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���P�H�W�K�R�G�����G�U�L�Y�L�Q�J�����E�R�U�L�Q�J�����H�W�F�����������D�Q�G���P�H�V�K���S�D�W�W�H�U�Q�����V�T�X�D�U�H�����W�U�L�D�Q�J�O�H����
�U�H�F�W�D�Q�J�O�H���� �H�W�F…���� �R�I�� �W�K�H�� �S�L�O�H�V�� �D�U�H�� �D�G�R�S�W�H�G�� �E�D�V�H�G�� �R�Q�� �V�R�L�O�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �E�R�W�K��
�J�H�R�P�H�W�U�\�� �D�Q�G���Q�D�W�X�U�H�� �R�I�� �D�S�S�O�L�H�G���O�R�D�G�V���� �7�K�H�� �L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���S�L�O�H�V�� �L�V�� �U�H�J�D�U�G�H�G���D�V�� �W�K�H��
�I�L�U�V�W�� �V�W�D�J�H�� �R�I�� �F�R�Q�V�W�U�X�F�W�L�R�Q���� ���L�L���� �D�� �O�R�D�G�� �W�U�D�Q�V�I�H�U�� �S�O�D�W�I�R�U�P�� ���/�7�3������ �W�K�L�V�� �S�O�D�W�I�R�U�P��
�W�\�S�L�F�D�O�O�\�� �F�R�P�S�R�V�H�G�� �R�I�� �D�� �J�U�D�Q�X�O�D�U�� �V�R�L�O�� �D�Q�G�� �R�Q�H�� �K�R�U�L�]�R�Q�W�D�O�� �O�D�\�H�U�� �R�U�� �P�R�U�H�� �R�I��
geosynthetic �U�H�L�Q�I�R�U�F�H�P�H�Q�W���� �D�Q�G���W�K�L�V�� �L�V�� �W�K�H�� �V�H�F�R�Q�G���V�W�D�J�H���R�I�� �F�R�Q�V�W�U�X�F�W�L�R�Q���� �7�K�H�� �O�D�V�W��
�V�W�D�J�H���L�V���W�K�H���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W���E�R�G�\���>�����@���� 

�*�5�3�6���H�P�E�D�Q�N�P�H�Q�W���L�V���F�R�Q�V�W�U�X�F�W�H�G���D�W�R�S���D���V�L�P�S�O�H���J�H�R�O�R�J�L�F�D�O���S�U�R�I�L�O�H���F�R�Q�V�L�V�W�L�Q�J���R�I���D��
10-�P�� �V�R�I�W�� �V�R�L�O�� �O�D�\�H�U�� �U�H�V�W�L�Q�J�� �R�Q�� �D�� �V�W�L�I�I�� �V�R�L�O�� �R�I�� �J�U�D�Y�H�O���� �7�K�H�� �J�U�R�X�Q�G�Z�D�W�H�U�� �O�H�Y�H�O�� �L�V��
�O�R�F�D�W�H�G���G�L�U�H�F�W�O�\���D�W���W�K�H���V�R�I�W���V�R�L�O���O�D�\�H�U���V�X�U�I�D�F�H�����7�K�H�������������P���Z�L�G�H���H�P�E�D�Q�N�P�H�Q�W���Z�L�W�K���D��
�K�H�L�J�K�W���R�I���������� �P���D�Q�G���V�O�R�S�H �D�Q�J�O�H �R�I���������������� �L�V���V�X�S�S�R�U�W�H�G���E�\���D���Q�H�W�Z�R�U�N���R�I���S�L�O�H�V���D�Q�G 
�R�Q�H���O�D�\�H�U���R�I���J�H�R�J�U�L�G �D�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H������ 

�$�W���W�K�H���W�R�S���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W�����D���F�O�X�V�W�H�U�H�G���E�D�O�O�D�V�W���O�D�\�H�U���Z�L�W�K���D���W�K�L�F�N�Q�H�V�V���R�I�������������P��
�F�D�S�S�H�G�� �E�\�� �W�U�D�Q�V�Y�H�U�V�H�� �V�O�H�H�S�H�U�V�� �W�R�� �V�X�S�S�R�U�W�� �W�K�H�� �U�D�L�O�Z�D�\�� �W�U�D�F�N���� �,�Q�� �D�� �V�T�X�D�U�H�� �S�D�W�W�H�U�Q����
�F�L�U�F�X�O�D�U-cross-�V�H�F�W�L�R�Q���S�L�O�H�V���Z�L�W�K���D���G�L�D�P�H�W�H�U���R�I�����������P���D�Q�G���S�L�O�H���V�S�D�F�L�Q�J���R�I�����������P���D�U�H��
�L�Q�V�W�D�O�O�H�G���� �7�K�L�V�� �Q�H�W�Z�R�U�N�� �R�I�� �S�L�O�H�V�� �S�H�Q�H�W�U�D�W�H�V�� �W�K�H�� �J�U�D�Y�H�O�
�V���V�W�L�I�I�� �O�D�\�H�U���� �7�K�H�� �J�H�R�J�U�L�G��
�O�D�\�H�U�� �Z�L�W�K�� �D�� �V�W�L�I�I�Q�H�V�V�� �R�I�� ���������� �N�1��m i�V�� �O�R�F�D�W�H�G�� �������� �P�� �D�E�R�Y�H�� �W�K�H�� �S�L�O�H�� �K�H�D�G�V���� 
�7�K�H���I�R�O�O�R�Z�L�Q�J���S�R�L�Q�W�V���D�U�H���X�W�L�O�L�]�H�G���W�R���G�L�V�S�O�D�\���W�K�H���R�X�W�S�X�W�V���R�I���W�K�H���Q�X�P�H�U�L�F�D�O���D�Q�D�O�\�V�L�V����
�3�R�L�Q�W�V���%���D�Q�G��� '� � �D�U�H���O�R�F�D�W�H�G���R�Q���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H�����3�R�L�Q�W�V���$�����&�����D�Q�G���(���D�U�H���O�R�F�D�W�H�G��
�R�Q�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�
�V�� �E�D�V�H�� �O�H�Y�H�O���� �D�V�� �L�Q�G�L�F�D�W�H�G�� �L�Q�� �)�L�J�Xre 1. �/�R�Q�J�L�W�X�G�L�Q�D�O�O�\���� �3�R�L�Q�W�V��
� '� �� � � &� �� � � D� Q� G� � � (� � � D� U� H� � � �� � � P� H� W� H� U� V� � � I� U� R� P� � � W� K� H� ��E�R�X�Q�G�D�U�L�H�V���� �Z�K�H�U�H�D�V�� �3�R�L�Q�W�V�� �%�� �D�Q�G�� �$�� �D�U�H�� ����
�P�H�W�H�U�V���D�Z�D�\. 
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�)�L�J�X�U�H���� 

�*�5�3�6���H�P�E�D�Q�N�P�H�Q�W���S�U�R�I�L�O�H�����D�����3�O�D�Q���Y�L�H�Z���D�W���W�K�H���H�P�E�D�Q�N�P�H�Q�W���E�D�V�H���S�O�Dne; ���E�����V�H�F�W�L�R�Q���,-I�������F����section II-II  

2.2 3D Modelling of the Problem 

�7�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �G�\�Q�D�P�L�F�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �X�Q�G�H�U�� �W�K�H�� �P�R�Y�L�Q�J��
�O�R�D�G�� �Z�K�L�F�K�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �K�L�J�K-�V�S�H�H�G�� �W�U�D�L�Q, �D �P�R�G�H�O�� �R�I�� ������ �P�� �O�H�Q�J�W�K�� �D�Q�G�� ������ �P��
�Z�L�G�W�K���Z�D�V���F�U�H�D�W�H�G���L�Q���3�O�D�[�L�V�����'�� �&�2�1�1�(�&�7���(�G�L�W�L�R�Q���9�������S�U�R�J�U�D�P. �7�K�H���D�E�V�R�U�E�H�Q�W��
�E�R�X�Q�G�D�U�L�H�V���D�Q�G���6�W�D�Q�G�D�U�G���I�L�[�L�W�L�H�V���Z�H�U�H���H�P�S�O�R�\�H�G���W�R���P�L�Q�L�P�L�]�H���W�K�H���U�H�I�O�H�F�W�L�R�Q�V���R�I���W�K�H��
�Z�D�Y�Hs �D�W�� �W�K�H�� �E�R�X�Q�G�D�U�L�H�V�� �7�K�H�� �I�L�Q�L�W�H�� �H�O�H�P�H�Q�W�� �P�H�V�K�� �R�I �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �L�V��
�V�K�R�Z�Q���L�Q���)�L�J�X�U�H������ 
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�)�L�J�X�U�H���� 
���D�����1�X�P�H�U�L�F�D�O���P�R�G�H�O���R�I���*�5PS �H�P�E�D�Q�N�P�H�Q�W�������E�����6�L�G�H���Y�L�H�Z�������F�����)�U�R�Q�W���Y�L�H�Z 

The �U�D�L�O�V�����U�D�L�O���I�D�V�W�H�Q�L�Q�J���V�\�V�W�H�P�V�����D�Q�G���V�O�H�H�S�H�U�V�����D�O�O���R�I���Z�K�L�F�K���O�D�\���R�Q���W�K�H���E�D�O�O�D�V�W���O�D�\�H�U��
�D�Q�G���W�K�H���X�Q�G�H�U�O�\�L�Q�J���V�X�E�J�U�D�G�H���U�H�S�U�H�V�H�Q�W���W�K�H���W�\�S�L�F�D�O���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�H���U�D�L�O�Z�D�\���W�U�D�F�N 
�>29�@. �7�K�H���U�D�L�O�V���D�Q�G �V�O�H�H�S�H�U�V���D�U�H���P�R�G�H�O�H�G���D�V���E�H�D�P���H�O�H�P�H�Q�W�V�����7�K�H���S�U�R�S�H�U�Wi�H�V���R�I���8�,�&��
�������U�D�L�O �>�����@ �D�U�H���D�G�R�S�W�H�G���L�Q���W�K�H���V�L�P�X�O�D�W�L�R�Q�����D�Q�G���W�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���U�D�L�O�V���L�V��
���������P�����7�K�H���S�U�R�S�H�U�W�L�H�V���R�I���F�R�Q�F�U�H�W�H���V�O�H�H�S�H�U���W�\�S�H���%�������>�����@ �D�U�H���D�G�R�S�W�H�G���E�\���V�X�S�S�O�\�L�Q�J 
the �D�U�H�D��moment �R�I��i�Q�H�U�W�L�D, t�K�H�� �P�R�G�H�O�� �L�Q�F�O�X�G�H�G�� ������ �V�O�H�H�S�H�U�V�� �Z�L�W�K�� �D��center-to-
center �G�L�V�W�D�Q�F�H���R�I���������F�P�� �7�K�H���S�U�R�S�Hrties �R�I �U�D�L�O���D�Q�G �V�O�H�H�S�H�U�V���D�U�H���O�L�V�W�H�G �L�Q���7�D�E�O�H����. 

�7�D�E�O�H���� 
�7�K�H���S�U�R�S�H�U�W�L�H�V���R�I �8�,�&�������U�D�L�O���D�Q�G���%�������V�O�H�H�S�H�U 

�%�D�V�L�F���S�D�U�D�P�H�W�H�U�V 
�&�K�D�U�D�F�W�H�U�V���D�Q�G��

�X�Q�L�W�V �8�,�&�������U�D�L�O �%�������V�O�H�H�S�H�U 

�&�U�R�V�V-�V�H�F�W�L�R�Q�D�O���D�U�H�D a ��m���� 0���������� ������������ 
�8�Q�L�W���Z�H�L�J�K�W �� ���N�1���P���� ���� ���� 

�<�R�X�Q�J�
�V���P�R�G�X�O�X�V �(�����0�3�D�� 200000 ���������� 

�,�Q�H�U�W�L�D���P�R�P�H�Q�Ws 
I2 ��m4�� �������������������� 0.00024 
I�� ��m4�� �������������� ������������ 

�7�K�H�� �/�0������ �(�X�U�R�F�R�G�H�� �O�R�D�G�� �P�R�G�H�O�� �Z�D�V�� �X�V�H�G�� �W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �P�R�Y�L�Q�J�� �W�U�D�L�Q�����Z�K�L�F�K��
�L�Q�F�O�X�Ges �H�L�J�K�W�� �G�\�Q�D�P�L�F�� �S�R�L�Q�W�� �O�R�D�G�V�� �R�I�� �������� �N�1�� �Y�H�U�W�L�F�D�O�� �I�R�Uce �Z�L�W�K�� �D�� �F�R�Q�V�W�D�Q�W��
�G�L�V�W�D�Q�F�H�� �R�I�� ������ m. �(�D�F�K�� �S�R�L�Q�W�� �O�R�D�G�� �K�D�V�� �L�W�V�� �R�Z�Q�� �G�\�Q�D�P�L�F���P�X�O�W�L�S�O�L�H�U �L�Q�� �3�O�D�[�L�V�� ���', 
�Z�K�L�F�K�� �L�V���F�K�D�U�D�F�W�H�U�L�]�H�G�� �D�V�� �D�� �W�L�P�H-�V�K�H�D�U�� �I�R�U�F�H�� �V�L�J�Q�D�O. �7�K�H�� �³�%�H�D�P�V�� �R�Q�� �W�K�H�� �H�O�D�V�W�L�F��
�I�R�X�Q�G�D�W�L�R�Q�´�� �W�K�H�R�U�\�� �F�D�Q�� �E�H�� �X�V�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �V�K�H�D�U�� �I�R�U�F�H�V�� �L�Q�� �W�K�H�� �U�D�L�O�V���� 
The �V�K�H�D�U�� �I�R�U�F�H�� �V�L�J�Q�D�O�� �L�V�� �P�X�O�W�L�S�O�L�H�G���E�\ �W�K�H�� �G�\�Q�D�P�L�F�� �S�R�L�Q�W�� �O�R�D�G�� ���������� �N�1���� �L�Q�� �H�D�F�K��
�W�L�P�H���V�W�H�S, i�I���W�K�H���P�R�Y�L�Q�J���W�U�D�L�Q�
�V���D�F�F�H�O�H�U�D�W�L�R�Q���L�V �Q�H�J�O�L�J�L�E�O�H���D�Q�G���W�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q��
�W�K�H���G�\�Q�D�P�L�F���S�R�L�Q�W���O�R�D�G�V���L�V���F�R�Q�V�W�D�Q�W�����W�K�H���W�L�P�H���V�W�H�S���L�V���G�H�H�P�H�G���F�R�Q�V�W�D�Qt. �,�Q���R�X�U���F�D�V�H��
�V�W�X�G�\�����W�K�H���W�U�D�L�Q���Z�L�W�K���V�S�H�H�G���R�I�����������N�P�����K���S�D�V�Ves ���������P���L�Q���������������V�H�F., t�K�H���W�L�P�H���I�U�D�P�H��
�G�X�U�L�Q�J���Z�K�L�F�K���W�K�H���G�\�Q�D�P�L�F���O�R�D�G���P�D�\���E�H���G�H�H�P�H�G���I�L�[�H�G���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H���H�D�U�O�L�H�U��
�S�H�U�L�R�G�� �,�Q�� �W�K�L�V�� �P�R�G�H�O�� �R�I�� ������ �P�� �O�R�Q�J���� �W�K�H�� �W�R�W�D�O�� �W�L�P�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �I�L�U�V�W�� �D�Q�G�� �W�K�H�� �O�D�V�W��
�O�R�D�G �L�V�� ���������� �V�H�F., �Dn �H�[�W�U�D�� ���������� �V�H�F���� �Z�D�V�� �S�U�R�Y�L�G�H�G���W�R���Gis�V�L�S�D�W�H���W�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �W�K�H��
�Z�D�Y�H�V�� �F�U�H�D�W�H�G���E�\�� �W�K�H�� �P�R�Y�L�Q�J�� �W�U�D�L�Q �W�R���R�E�W�D�L�Q�� �I�X�O�O���G�\�Q�D�P�L�F��time �R�I�� ��������sec. �$�O�O���R�I��
�W�K�H���S�R�L�Q�W���O�R�D�G�V���K�D�Y�H���W�K�H�L�U���Y�D�O�X�H�V���I�R�U���H�D�F�K���W�L�P�H���V�W�H�S�����$�V���D���U�H�V�X�O�W�����W�K�H���S�R�L�Q�W���O�R�D�G�V���D�U�H��
�F�R�Q�W�L�Q�X�D�O�O�\�� �W�U�L�J�J�H�U�H�G�� �D�Q�G�� �U�H�D�F�K�� �W�K�H�L�U�� �P�D�[�L�P�X�P�� �O�H�Y�H�O�V�� �Z�K�H�Q��the �P�R�Y�L�Q�J�� �W�U�D�L�Q��
�S�D�V�V�H�V���R�Y�H�U���W�K�H�P�� 
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2.2.1 Material Parameters 

�%�H�Q�]�� �>��1�@�� �S�U�R�S�R�V�H�G�� �W�K�H�� �J�H�Q�H�U�D�O�L�]�H�G�� �+�D�U�G�H�Q�L�Q�J�� �6�R�L�O�� �P�R�G�H�O�� �Z�L�W�K�� �6�P�D�O�O-�V�W�U�D�L�Q��
�V�W�L�I�I�Q�H�V�V�� ���+�6�6���� �W�K�U�R�X�J�K�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �W�K�H�� �+�D�U�G�H�Q�L�Q�J�� �6�R�L�O�� ���+�6�����P�R�G�H�O���� �W�K�L�V��
�P�R�G�H�O�� �W�D�N�H�V�� �W�K�H�� �V�P�D�O�O�� �V�W�U�D�L�Q�� �F�K�D�U�D�F�W�H�U�L�V�Wics �R�I�� �V�R�L�O�� �D�W�� �K�L�J�K�� �V�W�L�I�I�Q�H�V�V�� �L�Q�W�R��
�F�R�Q�V�L�G�H�U�D�W�L�R�Q���� �7�K�H�� �+�6�6�� �P�R�G�H�O�� �H�[�K�L�E�L�W�V�� �W�\�S�L�F�D�O�� �K�\�V�W�H�U�H�W�L�F�� �E�H�K�D�Y�L�R�U�� �X�Q�G�H�U�� �F�\�F�O�L�F��
�O�R�D�G�L�Q�J�����%�D�V�H�G���R�Q���W�K�D�W����this �P�R�G�H�O���L�V���X�V�H�G���W�R���V�L�P�X�O�D�W�H���W�K�H���E�H�K�D�Y�L�R�U���R�I���H�P�E�D�Q�N�P�H�Q�W��
�V�R�L�O���� �V�R�I�W�� �V�R�L�O���� �D�Q�G�� �W�K�H�� �E�H�D�U�L�Q�J�� �O�D�\�H�U�� �V�R�L�O �>�����@���� �6�H�Y�H�U�D�O�� �D�Xtho�U�V�� �K�D�Y�H�� �X�W�L�O�L�]�H�G�� �W�K�H��
�+�6�6�� �P�R�G�H�O�� �W�R�� �V�L�P�X�O�D�W�H�� �W�K�H�� �V�R�L�O�� �E�H�K�D�Y�L�R�U�� �X�Q�G�H�U�� �G�\�Q�D�P�L�F �O�R�D�G�L�Q�J�� �L�Q�� �G�L�I�I�H�U�H�Q�W��
�J�H�R�V�\�Q�W�K�H�W�L�F�� �U�H�L�Q�I�R�U�F�H�G�� �H�D�U�W�K�� ���*�5�(���� �V�W�U�X�F�W�X�U�H�V. �7�K�H�\�� �I�R�X�Q�G�� �W�K�D�W�� �W�K�H�� �U�H�V�X�O�W�V�� �D�U�H��
�F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�H�� �I�L�H�O�G �P�H�D�V�X�U�H�P�H�Q�W�V �>��2�@���� �7�K�H�� �E�D�O�O�D�V�W�� �L�V�� �P�R�G�H�O�H�G�� �Z�L�W�K�� �0�R�K�U–
�&�R�X�O�R�P�E�� ���0�&���� �P�R�G�H�O�� �>�����@���� �7�K�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �V�R�L�O�V�� �D�U�H���O�L�V�W�H�G�� �L�Q��
�7�D�E�O�Hs �����D�Q�G������ 

�7�K�H�� �S�L�O�H�V�� �D�U�H�� �U�H�S�U�H�V�H�Q�W�H�G�� �E�\�� �H�P�E�H�G�G�H�G�� �E�H�D�P�� �H�O�H�P�H�Q�W�V�� �Z�L�W�K�� �D�� �X�Q�L�W�� �Z�H�L�J�K�W�� �R�I�� ������
�N�1���P�������D���<�R�X�Q�J�
�V���0�R�G�X�O�X�V���R�I�������� �*�3�D�����D�Q�G���D���3�R�L�V�V�R�Q�
�V���U�D�W�L�R���R�I�������������� �7�K�H���E�L�D�[�L�D�O��
�J�H�R�J�U�L�G, o�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����L�V���U�H�S�U�H�V�H�Q�W�H�G���D�V���D�Q���H�O�D�V�W�R�S�O�D�V�W�L�F���P�D�W�H�U�L�D�O. 

T�D�E�O�H���� 

�7�K�H���S�U�R�S�H�U�W�L�H�V���R�I���H�P�E�D�Q�N�P�H�Q�W���I�L�O�O�����V�R�I�W���V�R�L�O�����D�Q�G���J�U�D�Y�H�O�� 

 

�%�D�V�L�F���S�D�U�D�P�H�W�H�U�V �(�P�E�D�Q�N�P�H�Q�W���I�L�O�O �6�R�I�W���V�R�L�O �*�U�D�Y�H�O 

�6�D�W�X�U�D�W�H�G���X�Q�L�W���Z�H�L�J�K�W���� ���N�1���P���� 20.0 �������� 20.0 

�8�Q�V�D�W�X�U�D�W�H�G���X�Q�L�W���Z�H�L�J�K�W:  
���N�1���P���� 

�������� 12.0 19.0 

 �,�Q�W�H�U�Q�D�O���I�U�L�F�W�L�R�Q���D�Q�J�O�H���� 
�¥ ���Û�� 

 

�������� �������� �������� 

�'�L�O�D�W�D�Q�F�\���D�Q�J�O�H�����������Û�� ������ 0.0 ������ 
�&�R�K�H�V�L�R�Q�����F�����N�3�D�� ������ ������ 1.0 

�5�H�I�H�U�H�Q�F�H���V�H�F�D�Q�W���V�W�L�I�I�Q�H�V�V���� 
���N�1���P2�� 

���������� �������� ���������� 

�5�H�I�H�U�H�Q�F�H���W�D�Q�J�H�Q�W���V�W�L�I�I�Q�H�V�V���� 
���N�1���P2�� 

������00 ������ ���������� 

�5�H�I�H�U�H�Q�F�H���X�Q�O�R�D�G�L�Q�J�����U�H�O�R�D�G�L�Q�J��
�V�W�L�I�I�Q�H�V�V��  ���N�1���P2�� 

������������ 6000 144000 

�(�[�S�R�Q�H�Q�W�L�D�O���S�R�Z�H�U�����P����-�� ������ ������ ������ 
R�H�I�H�U�H�Q�F�H���V�K�H�D�U���P�R�G�X�O�X�V���D�W���V�P�D�O�O��

�V�W�U�D�L�Q���� ���N�1���P2�� 
������������ ���������� 114400 

�5�H�I�H�U�H�Q�F�H���V�W�U�D�L�Q���W�K�U�H�V�K�R�O�G���� 0,00014 0.00026 0.00012 

�&�R�H�I�I�L�F�L�H�Q�W���R�I���H�D�U�W�K���S�U�H�V�V�X�U�H���D�W���U�H�Vt: 
 ��-�� 

0.419 ������������ ���������� 

�8�Q�O�R�D�G�L�Q�J���U�H�O�R�D�G�L�Q�J���3�R�L�V�V�R�Q�
�V���U�D�W�L�R����
 ��-�� 

0.2 0.2 0.2 
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�7�D�E�O�H���� 

�7�K�H���S�U�R�S�H�U�W�L�H�V���R�I���E�D�O�O�D�V�W���V�R�L�O 

Ballast 
 =  = �������N�1/m�� �¥ =40  ����=0  c� �������N�3�D  

E=���������������N�3�D v=0.2 k� ���������P���G�D�\ 

3 Results and Discussion 

�7�K�H�� �U�H�I�H�U�H�Q�F�H�� �F�D�V�H�� �L�V�� �F�U�H�D�W�H�G�� �L�Q�� �R�U�G�H�U�� �W�R�� �L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W�� �X�Q�G�H�U�� �D�� �V�L�Q�J�O�H�� �F�\�F�O�H���R�I��high-�V�S�H�H�G�� �W�U�D�L�Q���� �,�W�� �L�V�� �F�R�P�S�R�V�H�G�� �R�I �D�� �������� �P��
�H�P�E�D�Q�N�P�H�Q�W���V�X�S�S�R�U�W�H�G���E�\���D���Q�H�W�Z�R�U�N���R�I���S�L�O�H�V���D�Q�G���R�Q�H���O�D�\�H�U���R�I���J�H�R�J�U�L�G���D�V���L�Q�G�L�F�D�W�H�G��
�S�U�H�Y�L�R�X�V�O�\�� �L�Q �V�H�F�W�L�R�Q�� �������������� �$�� �O�R�D�G�L�Q�J�� �F�\�F�O�H�� �L�V�� �S�U�R�G�X�F�H�G�� �E�\�� �D�� �W�U�D�L�Q�� �V�S�H�H�G�� �R�I�� ��������
km/h. 

�7�K�H���I�L�U�V�W���S�D�U�W���R�I���W�K�L�V���V�W�X�G�\���L�Q�W�U�R�G�X�F�H�V��the �I�R�O�O�R�Z�L�Q�J�� 

�x A �F�R�P�S�D�U�L�V�R�Q �E�H�W�Z�H�H�Q�� �W�K�H�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �D�Q�G�� �W�K�H�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�H�P�E�D�Q�N�P�H�Q�W���Z�L�W�K���W�K�H���E�H�K�D�Y�L�R�U���R�I���V�H�W�W�O�H�P�H�Q�W�V�� 

�x �$�� �F�R�P�S�D�U�L�V�R�Q o�I�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�H�V�� �D�Q�G�� �V�H�W�W�O�H�P�H�Q�W�V�� �X�Q�G�H�U the 
�V�W�D�W�L�F ���H�P�E�D�Q�N�P�H�Q�W���Z�H�L�J�K�W�� �D�Q�G���G�\�Q�D�P�L�F �O�R�D�Gs. 

�x �7�K�H���E�H�K�D�Y�L�R�U���R�I �Y�H�U�W�L�F�D�O���Z�D�Y�H���Y�H�O�R�F�L�W�\���D�W �W�Z�R���S�R�L�Q�W�V�����&�����'���� 

�$���S�D�U�D�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���L�V���F�R�Q�G�X�F�W�H�G���L�Q���W�K�H���V�H�F�R�Q�G���S�D�U�W���W�R���H�[�D�P�L�Q�H���W�K�H���H�I�I�H�F�W���R�I���W�K�H��
�K�H�L�J�K�W�� �R�I�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W���� �F�R�Y�H�U�� �U�D�W�L�R���� �D�Q�G�� �W�U�D�L�Q�� �V�S�H�H�G�� �R�Q�� �W�K�H�� �E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H��
�*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �L�Q�� �W�H�U�P�V�� �R�I��the �O�R�D�G�� �H�I�I�L�F�L�H�Q�F�\ ���S�R�L�Q�W�� �$��, the geosynthetic 
tension ���S�R�L�Q�W�� �(������ �D�Q�G��the �V�H�W�W�O�H�P�H�Q�W�V�� �D�W�� �W�K�H�� �E�D�O�O�D�V�W�� �V�X�U�I�D�F�H, ���S�R�L�Q�W�V��D �D�Q�G���%��.  
The �S�D�U�D�P�H�W�U�L�F�� �D�Q�D�O�\�V�L�V�� �I�R�F�X�V�H�V�� �R�Q�� �W�K�H�� �W�L�P�H�� �R�I�� �W�K�H�� �W�U�D�L�Q�� �R�S�H�U�D�W�L�R�Q���� �7�K�L�V�� �W�L�P�H��
�F�K�D�Q�J�H�V�� �Z�L�W�K�� �W�K�H�� �Y�D�U�L�D�W�L�R�Q�� �R�I�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W�� �D�Q�G�� �P�R�Y�L�Q�J�� �W�U�D�L�Q s�S�H�H�G���� 
�)�R�U�� �H�[�D�P�S�O�H���� �I�R�U�� �G�L�I�I�H�U�H�Q�W�� �V�S�H�H�G�V�� ���Y1� �� ������ �N�P���K���� �Y2= 160 km/h, v��� �� �������� �N�P���K������
�3�O�D�[�L�V�� ���'�� �R�X�W�S�X�W�V�� �G�H�P�R�Q�V�W�U�D�W�H�� �G�L�I�I�H�U�H�Q�W�� �W�L�P�H�� �R�I�� �W�K�H�� �P�D�[�L�P�X�P�� �O�R�D�G���R�Y�H�U�� �W�K�H�� �S�L�O�H��
�K�H�D�G�����W1� �������������Vec., t2� �������������Vec., t��= 0.16 sec.�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

3.1 Assessment of the Pile and Geogrid Influence on an 
Embankment Subjected to Moving Train Load 

�7�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �V�X�S�S�R�U�W�H�G�� �E�\�� �D�� �Q�H�W�Z�R�U�N�� �R�I�� �S�L�O�H�V�� �D�Q�G�� �R�Q�H�� �O�D�\�H�U�� �R�I�� �J�H�R�J�U�L�G�� �Z�D�V��
�F�R�P�S�D�U�H�G���W�R���W�K�H���F�D�V�H���R�I���W�K�H���X�Q�V�X�S�S�R�U�W�H�G ���F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �H�P�E�D�Q�N�P�H�Q�W���W�R���D�V�V�H�V�V���W�K�H��
�I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �S�L�O�H�� �D�Q�G�� �J�H�R�J�U�L�G �L�Q�� �W�K�H�� �G�\�Q�D�P�L�F�� �U�H�V�S�R�Q�V�H�� �R�I�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W��
�H�U�H�F�W�H�G�� �R�Y�H�U�� �V�R�I�W�� �V�R�L�O���� �)�L�J�X�U�H���� �G�H�S�L�F�W�V�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W���I�D�L�O�X�U�H���V�F�H�Q�D�U�L�R�V���R�I the 

�)�D�L�O�X�U�H���U�D�W�L�R���� ��-�� 0.9 0.9 0.9 

�3�H�U�P�H�D�E�L�O�L�W�\����k ���P���G�D�\�� 1.0 ���������(-4 1.00 
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�H�Q�W�L�U�H�� �J�H�R�P�H�W�U�\�� �L�Q�� �W�Z�R�� �F�D�V�H�V�� ��A���� �X�Q�V�S�S�R�U�W�H�G�� �H�P�E�D�Q�N�P�H�Q�W�� �D�Q�G�� ���%���� �*�5�3�6��
�H�P�E�D�Q�N�P�H�Q�W�� 

  

��A�� ���%�� 

�)�L�J�X�U�H���� 

�)�D�L�O�X�U�H���V�F�H�Q�D�U�L�R���R�I�����D�����X�Q�V�X�S�S�R�U�W�H�G���H�P�E�D�Q�N�P�H�Q�W�������E����GRP�6���H�P�E�D�Q�N�P�H�Q�W 

�)�R�U���D���P�R�U�H���H�[�S�O�D�Q�D�W�L�R�Q�����W�K�H���S�L�O�H�V���V�H�U�Y�H���W�R���W�U�D�Q�V�I�H�U���W�K�H���P�D�M�R�U�L�W�\���R�I���W�K�H���O�R�D�G���W�R���W�K�H��
�E�H�D�U�L�Q�J�� �V�R�L�O�� �O�D�\�H�U���� �U�H�G�X�F�L�Q�J�� �W�K�H�� �O�R�D�G���R�Q�� �W�K�H�� �V�R�I�W�� �V�R�L�O�� �D�Q�G���� �D�V�� �D�� �U�H�V�X�O�W���� �W�K�H�� �Y�H�U�W�L�F�D�O��
�V�H�W�W�O�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �U�D�L�O�Z�D�\�� �V�W�U�X�F�W�X�U�H�� �)�X�U�W�Ker�P�R�U�H���� �W�K�H�� �J�H�R�J�U�L�G�� �U�H�L�Q�I�R�U�Fement 
�F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �V�W�U�H�Q�J�W�K�H�Q�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �E�\�� �L�Q�F�U�H�D�V�L�Q�J�� �F�R�P�S�U�H�V�V�L�Y�H�� �V�W�U�H�Q�J�W�K����
�Z�K�L�F�K�� �U�H�G�X�F�H�V�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �G�\�Q�D�P�L�F�� �O�R�D�G�V�� �R�Q�� �W�K�H�� �U�D�L�O�Z�D�\�� �V�W�U�X�F�W�X�U�H���� �)�L�J�X�U�H��4 
�V�K�R�Z�V �W�K�H���P�D�[�L�P�X�P���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���E�H�K�D�Y�L�R�U���D�W���W�K�H���E�D�O�O�D�V�W �V�X�U�I�D�Fe ���S�R�L�Q�W���'����in 
�W�K�H�� �W�Z�R�� �V�F�H�Q�Drios �G�X�U�L�Q�J�� �W�K�H���W�U�D�L�Q�
�V�� �S�D�V�V�D�J�H�����W� ����16 �V�H�F����. �7�K�H�� �X�V�H�� �R�I�� �S�L�O�H�V�� �D�Q�G��
�J�H�R�J�U�L�G���D�L�G�V���L�Q���U�H�G�X�F�L�Q�J��the �Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���W�R���D���U�H�D�V�R�Q�D�E�O�H���O�H�Y�H�O�� 

 

�)�L�J�X�U�H��4 

�9�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W�V���R�I�����D�����X�Q�V�X�S�S�R�U�W�H�G���H�P�E�D�Q�N�P�H�Q�W�������E�����*�5�3�6���H�P�E�D�Q�N�P�H�Q�W 

3.2 Stress Distribution in the GRPS Embankment 

�7�K�H�� �V�W�U�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �D�O�R�Q�J�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �E�R�G�\�� �R�Y�H�U�� �W�K�H�� �S�L�O�H�� �K�H�D�G�� ���S�R�L�Q�W A����
�D�Q�G���L�Q���W�K�H���P�L�G�Z�D�\���E�H�W�Z�H�H�Q���I�R�X�U���S�L�O�H�V�����S�R�L�Q�W E�����L�V���L�Q�Y�H�V�W�L�J�D�W�H�G�����7�K�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q��
�Z�D�V���F�R�Q�G�X�F�W�H�G���X�Q�G�H�U��the �V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F �O�R�D�Gs. 
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At �W�K�H�� �E�D�O�O�D�V�W�� �V�X�U�I�D�F�H���� �W�K�H���Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�� �R�Y�H�U�� �W�K�H�� �S�L�O�H�� �D�[�L�V�� �H�T�X�D�O�� �W�R�� ���� �N�3�D�� �X�Q�G�H�U��
�V�W�D�W�L�F�� �O�R�D�G���� �W�K�H�� �D�P�S�O�L�W�X�G�H�� �R�I�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�� �L�Q�F�U�H�D�V�H�V�� �Z�L�W�K�� �W�K�H�� �G�H�S�W�K��
�S�U�R�J�U�H�V�V�L�Y�H�O�\�� �W�R�� �D�W�W�D�L�Q�� �W�K�H���P�D�[�L�P�X�P �Y�D�O�X�H�� �R�Y�H�U�� �W�K�H�� �S�L�O�H�� �K�H�D�G���� �5�H�J�D�U�G�L�Q�J�� �W�K�H��
�G�\�Q�D�P�L�F �O�R�D�G���� �W�K�H�� �Y�H�Uti�F�D�O�� �V�W�U�H�V�V�� �F�R�P�P�H�Q�F�H�V�� �Z�L�W�K��210 kP�D�� �R�Z�L�Q�J�� �W�K�H�� �W�U�D�L�Q�� �O�R�D�G����
�W�K�L�V�� �Y�D�O�X�H�� �U�H�G�X�F�H�V�� �Z�L�W�K�� �G�H�S�W�K�� �E�H�I�R�U�H�� �L�Q�F�U�H�D�V�L�Q�J�� �D�J�D�L�Q�� �Q�H�D�U�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �E�D�V�H��
�D�Q�G���D�W�W�D�L�Q���W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H���R�Y�H�U���W�K�H���S�L�O�H���K�H�D�G���D�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H ��. 

�2�Q�� �W�K�H�� �R�W�K�H�U�� �V�L�G�H���� �W�K�H�� �V�W�U�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �E�H�K�D�Y�H�V�� �G�L�I�I�H�U�H�Q�W�O�\�� �R�Y�H�U���W�K�H �P�L�G�S�R�L�Q�W��
�E�H�W�Z�H�H�Q���W�K�H�� �S�L�O�H�V���� �W�K�H�� �Y�H�U�W�L�F�D�O���V�W�U�H�V�V�� �L�Q�F�U�H�D�V�H�V�� �W�R�� �D�� �V�S�H�F�L�I�L�H�G���G�H�S�W�K���� �W�K�H�Q���V�W�D�U�W�V�� �W�R��
�G�H�F�U�H�D�V�H���G�X�H���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���W�K�H���V�R�L�O���D�U�F�K�����D�Q�G���V�X�E�V�H�T�X�H�Q�W�O�\���L�Q�F�U�H�D�V�H�V���D�J�D�L�Q���W�R��
�D���V�P�D�O�O���H�[�W�H�Q�W���G�X�H���W�R���W�K�H���Z�H�L�J�K�W���R�I���W�K�H���V�R�L�O���X�Q�Ger �W�K�H���D�U�F�K�����,�W���L�V���Q�R�W�H�Z�R�U�W�K�\���W�K�D�W the 
�Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �X�Q�G�H�U��the �V�W�D�W�L�F�� �D�Q�G���G�\�Q�D�P�L�F �O�R�D�G�V�� �L�V�� �V�L�P�L�O�D�U���� 
�$�V�� �L�O�O�X�V�W�U�D�W�H�G�� �L�Q�� �)�L�J�X�U�H ��� �� � � W� K� H� � � V� R� L� O� � � D� U� F� K� � � K� H� L� J� K� W� � � L� Q� � � W� K� L� V� � � U� H� I� H� U� H� Q� F� H� � � F� D� V� H� � � L� V� � � �� �� �� �� � � P� �� �
�U�H�S�U�H�V�H�Q�W�L�Q�J���W�K�H���S�K�D�V�H���R�I���Y�H�U�W�L�F�D�O���V�W�U�H�V�V���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H s�W�U�X�F�W�X�U�H�� 

 

�)�L�J�X�U�H���� 

�9�H�U�W�L�F�D�O���V�W�U�H�V�V���G�L�V�W�U�L�E�X�W�L�R�Q�V in the GRPS �H�P�E�D�Q�N�P�H�Q�W���E�R�G�\ 

3.3 Vertical Settlement Distribution in the GRPS 
Embankment 

�7�K�H���V�H�W�W�O�H�P�H�Q�W�V���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W���D�U�H �L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H 6 
�W�K�U�R�X�J�K�� �S�R�L�Q�Ws ���%, D�� �R�Q�� �D�� �Y�H�U�W�L�F�D�O�� �S�U�R�I�L�O�H���� �7�K�H�� �V�H�W�W�O�H�P�H�Q�W�� �G�L�V�W�U�L�E�X�W�L�R�Q�V �Z�H�U�H 
�L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F �O�R�D�Gs. 

�7�K�H�� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W�V���G�H�F�U�H�D�V�H �Z�L�W�K�� �W�K�H�� �G�H�S�W�K�� �R�Y�H�U�� �W�K�H�� �S�L�O�H�� �D�Q�G�� �V�R�L�O�� �D�V��
�L�O�O�X�V�W�U�D�W�H�G���L�Q �)�L�J�X�U�H�� ������ �,�W���L�V��no�W�L�F�H�D�E�O�H �D�O�V�R�� �W�K�D�W���W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V�� �X�Q�G�H�U��
the �G�\�Q�D�P�L�F �O�R�D�G�L�Q�J���L�V���O�D�U�J�H�U���W�K�D�Q���W�K�R�V�H���X�Q�G�H�U���W�K�H���V�W�D�W�L�F���O�R�D�G�L�Q�J�� 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

 – 41 – 

 

�)�L�J�X�U�H���� 

�9�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���D�O�R�Q�J���W�K�H��GRPS �H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W 

�7�K�H�� �U�H�V�X�O�W�V�� �V�K�R�Z�� �W�K�D�W�� �W�K�H�� �P�D�[�L�P�X�P�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�� �E�H�W�Z�H�H�Q��
�W�K�H���S�R�L�Q�W�V�����%�����'�����L�V�����������������P����The inte�U�V�H�F�W�L�R�Q���S�R�L�Q�W���R�I �W�K�H���W�Z�R���F�X�U�Y�H�V�����R�U�D�Q�J�H�V���R�U��
�E�O�X�H�V�����U�H�S�U�H�V�H�Q�W�V���W�K�H���F�U�L�W�L�F�D�O���K�H�L�J�K�W����in �W�K�L�V���U�H�I�H�U�H�Q�F�H���F�D�V�H�����W�K�H���D�X�W�K�R�U�V���G�H�W�H�U�P�L�Q�H�G��
�W�K�D�W�� �W�K�H�� �F�U�L�W�L�F�D�O�� �K�H�L�J�K�W�� �L�V�� �P�R�U�H�� �W�K�D�Q�� ���������� �P���� �7�K�H�� �F�U�L�W�L�F�D�O�� �K�H�L�J�K�W�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H��
�K�H�L�J�K�W�� �I�U�R�P�� �W�K�H�� �S�L�O�H�� �K�H�D�G�� �O�H�Y�H�O�� �W�R�� �W�K�H�� �S�O�D�Qe �R�I�� �H�T�X�D�O�� �V�H�W�W�O�H�Pents in the 
�H�P�E�D�Q�N�P�H�Q�W�� �E�R�G�\���� �,�Q�� �R�W�K�H�U�� �Z�R�U�Gs, �W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�V�� �F�D�Q�� �E�H�� �Q�H�J�O�L�J�L�E�O�H 
�R�Y�H�U���W�K�L�V���S�O�D�Q�H�� 

3.4 Vertical Velocity in the GRPS Embankment 

�)�L�J�X�U�H�� ���� �V�K�R�Z�V�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �Y�H�O�R�F�L�W�\�� �D�W�� �S�R�L�Q�W�V�� ���'���� �&������ �7�K�H�� �S�H�D�N�� �R�I���W�K�H�� �R�E�V�H�U�Y�H�G��
�D�P�S�O�L�W�X�G�H���D�W���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H���F�X�O�P�L�Q�D�W�H�V���G�X�U�L�Q�J���W�K�H���W�U�D�L�Q�
�V���S�D�V�V�D�J�H�����7�K�H���Y�H�U�W�L�F�D�O��
�Y�H�O�R�F�L�W�\�� �E�H�J�L�Q�V�� �W�R�� �D�W�W�H�Q�X�D�W�H�V�� �S�U�R�J�U�H�V�V�L�Y�H�O�\�� �D�I�W�H�U�� �W�K�H�� �W�U�D�L�Q�
�V�� �S�D�V�V�D�J�H, on the other 
�K�D�Q�G�����W�K�H���D�P�S�O�L�W�X�G�H���R�I���W�K�H���Y�H�U�W�L�F�D�O���Y�H�O�R�F�L�W�\���G�H�F�U�H�D�V�H�V���Z�L�W�K���W�K�H���G�H�S�W�K���D�V���L�O�O�X�V�W�U�D�W�H�G��
�L�Q�� �)�L�J�X�U�H�� ���� It is �Q�R�W�L�F�H�D�E�O�H �W�K�H�� �O�R�Z�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �Y�H�O�R�F�L�W�\�� �D�W�� �S�R�L�Q�W�� ���&������ �W�K�L�V�� �L�V��
�D�W�W�U�L�E�X�W�H�G���W�R�� �W�K�H�� �L�Q�Y�R�O�Y�H�P�H�Q�W���R�I�� �S�L�O�H�V�� �D�Q�G���J�H�R�J�U�L�G�� �L�Q�� �L�P�S�U�R�Y�L�Q�J�� �W�K�H�� �D�E�L�O�L�W�\�� �R�I�� �W�K�H��
�V�R�I�W �V�R�L�O���W�R���D�W�W�H�Q�X�D�W�H���W�K�H���Y�H�O�R�F�L�W�\���L�Q���W�K�L�V���P�H�G�L�X�P�� 

 

�)�L�J�X�U�H���� 

�9�H�U�W�L�F�D�O���Y�H�O�R�F�L�W�\���R�I���G�L�I�I�H�U�H�Q�W �G�H�S�Whs 
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3.5 Parametric Study 

3.5.1 Influence of GRPS Embankment Height (H) 

�7�R���F�R�Q�V�L�G�H�U���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W�����W�K�H���D�S�S�O�L�H�G���O�R�D�G���R�Y�H�U���W�K�H���S�L�O�H��
�K�H�D�G�� �D�Q�G�� �W�K�H�� �O�R�D�G�� �H�I�I�L�F�L�H�Q�F�\�� �D�U�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �G�X�U�L�Q�J�� �W�K�H�� �S�D�V�V�D�J�H�� �R�I�� �W�K�H�� �W�U�D�L�Q����
�)�L�J�X�U�H���� �G�H�P�R�Q�V�W�U�D�Wes th�D�W�� �W�K�H�� �D�S�S�O�L�H�G�� �O�R�D�G�� �L�Q�F�U�H�D�V�H�V�� �W�R�� �D�� �O�D�U�J�H�� �H�[�W�H�Q�W�� �X�Q�G�H�U�� �W�K�H��
�G�\�Q�D�P�L�F���O�R�D�G�L�Q�J���E�H�I�R�U�H���G�H�F�U�H�D�V�L�Q�J���D�I�W�H�U���W�K�H���W�U�D�L�Q���S�D�V�V�H�V�����$�W���W�K�H���V�D�P�H���W�L�P�H�����G�H�V�S�L�W�H��
�U�H�F�H�L�Y�L�Q�J�� �D�Q�� �D�G�G�L�W�L�R�Q�D�O�� �O�R�D�G���� �L�W�� �L�V�� �F�O�H�D�U�� �W�K�D�W�� �O�R�D�G�� �H�I�I�L�F�L�H�Q�F�\�� �U�H�G�X�F�H�V�� �G�U�D�P�D�W�L�F�D�O�O�\����
�7�K�L�V���P�D�\���E�H���U�H�D�G���D�V���W�K�H���L�Q�D�E�L�O�L�W�\���R�I���W�K�H���V�R�L�O���D�U�F�K���W�R���W�U�D�Q�V�I�H�U���D���F�R�Q�V�L�G�H�U�D�E�O�H���S�R�U�W�L�R�Q��
�R�I���W�K�H���G�\�Q�D�P�L�F���O�R�D�G���W�R���W�K�H���S�L�O�H�����Z�K�L�F�K���L�V���U�H�I�O�H�F�W�H�G���L�Q���P�R�U�H���V�H�W�W�O�H�P�H�Q�W�V���R�I���W�K�H���V�R�I�W��
�V�R�L�O�����7�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���L�Q�F�U�H�D�V�H�V���D�J�D�L�Q���X�Q�G�H�U���W�K�H���S�X�U�H���O�R�D�G���R�I���W�K�H���V�H�O�I-�Z�H�L�J�K�W���R�I��
�W�K�H���H�P�E�D�Q�N�P�H�Q�W�� 

�)�L�J�X�U�H���� �I�X�U�W�K�Hr �L�O�O�X�V�W�U�D�W�H�V�� �W�K�D�W��t�K�H�� �O�R�D�G�� �H�I�I�L�F�L�H�Q�F�\�� �L�Q�F�U�H�D�V�H�V�� �Z�L�W�K�� �W�K�H�� �K�L�J�K�H�U��
�H�P�E�D�Q�N�P�H�Q�W�� �X�Q�G�H�U�� �V�W�D�W�L�F�� �D�Q�G�� �G�\�Q�D�P�L�F�� �O�R�D�G�L�Q�J�����0�R�U�H�R�Y�H�U, the �P�D�J�Q�L�W�X�G�H�� �R�I�� �W�K�H��
�G�\�Q�D�P�L�F�� �O�R�D�G���W�U�D�Q�V�I�H�U�U�H�G �W�R�� �W�K�H�� �S�L�O�H�� �K�H�D�G�� �L�Q�F�U�H�D�V�H�V�� �D�V�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W��
�G�H�F�U�H�D�V�H�V�� 

 

�)�L�J�X�U�H���� 

�7�K�H���O�R�D�G���H�I�I�L�F�Len�F�\���L�Q���W�K�H���G�\�Q�D�P�L�F���W�L�P�H���I�R�U���G�L�I�I�H�U�H�Q�W���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W�V�����'�D�V�K�H�G���F�X�U�Y�H �U�H�S�U�H�V�H�Q�W�V��

the �Y�H�U�W�L�F�D�O���O�R�D�G���R�Q���W�K�H���S�L�O�H���K�H�D�G�����V�R�O�L�G���F�X�U�Y�H �U�H�S�U�H�V�H�Q�W�V���W�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\�� 

�)�L�J�X�U�H��9 �V�K�R�Z�V�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �W�H�Q�V�L�R�Q�� �I�R�U�� �G�L�I�I�H�U�H�Q�W�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W�V���� 
As �V�K�R�Z�Q�� �L�Q�� �W�K�H���)i�J�X�U�H���� �I�R�U�� �D�� �J�L�Y�H�Q�� �G�\�Q�D�P�L�F�� �W�L�P�H�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �W�H�Q�V�L�R�Q��
�L�Q�F�U�H�D�V�Hs �Z�K�H�Q�� �W�K�H�� �K�H�L�J�K�W�� �L�Q�F�U�H�D�V�H�V���� �,�W�� �L�V�� �R�E�Y�L�R�X�V�� �W�K�D�W�� �W�K�H�� �W�H�Q�V�L�R�Q�� �L�Q�F�U�H�D�V�H�V��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �I�R�U�� �W�K�H�� �O�R�Z�� �H�P�E�D�Q�N�P�H�Q�W�� ���+� �������� �P���� �Z�L�W�K�� �D�� �W�H�Q�G�H�Q�F�\�� �W�R�� �E�H�� �F�R�Q�V�W�D�Q�W��
�S�U�R�J�U�H�V�V�L�Y�H�O�\���D�I�W�H�U���W�K�H���S�D�V�V�D�J�H���R�I���W�U�D�L�Q�� 
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�)�L�J�X�U�H���� 

�7�K�H���W�H�Q�V�L�R�Q���L�Q���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���I�R�U���G�L�I�I�H�U�H�Q�W���H�P�E�D�Q�Nment heights 

�)�L�J�X�U�H���������L�O�O�X�V�W�U�D�W�H�V���W�K�H���Y�D�U�L�D�Q�F�H���L�Q���P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V���D�W���S�R�L�Q�W��
�'���D�Q�G���S�R�L�Q�W�V�����'�����%�����R�Q���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H���U�H�V�S�H�F�W�L�Y�H�O�\�����'�X�H���W�R���W�K�H���L�Q�F�U�H�D�V�H�G���V�H�O�I-
�Z�H�L�J�K�W���R�I���W�K�H���H�P�E�D�Q�N�P�H�Q�W�����W�K�H���P�D�[�L�P�X�P���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W�����F�R�O�X�P�Q�V�����R�I���S�R�L�Q�W���'��
�L�Q�F�U�H�D�V�H�V���Z�L�W�K���W�K�H���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W���G�X�U�L�Q�J���W�K�H���W�U�D�L�Q���S�D�V�V�D�J�H�����2�Q���W�K�H���R�W�K�H�U���V�L�G�H����
�W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�V�� ���O�L�Q�H�V�����G�H�F�U�H�D�V�H �D�V�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W�� �L�Q�F�U�H�D�V�H�V��
�S�U�R�J�U�H�V�V�L�Y�H�O�\���D�V�� �H�[�S�O�D�L�Q�H�G�� �L�Q s�H�F�W�L�R�Q�� �������������� �$�V�� �F�D�Q�� �E�H�� �V�H�H�Q���� �W�K�H�� �G�L�I�I�H�U�H�Q�W�L�D�O��
�V�H�W�W�O�H�P�H�Q�W�V���I�R�U���W�K�H���G�L�I�I�H�U�H�Q�W���S�U�H�V�X�P�H�G���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W�V���F�D�Q�Q�R�W���E�H���Q�H�J�O�H�F�W�H�G�� 

 

�)�L�J�X�U�H��10 

The �P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V���D�W���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H �I�R�U���G�L�I�I�H�U�H�Q�W���H�P�E�D�Q�N�P�H�Q�W���K�H�L�J�K�W�V 

3.5.2 Influence of Cover Ratio (a) 

�7�K�H�� �H�I�I�H�F�W�� �R�I�� �W�K�H�� �F�R�Y�H�U�� �U�D�W�L�R�� �Y�D�U�L�D�W�L�R�Q�� �L�Q�� �W�K�H�� �G�\�Q�D�P�L�F�� �W�L�P�H�� �G�R�P�D�L�Q���K�D�V�� �E�H�H�Q��
�L�Q�Y�H�V�W�L�J�D�W�H�G�����)�R�U���W�K�L�V���S�X�U�S�R�V�H�����W�K�U�H�H���G�L�D�P�H�W�H�U�V���R�I���W�K�H���S�L�O�H���D�U�H���X�V�H�G������������ �P������������ �P����
�������� �P������ �7�K�H�� �F�R�Y�H�U�� �U�D�W�L�R�� �F�D�Q�� �E�H�� �J�R�Y�H�U�Q�H�G�� �E�\�� �D�G�M�X�V�W�L�Q�J�� �W�K�H�� �S�L�O�H�� �G�L�D�P�H�W�H�U�� �R�U�� �E�\��
�H�Q�O�D�U�J�L�Q�J�� �W�K�H�� �S�L�O�H�� �F�D�S���� �,�Q�� �W�K�L�V�� �U�H�I�H�U�H�Q�F�H�� �F�D�V�H���� �W�K�H�� �F�R�Y�H�U�� �U�D�W�L�R�� �L�V�� �F�R�Q�W�U�R�O�O�H�G�� �E�\�� �W�K�H��
�S�L�O�H���G�L�D�P�H�W�H�U�����7�K�H���U�H�V�X�O�W�V���D�U�H���G�H�S�L�F�W�H�G���L�Q���)�L�J�X�U�H�����������$�V���F�D�Q���E�H���Q�R�W�L�F�H�G�����L�Q�F�U�H�D�V�L�Q�J��
�W�K�H���F�R�Y�H�U���U�D�W�L�R���O�R�Z�H�U���W�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\�����7�K�H���L�Q�I�O�X�H�Q�F�H���R�I���W�K�H���F�R�Y�H�U���U�D�W�L�R is more 
notice�D�E�O�H���X�Q�G�H�U���W�K�H���V�W�D�W�L�F���O�R�D�G���W�K�D�Q���G�\�Q�D�P�L�F���O�R�D�G�� 
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�)�L�J�X�U�H������ 

�7�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���L�Q���W�K�H���G�\�Q�D�P�L�F���W�L�P�H���I�R�U���G�L�I�I�H�U�H�Q�W���F�R�Y�H�U���U�D�W�L�R�V 

�7�K�L�V���S�K�H�Q�R�P�H�Qon �F�D�Q���E�H���H�[�S�O�D�L�Q�H�G���D�V���I�R�O�O�R�Z�V�����Z�L�W�K���O�D�U�J�H�U���S�L�O�H���G�L�D�P�H�W�H�U�����W�K�H���S�L�O�H�
�V��
�V�N�L�Q�� �I�U�L�F�W�L�R�Q�� �D�U�H�D�� �H�[�S�D�Q�G�V. �&�R�Q�V�H�T�X�H�Q�W�O�\���� �W�K�H��ne�J�D�W�L�Y�H�� �V�N�L�Q�� �I�U�L�F�W�L�R�Q�� �J�H�Q�H�U�D�W�H�G�� �E�\��
�W�K�H�� �V�W�U�H�V�V�H�V�� �R�Y�H�U�� �W�K�H�� �V�R�I�W�� �V�R�L�O�� �D�O�R�Q�J�� �W�K�H�� �X�S�S�H�U�� �S�D�U�W�� �R�I�� �W�K�H�� �S�L�O�H�� �L�Q�F�U�H�D�V�H�V����
�&�R�Q�Y�H�U�V�H�O�\���� �W�K�H�� �O�R�D�G�� �D�S�S�O�L�H�G�� �R�Q�� �W�K�H�� �S�L�O�H�
�V�� �K�H�D�G�� �G�H�F�U�H�D�V�H�V���� �7�K�H�� �D�[�L�D�O�� �I�R�U�F�H�V��
�G�L�V�W�U�L�E�X�W�L�R�Q���D�O�R�Q�J���W�K�H���S�L�O�H���V�K�D�I�W���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�X�U�H��12. 

 

�)�L�J�X�Ue 12 

�7�K�H���D�[�L�D�O���I�R�U�F�H�V���G�L�V�W�U�L�E�X�W�L�R�Q���I�R�U���G�L�I�I�H�U�H�Q�W���S�L�O�H���G�L�D�P�H�W�H�U�V 

�7�K�H�� �X�W�L�O�L�]�H�� �R�I�� �O�D�U�J�H-�G�L�D�P�H�W�H�U�� �S�L�O�H�V�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �E�R�R�V�W�� �W�K�H�� �V�W�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �V�R�L�O��
�D�U�F�K���� �L�Q�� �F�R�Q�V�H�T�X�H�Q�F�H���� �W�K�H�� �P�D�J�Q�L�W�X�G�H�� �R�I�� �O�R�D�G�� �W�U�D�Q�V�I�H�U�� �W�K�U�R�X�J�K�� �W�K�H�� �V�R�L�O�� �D�U�F�K��
�L�P�S�U�R�Y�H�V�� �Z�K�L�O�H�� �W�K�D�W�� �W�U�D�Q�V�I�H�U�U�H�G��to �W�K�H�� �S�L�O�H�� �Y�L�D�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �W�R�� �W�K�H��
�S�L�O�H�V���G�L�P�L�Q�L�V�K. 
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�)�L�J�X�U�H������ 

�7�K�H���W�H�Q�V�L�R�Q���L�Q���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���I�R�U���G�L�I�I�H�U�H�Q�W���F�R�Y�H�U���U�D�W�L�R�V 

�%�D�V�H�G�� �R�Q�� �W�K�D�W���� �W�K�H�� �L�Q�F�U�H�D�V�H�� �R�I�� �W�K�H�� �F�R�Y�H�U�� �U�D�W�L�R�� �U�H�G�X�F�H�V�� �W�K�H�� �W�H�Q�V�L�R�Q�� �L�Q�� �W�K�H��
�J�H�R�V�\�Q�W�K�H�W�L�F�� �Z�K�L�F�K�� �L�Q�� �W�X�U�Q�� �W�H�Q�G�V�� �W�R�� �E�H�� �V�W�D�E�Oe �D�I�W�H�U�� �W�K�H�� �W�U�D�L�Q�� �S�D�V�V�D�J�H�� �D�V�� �V�K�R�Z�Q�� �L�Q��
�)�L�J�X�U�H�� ���������,�W�� �Z�D�V���Q�R�W�L�F�H�D�E�O�H �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �W�K�D�W�� �W�K�H�� �P�D�[�L�P�X�P�� �W�H�Q�V�L�R�Q�� �L�Q�� �W�K�H��
geosynthetic �R�F�F�X�U�V �D�W���W�K�H���H�G�J�H���R�I���W�K�H���S�L�O�H�� 

�)�L�J�X�U�H��14 �G�H�S�L�F�W�V�� �W�K�H�� �P�D�[�L�P�X�P�� �D�Q�G�� �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�V�� �D�W�� �W�K�H�� �E�D�O�O�D�V�W�� �O�D�\�H�U��
�V�X�U�I�D�F�H �I�R�U���Y�D�U�L�R�X�V �S�L�O�H�� �G�L�D�P�H�W�H�U�V. �,�W���F�D�Q���E�H�� �V�H�H�Q �W�K�D�W���V�H�W�W�O�H�P�H�Q�W�V�� �G�H�F�U�H�D�V�H �D�V�� �W�K�H��
�F�R�Y�H�U�� �U�D�W�L�R�� �L�Q�F�U�H�D�V�H�V���� �7�K�H�� �U�H�D�V�R�Q�� �I�R�U�� �W�K�L�V�� �L�V�� �W�K�D�W�� �W�K�H�� �V�R�L�O�� �D�U�F�K�� �G�H�Y�H�O�R�S�V�� �Z�L�W�K��the 
�L�Q�F�U�H�D�V�H�G cross-�V�H�F�W�L�R�Q�D�O���D�U�H�D���R�I���W�K�H���S�L�O�H�����Z�K�L�F�K���F�R�Q�W�U�L�E�X�W�H�V���W�R���U�H�V�W�U�L�F�W���W�K�H���D�P�R�X�Q�W��
�R�I���V�W�U�H�V�V���D�S�S�O�L�H�G���W�R��the s�R�I�W���V�R�L�O�� 

 

�)�L�J�X�U�H������ 

�7�K�H���P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V���D�W���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H���I�R�U���G�L�I�I�H�U�H�Q�W���F�R�Y�H�U���U�D�W�L�R�V 

3.5.3 Influence of Train Speed (v) 

�7�K�H���L�Q�I�O�X�H�Q�F�H���R�I���P�R�Y�L�Q�J���W�U�D�L�Q���V�S�H�H�G���R�Q���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���L�V���G�L�V�F�X�V�V�H�G��in this section 
�L�Q�� �Z�K�L�F�K�� �F�R�P�S�D�U�H�V�� �Whe �I�L�Q�G�L�Q�J�V�� �R�I�� �W�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� �V�S�H�H�G�V���� �H���J���� �������� ���������� �D�Q�G�� ��������
�N�P���K�� �D�W�� �W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�L�P�H�V�� ���W���� � �� ������������ ������������ �D�Q�G�� ����16 sec.���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �D�V��
�V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������� �7�K�H��higher �W�U�D�L�Q���V�S�H�H�G�V���U�H�G�X�F�H �W�K�H���Y�H�U�W�L�F�D�O���V�W�U�H�V�V���W�U�D�Q�V�I�H�U�U�H�G��
�W�R�� �W�K�H�� �S�L�O�H�� �K�H�D�G�V�� This might �E�H �E�H�F�D�X�V�H�� �W�K�H�� �D�P�S�O�L�W�X�G�H�� �D�Q�G�� �I�U�H�T�X�H�Q�F�\�� �R�I�� �W�K�H��
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�G�\�Q�D�P�L�F�� �O�R�D�G���L�Q�F�U�H�D�V�H�G���Z�L�W�K���V�S�H�H�G���>�����@���� �7�K�H�V�H�� �U�H�V�X�O�W�V�� �D�U�H���F�R�P�S�D�W�L�E�O�H�� �Z�L�W�K��those 
�R�I���3�K�D�P�� �H�W���D�O�� �>�����@���� �7�K�H�� �U�H�V�H�D�U�F�K�H�U�V�� �I�R�X�Q�G���W�K�D�W���W�K�H�� �6�&�5�� �L�V�� �F�O�R�V�H�U�� �W�R�� �H�T�X�D�O���W�R 1.0 
�Z�L�W�K�� �K�L�J�K�� �V�S�H�H�G�V�� �D�I�W�H�U�� �O�L�P�L�W�H�G�� �Q�X�P�E�H�U�� �R�I�� �F�\�F�O�H�V�� i�Q�� �R�W�K�H�U�� �Z�R�U�G�V���� �W�K�H�� �V�R�L�O�� �D�U�F�K�L�Q�J��
�U�H�G�X�F�W�L�R�Q���L�V���I�D�V�W�H�U���Z�L�W�K���W�K�H���K�L�J�K�H�U���V�S�H�H�G�V�� 

 

�)�L�J�X�U�H������ 

�7�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���L�Q���W�K�H���G�\�Q�D�P�L�F���W�L�P�H���I�R�U���G�L�I�I�H�U�H�Q�W���W�U�D�L�Q���V�S�H�H�G�V 

�7�K�H�� �X�V�H�� �R�I�� �D�� �J�H�R�J�U�L�G�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �U�H�J�X�O�D�W�H�� �W�K�H�� �Y�L�E�U�D�W�L�R�Q�� �L�Q�� �W�K�H�� �V�R�L�O�� �G�X�U�L�Q�J�� �W�K�H��
�W�U�D�L�Q���S�D�V�V�D�J�H�����5�H�I�H�U�U�L�Q�J���W�R���W�K�H���H�I�I�H�F�W���R�I���W�K�H���W�U�D�L�Q���V�S�H�H�G���R�Q���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���W�H�Q�V�L�R�Q����
�)�L�J�X�U�H�� ��6 �V�K�R�Z�V�� �W�K�D�W�� �W�K�H�� �J�H�R�V�\�Q�W�K�H�W�L�F�� �W�H�Q�V�L�R�Q�� �R�I�� ������ �N�P���K�� �V�S�H�H�G�� �L�V�� �W�K�H�� �K�L�J�Kest 
�X�Q�G�H�U���W�K�H���G�\�Q�D�P�L�F���O�R�D�G�L�Q�J. �&�R�Q�Y�H�U�V�H�O�\, it is �Q�R�W�L�F�H�D�E�O�H �W�K�D�W���W�K�H���W�H�Q�V�L�R�Q���L�Q�F�U�H�D�V�H�V��
�Z�L�W�K�� �V�S�H�H�G���D�W���W�K�H�� �H�Q�G���R�I�� �W�K�H�� �G�\�Q�D�P�L�F�� �W�L�P�H ���V�W�D�W�L�F�� �O�R�D�G�L�Q�J������ �7�K�H�� �)�L�J�X�U�H 16 �V�K�R�Z�V��
�D�O�V�R���W�K�D�W���W�K�H���G�L�I�I�H�U�H�Q�W���E�H�K�D�Y�L�R�U���R�I���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���W�H�Q�V�L�R�Q���Z�L�W�K���W�K�H���Y�D�U�L�R�X�V���V�S�H�H�G�V�� 

 

�)�L�J�X�U�H������ 

�7�K�H���W�H�Q�V�L�R�Q���L�Q���W�K�H���J�H�R�V�\�Q�W�K�H�W�L�F���I�R�U���G�L�I�I�H�U�H�Q�W���W�U�D�L�Q���V�S�H�H�G�V 

�)�L�J�X�U�H���������U�H�I�H�U�V���W�R���W�K�H���H�I�I�H�F�W���R�I���W�K�H���W�U�D�L�Q���V�S�H�H�G�V���R�Q���W�K�H���P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O��
�V�H�W�W�O�H�P�H�Q�W�V. �,�W���L�V���Y�L�V�L�E�O�H���I�U�R�P���W�K�H���S�U�H�F�H�G�L�Q�J���U�H�V�X�O�W�V���W�K�D�W��the �O�R�D�G���H�I�I�L�F�L�H�Q�F�\���U�H�G�X�F�H�V��
�Z�L�W�K�� �V�S�H�H�G���� �D�Q�G�� �D�V�� �D �F�R�Q�V�H�T�X�H�Q�F�H���� �W�K�H�� �Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�H�V�� �D�S�S�O�L�H�G�� �W�R�� �V�R�I�W�� �V�R�L�O��rise. 
�)�L�J�X�U�H���������G�H�S�L�F�W�V�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �W�K�H�� �V�H�W�W�O�H�P�H�Q�W�V�� �D�W�� �W�K�H�� �E�D�O�O�D�V�W���V�X�U�I�D�F�H���� �W�K�H 
�P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W�V���L�Q�F�U�H�D�V�H �Z�L�W�K�� �W�K�H�� �K�L�J�K�� �V�S�H�H�G�V. At �W�K�H�� �V�D�P�H�� �W�L�P�H, the 
�G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V���G�H�F�U�H�D�V�H �D�V���G�H�P�R�Q�V�W�U�D�W�H�G���E�\���0�H�H�Q�D �H�W���D�O�� �>�����@�� 
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�)�L�J�X�U�H������ 
�7�K�H���P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V���D�W���W�K�H���E�D�O�O�D�V�W���V�X�U�I�D�F�H���I�R�U �G�L�I�I�H�U�H�Q�W���W�U�D�L�Q���V�S�H�H�G�V 

Conclusions 

�,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���D�X�W�K�R�U�V���X�V�H�G�����'���Q�X�P�H�U�L�F�D�O���P�H�W�K�R�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���E�H�K�D�Y�L�R�U���R�I��
�D�� �*�5�3�6�� �H�P�E�D�Q�N�P�H�Q�W�� �G�X�U�L�Q�J�� �D �V�L�Q�J�O�H�� �K�L�J�K-�V�S�H�H�G�� �W�U�D�L�Q�� �F�\�F�O�H���� �7�R�� �V�L�P�X�O�D�W�H�� �W�K�H��
�E�H�K�D�Y�L�R�U �R�I���E�H�D�U�L�Q�J���V�R�L�O�����V�R�I�W���V�R�L�O�����D�Q�G���H�P�E�D�Q�N�P�H�Q�W���I�L�O�O�����W�K�H���+�D�U�G�H�Q�L�Q�J���V�R�L�O���P�R�G�H�O��
�Z�L�W�K�� �V�P�D�O�O-�V�W�U�D�L�Q�� �V�W�L�I�I�Q�H�V�V�� �Z�D�V�� �X�W�L�O�L�]�H�G���� �7�K�H�� �G�\�Q�D�P�L�F�� �O�R�D�G�� �Z�K�L�F�K�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H��
�P�R�Y�L�Q�J�� �W�U�D�L�Q�� �Z�D�V�� �P�R�G�H�O�H�G�� �X�V�L�Q�J�� �W�K�H�� �/�0������ �(�X�U�R�F�R�G�H�� �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���� 
�7�K�H���I�R�O�O�R�Z�L�Q�J���F�R�Q�F�O�X�V�L�R�Q�V���D�U�H���R�E�W�D�L�Q�H�G�� 

- �7�K�H�� �S�L�O�H�V�� �D�Q�G�� �J�H�R�J�U�L�G�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �F�R�Q�W�U�L�E�X�W�H�� �Vi�J�Q�L�I�L�F�D�Q�W�O�\�� �W�R�� �V�X�S�S�R�U�W�� �W�K�H��
�U�D�L�O�Z�D�\�� �W�U�D�F�N�� �W�K�H�� �W�K�U�R�X�J�K�� �W�K�H�� �U�H�G�X�F�W�L�R�Q�� �R�I�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �V�H�W�W�O�H�P�H�Q�W�V�� �W�R�� �D��
�U�H�D�V�R�Q�D�E�O�H���O�H�Y�H�O�� 

- �7�K�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �W�K�H���Y�H�U�W�L�F�D�O�� �V�W�U�H�V�V�H�V�� �L�Q�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �E�R�G�\�� �L�V�� �V�L�P�L�O�D�U��
�X�Q�G�H�U���W�K�H���V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F���O�R�D�G�L�Q�J�����6�R���L�V���W�K�H���F�D�V�H���I�R�U���W�Ke �G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H��
�Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W�V�� 

- �7�K�H�� �Y�H�U�W�L�F�D�O���Y�H�O�R�F�L�W�\�� �R�I�� �W�K�H�� �Z�D�Y�H�V�� �G�H�F�U�H�D�V�H�V�� �Z�L�W�K�� �W�K�H�� �G�H�S�W�K�� �U�H�P�D�U�N�D�E�O�\���G�X�H��
to the �L�Q�Y�R�O�Y�H�P�H�Q�W�� �R�I�� �S�L�O�H�V�� �D�Q�G�� �J�H�R�J�U�L�G�� �L�Q�� �L�P�S�U�R�Y�L�Q�J�� �W�K�H�� �D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �V�R�I�W 
�V�R�L�O���W�R���D�W�W�H�Q�X�D�W�H���W�K�L�V���Y�H�O�R�F�L�W�\�� 

- �7�K�H���P�D�J�Q�L�W�X�G�H���R�I���W�K�H �G�\�Q�D�P�L�F���O�R�D�G���W�U�D�Q�V�I�H�U�U�H�G �W�R���W�K�H���S�L�O�H���K�H�D�G���G�H�F�U�H�D�V�H�V �D�V��
�W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W�� �L�Q�F�U�H�D�V�H�V���� �$�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �H�P�E�D�Q�N�P�H�Q�W�� �K�H�L�J�K�W��
�U�H�V�X�O�W�V���L�Q���D�Q���L�Q�F�U�H�D�V�H���L�Q �W�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���D�Q�G �W�K�H���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���D�Q�G��
�D���G�H�F�U�H�D�V�H���L�Q���W�K�H���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W���D�W���W�K�H���E�D�O�O�Dst �V�X�U�I�D�F�H�� 

- �7�K�H�� �L�Q�F�U�H�D�V�H�� �R�I�� �W�K�H�� �F�R�Y�H�U�� �U�D�W�L�R�� �E�\�� �W�K�H�� �F�U�R�V�V-�V�H�F�W�L�R�Q�D�O���D�U�H�D�� �R�I�� �W�K�H�� �S�L�O�H�� �O�R�Z�H�U��
�W�K�H���O�R�D�G���H�I�I�L�F�L�H�Q�F�\���G�X�H���W�R���W�K�H���L�Q�F�U�H�D�V�H���R�I���W�K�H���Q�H�J�D�W�L�Y�H���V�N�L�Q���I�U�L�F�W�L�R�Q���J�H�Q�H�U�D�W�H�G��
�E�\���W�K�H���V�W�U�H�V�V�H�V���R�Y�H�U���W�K�H���V�R�I�W���V�R�L�O���D�O�R�Q�J���W�K�H���X�S�S�H�U���S�D�U�W���R�I���W�K�H���S�L�O�H�����7�K�H���K�L�J�K�H�U��
cover �U�D�W�L�R�V���L�P�S�U�R�Y�H���W�K�H���V�W�D�E�L�O�L�W�\���R�I���W�K�H���U�D�L�O�Z�D�\���W�U�D�F�N���G�X�H���W�R���W�K�H���U�H�G�X�F�W�L�R�Q���R�I��
�W�K�H���P�D�[�L�P�X�P���D�Q�G���G�L�I�I�H�U�H�Q�W�L�D�O���V�H�W�W�O�H�P�H�Q�W�V�� 

- �*�L�Y�H�Q�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �W�U�D�L�Q�� �V�S�H�H�G�V���� �W�K�H�� �K�L�J�K�H�U�� �W�U�D�L�Q�� �V�S�H�H�G�V���U�H�G�X�F�H the �O�R�D�G��
�H�I�I�L�F�L�H�Q�F�\���� �D�Q�G�� �D�V�� �D�� �F�R�Q�V�H�T�X�H�Q�F�H���� �W�K�H�� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W�V��incr�H�Dse �D�W�� �W�K�H��
�E�D�O�O�D�V�W�� �V�X�U�I�D�F�H����W�K�L�O�H�� �W�K�H�� �U�H�V�X�O�W�V�� �U�H�O�D�W�H�G��to the �G�L�I�I�H�U�H�Q�W�L�D�O�� �V�H�W�W�O�H�P�H�Q�W�V��
�L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H�V�H���V�H�W�W�O�H�P�H�Q�W�V���G�H�F�U�H�D�V�H���Z�L�W�K���W�K�H���I�D�V�W�H�U���W�K�H���W�U�D�L�Q���V�S�H�H�G�V. 
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Abstract: The high-speed railway in China passes through various seismic zones. As the 
track geometric irregularity is a critical aspect impacting train operation safety and train-
induced vibration, it is meaningful to investigate the influence of earthquakes on the 
seismic-induced track geometric irregularity of high-speed railways. To determine the 
impact of earthquakes on track conditions, a complete study was conducted using various 
earthquake magnitude levels (3.0 to 7.0), varied limiting train speeds, and different track 
structural types (ballasted and ballastless track). The track quality index, long-wave 
irregularities, 10 m chord measurement, and vehicle vibration are analysed to suggest the 
change of track geometric irregularity and its influence after the earthquake. At the same 
time, the vehicle-track analysis model is used to calculate the difference in vehicle 
vibration under different seismic-induced track conditions. The vehicle acceleration, the 
rate of wheel load reduction, derailment coefficient indicators are investigated. These 
results imply that earthquakes have an impact on high-speed railways, causing track 
geometric irregularities to shift, which may contribute to increased vibration while trains 
are running. Compared to the ballasted track, whose normal speed is 250 km/h, the 
ballastless track, whose nominal speed is 350 km/h, was affected by the earthquake less. 
According to data, earthquakes have an influence on long waves greater than 1 m. While 
small and moderate earthquakes have a minor effect on railway safety, they do have an 
effect on train operating comfort because vehicle vibration is amplified as a result of the 
seismic-induced track geometric irregularity being worse. 

Keywords: High-speed railway; track geometric irregularity; seismic-induced response; 
train vibration; track quality index 
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1 Introduction  

In recent years, the development of high-speed railways (HSR) has made 
significant progress in some regions such as East Asia, Europe, and Africa. More 
HSRs are being built in hilly areas and coastal seismic fault belts with significant 
seismic intensity [1], such as in western China and Japan. Due to this situation, the 
probability of high-speed railways interfering with earthquakes has also grown 
significantly. In natural disasters that endanger railway safety, earthquakes are 
difficult to forecast. Destructive earthquakes not only inflict direct damage to 
railway infrastructure, but can produce a variety of secondary catastrophes and 
even result in accidents such as high-speed train derailment and overturning. 
Therefore, the effect of earthquakes on high-speed rail systems has garnered 
increased attention. 

Destructive earthquakes not only inflict direct damage to railway infrastructure, 
but can produce a variety of secondary catastrophes and even result in accidents 
such as high-speed train derailment and overturning [2, 3]. Thus, there is 
considerable interest in the damage to the railway structure caused by earthquakes, 
and various studies are being undertaken in this field. Seismic-induced track 
damage and deformation may be classified into two types: failure of track 
structural stability, e.g., track irregularities [4, 5], and failure of track underlying 
structures such as embankments [6, 7] and bridges [8]. Because bridges are the 
critical components of railway systems, the seismic response of bridges has 
attracted considerable research, including different bridge types: long-span 
bridges, [9], steel truss girder bridges [10], cable-stayed bridges [11]. Also, some 
numerical [12, 13] and analytical [14, 15] train-track-bridge models are 
established to investigate the dynamic seismic-induced response of the track 
structure. 

Although certain extremely severe earthquakes might cause damage to the railway 
structure, the majority of earthquakes are less severe. It can be found that the 
earthquake will not cause damage to the track's subgrade or bridge construction, 
but it will impair the track's stability, irregularity, and residual stress and 
deformation [16]. These irregularities grow may lead to extra train vibration. 
Track irregularity is one of the main factors for the vibration of railway vehicles. 
If the roughness of the track is severer after the earthquake, the train vibration and 
the wheel-rail force induced by the track irregularity will grow with the increase 
of the speed of the vehicle, which cannot be ignored. The earthquakes and track 
irregularities are often combined considered. Stochastic analysis model is built for 
investigating the dynamic track response [17]. The influence of train speed and 
seismic wave propagation velocity on the random vibration characteristics of the 
bridge and train are discussed by using the pseudo-excitation method [18]. 
However, the above studies mainly focused on the track irregularities influence 
when the earthquake occurred. Actually, the earthquake could induce more 
severer track irregularities. The seismic-induced geometric irregularity of rail 
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alignment is investigated. The amplitude for seismic-induced track irregularity 
significantly increases with the increase of earthquake intensity [19]. Additionally, 
the power spectral density curve of track geometry irregularity is considered and 
studied when transverse random earthquakes occur [20, 21]. The effects of track 
irregularity and seismic stresses on the dynamic response of the vehicle system 
demonstrated that track irregularity may greatly enhance the vehicle system's 
dynamic response [22]. Using both measured U.S. earthquake data and a finite 
element model, the frequency-domain distribution of earthquake-induced track 
irregularities was investigated [23]. However, the majority of these conclusions 
are based on model analysis and earthquake database library. Inadequate 
validation of track irregularities test data affected by the earthquake. The analysis 
of high-speed railway seismic-induced track geometric irregularity based on in-
situ measurement data needs further explanation. 

This paper measures and analyses the impact of track irregularities on several 
railway lines in China when subjected to seismic activity. Additionally, choose 
several typical irregularities from the measured data and do additional analysis 
using the vehicle-track coupling model. The impact of the track on the vibration of 
the vehicle is described when the track is affected by an earthquake and the track 
irregularity becomes severe. The in-situ measurement of track irregularities 
affected by the earthquake is introduced in Section 2. Then, the measurement data 
is statistically analysed in Section 3. Combined with a train-track model, the 
introduction of the model and calculation results are drawn in Section 4.  
The conclusion is shown in the end. 

2 On-Site Measurement of Seismic-induced 
Geometric I rregularity  

In reaction to the earthquakes that occurred in China during the last decade, 
special attention has been devoted to the railway infrastructure around the 
epicentre. Sense,t track irregularities impair driving safety and cause vibrations, it 
is essential to consider the effect of earthquakes on track conditions. The geometry 
of the track was compared before and after the earthquake. Track Quality Index 
(TQI) variation and the amplitude of track irregularities were determined twice 
before and following the earthquake. The measurement data is shown below, 
including the train's limited speed 250 km/h ballasted track and 350 km/h 
ballastless track that was severely damaged by the earthquake in all tested cases. 

Numerous in-situ measurements were performed including the track irregularity of 
longitudinal level, alignment level, gauge, cross-level, and twist on the ballastless 
track designed for 350 km/h HSR, and ballasted track designed for 250 km/h HSR. 
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The situation of the site is shown in Figure 1 (a). The deformation and track 
irregularity under earthquake effects can be observed in the photographs of the 
site and detected by the track geometry car shown in Figure 1 (b). 

(a)  (b)   

Figure 1 

 On-site measurement (a) Track geometry and (b) Track geometry car 

The original data of the track longitudinal level, alignment, cross level and twist 
for ballastless track is shown in Figure 2. The red dashed box shows a distinct 
difference in the track geometric irregularity from the pre- and post-earthquake. 
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Figure 2 

Original measurement data of track geometric irregularity. 

The in-situ measurements data in Figure 2 indicated that the track geometric 
irregularity varies dramatically at the HSR beam junction locations.  
The earthquake caused the bridge piers to vibrate, which in turn caused the girders 
to vibrate and then lead to track deformation. Figure 3 illustrated the special sites 
where deformation is expected to occur marked in red dashed line. 
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Figure 3 

Beam junction locations 

2.1 Track Geometric I rregularity  

The waveform of long wave (1-120 m) and medium wave (1-42 m) can be 
analysed based on in-situ track irregularities data. The long wave affects the low 
frequency of the vehicle and vehicle ride comfort. Therefore, the long waveform 
of the track irregularity was selected for analysis. The details of the waveform of 
three cases are shown in Figure 4. As can be observed, the track irregularity has 
altered significantly in many areas with the effects of the earthquake. 
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Figure 4 

Long-waveform longitudinal level in  (a) 250 km/h HSR track (b) 350 km/h HSR track 
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Long-wave track irregularity values up to 7 mm in certain locations of the 250 
km/h HSR track owing to seismic events. The considerable change spans around 
100 m. For the ballastless 350 km/h HSR track, the difference is also up to around 
2 mm, the span of this area is nearly 40 m. These results demonstrate that the 
earthquake had a major effect on the rail structure's long-wave irregularity.  
The track's long-wave irregularity will affect the low-frequency train-induced 
vibration. 

2.2 10 m-chord Measurement Method 

The medium wave affected train safety. In this paper, the 10 m chord 
measurement method, a suitable method to describe the medium wave of track 
geometric irregularity, is used to measure the track irregularity data. The Chord 
measurement method [24] is a typical method to measure the track irregularities. 
Based on measurement data for pre-earthquake and post-earthquake, the left and 
right longitudinal level and alignment difference is shown in Figure 5. 
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Figure 5 

The difference of track irregularity based on 10m-chord method of 250 km/h HSR track including (a) 

longitudinal level and (b) alignment 
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According to the data in Figure 5. there is a significant disparity in longitudinal 
level and alignment. The longitudinal level has a maximum value of 1.4 mm. 
There is, however, no noticeable difference between the data for the left and right 
rails. 

Figure 6 depicts the cumulative distribution of the difference between the output 
values of the 10 m-chord measurement before and after the earthquake at the 
ballasted track designed for 250 km/h HSR. 
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Figure 6 

Cumulative distribution of the value difference of track irregularity 

For 250 km/h high-speed railways, 95% of the cumulative distribution of the 10 m 
chordal measurements of track height before and after the earthquake is within 2 
mm. Because the red and black lines, which indicate longitudinal level track 
irregularities, are lower than the blue and green lines, which show alignment track 
irregularities, particularly in the 0.5-1 mm difference range. As a result, the 
longitudinal level is more changeable than the track alignment, and the difference 
in track irregularities between the left and right rails is more noticeable. 

2.3 Track Quality Index 

Track Quality Index (TQI) [25] is a comprehensive index and assessment system 
that uses quantitative statistics to characterise the track's overall quality. It is the 
total of the standard deviations of the track irregularity in the vertical and 
horizontal direction, gauge, and twist irregularities elements. This number is 
directly connected to the overall track irregularity state, which shows the degree of 
dispersion of the track state in the 200 m segment. The larger the value, the more 
uneven and irregular the track is. It can be denoted as 
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where Xij
 means the magnitude of each geometric deviation in 200 m range of 

track. There are 7 standard deviations of items involved in evaluating track 
irregularities including the left longitudinal level, right longitudinal level, left 
alignment, right alignment, the track gauge, cross level and twist. n is the number 
of sampling points in 200 m range. 

iX  is the mean value of each project 

describing the track irregularities. It can be denoted as 

1

1 n

i ij
j

X X
n � 

� �¦  (2) 

In this part, three cases reflecting the track irregularity difference are chosen based 
on the measured track deformation degree data after the earthquake.  
The significant TQI changes measured data of 250 km/h and 350 km/h HSR track 
is chosen. A value is recorded every 200 metres, and the most visible gap of 10 
kilometres is picked and shown in Figure 7. 
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Figure 7 
TQI difference influenced by the earthquake in (a) severe case from 350 km/h HSR ballastless track (b) 
severe case from 250 km/h HSR ballasted track (c) slight case from 350 km/h HSR ballastless track and 

(d) slight case from 250 km/h HSR ballasted track 
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It can be known that after the earthquake, although the TQI values have changed 
in selected regions, the difference is not statistically significant when observed in 
raw data. Sense, TQI is a comprehensive index for evaluating track conditions, it 
incorporates not only track height irregularity but also horizontal irregularity, 
gauge, and so forth. As a result, the general status of the track does not alter much 
after the earthquake. 

The percentage of the seven components of the TQI evaluation indicators is 
shown in Figure 8. It includes the standard deviation for longitudinal level, 
alignment, track gauge, cross-level, and twist for ballasted and ballastless track 
that was severely and slightly impacted by the earthquake. 
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Figure 8 

The percentage of 7 indicators from TQI evaluating the track influenced by the earthquake (a) 

severe case and (b) slight case 

It can be seen that longitudinal level and twist account for a reasonably substantial 
amount of the overall TQI value when it comes to the contribution of each sub-
factor to TQI values. Alignment track irregularities have a negligible impact on 
the TQI value. Less than track gauge and cross-level. The ballasted track exhibits 
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a comparatively high shift in longitudinal level and the gauge during seismic 
activity as compared to the ballastless track. In the case that the track is influenced 
by the earthquake significantly, due to seismic influences, the standard deviation 
of the longitudinal level is lower for the ballastless track, while the percentage 
rises for the ballasted track. Twist standard deviation demonstrates the inverse 
pattern. Therefore, the longitudinal level of track irregularities is the indicator 
most affected by the earthquake. 

3 Analysis of Seismic-induced Geometric I rregularity 
of Track 

Based on over 30 observations of the effect of earthquakes on track geometry 
during the last decade, the statistical results of TQI difference maximum value, 
long-waveform variations in the vertical direction, 10m-chord measurement value, 
and vehicle vertical acceleration are analysed. All statistical data of the earthquake 
is shown in Figure 9. This figure contains TQI difference maximum value, long-
wave vertical differences, 95% cumulative value of 10 m-chard measurements and 
vehicle acceleration measured data of all the cases at 250 km/h HSR whose track 
form is mainly ballasted track (red) and 350 km/h HSR track whose track form is 
mainly ballastless track (blue). Different train speeds may cause different train-
induced vibrations. The location of each bubble means the corresponding 
earthquake magnitude and peak ground acceleration (PGA, unit: cm/s2) of each 
earthquake case. The size of each bubble means the evaluated value. 
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Figure 9 

Statistical value of track irregularities (a)TQI difference max value (b) long wave vertical differences 

(unit: mm) (c) 95% cumulative value of 10 m chard measurement (unit: mm) (d) vehicle acceleration 

(unit: m/s2). 

The x axies is the earthquake magnitude scale, y axies is PGA values, which are 
critical for describing the effect and damage caused by earthquakes on 
infrastructure. In China, it can be determined by 

0 1 2 3lgPGA C C M C R C T�  � � � � � � (3) 

where Cn is the factor, M represents earthquake magnitude, R means Epicentre 
distance. T is horizontal earthquake vector. More details can be found in [26]. 

Focus on the maximum difference value between TQI before the earthquake and 
after the earthquake, the value is located approximately in the range of 0-1.6.  
The value is greater for the ballasted track, indicating that the form of the ballasted 
track changes dramatically as a result of the earthquake. The long-wave 
irregularity and vehicle acceleration values follow the same rule, whose range is 
around 1-7 mm and 0-0.12 m/s2 respectively. 95% cumulative value of 10 m chard 
measurement is in the range of 0.2-0.65 mm. It can be found that the larger the 
PGA value, the larger the 95% cumulative value of the 10 m chard measurement. 
According to data, TQI's different maximum values for 350 km/h tracks are less 
than 1, whereas some 250 km/h HSR tracks exceed 1. Similarly, the 350 km/h 
HSR track caused a change in vehicle vibration of less than 0.05 m/s2 after the 
earthquake, but some of the 250 km/h HSR tracks induced a vehicle vibration 
change of more than 0.1 m/s2 following the earthquake. Based on the monitoring 
and analysis of over 30 ballasted and ballastless tracks influenced by the seismic 
dynamics, it can be shown that earthquakes impair track geometric irregularities 
and further influence the safety and comfort of the train. 
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4 Vehicle-Track Analysis Model 

4.1 Vehicle Model 

The vehicle is modelled as a multibody system with 35 degrees of freedom (DOF). 
The vehicle is made up of one car body, two bogie frames, and four wheels. Each 
component has five DOFs, which include lateral movement, vertical movement, 
roll, pitch, and yaw. The sketch of the vehicle model is shown in Figure 10. 

(a)  (b)  

Figure 10 

Vehicle dynamic analysis model (a) Side view of vehicle model(b) Front view of vehicle model 

Kelvin springs, which are composed of a spring and a damping element, could be 
used to replicate the first and second suspensions, which can connect different 
multibody. 

The model of the rail subsystem is constructed using two-layer nodes that 
correspond to the top and lower layers. The rail is a continuous Euler beam 
supported at discrete nodes by an elastic spring. The bottom node corresponds to 
the fastener position, and the spring-damper element between the upper and lower 
nodes corresponds to the elastic constraint imposed by the rubber pad under the 
rail. 

4.2 Vehicle-Track Coupling Equation 

The dynamic simulation analysis system is composed of the vehicle, track, which 
are connected by wheel-rail force. At all times, the system's vibration should 
adhere to force balance and deformation compatibility. The system's motion 
equation is as follows: 

 (4) 

where [M], [C], and [K] represent the mass, damping and stiffness matrix of the 
whole vehicle-track coupling model respectively. Thus, Eq. (4) can be written as 
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c c cc cc cc cc cc c

r r rc rr rb r rc rr rb r r

b b br bb b br bb b b

M x C C x K K x P

M x C C C x K K K x P

M x C C x K K x P

� ª � º � ª � º � ª � º � ª � º � ª � º � ª � º � ª � º
� « � » � « � » � « � » � « � » � « � » � « � » � « � »� � � � �  � « � » � « � » � « � » � « � » � « � » � « � » � « � »
� « � » � « � » � « � » � « � » � « � » � « � » � « � »� ¬ � ¼ � ¬ � ¼ � ¬ � ¼ � ¬ � ¼ � ¬ � ¼ � ¬ � ¼ � ¬ � ¼

���� ��

���� ��

���� ��

 (5) 

The subscript c means car, r means rail, and b means ballast. 

The details of the train and track parameters are shown in Ref. [27]. These values 
are expected to stabilise after the earthquake. The rail pad has a vertical static 
stiffness of 60 MN/m and a vertical damping of 75 kNs/m. The rail pad has a 
lateral static stiffness of 20 MN/m and a horizontal damping of 60 kNs/m. 

The wheel-rail interaction force is simulated by Hertz nonlinear elastic contact 
theory. This theory can be adopted in the normal direction of wheel-rail contact. 
The vertical wheel-rail interaction force is denoted as 

3/2

Z
1

( ) ( )N t Z t
G

�G� ª � º� � « � »� ¬ � ¼
 (6) 

where G is the wheel-rail contact constant factor, whose unit is m/N2/3. ( )Z t�G  is 

the elastic compression deformation between wheel and rail whose unit is m. 

Kalker linear creep theory [28] is used to calculate the longitudinal, lateral, and 
rotational creep forces between wheel and rail. 
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�  � � � ��®
�° � ���¯

 (7) 

where fij is the Kalker creep coefficient. �[  is creepage. 

The Shen-Hedrick-Elkins theory [29] is utilised to perform nonlinear adjustments 
on the longitudinal and lateral creep slip forces between the wheel and rail. 

The Newmark-�� technique approach is used to solve the dynamic equations of the 
train, track, and under-track structure once they have been determined. Multiple 
iterations are required because the interaction between the subsystems at each time 
step is reliant on the system's response at that moment in time. The conditions of 
equilibrium of forces were used to calculate the interaction between the 
subsystems. As a consequence, the displacement difference between two 
successive iterations of the vehicle, rail, and under-rail structure at each time step 
meets the convergence condition's accuracy criterion. The highest precision in 
�G�L�V�S�O�D�F�H�P�H�Q�W���L�V�������������P�� 
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4.3 Calculation Results 

Four scenarios are selected to investigate the impact of seismic-induced track 
irregularity. It is said to include two types of tracks, ballastless track, and ballasted 
track, as well as two levels of earthquake-affected track irregularities. The term 
'severely' refers to the fact that the track irregularities alter much after the 
earthquake. The term 'slightly' refers to the track irregularities not altered notably 
as a result of the earthquake. Four cases information is summarised in Table 1. 

Table 1 

Case summary 

Case number Track type Track affected by earthquake  
Case A Ballastless track Severely 
Case B Ballastless track Slightly 
Case C Ballasted track Severely 
Case D Ballasted track Slightly 

The power spectrum density of track longitudinal level is shown in Figure 11. 
From the PSD plot, it can be seen that the earthquakes have an influence on long 
waves from track irregularities greater than 10 m. For ballasted track, there is also 
a difference zone at wavenumber 0.1-0.3 (1/m) range which corresponding to the 
wavelength range 3-10 m. 

(a)
0.001 0.01 0.1 1

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

0.01

0.1

1

10

100

P
S

D
 (

m
m2 /(

1/
m

))

Wavenumber (1/m)

 Case A - Before earthquake
 Case A - After earthquake

 (b)

0.001 0.01 0.1 1
1E-8

1E-7

1E-6

1E-5

1E-4

0.001

0.01

0.1

1

10

100

P
S

D
 (

m
m2 /(

1/
m

))

Wavenumber (1/m)

 Case B - Before earthquake
 Case B - After earthquake

 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

 – 65 – 

(c)
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Figure 11 

PSD of track irregularity longitudinal level from (a) Case A, (b) Case B, (c) Case C and (d) Case D. 

The vehicle vibration, the rate of wheel load reduction, and derailment coefficient 
in time domain are shown in Figure 12. It can be known that within the green 
dashed line, the track geometric irregularity generated by the earthquake results in 
a more apparent deviation. 
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Figure 12 

Vehicle vibration, the rate of wheel load reduction, and derailment coefficient in time domain. 

4.3.1 Vehicle Acceleration  

Focus on the vehicle acceleration, the maximum value and root mean square 
(RMS) value of acceleration in time domain is shown in Figure 13 corresponding 
to four cases introduced in Table 1. 
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Figure 13 

The vehicle acceleration value and differences (a) maximum value and (b) RMS value 

The RMS value is calculated based on: 

2
2 2 2

1 1 2
rms

N

i
i N

X
X X X

X
N N

� � � � � � �
� � 

�¦ ��  (8) 

where Xi means the data sample and N is the number of sampling point. 

From Figure 13, it is shown that there is a considerable rise in the maximum value 
of vehicle vibration for conditions that are badly affected by the earthquake, and 
the difference in the maximum value of vehicle vibration for circumstances that 
are slightly impacted by the earthquake is not significant. Focus on the RMS value 
of vehicle acceleration increase based on seismic-induced track geometric 
irregularities increased, the ballasted track can lead to more vibration increase 
compared with the ballastless track. 

All the results presented above assume that after the earthquake, the track 
irregularity is altered while the track parameters remain unchanged. In this section, 
the RMS values of the vehicle are investigated when the track's vertical 
parameters are modified after the earthquake. Case C after the earthquake is 
selected as the reference case, and the RMS values of the vehicle are summarized 
in Table 2. 

Table 2 

RMS value under different track parameters 

Parameters: changed item RMS value (m/s2) 
Vertical stiffness: 48 MN/m (increase 20%) 0.115 
Vertical stiffness: 72 MN/m (decrease 20%) 0.111 
Vertical damping: 60 kNs/m (increase 20%) 0.116 
Vertical damping: 90 kNs/m (decrease 20%) 0.111 
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From the results, it is evident that reducing the vertical stiffness and damping of 
the track after the earthquake leads to an increased response of the train (Case C 
exhibits an RMS value of the vehicle as 0.1125 m/s2). 

4.3.2 The Rate of Wheel Load Reduction 

The rate of wheel load reduction is an indicator to evaluate the train’s safety.  
It can be calculated by: 

2 1

0 2 1

P PP
P

P P P
���'

� � 
��

 (9) 

where P is the rate of wheel load reduction P�'  is lowering load side wheels' 
heavy load reduction. P0 is the average wheel weight. P1 signifies the wheelset's 
decreasing wheel side, while P2 denotes the wheelset's growing wheel side.  
The safety standard from Chinese standard is less than 0.65 for first limit related 
to vehicle operation security and less than 0.60 for second limit, which is related 
to safety allowance. The maximum value of the rate of wheel load reduction and 
the power spectrum density value of the rate of wheel load reduction before and 
after the seismic dynamic response is introduced in Figure 14. 

(a)

0.241

0.134

0.076
0.062

0.28

0.131

0.089
0.072

Case A Case B Case C Case D
0.00

0.05

0.10

0.15

0.20

0.25

0.30

T
he

 r
at

e 
of

 w
he

el
 lo

ad
 r

ed
uc

tio
n 

m
ax

 v
al

ue

 Before earthquake
 After earthquake

0.241

0.134

0.076
0.062

0.28

0.131

0.089
0.072

Case A Case B Case C Case D
0.00

0.05

0.10

0.15

0.20

0.25

0.30

T
he

 r
at

e 
of

 w
he

el
 lo

ad
 r

ed
uc

tio
n 

m
ax

 v
al

ue

 Before earthquake
 After earthquake

 (b)
1 10 100

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

P
S

D

Frequency (Hz)

 Before earthquake
 After earthquake

1 10 100
1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

P
S

D

Frequency (Hz)

 Before earthquake
 After earthquake

 

Figure 14 

The rate of wheel load reduction (a) maximum value for one wheelset and (b) PSD value for case A 

It can be known that for the ballastless track, the rate of wheel load reduction rises 
when the track is substantially affected by earthquakes and remains relatively 
constant when the track is not disturbed. When the ballasted track is also 
extensively affected by the earthquake, the rate of wheel load reduction rises, 
although not as much as on the ballastless track. Therefore, focusing on Case A, 
the PSD value is investigated. There is a significant difference in the 20-40 Hz 
frequency band. The rate of wheel load reduction above 50 Hz does not change 
significantly due to the track geometric irregularity caused by the earthquake. 
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4.3.3 Derailment Coefficient  

The derailment coefficient is defined as the Q/P ratio of the lateral force Q to the 
vertical force P operating on the wheel at any given time. It can be denoted as 

tan
1 tan

Q
P

� D � P
� P � D

��
� 

��
 (10) 

where Q means the lateral force act on the wheel, P means the vertical force act on 
the wheel. �� means the fiction coefficient, �. means the maximum flange contact 
angle. For rail safety considerations, the Chinese standard specifies that this 
indicator be smaller than 0.8. 

The maximum value and Case A PSD value of derailment coefficient is shown in 
Figure 15. 
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Figure 15 

The derailment coefficient (a) maximum value and (b) PSD of Case A 

From Figure 15, it can be seen that Case A has the highest derailment coefficient, 
followed by Case C. After the earthquake, the derailment coefficients for Cases B 
and D remain almost unchanged. The maximum value differences of derailment 
coefficient are from Case A, thus, the PSD value analysis from Case A is 
investigated. The main trend PSD of Case A is similar before and after the 
earthquake. There are some not very significant differences at 30 Hz and 150 Hz. 

Although the derailment coefficient and rate of wheel load reduction have 
increased somewhat in maximum value as a result of the earthquake, they remain 
within the specification's normal range. This demonstrates that minor and 
moderate earthquakes have little effect on train operation safety. 

Conclusion 

The seismic-influenced track states of HSR were evaluated, as was the effect of 
earthquakes of various magnitudes level (3.0-7.0), different lines, and varied track 
types (ballasted and ballastless). Additionally, the impact of various earthquake-
induced track irregularities on vehicle vibration are estimated and investigated 
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using the vehicle-track dynamic analysis model. Some conclusions can be 
summarised. 

According to measurements and statistical analysis of the track state on-site after 
the earthquake in China, the earthquake had varying degrees of influence on the 
HSR track., The long-wave irregularity, 95% cumulative value of 10 m-chard 
measurements, and track quality index vehicle acceleration measured data are seen 
as the parameters for evaluating the seismic-induced track geometric irregularity. 
These parameters suggest that high-speed railways are affected by earthquakes 
which can produce a certain amount of track irregularities changes. 

The statistical conclusions of TQI differences value, long-waveform vertical 
waveform, 10 m-chord measurement value, and vehicle vertical acceleration are 
analysed based on over 30 measurement sites of the influence of earthquakes on 
track geometry during the previous decade. For a ballast track with a nominal 
speed of 250 km/h, the TQI variation can reach a maximum of 1.6 and the track 
geometric irregularity variation of 1.4 mm obtained by 10 m chord measurement, 
both of which are greater than for a ballastless track with a nominal speed of 350 
km/h, whose TQI variation value is up to 0.75, and track irregularity variation 
based on 10 m-chord method is around 1mm. 

A train-track coupling model is built to calculate the train running safety and 
comfort under different track geometric irregularities. The ballasted track can 
induce higher train vibration. The maximum value from calculation results is 
around 0.45 m/s2. The rate of wheel load reduction and derailment coefficient is 
higher for the ballastless track, whose value is up to 0.28 and 0.0476 respectively, 
compared with that indicator for the ballasted track. However, all of these 
indicators meet the requirement. 
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Investigation of Rail Welded Joint Stresses, by 
using a Narrow Gap Welding Method, in 
Ballasted Railway Tracks 
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�'�H�S�D�U�W�P�H�Q�W���R�I���5�D�L�O�Z�D�\���(�Q�J�L�Q�H�H�U�L�Q�J�����,�U�D�Q���8�Q�L�Y�H�U�V�L�W�\���R�I���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�\����
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�,�U�D�Q�����P�L�O�D�G�B�D�O�L�]�D�G�H�K�#�D�O�X�P�Q�L���L�X�V�W���D�F���L�U�����P�R�V�D�\�H�E�L�#�L�X�V�W���D�F���L�U�����P�R�K�L�W�#�L�Q�K�D���H�G�X��

Abstract: In the modern railway superstructure construction and maintenance, particularly 
where higher speeds are required, the rail sections may be welded together to form 
Continuous Welded Rail (CWR). There are various methods for welding the rails, such as 
thermite welding, flash-butt welding, gas-pressure welding, enclosed-arc welding, etc. 
Narrow Gap Welding is another way of welding the rail joints and because of the lower 
implementation costs, easier, quicker process and acceptable performance, it is usually used 
over other methods in maintenance operations. Since this method is newer than others, there 
is lack of knowledge concerning the standard process of narrow gap welding and the factors 
that affect the final quality. In the narrow gap welding, two different welding electrodes are 
used for the welding process. One electrode, with higher stiffness, is used for the rail head 
and the other electrode, with lower stiffness, is used for the rail web and foot. In this research, 
the relationship between these different welding electrodes and the amount of stress in rail 
joint was investigated via experiments and modeling, by a finite element method. The results 
indicate that the number of stresses, in the junction of rail head and web, was reduced by 
37%, when the electrode with higher stiffness was used for the whole rail head, plus 1 cm of 
rail web. Field investigations demonstrated that the performance of rail welds was 
acceptable. 

Keywords: railway superstructure; rail joint; welding electrodes; narrow gap welding; finite 
element method 

1 Introduction  
�,�Q���U�D�L�O�Z�D�\���W�U�D�F�N�V�����W�K�H���X�V�H���R�I���I�L�V�K�S�O�D�W�H�V���D�Q�G���E�R�O�W�V���Z�D�V���F�R�P�P�R�Q���W�R���F�R�Q�Q�H�F�W���W�K�H���U�D�L�O��
�V�H�F�W�L�R�Q�V�����E�H�I�R�U�H�� �W�K�H���D�G�Y�H�Q�W�� �R�I�� �S�U�R�G�X�F�L�Q�J�� �O�R�Q�J�H�U���U�D�L�O�� �V�H�F�W�L�R�Q�V�� �D�Q�G�� �X�V�L�Q�J�� �Z�H�O�G�L�Q�J��
�W�H�F�K�Q�R�O�R�J�\�����I�R�U���W�K�H���F�R�Q�Q�H�F�W�L�R�Q���R�I���U�D�L�O�V���L�Q���M�R�L�Q�W�V��[1]�����,�Q���W�K�L�V���P�H�W�K�R�G�����W�K�H���U�D�L�O���V�H�F�W�L�R�Q�V��
�D�U�H�� �F�R�Q�Q�H�F�W�H�G�� �R�Q�O�\�� �W�K�U�R�X�J�K�� �W�K�H�� �U�D�L�O�� �Z�H�E�� �X�V�L�Q�J�� �E�R�O�W�V���� �Q�X�W�V�� �D�Q�G�� �I�L�V�K�S�O�D�W�H�V�� �R�Q���E�R�W�K��
�V�L�G�H�V���R�I���W�K�H���U�D�L�O���Z�H�E��[2]��[3]�����7�K�L�V���V�\�V�W�H�P���K�D�V���Q�X�P�H�U�R�X�V���G�L�V�D�G�Y�D�Q�W�D�J�H�V�����V�X�F�K���D�V����
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�x C�U�H�D�W�L�Q�J���Y�H�U�\�� �O�D�U�J�H�� �G�\�Q�D�P�L�F�� �I�R�U�F�H�V�� �L�Q�� �U�D�L�O�� �M�R�L�Q�W�V�� �Z�K�H�Q�� �W�K�H�� �W�U�D�L�Q���S�D�V�V�H�V��
�W�K�U�R�X�J�K���W�K�H���W�U�D�F�N��

�x W�H�D�N�H�Q�L�Q�J���W�K�H���U�D�L�O�Z�D�\���V�W�U�X�F�W�X�U�H��

�x �5�H�G�X�F�L�Q�J���W�K�H���V�H�U�Y�L�F�H���O�L�I�H���R�I���W�K�H���W�U�D�F�N���H�O�H�P�H�Q�W�V���L�Q�F�O�X�G�L�Q�J���U�D�L�O�V�����V�O�H�H�S�H�U�V���D�Q�G��
�W�K�H���I�D�V�W�H�Q�L�Q�J���V�\�V�W�H�P��

�x �,�Q�F�U�H�D�V�L�Q�J���W�K�H���F�R�V�W���R�I���P�D�L�Q�W�H�Q�D�Q�F�H���D�Q�G���U�H�S�D�L�U���R�S�H�U�D�W�L�R�Q�V���E�\����������

�x �,�Q�F�U�H�D�V�L�Q�J���W�K�H���F�R�V�W���R�I���W�K�H���P�D�L�Q�W�H�Q�D�Q�F�H���D�Q�G���U�H�S�D�L�U���R�S�H�U�D�W�L�R�Q�V���I�R�U���W�K�H���U�D�L�O�Z�D�\��
�W�U�D�F�N���D�Q�G���U�R�O�O�L�Q�J���V�W�R�F�N��

�x D�H�I�H�F�W�V�����V�X�F�K���D�V���F�U�X�V�K�L�Q�J���R�I���W�K�H���H�Q�G���R�I���W�K�H���U�D�L�O�V���L�Q���M�R�L�Q�W�V���D�Q�G���I�D�L�O�X�U�H�V���G�X�H���W�R��
�W�K�H���L�Q�K�H�U�H�Q�W���I�D�W�L�J�X�H��

�x �*�H�Q�H�U�D�W�L�R�Q���R�I���H�[�F�H�V�V�L�Y�H���Q�R�L�V�H���Z�K�L�O�H���W�K�H���Y�H�K�L�F�O�H���L�V���S�D�V�V�L�Q�J���R�Q���W�K�H���W�U�D�F�N��

�x D�H�W�H�U�L�R�U�D�W�L�R�Q���R�I���W�K�H���G�H�V�L�U�H�G���W�U�D�F�N���J�H�R�P�H�W�U�\���L�Q���D���V�K�R�U�W���W�L�P�H���>���������������@��

�$�V���W�K�H���V�S�H�H�G���D�Q�G���W�K�H���D�[�H�O���O�R�D�G�V���R�I���W�K�H���U�R�O�O�L�Q�J���V�W�R�F�N���L�Q�F�U�H�D�V�H�����W�K�H���G�H�V�W�U�X�F�W�L�Y�H���H�I�I�H�F�W�V��
�R�I�� �W�K�H�� �H�[�S�D�Q�V�L�R�Q�� �M�R�L�Q�W�V���E�H�F�R�P�H�� �P�R�U�H�� �L�P�S�R�U�W�D�Q�W��[6]��[7]���� �,�Q�� �R�U�G�H�U�� �W�R�� �U�H�G�X�F�H�� �W�K�H��
�Q�H�J�D�W�L�Y�H���H�I�I�H�F�W�V���R�I���W�K�H���H�[�S�D�Q�V�L�R�Q���M�R�L�Q�W�V���L�Q���U�D�L�O�Z�D�\���W�U�D�F�N�V�����W�K�H�U�H���D�U�H���W�Z�R���V�R�O�X�W�L�R�Q�V������-
�X�V�L�Q�J�� �O�R�Q�J�H�U�� �U�D�L�O�V�� �D�Q�G�� �W�K�X�V�� �U�H�G�X�F�L�Q�J�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �H�[�S�D�Q�V�L�R�Q���M�R�L�Q�W�V�� �U�H�T�X�L�U�H�G�� �W�R��
�F�R�Q�Q�H�F�W���U�D�L�O���V�H�F�W�L�R�Q�V���W�R���H�D�F�K���R�W�K�H�U���D�Q�G����-�X�V�L�Q�J���W�K�H���Z�H�O�G�L�Q�J���W�H�F�K�Q�L�T�X�H�V���W�R���F�R�Q�Q�H�F�W��
�W�K�H���U�D�L�O�V���W�R���H�D�F�K���R�W�K�H�U�����,�Q���W�K�L�V���Z�D�\�����W�K�H���H�[�S�D�Q�V�L�R�Q���M�R�L�Q�W�V���D�U�H���F�R�P�S�O�H�W�H�O�\���Z�H�O�G�H�G���W�R��
�I�R�U�P���&�:�5���W�U�D�F�N�V����[8-11]�����7�K�H�U�H�I�R�U�H�����Z�H�O�G�L�Q�J���W�K�H���U�D�L�O�V���L�Q���M�R�L�Q�W�V���L�V���G�R�Q�H���W�R���D�F�K�L�H�Y�H��
�W�K�H�V�H�� �J�R�D�O�V���� �L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �F�R�Q�W�L�Q�X�R�X�V�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �U�D�L�O�� �D�Q�G�� �W�K�X�V�� �U�H�G�X�F�L�Q�J�� �W�K�H��
�Q�X�P�E�H�U���R�I���M�R�L�Q�W�V�����I�L�V�K�S�O�D�W�H�V���D�Q�G���E�R�O�W�V�����R�Y�H�U�F�R�P�L�Q�J���W�K�H���Z�H�D�N�Q�H�V�V���R�I���W�K�H���W�U�D�F�N���G�X�H���W�R��
�W�K�H�� �H�[�S�D�Q�V�L�R�Q���M�R�L�Q�W�V�����V�D�Y�L�Q�J�� �P�R�Q�H�\�� �E�\�� �U�H�G�X�F�L�Q�J�� �W�K�H�� �Y�R�O�X�P�H�� �R�I�� �U�H�S�D�L�U�� �D�Q�G��
�P�D�L�Q�W�H�Q�D�Q�F�H���R�S�H�U�D�W�L�R�Q�V�����L�Q�F�U�H�D�V�L�Q�J���W�K�H���V�H�U�Y�L�F�H���O�L�I�H���R�I���W�K�H���W�U�D�F�N�����D�Q�G���V�R���R�Q��[12]��[13]����
�7�K�H�U�H�� �D�U�H�� �G�L�I�I�H�U�H�Q�W�� �P�H�W�K�R�G�V�� �R�I�� �Z�H�O�G�L�Q�J�� �W�K�H�� �U�D�L�O�V�� �L�Q�� �M�R�L�Q�W�V�� �L�Q���,�U�D�Q�L�D�Q�� �U�D�L�O�Z�D�\�V��
�L�Q�F�O�X�G�L�Q�J�� �W�K�H�U�P�L�W�H�� �Z�H�O�G�L�Q�J���� �H�O�H�F�W�U�L�F�� �Z�H�O�G�L�Q�J���� �J�D�V���S�U�H�V�V�X�U�H�� �Z�H�O�G�L�Q�J���� �H�O�H�F�W�U�L�F�� �D�U�F��
�Z�H�O�G�L�Q�J���D�Q�G���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J�����7�K�H�U�P�L�W�H���Z�H�O�G�L�Q�J���L�V���D���V�H�W���R�I���S�U�R�F�H�V�V�H�V���L�Q���Z�K�L�F�K��
�W�K�H���I�L�O�O�H�U���P�D�W�H�U�L�D�O���L�V���P�D�G�H���R�I���P�R�O�W�H�Q���P�H�W�D�O���F�U�H�D�W�H�G���E�\���D���K�L�J�K�O�\���H�[�R�W�K�H�U�P�L�F���F�K�H�P�L�F�D�O��
�U�H�D�F�W�L�R�Q��[14-16]�����7�K�H���F�K�H�P�L�F�D�O���U�H�D�F�W�L�R�Q���R�U���W�K�H�U�P�L�W�H���X�V�X�D�O�O�\���W�D�N�H�V���S�O�D�F�H���E�H�W�Z�H�H�Q���W�K�H��
�R�[�L�G�H�� �R�I�� �D�� �P�H�W�D�O�� ���L�U�R�Q�� �R�U�� �F�R�S�S�H�U���� �D�Q�G�� �D�O�X�P�L�Q�X�P�� �S�R�Z�G�H�U�� �D�W�� �D�� �K�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H������
�$���U�D�S�L�G�O�\���L�J�Q�L�W�H�G���S�R�Z�G�H�U���L�V���X�V�H�G���D�V���D���G�H�W�R�Q�D�W�R�U���W�R���S�U�R�Y�L�G�H���W�K�H���K�H�D�W���Q�H�H�G�H�G���W�R���V�W�D�U�W��
�W�K�H���U�H�D�F�W�L�R�Q��[1]�����7�Z�R���H�[�D�P�S�O�H�V���R�I���W�K�H���F�K�H�P�L�F�D�O���U�H�D�F�W�L�R�Q�V���L�Q���W�K�L�V���W�\�S�H���R�I���Z�H�O�G�L�Q�J���D�U�H��
�D�V���J�L�Y�H�Q���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���(�T�������������D�Q�G������������

Fe2O3���������$�O���:�����)�H�������$�O2O3�������+�H�D�W�� ��1����

���&�X�2���������$�O���:�����&�X�������$�O2O3�������+�H�D�W�� ��������

�7�K�L�V�� �W�\�S�H�� �R�I�� �Z�H�O�G�L�Q�J�� �L�V�� �P�R�U�H�� �O�L�N�H�� �F�D�V�W�L�Q�J�� �D�Q�G�� �W�K�H�U�H�� �L�V�� �D�� �P�R�O�G�� �D�U�R�X�Q�G�� �W�K�H�� �W�Z�R��
�F�R�P�S�R�Q�H�Q�W�V���W�K�D�W���P�X�V�W���E�H���Z�H�O�G�H�G���W�R�J�H�W�K�H�U���>�����@�����7�K�H���P�R�O�W�H�Q���P�H�W�D�O���S�U�R�G�X�F�H�G���E�\���W�K�L�V��
�F�K�H�P�L�F�D�O���U�H�D�F�W�L�R�Q���L�V���G�L�U�H�F�W�H�G���W�R���W�K�L�V���P�R�O�G���D�Q�G���L�V���K�D�U�G�H�Q�H�G���L�Q�V�L�G�H���W�K�H���Z�H�O�G�L�Q�J���P�R�O�G��
�G�X�H�� �W�R�� �F�R�R�O�L�Q�J��[12]�����,�Q�� �W�K�L�V�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G���� �W�K�H�U�H�� �L�V�� �Q�R�� �Q�H�H�G�� �I�R�U�� �H�Q�H�U�J�\�� �V�X�S�S�O�\��
�V�\�V�W�H�P�V���V�X�F�K���D�V���H�O�H�F�W�U�L�F�L�W�\���J�H�Q�H�U�D�W�R�U�V���D�Q�G���W�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���F�D�Q���E�H���F�D�U�U�L�H�G���R�X�W��
�D�Q�\�Z�K�H�U�H��[12]�����7�K�H���P�D�L�Q���G�L�V�D�G�Y�D�Q�W�D�J�H�V���R�I���W�K�L�V���P�H�W�K�R�G���D�U�H����
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1�����7�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���J�H�Q�H�U�D�W�H�V���J�D�V�H�R�X�V���S�R�O�O�X�W�D�Q�W�V�����K�\�G�U�R�J�H�Q�����D�Q�G���D�O�V�R���V�O�D�J����

2�����6�R�P�H�W�L�P�H�V�� �W�K�H�� �K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �W�K�H���S�U�R�F�H�V�V�� �F�D�X�V�H�V�� �G�L�V�W�R�U�W�L�R�Q�� �D�Q�G��
�U�H�O�D�W�L�Y�H�O�\���O�D�U�J�H���G�H�I�R�U�P�D�W�L�R�Q�V���D�W���W�K�H���Z�H�O�G�L�Q�J���M�R�L�Q�W��[17-19]����

�(�O�H�F�W�U�L�F���Z�H�O�G�L�Q�J���D�O�R�Q�J���Z�L�W�K���W�K�H�U�P�L�W�H���Z�H�O�G�L�Q�J���L�V���D���F�R�P�P�R�Q���P�H�W�K�R�G���W�R���U�H�P�R�Y�H���U�D�L�O��
�M�R�L�Q�W�V�� �E�\�� �Z�H�O�G�L�Q�J���W�K�H�� �U�D�L�O�� �V�H�F�W�L�R�Q�V���� �2�Q�H�� �R�I���W�K�H�� �D�G�Y�D�Q�W�D�J�H�V�� �R�I�� �H�O�H�F�W�U�L�F�� �Z�H�O�G�L�Q�J��
�F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�U�P�L�W�H�� �Z�H�O�G�L�Q�J���L�V���S�H�U�I�R�U�P�L�Q�J�� �W�K�H�� �Z�H�O�G�L�Q�J�� �S�U�R�F�H�V�V�� �Z�L�W�K�R�X�W�� �D�G�G�L�Q�J��
�H�[�W�U�D���P�D�W�H�U�L�D�O�����Z�K�L�F�K���K�D�V���D���J�U�H�D�W���L�P�S�D�F�W���R�Q���W�K�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���U�D�L�O���D�Q�G���L�W�V���V�H�U�Y�L�F�H��
�O�L�I�H��[13]�����(�O�H�F�W�U�L�F���Z�H�O�G�L�Q�J���L�V���G�R�Q�H���L�Q���W�Z�R���G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V���L�Q���U�D�L�O�Z�D�\�V�����,�Q���W�K�H���I�L�U�V�W��
�P�H�W�K�R�G�����W�K�H���U�D�L�O���V�H�F�W�L�R�Q�V���D�U�H���Z�H�O�G�H�G���W�R���W�K�H���U�H�T�X�L�U�H�G���O�H�Q�J�W�K�V���D�Q�G���W�K�H�Q���D���F�U�D�Q�H���L�V���X�V�H�G��
�W�R�� �W�U�D�Q�V�S�R�U�W�� �W�K�H�P�� �W�R�� �W�K�H�� �V�L�W�H�� �I�R�U���L�Q�V�W�D�O�O�D�W�L�R�Q���� �,�Q�� �W�K�H�� �V�H�F�R�Q�G�� �P�H�W�K�R�G���� �Z�H�O�G�L�Q�J��
�R�S�H�U�D�W�L�R�Q�V���D�U�H���F�D�U�U�L�H�G���R�X�W���E�\���P�R�G�H�U�Q���I�L�[�H�G���D�Q�G���P�R�E�L�O�H���Z�H�O�G�L�Q�J���P�D�F�K�L�Q�H�V��[20]����

�*�D�V���S�U�H�V�V�X�U�H���Z�H�O�G�L�Q�J���L�V���D�Q�R�W�K�H�U���P�H�W�K�R�G���W�R���E�X�L�O�G���D���&�:�5���W�U�D�F�N�����6�S�H�F�L�D�O���H�T�X�L�S�P�H�Q�W��
�L�V���Q�H�H�G�H�G���W�R���Z�H�O�G���W�K�H���U�D�L�O�V���L�Q���W�K�L�V���P�H�W�K�R�G���D�Q�G���W�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���W�D�N�H���P�R�U�H���W�L�P�H��
�W�K�D�Q���W�K�H���S�U�H�Y�L�R�X�V���P�H�W�K�R�G�V�����7�K�L�V���P�H�W�K�R�G���D�O�V�R���U�H�T�X�L�U�H�V���W�U�D�L�Q�H�G���W�H�F�K�Q�L�F�L�D�Q�V���D�Q�G���W�K�H��
�Z�H�O�G�L�Q�J���T�X�D�O�L�W�\���L�V���K�L�J�K�H�U��[13]����

�1�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���L�V���D���U�H�O�D�W�L�Y�H�O�\���Q�H�Z�H�U���P�H�W�K�R�G���W�K�D�Q���R�W�K�H�U���U�D�L�O���Z�H�O�G�L�Q�J���P�H�W�K�R�G�V����
�,�Q���W�K�H���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���P�H�W�K�R�G�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���U�H�V�X�O�W�V���R�I���U�H�V�H�D�U�F�K���I�U�R�P������������
�W�R���������������W�K�H���T�X�D�O�L�W�\���R�I���U�D�L�O���D�W���Z�H�O�G�H�G���M�R�L�Q�W�V���K�D�V���L�P�S�U�R�Y�H�G���F�R�P�S�D�U�H�G���W�R���W�K�H���R�U�L�J�L�Q�D�O��
�P�H�W�D�O��[13]��[21]�����7�K�H���T�X�D�O�L�W�\���R�I���W�K�L�V���W�\�S�H���R�I���Z�H�O�G�L�Q�J�����L�V���J�U�H�D�W�O�\���L�P�S�U�R�Y�H�G���E�\���X�V�L�Q�J��
�W�K�H���D�S�S�U�R�S�U�L�D�W�H���H�O�H�F�W�U�R�G�H�����G�H�V�L�J�Q�L�Q�J���D�Q�G���R�S�W�L�P�L�]�L�Q�J���V�X�L�W�D�E�O�H���D�O�O�R�\�V�����D�Q�G���X�V�L�Q�J���Z�D�W�H�U��
�R�U���D�L�U���F�R�R�O�L�Q�J���V�K�R�H�V���W�R���F�R�Q�W�U�R�O���W�K�H���U�D�W�H���R�I���W�H�P�S�H�U�D�W�X�U�H���G�X�U�L�Q�J���W�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V����
�7�K�H���T�X�D�O�L�W�\���R�I���W�K�H���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���L�V���G�L�U�H�F�W�O�\���U�H�O�D�W�H�G���W�R���W�K�H���V�N�L�O�O���D�Q�G���H�[�S�H�U�L�H�Q�F�H��
�R�I���W�K�H���Z�H�O�G�L�Q�J���W�H�F�K�Q�L�F�L�D�Q�V���D�Q�G���W�K�H���Z�H�O�G�H�U�V��[13]��[21]�����%�H�V�L�G�H�V�����L�W���L�V���Y�H�U�\���L�P�S�R�U�W�D�Q�W��
�W�R�� �S�U�R�Y�L�G�H�� �S�U�H�F�L�V�H�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �Z�K�R�O�H�� �S�U�R�F�H�V�V�� �Z�K�L�F�K�� �K�D�Y�H�� �W�R�� �E�H�� �R�E�V�H�U�Y�H�G����
�V�L�Q�F�H���W�K�H���V�O�L�J�K�W�H�V�W���F�K�D�Q�J�H���L�Q���W�K�H���F�R�U�U�H�F�W���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���Z�L�O�O���F�D�X�V�H���D��
�G�H�I�H�F�W�� �L�Q�� �W�K�H�� �Z�H�O�G�H�G�� �M�R�L�Q�W���� �7�K�L�V���I�D�F�W�R�U�� �S�U�R�O�R�Q�J�V���W�K�H�� �W�L�P�H�� �Q�H�H�G�H�G�� �W�R���F�D�U�U�\�� �R�X�W�� �W�K�H��
�Q�D�U�U�R�Z�� �J�D�S�� �Z�H�O�G�L�Q�J�� �S�U�R�F�H�V�V�� �F�R�P�S�D�U�H�G�� �W�R�� �R�W�K�H�U�� �U�D�L�O�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G�V���� �D�Q�G�� �D�O�V�R��
�F�D�X�V�H�V�� �K�X�P�D�Q�� �H�U�U�R�U�V���>������ �������� �����@���� �$�O�W�K�R�X�J�K�� �W�K�H�� �Q�D�U�U�R�Z�� �J�D�S�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G�� �L�V��
�F�X�U�U�H�Q�W�O�\���X�V�H�G���L�Q���W�K�H���P�R�V�W���U�D�L�O�Z�D�\�V���X�Q�G�H�U���F�R�Q�V�W�U�X�F�W�L�R�Q���D�Q�G���K�D�V���E�H�H�Q���D�F�F�H�S�W�H�G���D�V���D��
�Z�H�O�G�L�Q�J���P�H�W�K�R�G�����V�R���I�D�U���W�K�H�U�H���D�U�H���Q�R���F�R�P�S�U�H�K�H�Q�V�L�Y�H���D�Q�G���F�R�P�S�O�H�W�H���L�Q�V�W�U�X�F�W�L�R�Q�V���I�R�U��
�W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�K�L�V���P�H�W�K�R�G�����,�Q���W�K�L�V���U�H�V�H�D�U�F�K�����Z�K�L�O�H���W�K�H���H�[�L�V�W�L�Q�J���F�U�L�W�H�U�L�D���I�R�U��
�Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���D�U�H���L�Q�Y�H�V�W�L�J�D�W�H�G�����W�K�H���R�S�W�L�P�D�O���S�D�W�W�H�U�Q���R�I���W�K�H���H�O�H�F�W�U�R�G�H�V���L�V���G�H�I�L�Q�H�G��
�E�\���D���I�L�Q�L�W�H���H�O�H�P�H�Q�W���P�H�W�K�R�G����

2 Narrow Gap Welding 
�:�L�W�K�L�Q���W�K�H���U�D�L�O�Z�D�\�� �L�Q�G�X�V�W�U�\���� �W�K�H�� �Q�D�U�U�R�Z�� �J�D�S�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G�� �L�V�� �X�W�L�O�L�]�H�G���I�R�U���W�K�H��
�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���&�:�5���W�U�D�F�N�V���D�Q�G���D�O�V�R�����I�R�U���U�H�S�D�L�U���D�Q�G���P�D�L�Q�W�H�Q�D�Q�F�H���R�S�H�U�D�W�L�R�Q�V�����7�K�L�V��
�P�H�W�K�R�G���L�V���Z�L�G�H�O�\���X�V�H�G���G�X�H���W�R���L�W�V���D�G�Y�D�Q�W�D�J�H�V���W�K�D�Q���R�W�K�H�U���P�H�W�K�R�G�V���R�I���Z�H�O�G�L�Q�J���Q�D�P�H�O�\����
�O�R�Z�H�U�� �F�R�V�W�V���F�R�P�S�D�U�H�G�� �W�R�� �R�W�K�H�U�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G�V���D�Q�G�� �D�O�V�R�� �I�X�O�I�L�O�O�L�Q�J�� �W�K�H�� �V�W�U�X�F�W�X�U�D�O��
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�Å��76 �Å��

�V�W�D�Q�G�D�U�G�V�� �Q�H�H�G�H�G���I�R�U�� �U�D�L�O�Z�D�\���R�S�H�U�D�W�L�R�Q�V���E�D�V�H�G���R�Q���W�K�H���O�R�D�G�L�Q�J�� �D�Q�G���Y�H�O�R�F�L�W�\�� �R�I�� �W�K�H��
�U�R�O�O�L�Q�J���V�W�R�F�N��[23]�����$�V���P�H�Q�W�L�R�Q�H�G���E�H�I�R�U�H�����W�K�L�V���P�H�W�K�R�G���U�H�T�X�L�U�H�V���V�N�L�O�O�H�G���Z�H�O�G�L�Q�J���W�H�D�P�V����
�S�U�H�F�L�V�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���D�Q�G���V�W�U�L�F�W���U�H�J�X�O�D�W�L�R�Q�V���D�Q�G���L�Q�V�W�U�X�F�W�L�R�Q�V���>���������������������������@����

�7�K�H�U�H���D�U�H���V�R�P�H���P�D�W�H�U�L�D�O�V���X�V�H�G���W�R���S�H�U�I�R�U�P���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���L�Q�F�O�X�G�L�Q�J���H�O�H�F�W�U�R�G�H�V��
�D�Q�G���U�H�W�D�L�Q�L�Q�J���P�R�O�G�V�����7�K�H���H�O�H�F�W�U�R�G�H�V���X�V�H�G���L�Q���W�K�L�V���P�H�W�K�R�G���P�X�V�W���E�H���V�H�O�H�F�W�H�G���V�X�F�K���W�K�D�W��
�W�K�H�\���F�D�Q���D�F�F�R�P�P�R�G�D�W�H���W�R���W�K�H���R�U�L�J�L�Q�D�O���U�D�L�O���S�U�R�S�H�U�W�L�H�V��[1]�����7�K�H���H�O�D�V�W�L�F�L�W�\���D�V���Z�H�O�O���D�V��
�W�K�H���D�E�U�D�V�L�R�Q���U�H�V�L�V�W�D�Q�F�H���R�I���W�K�H���Z�H�O�G���P�X�V�W���E�H���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���U�H�I�H�U�H�Q�F�H���P�H�W�D�O���D�Q�G��
�W�K�L�V�� �L�V�� �S�R�V�V�L�E�O�H�� �E�\�� �V�H�O�H�F�W�L�Q�J�� �W�K�H�� �D�S�S�U�R�S�U�L�D�W�H���H�O�H�F�W�U�R�G�H�����7�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K�� �S�D�U�D�P�H�W�H�U��
�V�K�R�X�O�G���E�H���F�R�Q�V�L�G�H�U�H�G���L�Q���V�H�O�H�F�W�L�Q�J���W�K�H���D�S�S�U�R�S�U�L�D�W�H���H�O�H�F�W�U�R�G�H���I�R�U���W�K�H���U�D�L�O���Z�H�E���D�Q�G���I�R�R�W����
�D�Q�G���D�E�U�D�V�L�R�Q���U�H�V�L�V�W�D�Q�F�H���D�O�R�Q�J���Z�L�W�K���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K���V�K�R�X�O�G���E�H���F�R�Q�V�L�G�H�U�H�G���L�Q���V�H�O�H�F�W�L�Q�J��
�W�K�H�� �D�S�S�U�R�S�U�L�D�W�H�� �H�O�H�F�W�U�R�G�H�� �I�R�U�� �W�K�H�� �U�D�L�O�� �K�H�D�G���� �:�H�O�G�L�Q�J�� �R�I���U�D�L�O�� �M�R�L�Q�W�V�� �E�\�� �Q�D�U�U�R�Z�� �J�D�S��
�P�H�W�K�R�G���L�V�� �G�R�Q�H���L�Q�V�L�G�H�� �D�� �F�K�D�P�E�H�U���L�Q�F�O�X�G�L�Q�J�� �U�D�L�O�V���D�Q�G���U�H�W�D�L�Q�L�Q�J�� �P�R�O�G�V��[13]���� �7�K�H�V�H��
�P�R�O�G�V���D�U�H���P�D�G�H���R�I���F�D�V�W���F�R�S�S�H�U���Z�K�R�V�H���G�L�P�H�Q�V�L�R�Q�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�U�H���S�U�R�S�R�U�W�L�R�Q�D�O��
�W�R���W�K�H���W�\�S�H���R�I���H�O�H�F�W�U�R�G�H�����W�\�S�H���R�I���U�D�L�O���D�Q�G���R�S�H�U�D�W�L�Q�J���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���U�H�W�D�L�Q�L�Q�J���P�R�O�G�V��
�P�X�V�W���E�H���W�K�H�U�P�D�O�O�\���F�R�Q�G�X�F�W�L�Y�H�����W�K�H�U�H�I�R�U�H�����W�K�H���P�R�O�G�V���D�U�H���P�D�G�H���R�I���F�R�S�S�H�U�����,�Q���D�G�G�L�W�L�R�Q����
�W�K�H�� �P�R�O�G�V�� �F�R�Q�W�U�R�O�� �W�K�H�� �W�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �U�D�L�O�� �D�Q�G�� �Z�H�O�G�L�Q�J���� �7�K�H�� �P�R�O�G�V�� �K�D�Y�H�� �V�H�Y�H�U�D�O��
�V�H�S�D�U�D�W�H���V�H�F�W�L�R�Q�V���I�R�U���W�K�H���U�D�L�O���Z�H�E���D�Q�G���I�R�R�W�����7�K�H���U�H�W�D�L�Q�L�Q�J���P�R�O�G�V���P�X�V�W���E�H���F�D�U�H�I�X�O�O�\��
�P�D�L�Q�W�D�L�Q�H�G�����D�V���W�K�H�\���F�D�Q���O�R�V�H���W�K�H�L�U���R�U�L�J�L�Q�D�O���J�H�R�P�H�W�U�\�����R�Y�H�U���W�L�P�H���>���������������������������������@����

�7�K�H���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J���P�H�W�K�R�G���K�D�V���W�Z�R���V�W�H�S�V�����7�K�H���I�L�U�V�W���V�W�H�S���L�V���S�U�H�S�D�U�D�W�L�R�Q�����Z�K�L�F�K��
�L�W�V�� �S�X�U�S�R�V�H�� �L�V�� �W�R�� �S�U�H�S�D�U�H�� �W�K�H�� �U�D�L�O�V�� �D�Q�G�� �M�R�L�Q�W�V�� �I�R�U�� �Z�H�O�G�L�Q�J���� �7�K�L�V�� �V�W�H�S�� �P�X�V�W�� �E�H�� �G�R�Q�H��
�F�D�U�H�I�X�O�O�\���D�Q�G���L�W���K�D�V���W�R���E�H���F�R�Q�W�U�R�O�O�H�G���P�X�O�W�L�S�O�H���W�L�P�H�V�����3�U�L�R�U���W�R���Z�H�O�G�L�Q�J�����W�K�H���U�D�L�O�V���D�W���W�K�H��
�M�R�L�Q�W���P�X�V�W���E�H���I�U�H�H���R�I���G�H�I�H�F�W�V���O�L�N�H���F�U�D�F�N�V���D�Q�G���F�U�X�V�K�H�G���K�H�D�G�V�����D�Q�G���L�I���W�K�H�V�H���G�H�I�H�F�W�V���D�U�H��
�D�O�U�H�D�G�\���R�F�F�X�U�U�H�G�����W�K�H���U�D�L�O�V���P�X�V�W���E�H���J�U�R�X�Q�G���D�Q�G���F�X�W���Z�L�W�K���W�K�H���U�H�O�D�W�H�G���P�D�F�K�L�Q�H�V��[22]����
�,�Q�� �W�K�H�� �W�U�D�F�N�V�� �Z�L�W�K�� �9�R�V�V�O�R�K-�I�D�V�W�H�Q�L�Q�J�� �V�\�V�W�H�P���� �W�R�� �F�D�U�U�\�� �R�X�W�� �W�K�H�� �Z�H�O�G�L�Q�J���� �R�Q�O�\�� �W�K�H��
�V�F�U�H�Z�V���R�I���W�K�H���Q�H�D�U���V�O�H�H�S�H�U�V���F�D�Q���E�H���R�S�H�Q�H�G�����%�H�F�D�X�V�H���Z�K�H�Q���W�K�H���V�F�U�H�Z�V���D�U�H���R�S�H�Q�H�G����
�W�K�H���G�X�V�W���L�V���L�Q�I�L�O�W�U�D�W�H�G���L�Q�W�R���W�K�H���G�R�Z�H�O�V�����,�Q���R�U�G�H�U���W�R���S�H�U�I�R�U�P���D���F�O�H�D�Q���Z�H�O�G�����W�K�H���F�U�R�V�V��
�V�H�F�W�L�R�Q���R�I���W�K�H���U�D�L�O���D�W���W�K�H���M�R�L�Q�W���P�X�V�W���E�H���F�R�P�S�O�H�W�H�O�\���S�R�O�L�V�K�H�G���D�Q�G���I�U�H�H���R�I���D�Q�\���J�U�H�D�V�\���R�U��
�L�P�S�X�U�H�� �P�D�W�H�U�L�D�O�V���� �,�Q�� �W�K�L�V�� �U�H�J�D�U�G���� �W�K�H�� �U�D�L�O���D�Q�G���Z�H�O�G�� �P�D�W�H�U�L�D�O�V�� �D�U�H�� �F�R�P�S�O�H�W�H�O�\��
�F�R�Q�Q�H�F�W�H�G���E�\���X�V�L�Q�J���D���F�R�Q�W�L�Q�X�R�X�V���H�O�H�F�W�U�L�F���D�U�F���E�H�W�Z�H�H�Q���W�K�H���U�D�L�O���D�Q�G���W�K�H���H�O�H�F�W�U�R�G�H�����D�Q�G��
�F�R�Q�V�H�T�X�H�Q�W�O�\���D���S�H�U�I�H�F�W���Z�H�O�G���L�V���F�U�H�D�W�H�G��[13]�����2�Q�H���R�I���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���I�D�F�W�R�U�V���L�Q��
�S�H�U�I�R�U�P�L�Q�J�� �D�� �G�H�V�L�U�D�E�O�H�� �Z�H�O�G�� �E�\�� �Q�D�U�U�R�Z�� �J�D�S�� �P�H�W�K�R�G�� �L�V���D�G�M�X�V�W�L�Q�J�� �W�K�H�� �U�D�L�O�� �M�R�L�Q�W������
�7�K�H���U�D�L�O���H�Q�G�V���D�W���W�K�H���M�R�L�Q�W���V�K�R�X�O�G���E�H���D�O�L�J�Q�H�G���Y�H�U�W�L�F�D�O�O�\���D�Q�G���K�R�U�L�]�R�Q�W�D�O�O�\���V�R���W�K�D�W���W�K�H��
�I�R�R�W�����Z�H�E���D�Q�G���K�H�D�G���R�I���E�R�W�K���U�D�L�O�V���D�U�H���L�Q���W�K�H���V�D�P�H���G�L�U�H�F�W�L�R�Q���>�������������������@����

�7�K�H���V�H�F�R�Q�G���V�W�H�S���L�V���Z�H�O�G�L�Q�J���W�K�H���U�D�L�O�V�����$�I�W�H�U���D�G�M�X�V�W�L�Q�J���W�K�H���U�D�L�O���M�R�L�Q�W�����W�K�H���U�D�L�O�V���D�W���E�R�W�K��
�V�L�G�H�V���R�I���W�K�H���M�R�L�Q�W�����D�U�H���K�H�D�W�H�G���W�R���D���G�L�V�W�D�Q�F�H���R�I�����������P�P�����Z�K�L�F�K���L�V���F�D�O�O�H�G�����S�U�H�K�H�D�W�L�Q�J��
�>�������������������@�����:�K�H�Q���W�K�H���U�D�L�O���U�H�D�F�K�H�V���D���F�H�U�W�D�L�Q���W�H�P�S�H�U�D�W�X�U�H�����W�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���E�H�J�L�Q�V����
�7�K�H���V�S�H�F�L�D�O���P�R�O�G���I�R�U���W�K�H���U�D�L�O���I�R�R�W���L�V���I�L�[�H�G���D�W���W�K�H���F�H�U�W�D�L�Q���S�R�V�L�W�L�R�Q�����E�H�I�R�U�H���V�W�D�U�W�L�Q�J���W�K�H��
�Z�H�O�G�L�Q�J���S�U�R�F�H�V�V�����7�K�H�Q���W�K�H���O�R�Z�H�V�W���S�D�U�W���R�I���W�K�H���U�D�L�O���L�V���Z�H�O�G�H�G�����$�V���P�H�Q�W�L�R�Q�H�G���E�H�I�R�U�H����
�D�F�F�X�U�D�F�\�� �D�Q�G�� �V�N�L�O�O�� �L�Q�� �S�H�U�I�R�U�P�L�Q�J�� �Z�H�O�G�L�Q�J���D�U�H�� �Y�H�U�\�� �L�P�S�R�U�W�D�Q�W�� �L�Q�� �L�W�V�� �T�X�D�O�L�W�\������
�7�K�H���H�O�H�F�W�U�R�G�H�� �X�V�H�G�� �L�Q�� �W�K�L�V�� �V�W�H�S�� �L�V�� �H�[�H�U�W�H�G�� �I�R�U�� �E�R�W�K�� �W�K�H�� �I�R�R�W�� �D�Q�G�� �Z�H�E���>�����@���� �,�Q�� �W�K�L�V��
�U�H�V�H�D�U�F�K�����W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���(�6�$�%���2�.���������������H�O�H�F�W�U�R�G�H���D�U�H���F�R�Q�V�L�G�H�U�H�G���I�R�U��
�W�K�H���Z�H�E���D�Q�G���I�R�R�W�����:�H�O�G�L�Q�J���R�I���U�D�L�O���I�R�R�W���L�V���F�D�U�U�L�H�G���R�Q���X�Q�W�L�O���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���U�D�L�O���Z�H�E��
�V�H�F�W�L�R�Q�����$�W���W�K�L�V���V�W�D�J�H�����W�K�H���V�S�H�F�L�D�O���Z�H�E���P�R�O�G���L�V���L�Q�V�W�D�O�O�H�G���L�Q���W�K�H���G�H�V�L�U�H�G���S�R�V�L�W�L�R�Q���D�Q�G��
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�Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���F�R�Q�W�L�Q�X�H�V�����:�K�H�Q���W�K�H���Z�H�E���V�H�F�W�L�R�Q���Z�H�O�G�L�Q�J���L�V���F�R�P�S�O�H�W�H�G�����W�K�H���K�H�D�G��
�R�I�� �W�K�H�� �M�R�L�Q�W�� �L�V�� �Z�H�O�G�H�G�� �L�P�P�H�G�L�D�W�H�O�\�� �D�Q�G�� �Z�L�W�K�R�X�W�� �L�Q�W�H�U�U�X�S�W�L�R�Q��[22]���� �$�V���S�U�H�Y�L�R�X�V�O�\��
�G�H�V�F�U�L�E�H�G�����W�K�H���H�O�H�F�W�U�R�G�H���X�V�H�G���L�Q���W�K�H���K�H�D�G���R�I���W�K�H���M�R�L�Q�W���K�D�V���G�L�I�I�H�U�H�Q�W���P�D�W�H�U�L�D�O�V���W�K�D�Q���W�K�H��
�I�R�R�W�� �D�Q�G�� �Z�H�E�� �V�H�F�W�L�R�Q�����7�K�L�V���H�O�H�F�W�U�R�G�H�� �P�X�V�W�� �K�D�Y�H�� �D�E�U�D�V�L�R�Q�� �U�H�V�L�V�W�D�Q�F�H���>�����@���� �,�Q�� �W�K�L�V��
�U�H�V�H�D�U�F�K���� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O�� �V�S�H�F�L�I�L�F�D�W�L�R�Q�V�� �R�I�� �(�6�$�%���2�.�� ������������ �H�O�H�F�W�U�R�G�H���K�D�Y�H���E�H�H�Q��
�F�R�Q�V�L�G�H�U�H�G���I�R�U���W�K�H���K�H�D�G�����)�R�O�O�R�Z�L�Q�J���W�K�H���H�Q�G���R�I���W�K�H���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V�����W�K�H���P�R�O�G�V���D�U�H��
�V�H�S�D�U�D�W�H�G���D�Q�G���W�K�H���R�U�L�J�L�Q�D�O���U�D�L�O���D�Q�G���W�K�H���Z�H�O�G�H�G���M�R�L�Q�W���D�U�H���O�H�Y�H�O�H�G���X�V�L�Q�J���W�K�H���J�U�L�Q�G�L�Q�J��
�P�D�F�K�L�Q�H���� �7�K�H�� �O�D�V�W���V�W�H�S�� �L�Q�� �Q�D�U�U�R�Z�� �J�D�S�� �Z�H�O�G�L�Q�J�� �L�V�� �W�K�H�� �S�R�V�W-�K�H�D�W�L�Q�J�� �R�S�H�U�D�W�L�R�Q��[21]��
[22]�����,�Q���W�K�H���S�R�V�W-�K�H�D�W�L�Q�J���R�S�H�U�D�W�L�R�Q�����W�K�H���S�D�U�W�V���D�U�H���K�H�D�W�H�G���W�R���D���F�H�U�W�D�L�Q���W�H�P�S�H�U�D�W�X�U�H���D�I�W�H�U��
�Z�H�O�G�L�Q�J���D�Q�G���W�K�H�Q���F�R�R�O�H�G���D�W���D���J�H�Q�W�O�H���U�D�W�H�����7�K�L�V���S�U�H�Y�H�Q�W�V���X�Q�Z�D�Q�W�H�G���F�R�P�S�U�H�V�V�L�Y�H���D�Q�G��
�W�H�Q�V�L�O�H���V�W�U�H�V�V�H�V���I�U�R�P���Z�H�O�G�L�Q�J���S�U�R�F�H�V�V���>�����@����

�$�V���L�O�O�X�V�W�U�D�W�H�G���H�D�U�O�L�H�U�����W�Z�R���G�L�I�I�H�U�H�Q�W���H�O�H�F�W�U�R�G�H�V���D�U�H���X�V�H�G���I�R�U���Z�H�O�G�L�Q�J���W�K�H���U�D�L�O���V�H�F�W�L�R�Q�V��
�L�Q�� �W�K�H���Q�D�U�U�R�Z�� �J�D�S�� �Z�H�O�G�L�Q�J�� �P�H�W�K�R�G���� �7�K�H�� �H�O�H�F�W�U�R�G�H�� �X�V�H�G�� �I�R�U�� �Z�H�O�G�L�Q�J�� �W�K�H�� �U�D�L�O�� �K�H�D�G��
�P�X�V�W���U�H�V�L�V�W���D�J�D�L�Q�V�W���D�E�U�D�V�L�R�Q�����7�K�H���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���H�O�H�F�W�U�R�G�H�V���X�V�H�G���L�Q���W�K�L�V���U�H�V�H�D�U�F�K��
�D�U�H���G�H�P�R�Q�V�W�U�D�W�H�G���L�Q���7�D�E�O�H��������

�7�D�E�O�H������

�7�K�H���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���H�O�H�F�W�U�R�G�H�V���L�Q���W�K�H���Q�D�U�U�R�Z���J�D�S���Z�H�O�G�L�Q�J��

Category Yield Stress (MPa) 
�(�6�$�%���2�.�������������� 600��
�(�6�$�%���2�.�������������� ��������

�2�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �L�P�S�R�U�W�D�Q�W�� �V�W�H�S�V�� �L�Q�� �W�K�H�� �Q�D�U�U�R�Z�� �J�D�S���Z�H�O�G�L�Q�J�� �L�V�� �G�H�W�H�U�P�L�Q�L�Q�J�� �W�K�H��
�S�R�V�L�W�L�R�Q�� �Z�K�H�U�H�� �W�K�H���G�L�I�I�H�U�H�Q�W���H�O�H�F�W�U�R�G�H�� �P�X�V�W�� �E�H���X�V�H�G�� �I�R�U�� �Z�H�O�G�L�Q�J�� �W�K�H�� �U�D�L�O�� �K�H�D�G����
�$�F�F�R�U�G�L�Q�J�� �W�R�� �)�L�J���� ���� �W�K�H�U�H�� �D�U�H���W�K�U�H�H���R�S�W�L�R�Q�V�� �I�R�U�� �W�K�L�V���S�R�V�L�W�L�R�Q���� �'�H�W�H�U�P�L�Q�L�Q�J�� �W�K�L�V��
�S�R�V�L�W�L�R�Q�� �Z�L�O�O���D�I�I�H�F�W�� �W�K�H���F�R�Q�V�W�U�X�F�W�L�R�Q���� �P�D�L�Q�W�H�Q�D�Q�F�H�� �D�Q�G���U�H�S�D�L�U�� �F�R�V�W�V�� �R�I���W�K�H�� �U�D�L�O�Z�D�\��
�W�U�D�F�N�V�����V�L�Q�F�H���W�K�H���H�O�H�F�W�U�R�G�H���X�V�H�G���I�R�U���W�K�H���U�D�L�O���K�H�D�G���L�V���P�R�U�H���H�[�S�H�Q�V�L�Y�H�����$�O�V�R�����H�D�F�K���R�I��
�W�K�H���W�K�U�H�H���S�D�W�W�H�U�Q�V���³�D�´�����³�E�´���R�U���³�F�´���L�V���H�I�I�H�F�W�L�Y�H���L�Q���I�L�Q�G�L�Q�J���W�K�H���V�W�U�H�V�V�H�V���F�U�H�D�W�H�G���L�Q���W�K�H��
�Z�H�O�G���V�H�F�W�L�R�Q����A�O�W�K�R�X�J�K���H�[�S�H�U�L�H�Q�W�L�D�O���R�E�V�H�U�Y�D�W�L�R�Q�V���G�H�P�R�Q�V�W�U�D�W�H���W�K�D�W���W�K�H���E�H�V�W���S�D�W�W�H�U�Q��
�L�V���R�S�W�L�R�Q���³�E�´�����E�X�W���W�K�H�U�H���D�U�H���O�H�V�V���V�F�L�H�Q�W�L�I�L�F���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���L�Q���W�K�L�V���L�V�V�X�H���>���������������������@����
�7�K�H�U�H�I�R�U�H���� �L�Q�� �W�K�L�V�� �U�H�V�H�D�U�F�K���� �W�K�U�H�H�� �P�R�G�H�O�V���E�D�V�H�G�� �R�Q���W�K�H���)�L�J���� ���� �D�U�H�� �F�U�H�D�W�H�G�� �L�Q�� �W�K�H��
�$�%�$�4�8�6���V�R�I�W�Z�D�U�H���W�R���D�Q�D�O�\�]�H���W�K�H���S�U�R�G�X�F�H�G���V�W�U�H�V�V�H�V���L�Q���W�K�H���Z�H�O�G�H�G���M�R�L�Q�W���G�X�H���W�R���W�K�H��
�O�R�D�G�L�Q�J���R�I���U�R�O�O�L�Q�J���V�W�R�F�N����

��

�)�L�J�X�U�H������

�7�K�H���\�H�O�O�R�Z���D�U�H�D���V�K�R�Z�V���W�K�H���V�S�H�F�L�D�O���H�O�H�F�W�U�R�G�H���Z�L�W�K���D�E�U�D�V�L�R�Q���U�H�V�L�V�W�D�Q�F�H�����D-�����������R�I���W�K�H���U�D�L�O���K�H�D�G�����E-���U�D�L�O��

�K�H�D�G���D�Q�G�����F�P���R�I���Z�H�E�����F-���W�K�H���Z�K�R�O�H���U�D�L�O���K�H�D�G���D�U�H�D��
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3 Railway Loadings 
�7�K�H���U�D�L�O�Z�D�\���V�W�U�X�F�W�X�U�H���L�V���V�X�E�M�H�F�W���W�R���Y�D�U�L�R�X�V���I�R�U�F�H�V�����6�L�Q�F�H���W�K�H�U�H���L�V���G�L�U�H�F�W���F�R�Q�Q�H�F�W�L�R�Q��
�E�H�W�Z�H�H�Q���W�K�H���U�D�L�O���D�Q�G���W�K�H���Z�K�H�H�O�����D�Q�G���W�K�H���I�L�U�V�W���F�R�P�S�R�Q�H�Q�W���Z�K�L�F�K���L�V���E�H�D�U�L�Q�J���W�K�H���O�R�D�G�V��
�R�I���U�R�O�O�L�Q�J���V�W�R�F�N���L�V���W�K�H���U�D�L�O�����D�O�O���R�I���O�R�D�G�V���D�U�H���W�U�D�Q�V�I�H�U�U�H�G���E�\���W�K�H���U�D�L�O���W�R���R�W�K�H�U���F�R�P�S�R�Q�H�Q�W�V��
[26-30]�����6�R�����D�Q�D�O�\�]�L�Q�J�� �W�K�H�� �Y�D�U�L�R�X�V���U�D�L�O�� �V�W�U�H�V�V�H�V�����L�V�� �W�K�H�� �I�L�U�V�W�� �V�W�H�S���� �L�Q���G�H�V�L�J�Q�L�Q�J���W�K�H��
�U�D�L�O�Z�D�\���W�U�D�F�N���>����������-36]����

�2�Q�H�� �Z�D�\�� �W�R�� �F�O�D�V�V�L�I�\�� �W�K�H�� �I�R�U�F�H�V�� �D�S�S�O�L�H�G���W�R���W�K�H�� �U�D�L�O�� �L�V�� �E�D�V�H�G���R�Q�� �W�K�H�� �G�L�U�H�F�W�L�R�Q���R�I�� �W�K�H��
�I�R�U�F�H�����Z�K�L�F�K���L�V���G�L�Y�L�G�H�G���L�Q�W�R���W�K�U�H�H���F�D�W�H�J�R�U�L�H�V���R�I���Y�H�U�W�L�F�D�O�����O�D�W�H�U�D�O�����K�R�U�L�]�R�Q�W�D�O���I�R�U�F�H���D�Q�G��
�S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���W�U�D�F�N�����D�Q�G���O�R�Q�J�L�W�X�G�L�Q�D�O���I�R�U�F�H�V�����K�R�U�L�]�R�Q�W�D�O���I�R�U�F�H���D�Q�G���L�Q���W�K�H���W�U�D�F�N��
�G�L�U�H�F�W�L�R�Q����[37]��[38]�����7�K�H�V�H���I�R�U�F�H�V���D�U�H���V�K�R�Z�Q���L�Q���W�K�H���)�L�J����������

��

�)�L�J�X�U�H������
�'�L�I�I�H�U�H�Q�W���I�R�U�F�H�V���L�Q�W�U�R�G�X�F�H�G���E�\���D���Z�K�H�H�O���R�Q���D���U�D�L�O��

�$�Q�R�W�K�H�U���P�H�W�K�R�G���F�O�D�V�V�L�I�L�H�V���W�K�H���I�R�U�F�H�V���D�S�S�O�L�H�G���W�R���W�K�H���U�D�L�O�Z�D�\���W�U�D�F�N���L�Q�W�R���W�Z�R���F�D�W�H�J�R�U�L�H�V��
�R�I���V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F���I�R�U�F�H�V[39]�����6�W�D�W�L�F���I�R�U�F�H�V���D�U�H���P�D�L�Q�O�\���G�X�H���W�R���W�K�H���Z�H�L�J�K�W���R�I���W�K�H��
�U�D�L�O�Z�D�\���Y�H�K�L�F�O�H�V�����E�X�W���L�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���V�L�Q�F�H���W�K�H���U�R�O�O�L�Q�J���V�W�R�F�N���L�V���S�D�V�V�L�Q�J���R�Y�H�U��
�W�K�H���U�D�L�O���D�Q�G���G�X�H���W�R���W�K�H���H�[�L�V�W�H�Q�F�H���R�I���J�H�R�P�H�W�U�L�F���D�Q�G���V�W�U�X�F�W�X�U�D�O���G�H�I�H�F�W�V���L�Q���W�K�H���U�D�L�O�V���D�Q�G��
�L�Q�� �W�K�H�� �U�D�L�O�Z�D�\�� �Y�H�K�L�F�O�H�V���� �W�K�H�� �Q�D�W�X�U�H���R�I�� �W�K�H�� �Y�H�U�W�L�F�D�O���D�Q�G�� �O�D�W�H�U�D�O�� �I�R�U�F�H�V�� �R�Q�� �W�K�H�� �U�D�L�O�� �L�V��
�G�\�Q�D�P�L�F���>����������-47]����

�,�Q���W�K�L�V���S�D�S�H�U�����W�K�H���Y�H�U�W�L�F�D�O���D�Q�G���O�D�W�H�U�D�O���I�R�U�F�H�V���D�U�H���F�R�Q�V�L�G�H�U�H�G���E�D�V�H�G���R�Q���W�K�H���U�D�L�O�Z�D�\���W�U�D�F�N��
�V�\�V�W�H�P�V���L�Q���,�U�D�Q�����D�Q�G���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O���I�R�U�F�H�V���D�U�H���L�J�Q�R�U�H�G�����7�K�H���O�D�W�H�U�D�O���I�R�U�F�H�V���R�Q���W�K�H��
�U�D�L�O��are���F�D�O�F�X�O�D�W�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �P�R�G�H�O�� �F�D�O�L�E�U�D�W�H�G�� �E�\�� �6�D�G�H�J�K�L���������������� �Z�K�L�F�K�� �L�V��
�D�S�S�U�R�S�U�L�D�W�H�� �I�R�U�� �W�K�H�� �,�U�D�Q�L�D�Q�� �U�D�L�O�Z�D�\�� �Q�H�W�Z�R�U�N��[48]�����7�K�H�� �D�G�Y�D�Q�W�D�J�H�� �R�I�� �W�K�L�V�� �P�R�G�H�O�� �L�V��
�W�K�D�W���L�W���L�V���E�D�V�H�G���X�S�R�Q���W�K�H���W�Z�R���S�D�U�D�P�H�W�H�U�V���R�I���Y�H�O�R�F�L�W�\���D�Q�G���W�K�H���U�D�G�L�X�V���F�X�U�Y�H���L�Q���W�K�H���W�U�D�F�N����
�,�Q���W�K�L�V���H�T�X�D�W�L�R�Q���W�K�H���F�X�U�Y�H���U�D�G�L�X�V���L�V���F�R�Q�V�L�G�H�U�H�G���D�Q���L�Q�I�L�Q�L�W�H���Q�X�P�E�H�U���V�L�Q�F�H���L�W���K�D�V���E�H�H�Q��
�S�U�H�V�X�P�H�G���W�K�D�W���W�K�H���M�R�L�Q�W���L�V���O�R�F�D�W�H�G���L�Q���W�K�H���G�L�U�H�F�W���W�U�D�F�N���D�Q�G���Q�R�W���L�Q���W�K�H���F�X�U�Y�H�>���������������������@����
�7�K�L�V���H�T�X�D�W�L�R�Q���K�D�V���E�H�H�Q���V�K�R�Z�Q���L�Q���W�K�H���(�T������������ 

�* = �@�5
�Ë
�A(0.028�8�6+ 7.62�8+ 4742.1) + �8(1.34 × 10�?�8�8+ 0.036) + 22.43�� ��������

�+�����/�D�W�H�U�D�O���O�R�D�G�����N�1����
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�7�K�H���D�[�O�H���O�R�D�G���R�I�������������W�R�Q�V���L�V���F�R�Q�V�L�G�H�U�H�G���D�V���W�K�H���Y�H�U�W�L�F�D�O���I�R�U�F�H�����Z�K�L�F�K���L�V���W�K�H���F�R�P�P�R�Q��
�D�[�O�H���O�R�D�G���L�Q���W�K�H���,�U�D�Q�¶�V���U�D�L�O�Z�D�\���Q�H�W�Z�R�U�N�����7�K�H�U�H�I�R�U�H�����W�K�H���V�L�Q�J�O�H���Z�K�H�H�O���Y�H�U�W�L�F�D�O���V�W�D�W�L�F��
�I�R�U�F�H���L�V���������������W�Rn�V�����,�Q���R�U�G�H�U���W�R���F�R�Q�V�L�G�H�U���W�K�H���G�\�Q�D�P�L�F���L�P�S�D�F�W�V���R�I���W�K�H���U�D�L�O�Z�D�\���Y�H�K�L�F�O�H�V����
�D���G�L�P�H�Q�V�L�R�Q�O�H�V�V���G�\�Q�D�P�L�F���L�P�S�D�F�W���I�D�F�W�R�U���L�V���P�X�O�W�L�S�O�L�H�G���E�\���W�K�H���Y�H�U�W�L�F�D�O���I�R�U�F�H����

�7�K�H���W�U�D�L�Q���Z�K�H�H�O�V���P�R�W�L�R�Q���D�Q�G���W�K�H���V�K�R�F�N�V���F�D�X�V�H�G���E�\���W�K�H���P�R�Y�H�P�H�Q�W���R�I���Z�K�H�H�O�V���R�Q���W�K�H��
�X�Q�H�Y�H�Q�� �V�X�U�I�D�F�H�� �R�I�� �U�D�L�O�V���D�U�H�� �W�Z�R�� �P�D�L�Q�� �U�H�D�V�R�Q�V�� �I�R�U�� �W�K�H�� �G�\�Q�D�P�L�F�� �Q�D�W�X�U�H�� �R�I�� �U�D�L�O�Z�D�\��
�O�R�D�G�L�Q�J�����7�K�H�U�H���D�U�H���Y�D�U�L�R�X�V���P�H�W�K�R�G�V���W�R���F�D�O�F�X�O�D�W�H���G�\�Q�D�P�L�F���O�R�D�G�V���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H���D�Q�G��
�L�W���L�V���S�H�U�I�R�U�P�H�G���E�\���F�R�Q�V�L�G�H�U�L�Q�J���D���G�L�P�H�Q�V�L�R�Q�O�H�V�V���G�\�Q�D�P�L�F���O�R�D�G�L�Q�J���F�R�H�I�I�L�F�L�H�Q�W�����,�Q���W�K�L�V��
�U�H�V�H�D�U�F�K�����(�T����������� �� � � Z� K� L� F� K� � � L� V� � � R� I� I� H�U�H�G�� �E�\�� �$�5�(�0�$���� �K�D�V�� �E�H�H�Q�� �X�V�H�G�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H��
�G�\�Q�D�P�L�F���F�R�H�I�I�L�F�L�H�Q�W[49]������

�î = 1 + 5. 21
�Ï

�½
�� ���� �� �� �� �� �� ��4����

�9�����9�H�O�R�F�L�W�\�����.�P���K����

D�����:�K�H�H�O���G�L�D�P�H�W�H�U�����P�P����

�,�Q�� �,�U�D�Q�L�D�Q�� �U�D�L�O�Z�D�\�� �Q�H�W�Z�R�U�N�� �W�K�H�� �S�D�V�V�H�Q�J�H�U�� �D�Q�G�� �I�U�H�L�J�K�W�� �W�U�D�L�Q�V�� �D�U�H�� �U�X�Q�Q�L�Q�J��
�V�L�P�X�O�W�D�Q�H�R�X�V�O�\���I�U�R�P���W�K�H���W�U�D�F�N�V���Z�K�L�F�K���P�H�D�Q�V���W�K�D�W���W�K�H���W�U�D�F�N�V���D�U�H���G�H�V�L�J�Q�H�G���W�R���F�D�U�U�\��
�W�K�H���O�R�D�G�V���F�R�P�L�Q�J���I�U�R�P���E�R�W�K���S�D�V�V�H�Q�J�H�U���D�Q�G���I�U�H�L�J�K�W���W�U�D�L�Q�V[48]�����7�K�H���O�R�D�G�L�Q�J���S�D�W�W�H�U�Q���R�Q��
�W�K�H�� �U�D�L�O�Z�D�\�� �W�U�D�F�N�� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �D�V�� �D�� �P�L�[�W�X�U�H�� �R�I�� �D�[�O�H�� �O�R�D�G�� �I�U�R�P�� �Z�D�J�R�Q�V�� �D�Q�G��
�O�R�F�R�P�R�W�L�Y�H���� �7�K�H�� �D�[�O�H�� �O�R�D�G���R�I���Z�D�J�R�Q�V�� �D�Q�G���O�R�F�R�P�R�W�L�Y�H�V���R�I�� �S�D�V�V�H�Q�J�H�U�� �W�U�D�L�Q�V�� �D�U�H�� ������
�D�Q�G�������������W�R�Q�V���U�H�V�S�H�F�W�L�Y�H�O�\[48]�����7�K�H���D�[�O�H���O�R�D�G���R�I���I�U�H�L�J�K�W���W�U�D�L�Q�V���L�V���F�R�Q�V�L�G�H�U�H�G���D�V������������
�W�R�Q�V�����+�H�Q�F�H�����W�K�H���G�H�V�L�J�Q�D�W�L�R�Q���D�[�O�H���O�R�D�G���L�Q���W�K�H���U�D�L�O�Z�D�\���W�U�D�F�N�V���L�Q���,�U�D�Q���U�D�L�O�Z�D�\���Q�H�W�Z�R�U�N��
�L�V�������������W�R�Q�V�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���,�U�D�Q�L�D�Q���5�D�L�O�Z�D�\�V���V�\�V�W�H�P�����W�K�H���W�U�D�L�Q���V�S�H�H�G���L�V�����������N�P���K��
�D�Q�G�� �W�K�H�� �Z�K�H�H�O�� �G�L�D�P�H�W�H�U�� �I�R�U�� �Z�D�J�R�Q�V�� �D�Q�G�� �O�R�F�R�P�R�W�L�Y�H�� �L�V�� ���������� �D�Q�G�� ���������� �P�P��
�U�H�V�S�H�F�W�L�Y�H�O�\�����&�R�Q�V�H�T�X�H�Q�W�O�\�����W�K�H���Y�D�O�X�H�V���R�I���G�\�Q�D�P�L�F���F�R�H�I�I�L�F�L�H�Q�W�V���D�U�H������������ �D�Q�G��������������
�I�R�U���Z�D�J�R�Q���D�Q�G���O�R�F�R�P�R�W�L�Y�H���U�H�V�S�H�F�W�L�Y�H�O�\���>����]��[�����@�����$���V�W�D�Q�G�D�U�G���8�,�&���������U�D�L�O���S�U�R�I�L�O�H���D�Q�G��
�F�R�Q�F�U�H�W�H���V�O�H�H�S�H�U�V���D�U�H���D�V�V�X�P�H�G���I�R�U���W�K�H���P�R�G�H�O�L�Q�J�����7�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���V�O�H�H�S�H�U�V���L�V��
�F�R�Q�V�L�G�H�U�H�G�����������P�P�����,�W���K�D�V���E�H�H�Q���S�U�H�V�X�P�H�G���W�K�D�W���W�K�H���M�R�L�Q�W���L�V���O�R�F�D�W�H�G���L�Q���W�K�H���G�L�U�H�F�W���W�U�D�F�N��
�D�Q�G�� �Q�R�W�� �L�Q�� �W�K�H���F�X�U�Y�H�����$�O�V�R�����W�K�H�U�H�� �L�V�� �Q�R�� �O�R�Q�J�L�W�X�G�L�Q�D�O���R�U�� �O�D�W�H�U�D�O�� �V�O�R�S�H�� �L�Q�� �W�K�H�� �W�U�D�F�N������
�,�W���K�D�V���W�R���E�H���P�H�Q�W�L�R�Q�H�G���W�K�D�W���W�K�H���J�U�D�Y�L�W�D�W�L�R�Q�D�O���I�R�U�F�H�V���D�U�H���V�L�P�X�O�D�W�H�G���L�Q���W�K�H���P�R�G�H�O���G�X�H��
�W�R�� �W�K�H�� �Z�H�L�J�K�W�� �R�I�� �W�K�H�� �P�D�W�H�U�L�D�O�V���� �$�I�W�H�U���G�H�W�H�U�P�L�Q�L�Q�J�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �D�Q�G�� �O�D�W�H�U�D�O�� �I�R�U�F�H�V��
�L�Q�W�U�R�G�X�F�H�G���R�Q���W�K�H���U�D�L�O�����W�K�H�V�H���I�R�U�F�H�V���D�U�H���D�S�S�O�L�H�G���W�R���W�K�H���Z�H�O�G���V�H�F�W�L�R�Q���L�Q���W�K�H���P�R�G�H�O���W�R��
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Rail geometric properties 

Rail type Head width 
(mm) 
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(mm) 

Base width 
(mm) 

Web thickness 
(mm) 
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Rail mechanical properties 

Rail type 
Rail steel 
hardness 
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stress 
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stress 
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Allowable 
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Poisson’s 
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Elastic 
modulus 
(GPa) 

Specific 
mass 

(Kg/m3) 
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Sleeper (B70) properties 

Sleeper type Fc (MPa) Ft (MPa) Section dimension (cm2) 
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Electrode properties 

Electrode type Yield stress Tensile strength Elongation Welding current 
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5 Results and Discussion 

5.1 Finite Element Analysis and Loading 
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5.2 Field Investigations 
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Weight Optimization of Tower Structures with 
Continuous Variables using Jaya Algorithm 

�0�D�N�V�\�P���*�U�]�\�Z�L���V�N�L 

�&�]�H�V�W�R�F�K�R�Z�D���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\�����)�D�F�X�O�W�\���R�I���&�L�Y�L�O���(�Q�J�L�Q�H�H�U�L�Q�J��
�������'�D�E�U�R�Z�V�N�L�H�J�R���6�W�U�������������������&�]�H�V�W�R�F�K�R�Z�D�����3�R�O�D�Q�G��
�P�D�N�V�\�P���J�U�]�\�Z�L�Q�V�N�L�#�S�F�]���S�O��

Abstract: A popular metaheuristic algorithm named Jaya is preferred to solve the problem 
of finding the minimum weight of tower structures. Joints coordinates of free nodes and the 
area of bar elements are constrained using the lower and upper bounds of these design 
variables for shape and size optimization, respectively. The constraints used in this study are 
the Euler buckling, allowable stress, and displacement. The presented algorithm is tested 
with two classic benchmark problems: the spatial truss tower with 39-bar and the 
transmission tower with 272-bar. The Jaya algorithm is coded in MATLAB environment and 
implemented into the linear finite element solver. 

Keywords: weight optimization; tower structures; shape and size optimization; continuous 
optimization; Jaya algorithm 

1 Introduction  

�7�K�H�� �I�H�D�V�L�E�O�H���R�S�W�L�P�D�O�� �G�H�V�L�J�Q�� �R�I�� �V�W�U�X�F�W�X�U�H�V���L�V�� �D�Q���L�Q�W�H�U�H�V�W�L�Q�J�� �W�R�S�L�F���W�R�� �H�Q�J�L�Q�H�H�U�V�� �L�Q��
�S�U�D�F�W�L�F�H�����7�K�H�� �P�L�Q�L�P�D�O�� �F�R�V�W�� �D�Q�G�� �W�K�H�� �R�S�W�L�P�D�O�� �J�H�R�P�H�W�U�\�� �R�I�� �W�K�H�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �D�U�H�� �W�K�H��
�E�D�V�L�F���S�X�U�S�R�V�H�V���R�I���W�K�H���H�Q�J�L�Q�H�H�U�V���Z�K�H�Q���G�H�V�L�J�Q�L�Q�J���W�K�H���V�W�U�X�F�W�X�U�H���E�\���W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W��
�W�K�H���F�R�Q�V�W�U�D�L�Q�H�G���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q�����:�H���D�U�H���L�Q�W�H�U�H�V�W�H�G���L�Q���G�H�V�L�J�Q�L�Q�J���V�W�U�X�F�W�X�U�H�V���Z�L�W�K��
�K�L�J�K�� �U�H�O�L�D�E�L�O�L�W�\���� �0�D�Q�\�� �R�S�W�L�P�D�O�� �D�O�J�R�U�L�W�K�P�V�� �I�R�U�� �W�K�L�V�� �D�L�P���Z�H�U�H�� �W�H�V�W�H�G���� �L�Q�F�O�X�G�L�Q�J��
�L�Q�Q�R�Y�D�W�L�Y�H���D�O�J�R�U�L�W�K�P�V���D�Q�G���F�O�D�V�V�L�F�D�O���P�H�W�K�R�G�V����

�8�Q�W�L�O�� �Q�R�Z���� �P�D�Q�\�� �Peta-�K�H�X�U�L�V�W�L�F���P�H�W�K�R�G�V���K�D�Y�H�� �E�H�H�Q�� �S�U�H�V�H�Q�W�H�G���I�R�U���W�K�H�� �V�W�U�X�F�W�X�U�D�O��
�R�S�W�L�P�L�]�D�W�L�R�Q���S�U�R�E�O�H�P�V�����6�R�P�H���R�I���W�K�H���P�R�V�W���S�R�S�X�O�D�U���R�S�W�L�P�L�]�D�W�L�R�Q���D�O�J�R�U�L�W�K�P�V���D�U�H���*�$����
G�H�Q�H�W�L�F��A�O�J�R�U�L�W�K�P�����6�$�����6�L�P�X�O�D�W�H�G���$�Q�Q�H�D�O�L�Q�J�����3�6�2�����3�D�U�W�L�F�O�H���6�Z�D�U�P���2�S�W�L�P�L�]�D�W�L�R�Q����
�+�6�����+�D�U�P�R�Q�\���6�H�D�U�F�K���D�Q�G���$�&�2�����$�Q�W��C�R�O�R�Q�\���2�S�W�L�P�L�]�D�W�L�R�Q������

�,�Q�� �W�K�H�� �U�H�F�H�Q�W�� �\�H�D�U�V���� �-�$���� �-�D�\�D�� �$�O�J�R�U�L�W�K�P�� �Z�D�V���S�U�H�V�H�Q�W�H�G�� �D�V�� �D���Q�H�Z���P�H�W�D�K�H�X�U�L�V�W�L�F��
�W�H�F�K�Q�L�T�X�H���D�Q�G���L�W���K�D�V���D���Y�H�U�\���V�L�P�S�O�H���I�R�U�P���D�Q�G���G�R�H�V���Q�R�W��use���P�R�U�H���V�S�H�F�L�I�L�F���S�D�U�D�P�H�W�H�U�V����
�0�D�Q�\���V�W�X�G�L�H�V���Z�H�U�H���P�D�G�H���E�\���X�V�L�Q�J���W�K�L�V���D�O�J�R�U�L�W�K�P�����7�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���F�D�E�O�H�V���V�L�]�H���L�Q��
�F�D�E�O�H-�V�W�D�\�H�G���E�U�L�G�J�H���Z�L�W�K���-�D�\�D���D�O�J�R�U�L�W�K�P���Z�D�V���X�V�H�G���E�\���$�W�P�D�F�D���H�W���D�O�����>���@�����R�S�W�L�P�X�P��
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�G�H�V�L�J�Q�� �R�I�� �V�W�H�H�O�� �J�U�L�O�O�D�J�H���Z�D�V�� �S�U�H�V�H�Q�W�H�G���E�\�� �'�H�G�H���>���@,��b�U�D�F�H�G�� �G�R�P�H�� �V�W�U�X�F�W�X�U�H�V�� �Z�L�W�K��
�Q�D�W�X�U�D�O���I�U�H�T�X�H�Q�F�\���F�R�Q�V�W�U�D�L�Q�W�V���Z�D�V���V�W�X�G�L�H�G���E�\���*�U�]�\�Z�L���V�N�L���H�W���D�O�����>���@�����*�U�]�\�Z�L���V�N�L���H�W��
�D�O�����>���@���V�W�X�G�L�H�G���I�R�X�U���E�H�Q�F�K�P�D�U�N���S�U�R�E�O�H�P�V�����W�U�X�V�V�H�V�����'���W�H�Q-�E�D�U�������'���W�K�L�U�W�\-�V�H�Y�H�Q-�E�D�U�������'��
�V�H�Y�H�Q�W�\-two-�E�D�U�� �D�Q�G�� ���'�� �W�Z�R-�K�X�Q�G�U�H�G-�E�D�U���E�\�� �7�/�%�2�� ���7�H�D�F�K�L�Q�J-�O�H�D�U�Q�L�Q�J�� �E�D�V�H�G��
�R�S�W�L�P�L�]�D�W�L�R�Q�����D�O�J�R�U�L�W�K�P�����7�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���V�S�D�W�L�D�O���W�U�X�V�V���W�R�Z�H�U��������-�E�D�U��������-�E�D�U��������-
�E�D�U�����D�Q�G��������-�E�D�U�����E�D�V�H�G���R�Q���5�D�R���D�O�J�R�U�L�W�K�P���Z�D�V���D�Q�D�O�\�]�H�G���E�\���*�U�]�\�Z�L���V�N�L���>���@����

2 Jaya Optimization Algorithm  

�$�V���D���S�R�S�X�O�D�U���R�S�W�L�P�L�]�D�W�L�R�Q���P�H�W�K�R�G���W�K�H���-�D�\�D���Z�D�V���I�L�U�V�W�O�\���S�U�H�V�H�Q�W�H�G���E�\���5�D�R���>����,����������
�����@�����7�K�H���P�H�D�Q�L�Q�J���R�I���W�K�L�V���Q�H�Z���D�O�J�R�U�L�W�K�P���L�V���W�K�H���³�Y�L�F�W�R�U�\�´���L�Q���W�K�H���6�D�Q�V�N�U�L�W���O�D�Q�J�X�D�J�H����
�7�K�H���E�D�V�L�F���U�X�O�H�V���R�I���W�K�L�V���P�H�W�K�R�G���D�U�H���W�R���F�O�R�V�H���W�K�H���E�H�V�W���V�R�O�X�W�L�R�Q���D�Q�G���V�W�D�\���D�Z�D�\���I�U�R�P���W�K�H��
�Z�R�U�V�W���V�R�O�X�W�L�R�Q���L�Q���D���S�R�S�X�O�D�W�L�R�Q���F�R�Q�V�L�V�W���R�I���W�K�H���S�R�W�H�Q�W�L�D�O���V�R�O�X�W�L�R�Q�V���I�R�U���D�Q���R�S�W�L�P�L�]�D�W�L�R�Q��
�S�U�R�E�O�H�P�����7�K�H�� �P�D�L�Q�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�L�V�� �D�O�J�R�U�L�W�K�P�V�� �L�V�� �W�K�D�W�� �L�W�� �G�R�H�V�� �Q�R�W�� �K�D�V�� �D�� �V�S�H�F�L�D�O��
�S�D�U�D�P�H�W�H�U�� �W�R�� �F�D�U�U�\���R�X�W�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �S�U�R�F�H�V�V���� �/�L�N�H�� �W�K�H�� �R�W�K�H�U�� �S�R�S�X�O�D�W�L�R�Q-�E�D�V�H�G��
�D�O�J�R�U�L�W�K�P�V�����-�D�\�D���Q�H�H�G���D���S�R�S�X�O�D�W�L�R�Q���V�L�]�H�����3�Q�����D�Q�G���W�K�H���X�V�H���D���J�H�Q�H�U�D�W�L�R�Q���Q�X�P�E�H�U�����*�Q������
�7�K�H���J�H�Q�H�U�D�O���H�T�X�D�W�L�R�Q���I�R�U���-�D�\�D���L�V���J�L�Y�H�Q���L�Q���(�T��������������

�2�Þ,�ß,�Ü
�á�Ø�ê= �2�Þ,�ß,�Ü+ �N�5,�Þ,�Ü
k�2�Þ,�Õ,�Ü
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F �N�6,�Þ,�Ü
k�2�Þ,�ê,�Ü
F �+�2�Þ,�ß,�Ü�+
o�� ��������

�/�H�W���2�Þ,�ß,�Ü���L�W��shows���W�K�H���Nth���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H���I�R�U���W�K�H���Oth���G�H�V�L�J�Q���R�I���W�K�H���S�R�S�X�O�D�W�L�R�Q���D�W���W�K�H��
�E�H�J�L�Q�Q�L�Q�J���R�I���W�K�H���Lth���L�W�H�U�D�W�L�R�Q����W�K�H�U�H���2�Þ,�ß,�Ü

�á�Ø�ê���L�V���W�K�H���X�S�G�D�W�H�G���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�����D�Q�G���N�5,�Þ,�Ü�ç ,��
�N�6,�Þ,�Ü�ç���D�U�H���U�D�Q�G�R�P���Q�X�P�E�H�U�V���Z�K�L�F�K���F�D�Q���E�H���F�K�D�Q�J�H���I�U�R�P���³���´���W�R���³���´����

�7�K�H���-�D�\�D���D�O�J�R�U�L�W�K�P���K�D�V���R�I���I�R�O�O�R�Z�L�Q�J���V�W�H�S�V����

�������I�L�U�V�W���D�U�H���G�H�I�L�Q�H���W�K�H���V�L�]�H���R�I���W�K�H���S�R�S�X�O�D�W�L�R�Q�����3�Q�����D�Q�G���W�K�H���W�H�U�P�L�Q�D�W�L�R�Q���F�U�L�W�H�U�L�R�Q����

�������Q�H�[�W���S�U�R�J�U�D�P���J�H�Q�H�U�D�W�Hs���W�K�H���L�Q�L�W�L�D�O���S�R�S�X�O�D�W�L�R�Q���U�D�Q�G�R�P�O�\����

�������D�O�J�R�U�L�W�K�P���I�L�Q�G�V���W�K�H���E�H�V�W���D�Q�G���Z�R�U�V�W���V�R�O�X�W�L�R�Q�V���L�Q���W�K�H���S�R�S�X�O�D�W�L�R�Q����

�������D�I�W�H�U���P�H�W�K�R�G���O�R�R�N�L�Q�J���I�R�U���D���Q�H�Z���V�R�O�X�W�L�R�Q���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���H�T�X�D�W�L�R�Q����������

�������L�I���W�K�H���X�S�G�D�W�H�G���V�R�O�X�W�L�R�Q���L�V���E�H�W�W�H�U���W�K�D�Q���W�K�H���R�O�G���R�Q�H�����W�K�H���X�S�G�D�W�H�G���V�R�O�X�W�L�R�Q���L�V���X�V�H�G���I�R�U��
�W�K�H���Q�H�[�W���L�W�H�U�D�W�L�R�Q��

�������L�I���W�K�H���W�H�U�P�L�Q�D�W�L�R�Q���F�U�L�W�H�U�L�R�Q���L�V���V�D�W�L�V�I�L�H�G�����V�W�R�S���W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q�����H�O�V�H���J�R���W�R���V�W�H�S����������
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3 Optimization of Tower Structures Problems 

�)�R�U�P�X�O�D�W�L�R�Q�� �R�I�� �G�H�V�L�J�Q�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �L�Q�F�O�X�G�H�V�� �W�K�H�� �Z�H�L�J�K�W�� �P�L�Q�L�P�L�]�D�W�L�R�Q�� �R�I�� �W�R�Z�H�U��
�V�W�U�X�F�W�X�U�H�V�� �V�X�E�M�H�F�W�H�G�� �W�R�� �G�L�V�S�O�D�F�H�P�H�Q�W���� �V�W�U�H�V�V�� �D�Q�G�� �E�X�F�N�O�L�Q�J�� �F�R�Q�V�W�U�D�L�Q�W�V���� �7�K�H�� �G�H�V�L�J�Q��
�Y�D�U�L�D�E�O�H�V���D�Q�G���W�K�H���Rb�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q���D�U�H���J�L�Y�H�Q���D�V���E�H�O�R�Z����

�R�E�W�D�L�Q�� �� �#= [ �#�5, �#�6, �®,�#�á�Ú]�� ��������

�W�R���R�S�W�L�P�L�]�H�� �9 (�#, �T) = �Ã �#�Þ
�á�Ú
�Þ�@�5 �Ã �é�Ü�.�Ü�T�Ü

�à�Þ
�Ü�@�5 �� ����)��

�Z�K�H�U�H���9 (�#, �T)���L�V���W�K�H���W�R�W�D�O���V�W�U�X�F�W�X�U�D�O���Z�H�L�J�K�W�����#�Þ���L�V���Y�H�F�W�R�U���R�I���W�K�H���V�L�]�H���R�S�W�L�P�L�]�D�W�L�R�Q��
���F�U�R�V�V-�V�H�F�W�L�R�Q�� �D�U�H�D�����D�Q�G���T�Ü���D�U�H���M�R�L�Q�W���F�R�R�U�G�L�Q�D�W�H�V�� �R�I���W�K�H���I�U�H�H�� �Q�R�G�H�V�� �D�V���V�K�D�S�H��
�R�S�W�L�P�L�]�D�W�L�R�Q�����U�H�V�S�H�F�W�L�Y�H�O�\�����é�Ü���D�Q�G���.�Ü���L�V���W�K�H���G�H�Q�V�L�W�\���D�Q�G���O�H�Q�J�W�K���R�I���E�D�U���H�O�H�P�H�Q�Ws�����J�C��
�D�Q�G���I�G���D�U�H���W�K�H���Q�X�P�E�H�U���R�I���J�U�R�X�Ss���D�Q�G���W�K�H���Q�X�P�E�H�U���R�I���E�D�U���H�O�H�P�H�Q�Ws���L�Q���H�D�F�K���J�U�R�X�S�V����
�U�H�V�S�H�F�W�L�Y�H�O�\����

�7�K�H���V�W�U�X�F�W�X�U�D�O���F�R�Q�V�W�U�D�L�Q�W�V���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\���D�U�H����

�I�R�U���W�H�Q�V�L�O�H���P�H�P�E�H�U�V���������������������������������ê�Þ �” �ê�Þ
�ç�� �� �G= 1,2, … ,�J�P�I�� ����)��

for compressive members,  �ê�Þ  �” �ê�Þ
�Ö�� �� �G= 1,2, … ,�J�?�I�� ��������
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�F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�V�Ves�����U�H�V�S�H�F�W�L�Y�H�O�\�����³�Q�W�P�´���D�Q�G���W�K�H���³�Q�F�P�´���D�U�H���W�K�H���Q�X�P�E�H�U���R�I���W�H�Q�V�L�O�H��
�P�H�P�E�H�U���D�Q�G���W�K�H���Q�X�P�E�H�U���R�I���F�R�P�S�U�H�V�V�L�Y�H���P�H�P�E�H�U�����U�Hs�S�H�F�W�L�Y�H�O�\����
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w�K�H�U�H���' ���L�V���W�K�H���H�O�D�V�W�L�F�L�W�\���S�U�R�S�H�U�W�\���R�I���W�K�H���P�D�W�H�U�L�D�O,���D�Q�G���- ���L�V���D���F�R�Q�V�W�D�Q�W�����7�K�H���F�R�Q�V�W�U�D�L�Q�W��
�I�R�U���W�K�H���G�L�V�S�O�D�F�H�P�H�Q�W���L�V���J�L�Y�H�Q���E�H�O�R�Z������

|d�Ü|���”��d�à�Ô�ë�� �� �E= 1,2, … ,�J�J�� ��8)��

w�K�H�U�H��d�Ü���L�V���W�K�H���Q�R�G�D�O���G�L�V�S�O�D�F�H�P�H�Q�W����d�à�Ô�ë���L�V���D�O�O�R�Z�D�E�O�H���G�L�V�S�O�D�F�H�P�H�Q�W�����J�J���D�Q�G���J�I ���D�U�H��
�Q�X�P�E�H�U���R�I���Q�R�G�H�V���D�Q�G���Q�X�P�E�H�U���R�I���E�D�U���H�O�H�P�H�Q�W�V�����U�H�V�S�H�F�W�L�Y�H�O�\����

�#�à�Ü�á �” �#�Þ �” �#�à�Ô�ë�� �G= 1,2, … ,�J�I �� ��9)��

�T�à�Ü�á �” �T�Ü �” �T�à�Ô�ë���� �E= 1,2, … ,�J�J�� ������)��
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�D�Q�R�W�K�H�U���I�R�U�P���W�R���L�Q�F�O�X�G�H���W�K�H���H�I�I�H�F�W���R�I���W�K�H���F�R�Q�V�W�U�D�L�Q�W�V�����8�V�L�Q�J���W�K�L�V���I�X�Q�F�W�L�R�Q�����L�W���Z�L�O�O���E�H��
�K�R�S�H�G���W�K�D�W���W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���S�U�R�E�O�H�P���Z�L�O�O���I�L�Q�G���D���I�H�D�V�L�E�O�H���J�O�R�E�D�O���V�R�O�X�W�L�R�Q�����7�K�X�V����t�K�H��
�S�H�Q�D�O�L�]�H�G���R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q�����)�S�����L�V���R�E�W�D�L�Q�H�G���D�V���J�L�Ye�Q���L�Q���(�T������������
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�(�L= �9 (�#,�T)[1 + �%�L]�� ������)��

�7�K�H�� �S�H�Q�D�O�L�]�H�G�� �R�E�M�H�F�W�L�Y�H���I�X�Q�F�W�L�R�Q�� �L�Q�F�O�X�G�L�Q�J�� �W�K�H�� �Q�R�G�D�O���Y�L�R�O�D�W�H�V���D�Q�G���P�H�P�E�H�U���V�W�U�H�V�V��
�Y�L�R�O�D�W�H�V���J�L�Y�H�Q���D�V����
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4 Testing of the Jaya Algorithm  

�7�K�H��������-�E�D�U���W�U�D�Q�V�P�L�V�V�L�R�Q���W�U�X�V�V���W�R�Z�H�U���Z�L�W�K���������F�R�Q�W�L�Q�X�R�X�V���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���D�Q�G������-
�E�D�U���V�S�D�W�L�D�O���W�U�X�V�V���W�R�Z�H�U���Z�L�W�K���������F�R�Q�W�L�Q�X�R�X�V���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V���Z�H�U�H���W�H�V�W�H�G���W�R���V�K�R�Z���W�K�H��
�S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �W�K�H�� �-�D�\�D�� �D�O�J�R�U�L�W�K�P���� �7�K�H�V�H�� �V�W�U�X�F�W�X�U�D�O�� �H�[�D�P�S�O�H�� �Z�H�U�H�� �W�D�N�H�Q�� �I�U�R�P��
�O�L�W�H�U�D�W�X�U�H�����7�K�H���S�U�H�V�H�Q�W���W�K�H���H�I�I�L�F�L�H�Q�F�\���D�Q�G���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H���S�U�R�S�R�V�H�G���D�O�J�R�U�L�W�K�P��
�W�K�H���E�H�V�W���I�H�D�V�L�E�O�H���J�O�R�E�D�O���V�R�O�X�W�L�R�Q���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�L�V���V�W�X�G�\���Z�H�U�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H��
�S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���L�Q���W�K�H���W�D�E�O�H�V���L�Q�F�O�X�G�H�V���I�L�Q�D�O���G�H�V�L�J�Q���Y�D�U�L�D�E�O�H�V�����,�Q���W�K�L�V���V�W�X�G�\���W�Z�H�Q�W�\��
�L�Q�G�H�S�H�Q�G�H�Q�W���U�X�Q�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���W�R���V�K�R�Z���W�K�H���U�R�E�X�V�W�Q�H�V�V���R�I���W�K�H���-�D�\�D���D�O�J�R�U�L�W�K�P�V����
�7�K�H���-�D�\�D���D�O�J�R�U�L�Whm�����R�S�W�L�P�L�]�D�W�L�R�Q���W�R�R�O�V���D�Q�G���D���V�W�D�Q�G�D�U�G���O�L�Q�H�D�U���H�O�D�V�W�L�F���I�L�Q�L�W�H���H�O�H�P�H�Q�W��
�V�R�O�Y�H�U���Z�H�U�H���F�R�G�H�G���L�Q���W�K�H���0�$�7�/�$�%���S�U�R�J�U�D�P�P�L�Q�J���E�\���W�K�H���D�X�W�K�R�U���R�I���W�K�L�V���S�D�S�H�U����

4.1 The First Numerical Example: 39-bar Tr uss 

�7�K�H���I�L�U�V�W���V�W�U�X�F�W�X�U�D�O���H�[�D�P�S�O�H���L�V������-�E�D�U���V�S�D�W�L�D�O���W�R�Z�H�U���J�L�Y�H�Q���L�Q���)�L�J�X�U�H�����D���Z�L�W�K���W�K�H���V�L�]�L�Q�J��
�D�Q�G���V�K�D�S�H���R�S�W�L�P�L�]�D�W�L�R�Q�����7�K�L�V���W�R�Z�H�U���V�W�U�X�F�W�X�U�H���Z�D�V���E�H�I�R�U�H���G�H�V�L�J�Q�H�G���E�\���6�K�R�M�D�H�H���H�W���D�O����
�>�����@���� �'�H�G�H�� �	�� �$�\�Y�D�]�� �>���@�����D�Q�G��Ho-Huu���H�W�� �D�O���� �>���@�����,�Q�S�X�W�� �G�D�W�D���I�R�U�� �W�K�L�V�� �H�[�D�P�S�O�H���Z�D�V��
�J�L�Y�H�Q���L�Q�� �7�D�E�O�H�������D�Q�G�� �W�K�H�� �H�O�H�P�H�Q�W�V�� �F�R�Q�Q�H�F�W�L�Y�L�W�\�� �D�Q�G���Q�R�G�D�O���F�R�R�U�G�L�Q�D�W�H�V���Z�H�U�H��
�S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H���������$�P�R�Q�J���W�K�H���W�R�W�D�O���I�U�H�H���Q�R�G�H�V���R�I���W�K�H���V�W�U�Xc�W�X�U�H�����W�K�H���W�R�S���D�Q�G���E�R�W�W�R�P��
�Q�R�G�H�V�� �K�D�Y�H�� �I�L�[�H�G�� �S�R�V�L�W�L�R�Q,���D�Q�G�� �W�K�H�� �R�W�K�H�U���P�L�G�G�O�H�� �Q�R�G�H�V�¶�� �F�R�R�U�G�L�Q�D�W�H�V�� �D�U�H�� �W�D�N�H�Q�� �D�V��
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4.2 The Second Numerical Example: 272-bar Truss 
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�F�R�Q�Y�H�[���D�S�S�U�R�[�L�P�D�W�L�R�Q�´�����,�Q�W�����-�����2�S�W�L�P�����&�L�Y�L�O���(�Q�J�����������������������������S�S��������-������

�>�����@�� �K�W�W�S�V�������V�L�W�H�V���J�R�R�J�O�H���F�R�P���V�L�W�H���M�D�\�D�D�O�J�R�U�L�W�K�P��
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Numerical Study of the Effect of the Shape and 
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Capacity of Sandy Soils 
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Abstract: The settlement and bearing capacity of shallow foundation models with different 
shapes and areas on cohesionless subsoil under the applied vertical load are presented in 
this study. Different shapes of foundations with rectangular, square, strip, plus horizontal 
cross-sectional shapes are numerically studied after the validation on the laboratory model 
has been conducted and the constitutive soil model that simulates the behaviour of sandy 
soil has been chosen. The result of the validation showed that the HS model is the most 
suitable for the simulation of stress-deformation behaviour of sand. The effect of the shape 
and area are clearly visible and greatly affects the bearing capacity of the soil. The study 
generally compared Vesic's, Hansen's and German’s bearing capacity equations and 
showed that Vesic's and Hansen's bearing capacity equations are best suited to the bearing 
capacity computed from numerical analysis by Plaxis3D. Finally, as a development of 
Hansen's bearing capacity equation, a new equation of plus shape foundation bearing 
capacity has been determined. 

Keywords: bearing capacity; sand (cohesionless soil); shallow foundations; foundation 
shape 

1 Introduction  

The settlement �D�Q�G���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I���W�K�H���V�R�L�O���D�U�H���L�Q�I�O�X�H�Q�F�H�G���E�\���Wh�H���V�L�]�H�����V�K�D�S�H����
�D�Q�G�� �G�H�S�W�K�� �R�I�� �W�K�H�� �I�R�X�Q�G�D�W�L�R�Q�V�� �D�V�� �Z�H�O�O�� �D�V�� �W�K�H�� �O�R�D�G�V, �W�K�H�� �S�K�\�V�L�F�D�O�� �D�Q�G�� �P�H�F�K�D�Q�L�F�D�O��
�S�U�R�S�H�U�W�L�H�V �D�Q�G��r�H�L�Q�I�R�U�F�H�P�H�Q�W �R�I���W�K�H���V�R�L�O�V����[1]; [2]; [3]�������*�H�Q�H�U�D�O�O�\�����I�R�X�Q�G�D�W�L�R�Q�V���D�U�H��
�F�O�D�V�V�L�I�L�H�G�� �L�Q�W�R�� �V�K�D�O�O�R�Z�� �D�Q�G�� �G�H�H�S�� �I�R�X�Q�G�D�W�L�R�Q�V���� �6�K�D�O�O�R�Z�� �I�R�X�Q�G�D�W�L�R�Q�V�� �D�U�H���W�K�R�V�H�� �W�K�D�W��
�W�U�D�Q�V�I�H�U���V�W�U�X�F�W�X�U�D�O���O�R�D�G�V���W�R���W�K�H���V�R�L�O���O�D�\�H�U�V���D�W���D���U�H�O�D�W�L�Y�H�O�\���V�K�D�O�O�R�Z���G�H�S�W�K�����$�F�F�R�U�G�L�Q�J��
�W�R���7�H�U�]�D�J�K�L��[4]�����D���V�K�D�O�O�R�Z���I�R�X�Q�G�D�W�L�R�Q���L�V���R�Qe �W�K�D�W���L�V���O�D�L�G���D�W���D���G�H�S�W�K���'�I �W�K�D�W���G�R�H�V���Q�R�W��
�H�[�F�H�H�G�� �W�K�H�� �I�R�X�Q�G�D�W�L�R�Q�
�V�� �Z�L�G�W�K�� �%���� �R�U�� �'�I���%�”������ �6�W�X�G�L�H�V�� �F�R�Q�G�X�F�W�H�G�� �O�D�W�H�U�� �R�Q�� �K�D�Y�H��
�L�Q�G�L�F�D�W�H�G���W�K�D�W���'�I���%���I�R�U���V�K�D�O�O�R�Z���I�R�X�Q�G�D�W�L�R�Q�V���F�D�Q���E�H���D�V���K�L�J�K���D�V�������W�R��������[1]; [2]). 

�6�K�D�O�O�R�Z�� �I�R�X�Q�G�D�W�L�R�Qs �D�U�H �D�� �Y�H�U�\�� �F�R�P�P�R�Q�O�\�� �X�V�H�G�� �W�\�S�H�� �R�I�� �I�R�X�Q�G�D�W�L�R�Q�� �V�\�V�W�H�P����
�6�H�Y�H�U�D�O�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\���H�T�X�D�W�L�R�Q�V�� �S�U�R�S�R�V�H�G�� �E�\�� �G�L�I�I�H�U�H�Q�W�� �D�X�W�K�R�U�V�� �D�Q�G�� �D�G�R�S�W�H�G�� �L�Q��
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�G�L�I�I�H�U�H�Q�W�� �F�R�G�H�V�� �D�U�H�� �D�Y�D�L�O�D�E�O�H�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H�� �X�O�W�L�P�D�W�H�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �R�I�� �V�R�L�O�� �D�W��
�I�R�X�Q�G�D�W�L�R�Q�� �O�H�Y�H�Os. �+�R�Z�H�Y�H�U���� �G�L�I�I�H�U�H�Q�W�� �P�H�W�K�R�Gs �R�I�� �H�Y�D�O�X�D�W�L�Q�J�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\��
�\�L�H�O�G �G�L�I�I�H�U�H�Q�W���U�H�V�X�O�Ws. �6�X�E�V�H�T�X�H�Q�W�O�\�����R�Q�H���V�K�R�X�O�G���H�V�W�L�P�D�W�H���W�K�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G��
�V�H�W�W�O�H�P�H�Q�W�� �R�I�� �W�K�L�V�� �W�\�S�H�� �R�I�� �I�R�X�Q�G�D�W�L�R�Q�� �R�Q�� �D�� �V�R�X�Q�G�� �E�D�V�L�V�� �D�Q�G�� �D�V�� �F�O�R�V�H���W�R�� �U�H�D�O�L�W�\�� �D�V��
�S�R�V�V�L�E�O�H���� �Z�K�L�F�K�� �Z�L�O�O�� �H�Q�K�D�Q�F�H�� �W�K�H�� �V�H�O�H�F�W�L�R�Q���� �G�H�V�L�J�Q�� �D�Q�G�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �R�I�� �W�K�H��
�I�R�X�Q�G�D�W�L�R�Q���R�I��the �V�W�U�X�F�W�X�U�H�� 

�6�K�D�O�O�R�Z���I�R�X�Q�G�D�W�L�R�Q�V���F�D�Q���E�H���E�X�L�O�W���L�Q���D���Y�D�U�L�H�W�\���R�I���V�K�D�S�H�V�����E�X�W���W�K�H���P�R�V�W���S�R�S�X�O�D�U���D�Q�G��
�H�[�W�H�Q�V�L�Y�H�O�\���X�W�L�O�L�]�H�G���D�U�H���F�L�U�F�X�O�D�U�����V�T�X�D�U�H�����D�Q�G���V�W�U�L�S���I�R�X�Q�G�D�W�L�R�Q�V�����+�R�Z�H�Y�H�U�� �W�K�H���R�Q�O�\��
�W�K�L�Q�J�� �W�K�D�W�� �G�L�I�I�H�U�H�Q�W�L�D�W�H�V �W�K�H�P�� �I�U�R�P���R�Q�H�� �D�Q�R�W�K�H�U�� �L�V�� �W�K�H�L�U�� �K�R�U�L�]�R�Q�W�D�O�� �F�U�R�V�V-�V�H�F�W�L�R�Q�V����
Extensive �U�H�V�H�D�U�F�K�� �K�Ds �E�H�H�Q���F�D�U�U�L�H�G�� �R�X�W �R�Q�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �I�R�X�Q�G�D�W�L�R�Q�� �V�K�D�S�Hs �R�Q��
�V�H�W�W�O�H�P�H�Q�W�� �D�Q�G�� �V�R�L�O�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\����[5]; [6]; [7]; [8]; [9]; [10]; [11]; [12]; [13]; 
[14]; [15]; [16])�����+�R�Z�H�Y�H�U�����W�K�H�\���G�R���Q�R�W���D�F�F�R�X�Q�W���I�R�U���W�K�H���V�L�]�H���R�I���W�K�H���I�R�X�Q�G�D�W�L�R�Q�����D�Q�G��
�R�Q�O�\�� �D�� �I�H�Z�� �V�W�X�G�L�H�V���� �V�X�F�K�� �D�V����[17]; [18]; [19]���� �W�K�D�W�� �I�R�F�X�V �R�Q�� �S�O�X�V-�V�K�D�S�H�G��
�I�R�X�Q�G�D�W�L�R�Q�V���� �F�D�P�H�� �W�R�� �W�K�H�� �F�R�Q�F�O�X�V�L�R�Q�� �W�K�D�W�� �P�X�O�W�L-�H�G�J�H�� �I�R�X�Q�G�D�W�L�R�Q�V�� �P�L�J�K�W�� �S�H�U�I�R�U�P��
�E�H�W�W�H�U���W�K�D�Q���V�T�X�D�U�H-�V�K�D�S�H���I�R�X�Q�G�D�W�L�R�Q�V�����1�R�Q�H�W�K�H�O�H�V�V�����W�K�H���P�D�M�R�U�L�W�\���R�I���W�K�H�V�H���V�W�X�G�L�H�V���R�Q��
�P�X�O�W�L-�H�G�J�H���I�R�X�Q�G�D�W�L�R�Q�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G���R�Q���V�P�D�O�O���H�[�S�H�U�L�P�H�Q�W�D�O���P�R�G�H�O�V�����7�K�H�U�H�I�R�U�H����
�W�R�� �V�R�O�Y�H�� �W�K�H�V�H�� �L�V�V�X�H�V, �D�Q�G���I�R�U �D�� �P�R�U�H�� �U�H�D�O�L�V�W�L�F�� �V�W�X�G�\ �R�I�� �W�K�H�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �R�I��
�V�K�D�O�O�R�Z �I�R�X�Q�G�D�W�L�R�Q�V [20], �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O�O�L�Q�J�� �X�V�L�Q�J�� �3�/�$�;�,�6 ���'�� �L�V�� �X�V�H�G�� �W�R��
m�R�G�H�O���V�H�Y�H�U�D�O���D�U�H�D�V ���)�X�O�O���V�F�D�Oe) �D�Q�G���V�K�D�S�H�V���R�I���I�R�X�Q�G�D�W�L�R�Q�V�� 

�6�W�X�G�\�L�Q�J�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �W�K�H�� �I�R�X�Q�G�D�W�L�R�Q�� �V�K�D�S�H�� �R�Q�� �W�K�H�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �R�I�� �W�K�H��
�I�R�X�Q�G�D�W�L�R�Q�� �V�R�L�O�� �D�Q�G�� �L�W�V�� �V�H�W�W�O�H�P�H�Q�W�� �E�\ �O�D�E�R�U�D�W�R�U�\�� �R�U�� �I�L�H�O�G�� �P�H�Wh�R�G�V�� �U�H�T�X�L�U�H�V��
�F�R�Q�G�X�F�W�L�Q�J���D���Y�H�U�\���O�D�U�J�H���Q�X�P�E�H�U���R�I���O�D�E�R�U�D�W�R�U�\���H�[�S�H�U�L�P�H�Q�W�V. G�L�Y�H�Q���W�K�H���G�L�I�I�L�F�X�O�W�\���R�I��
�F�R�Q�G�X�F�W�L�Q�J�� �W�K�H�V�H�� �H�[�S�H�U�L�P�H�Q�W�V, their �K�L�J�K�� �F�R�V�W �D�Q�G�� �W�K�H�� �P�X�O�W�L�S�O�H�� �V�R�X�U�F�H�V�� �R�I��
�L�Q�D�F�F�X�U�D�F�\�� �L�Q�� �W�K�H�� �U�H�V�X�O�W�V���� �L�Q�F�O�X�G�L�Q�J�� �D�F�K�L�H�Y�L�Q�J�� �W�K�H�� �V�D�P�H�� �L�Q�L�W�L�D�O���V�W�D�W�H�� �L�Q�� �D�O�O��
�H�[�S�H�U�L�P�H�Qts, �D�V�� �Z�H�O�O�� �D�V, �W�K�H�� �J�U�H�D�W�� �H�I�I�R�U�W�� �D�Q�G�� �W�L�P�H�� �U�H�T�X�L�U�H�G, �W�K�H�� �I�L�Q�L�W�H�� �H�O�H�P�H�Q�W��
�P�H�W�K�R�G�� �Z�D�V�� �X�V�H�G�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �D�Q�G�� �W�K�H�� �Y�D�U�L�D�E�O�H�V��
�Z�H�U�H���V�W�X�G�L�H�G���P�R�U�H���H�[�W�H�Q�V�L�Y�H�O�\�� 

�7�K�H�� �D�L�P�� �R�I�� �W�K�L�V�� �U�H�V�H�D�U�F�K�� �L�V�� �W�R�� �V�W�X�G�\�� �W�K�H�� �V�R�L�O�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �D�Q�G���G�H�W�H�U�P�L�Q�H the 
�E�H�V�W�� �H�P�S�L�U�L�F�D�O�� �H�T�X�D�W�L�R�Q�� �R�I�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �Z�K�H�U�H�� �W�K�H�� �F�R�P�S�D�U�L�V�R�Q�V�� �E�H�W�Z�H�H�Q�� �W�K�H��
�Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\����the �+�D�Qs�H�Q�����9�H�V�L�F���D�Q�G���*�H�U�P�D�Q���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���R�I��
�E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�U�H���F�D�U�U�L�H�G���R�X�W. 

2 Research Materials and Methodology 

�7�K�H�� �D�Q�D�O�\�W�L�F�D�O�� �P�H�W�K�R�G���Z�D�V�� �X�V�H�G���W�R �Dchieve �W�K�H�� �R�E�M�H�F�W�L�Y�H�V�� �R�I�� �W�K�L�V�� �U�H�V�H�D�U�F�K����
�D�F�F�R�U�G�L�Q�J���W�R �W�K�H���I�R�O�O�R�Z�L�Q�J���V�W�D�J�H�V: 
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2.1 Laboratory Experiments 

�6�X�I�I�L�F�L�H�Q�W�� �O�D�E�R�U�D�W�R�U�\�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �$�6�7�0�� �W�R��
�G�H�W�H�U�P�L�Q�H�� �W�K�H�� �V�S�H�F�L�I�L�F�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �V�D�Q�G�� �X�V�H�G�� �L�Q�� �W�K�H�� �V�W�X�G�\���� �$�O�O�� �O�D�E�R�U�D�W�R�Uy 
�H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���L�Q���W�K�H���O�D�E�R�U�D�W�R�U�\���R�I���V�R�L�O���P�H�F�K�D�Q�L�F�V���D�Q�G���I�R�X�Q�G�D�W�L�R�Q�V��
�D�W���W�K�H���)�D�F�X�O�W�\���R�I���&�L�Y�L�O���(�Q�J�L�Q�H�H�U�L�Q�J��- Tishreen University. 

�7�K�H���J�U�D�Q�X�O�D�U���J�U�D�G�L�H�Q�W���F�X�U�Y�H���L�V���V�K�R�Z�Q���L�Q���)�L�J����������I�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I��
�X�Q�L�I�R�U�P�L�W�\�����&�X�����Z�D�V�����������D�Q�G t�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���F�X�U�Y�D�W�X�U�H�����&�]�����Z�D�V���������������V�R���L�W���Z�D�V��
�F�O�D�V�V�L�I�L�H�G���D�V���6�3�����3�R�R�U�O�\���*�U�D�G�H�G���6�D�Q�G�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���8�Q�L�I�L�H�G���6�R�L�O���&�O�D�V�V�L�I�L�F�D�W�L�R�Q��
�6�\�V�W�H�P�� ���8�6�&�6������ �7�D�E�O�H�� ���� �V�K�R�Z�V�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �O�D�E�R�U�D�W�R�U�\�� �H�[�S�H�U�L�P�H�Q�W�V�� �R�I�� �V�D�Q�G�� �D�W��
�U�H�O�D�W�L�Y�H���G�H�Q�V�L�W�\���������� 

�7�D�E�O�H���� 

�7�K�H���U�H�V�X�O�Ws �R�I���O�D�E�R�U�D�W�R�U�\���H�[�S�H�U�L�P�H�Q�W�V���R�I���V�D�Q�G���D�W���U�H�O�D�W�L�Y�H���G�H�Q�V�L�W�\�������� 

Value Parameter Value Parameter 
2.65  G ��-) 0.656 e�P�D�[ 

40000  E�R�H�G ���N�1���P2) 0.402 emin 
34  �¥ ���R) �����������N�1���P3  ���N�1���P3) 
1.1  c ���N�1/m2) 21   ���N�1���P3) 

 

�)�L�J�X�U�H���� 

�7�K�H���J�U�D�Q�X�O�D�U���J�U�D�G�L�H�Q�W���F�X�U�Y�H���R�I���V�D�Q�G 

2.2 Determination of the Constitutive Model 

�7�K�H���Y�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���Q�X�P�H�U�L�F�D�O���P�R�G�H�O���L�Q���W�K�H���I�L�Q�L�W�H���H�O�H�P�H�Q�W���P�H�W�K�R�G���L�V���F�R�Q�V�L�G�H�U�H�G��
�Y�L�W�D�O�� �W�K�U�R�X�J�K�� �W�K�H�� �F�R�P�S�D�U�L�V�R�Q�� �R�I�� �D�� �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O�� �U�H�V�X�O�W�V�� �D�Q�G�� �P�H�D�V�X�U�H�P�H�Q�W�V���� 
�7�K�H�� �Y�D�O�L�G�D�W�L�R�Q�� �S�U�R�F�H�G�X�U�H�V�� �V�K�R�X�O�G�� �W�D�N�H�� �L�Q�W�R�� �F�R�Q�V�L�G�H�U�D�W�L�R�Q�� �W�K�H�� �D�S�S�U�R�S�U�L�D�W�H��
�F�R�Q�V�W�L�W�X�W�L�Y�H���P�R�G�H�O�����J�H�R�P�H�W�U�L�F���V�L�P�S�O�L�I�L�F�D�W�L�R�Q�V�����D�Q�G���R�W�K�H�U���V�R�X�U�F�H�V���R�I���L�Q�F�R�Q�V�L�V�W�H�Q�F�L�H�V��
�W�R���R�E�W�D�L�Q���D���V�D�W�L�V�I�D�F�W�R�U�\���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���Q�X�P�H�U�L�F�D�O �P�R�G�Hl [21]. 
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2.2.1 Laboratory Model 

�7�R���V�H�O�H�F�W���W�K�H���F�R�Q�V�W�L�W�X�W�L�Y�H���P�R�G�H�O�����D���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O���Z�D�V���E�X�L�O�W�����)�L�J���������� �F�R�Q�V�Lsting 
�R�I�� �D �P�H�W�D�O�� �F�\�O�L�Q�G�U�L�F�D�O���P�R�X�O�G �Z�L�W�K�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� ������ �P�P�� ���G�L�D�P�H�W�H�U���� �[�� ������ mm 
���K�H�L�J�K�W���� �I�L�O�O�H�G�� �Z�L�W�K�� �V�D�Q�G�� �D�W���D���U�H�O�D�W�L�Y�H�� �G�H�Q�V�L�W�\�� �R�I�� ���������� �D�Q�G�� �I�U�R�P�� �D�� �F�L�U�F�X�O�D�U�� �P�H�W�D�O��
�I�R�X�Q�G�D�W�L�R�Q�� �Z�L�W�K�� �G�L�P�H�Q�V�L�R�Q�V���� ���� mm ���'���� �[�� ���� �P�P�� ���W�K�L�F�N������ �S�O�D�F�H�G�� �R�Q�� �W�K�H��
�D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���V�D�Q�G�\���V�R�L�O�����7�K�H���I�R�X�Q�G�D�W�L�R�Q���Z�D�V���F�D�U�U�L�H�G���Z�L�W�K���D���Y�H�U�W�L�F�D�O���O�R�D�G���D�Q�G���W�K�H��
�F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �V�H�W�W�O�H�P�H�Q�W�� �Z�D�V�� �U�H�F�R�U�G�H�G. T�K�H�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� �W�K�H�� �P�R�X�O�G�� �Z�H�U�H��
�V�X�I�I�L�F�L�H�Q�W���� �Z�K�H�U�H�� �W�K�H�� �Gi�D�P�H�W�H�U�� �R�I�� �W�K�H�� �P�R�X�O�G�� �L�V�� �������� �W�L�P�H�V�� �W�K�H�� �G�L�D�P�H�W�H�U�� �R�I�� �W�K�H��
�F�L�U�F�X�O�D�U�� �I�R�X�Q�G�D�W�L�R�Q���� �D�Q�G�� �W�K�H�� �K�H�L�J�K�W�� �R�I�� �W�K�H�� �P�R�X�O�G�� �L�V�� ��.6 t�L�P�H�V�� �W�K�H�� �G�L�D�P�H�W�H�U�� �R�I�� �W�K�H��
�I�R�X�Q�G�D�W�L�R�Q�����Z�K�L�F�K���D�U�H���V�X�I�I�L�F�L�H�Q�W���G�L�P�H�Q�V�L�R�Q�V���V�R���W�K�D�W���W�K�H���G�H�I�R�U�P�D�W�L�R�Q�V���G�R���Q�R�W���U�H�D�F�K��
�W�K�H���V�L�G�H���E�R�U�G�H�U�V���R�I���W�K�H���P�R�X�O�G���D�Q�G���W�K�H�Ue�I�R�U�H �K�Dve �Q�R �H�I�I�H�F�W���R�Q���W�K�H���U�H�V�X�O�W�V�� 

 

�)�L�J�X�U�H���� 

�O�D�E�R�U�D�W�R�U�\���P�R�G�H�O  

2.2.2 Modelling the Laboratory Model using Plaxis 3D 

�7�K�H�� �V�D�P�H�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� �W�K�H�� �O�D�E�R�U�D�W�R�U�\�� �P�R�G�H�O�� �Z�H�U�H�� �X�V�H�G���W�R �G�H�W�H�U�P�Lne the 
�J�H�R�P�H�W�U�L�F�� �G�L�P�H�Q�V�L�R�Q�V�� �R�I�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O���� ���)�(-�0�R�G�H�O������ �Z�K�H�U�H�� �D��three-
�G�L�P�H�Q�V�L�R�Q�D�O���P�R�G�H�O�������'-�0�R�G�H�O�����Z�D�V���X�V�H�G�����V�L�P�L�O�D�U�� �W�R���W�K�H���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O�����D�V���W�K�H��
�V�L�G�H�V���R�I���W�K�H���P�R�G�H�O���D�O�O�R�Z�H�G���R�Q�O�\���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W�����D�Q�G���W�K�H���E�R�W�W�R�P���R�I���W�K�H���P�R�G�H�O��
�Z�D�V���I�L�[�H�G�����7�K�H���I�R�X�Q�G�D�W�L�R�Q���K�D�G���D���F�L�U�F�X�O�D�U���V�K�D�S�H�����'� ���� �P�P�����D�Q�G���W�K�H���I�R�X�Q�G�D�W�L�R�Q���K�D�V��
�E�H�H�Q�� �F�R�Q�V�L�G�Hr�H�G�� �D�� �U�L�J�L�G�� �H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �D�� �X�Q�L�I�R�U�P�O�\�� �G�L�V�W�U�L�E�X�W�H�G�� �V�H�W�W�O�H�P�H�Q�W�� �L�P�S�R�V�H�G��
�R�Q�� �W�K�H�� �V�R�L�O�� �V�X�U�I�D�F�H���� �)�R�U�� �U�H�Ds�R�Q�V�� �R�I�� �V�\�P�P�H�W�U�\���� �R�Q�O�\�� �D�� �T�X�D�U�W�H�U�� �R�I�� �W�K�H�� �P�R�G�H�O�� �Z�D�V��
�P�R�G�H�O�O�H�G�����)�L�J���������V�K�R�Z�V���W�K�H���Q�X�P�H�U�L�F�D�O���P�R�G�H�O���X�V�H�G���L�Q���F�D�O�L�E�U�D�W�L�R�Q���I�R�U���W�K�H���O�D�E�R�U�D�W�R�U�\��
�P�R�G�H�O�� 
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�)�L�J�X�U�H���� 

�1�X�P�H�U�L�F�Dl �P�R�G�H�O���X�V�H�G���W�R �Y�D�O�L�G�D�We �W�K�H���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O 

�7�Z�R�� �F�R�Q�V�W�L�W�X�W�L�Y�H�� �P�R�G�H�O�V�� �Z�H�U�H�� �X�V�H�G�� �L�Q�� �V�L�P�X�O�D�W�L�Q�J�� �W�K�H�� �O�D�E�R�U�D�W�R�U�\�� �P�R�G�H�O����the 
�+�D�U�G�H�Q�L�Q�J�� �V�R�L�O�� �P�R�G�H�O�� ���+�6���� �E�H�L�Q�J�� �R�Q�H�� �R�I�� �W�K�H�� �D�G�Y�D�Q�F�H�G�� �P�R�G�H�O�V�� �D�Q�G��the �0�R�K�U-
�&�R�Xl�R�P�E�� �P�R�G�H�O�� ���0�&���� �E�H�L�Q�J�� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �F�R�P�P�R�Q�� �D�Q�G�� �Z�L�G�H�O�\�� �X�V�H�G��m�R�G�H�O�V����
�7�D�E�O�H������ �D�Q�G�� �7�D�E�O�H������ �V�K�R�Z�� �W�K�H�� �S�D�U�D�P�H�W�H�U�V�� �R�I�� �H�D�F�K�� �P�R�G�H�O�� �W�K�D�W�� �D�U�H�� �G�H�U�L�Y�H�G�� �I�U�R�P��
�O�D�E�R�U�D�W�R�U�\���H�[�Seriments �R�Q���W�K�H���V�D�Q�G���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\�� 

�7�D�E�O�H���� 

�6�R�L�O���S�D�U�D�P�H�W�H�U�V���X�V�H�G�����0�&- �0�R�G�H�O�� 

�7�D�E�O�H���� 

�6�R�L�O���S�D�U�D�P�H�W�H�U�V���X�V�H�G�����0�&- �0�R�G�H�O�� 

Value Parameter Value Parameter 

1.1 �&�����N�1���P2) 17.6  ���N�1���P3) 

34 �M ��°) 21  ���N�1��m3) 

3 �\  ��°) 29500  ���N�1���P2) 

0.2 ur�Q  ��-) 40000  ���N�1���P2) 

0.53 �P����-) 120000  ���N�1���P2) 

Value Parameter Value Parameter 

34 ��°) 17.6   ���N�1/m3) 

1.1  �&�������N�1���P2) 21   ���N�1���P3) 

3 ������°) 29500   ���N�1���P2) 
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�)�L�J���� ���� �V�K�R�Z�V�� �D�� �F�R�P�S�D�U�L�V�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �Q�X�P�H�U�L�F�D�O���P�R�G�H�O�� �D�Q�G�� �W�K�H��
�U�H�V�X�O�W�V���R�I���W�K�H���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O�����X�V�L�Q�J���W�K�H���F�R�Q�V�W�L�W�X�W�L�Y�H���P�R�G�H�O�V���P�H�Q�W�L�R�Q�H�G���H�D�U�O�L�H�U�� 

 

�)�L�J�X�U�H���� 

�&�R�P�S�D�U�L�V�R�Q���E�H�W�Z�H�H�Q���W�K�H���U�H�V�X�O�W�V �R�I���W�K�H���Q�X�P�H�U�L�F�D�O���P�R�G�H�O���D�Q�G���W�K�H���U�H�V�X�O�W�V���R�I���W�K�H���O�D�E�R�U�D�W�R�U�\���P�R�G�H�O 

�:�K�H�U�H�� �T�� �L�V�� �W�K�H�� �D�S�S�O�L�H�G�� �V�W�U�H�V�V�� �R�Q�� �F�L�U�F�X�O�D�U�� �I�R�X�Q�G�D�W�L�R�Q, S���' is the �Q�R�Q�G�L�P�H�Q�V�L�R�Q�D�O��
�U�H�O�Dtive settlement �D�Q�G S is the �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �V�H�W�W�O�H�P�H�Q�W. �,�I�� �W�K�H�� �V�H�W�W�O�H�P�H�Q�W�� ��S) is 
�H�[�S�U�H�V�V�H�G�� �L�Q�� �D�� �Q�R�Q�G�L�P�H�Q�V�L�R�Q�D�O�� �U�H�O�D�W�L�Y�H�� �V�H�W�W�O�H�P�H�Q�W�� �R�I��S/�' ���� �W�K�H�� �O�R�D�G-settlement 
�U�H�V�S�R�Q�V�H���L�V���Q�R�W���D�I�I�H�F�W�H�G���E�\���W�K�H���V�F�D�O�H���H�I�I�H�F�W [22]. 

In �)�L�J�� ���� �D�� �J�U�H�D�W�� �F�R�Q�Y�H�U�J�H�Qce �F�D�Q�� �E�H��seen �E�H�W�Z�H�H�Q�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I��the �O�D�E�R�U�D�W�R�U�\��
�H�[�S�H�U�L�P�H�Q�W�V�� �D�Q�G��the �P�R�G�Hl�O�L�Q�J�� �X�V�L�Q�J�� ���+�6-�0�R�G�H�O��, �7�K�L�V�� �L�V�� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�H��
�I�L�Q�G�L�Q�J�V�� �R�I [23]. I�W�� �L�V�� �D�O�V�R�� �Q�R�W�H�G �W�K�D�W�� ���+�6-�0�R�G�H�O����si�P�X�O�Dtes �V�R�L�O�� �E�H�K�D�Y�L�R�U�� �P�R�U�H��
�D�F�F�X�U�D�W�H�O�\���W�K�D�Q�����0�&-�0�R�G�H�O�����X�Q�W�L�O���U�H�D�F�K�L�Q�J���F�R�O�O�D�S�V�H�����7�K�H�U�H�I�R�U�H�����+�6���L�V���W�K�H���D�G�R�S�W�H�G��
c�R�Q�V�W�L�W�X�W�L�Y�H���P�R�G�H�O���L�Q���W�K�L�V���U�H�V�H�D�U�F�K�� 

3 Results and Discussion 

�$�I�W�H�U�� �L�W�� �L�V�� �Y�H�U�L�I�L�H�G�� �W�K�D�W�� �W�K�H�� �F�R�Q�V�W�L�W�X�W�L�Y�H�� �P�R�G�H�O�� �R�I��the �)�(�0�� �P�R�G�H�O�� �U�H�I�O�H�F�W�V�� �W�K�H��
stress-str�D�L�Q�� �E�H�K�D�Y�L�R�X�U�� �Z�L�W�K�� �D�F�F�H�S�W�D�E�O�H�� �D�F�F�X�U�D�F�\���� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I���W�K�H��
�O�D�E�R�U�D�W�R�U�\�� �P�R�G�H�O���� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �V�W�X�G�\ �L�V�� �F�R�Q�G�X�F�W�H�G�� �L�Q�� �O�L�J�K�W�� �R�I�� �W�K�H�� �U�H�V�H�D�U�Fh 
�R�E�M�H�F�W�L�Y�H�V�� �W�K�U�R�X�J�K�� �D�� �S�D�U�D�P�H�W�U�L�F�� �V�W�X�G�\�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �V�K�D�S�H�V�� �D�Q�G�� �D�U�H�D�V���R�I�� �V�K�D�O�O�R�Z��
�I�R�X�Q�G�D�W�L�R�Q�V���W�R���G�H�W�H�U�P�L�Q�H���Whe �R�S�W�L�P�D�O���U�H�O�D�W�L�R�Q�V�K�L�S���R�I���W�K�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I���V�D�Q�G�\��
�V�R�L�O�� 

�,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �H�I�I�H�F�W�� �R�I��the �I�R�X�Q�G�D�W�L�R�Q�� �D�U�H�D���D�Q�G�� �V�K�D�S�H�� �R�Q�� �W�K�H�� �V�R�L�O�� �E�H�D�U�L�Q�J��
�F�D�S�D�F�L�W�\�� �L�V�� �H�[�D�P�L�Q�H�G���� �7�K�H�� �V�K�D�S�H�V�� �F�K�R�V�H�Q�� �I�R�U�� �W�K�H�� �D�U�H�D�V�� ��-50-144-625 m2 �D�U�H��
�G�L�V�S�O�D�\�H�G�� �L�Q�� �7�D�E�O�H�V�� ��-5-6-������ �:�L�W�K�� �W�K�H�� �X�Ve �R�I �W�K�H�� �+�6�� �P�R�G�H�O���� �Z�K�L�F�K�� �V�L�P�X�O�D�W�H�V�� �W�K�H��
�E�H�K�D�Y�L�R�U�� �R�I�� �W�K�H�� �H�P�S�O�R�\�H�G�� �V�D�Q�G�\�� �V�R�L�O���� �I�R�X�Q�G�D�W�L�R�Q�V�� �D�U�H���P�R�G�H�O�O�H�G �R�Q���3�O�D�[�L�V�� ���' �D�V��
�I�X�O�O�\�� �V�R�O�L�G�� �I�R�X�Q�G�D�W�L�R�Q�V���� �7�K�H�� �H�T�X�L�Y�D�O�H�Q�W�� �G�L�P�H�Q�V�L�R�Q�V�� �/������ �%���� �U�H�S�U�H�V�H�Q�W�� �W�K�H��
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�G�L�P�H�Q�V�L�R�Q�V���R�I���D���U�H�F�W�D�Q�J�X�O�D�U���I�R�X�Q�G�D�W�L�R�Q���Z�L�W�K���W�K�H���V�D�P�H���D�U�H�D���R�I���W�K�H���S�O�X�V �I�R�X�Q�G�D�W�L�R�Q����
�D�V�� �V�K�R�Z�Q�� �L�Q�� �)�L�J. ������ �Z�K�H�U�H�� �W�K�H�V�H�� �G�L�P�H�Q�V�L�R�Q�V�� �Z�H�U�H�� �X�V�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �E�H�D�U�L�Q�J��
�F�D�S�D�F�L�W�\���X�V�L�Q�J th�H���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���R�I���9�H�V�L�F�����+�D�Q�V�H�Q, �D�Q�G���W�K�H���*�H�U�P�D�Q���F�R�G�H���D�V 
�W�K�H�V�H���U�H�O�D�W�L�R�Q�V�K�L�S�V���D�U�H���Q�R�W���D�S�S�O�L�F�D�E�O�H���I�R�U �L�U�U�H�J�X�O�D�U���R�U���P�X�O�W�L-�H�G�J�H���I�R�X�Q�G�D�W�L�R�Q�V��[16]. 

�7�D�E�O�H��4 

�V�K�D�S�H�V���U�H�O�D�W�H�G���W�R���D�U�H�D�������P2 

shape of 
foundation Symbol 

Area 
(A) 
[m2] 

Dimensions 
[m] 

Equivalent 
width 
B1[m] 

Equivalent 
length 
L1[m] 

L1/B1 

�&�L�U�F�X�O�D�U �&�� 9 �'� ���������� 3.385 3.385 1 
�6�T�X�D�U�H S1 9 �/� 3 �%� �� 3 3 1 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� 

R1-2 9 �/� ����24 
�%� �������� 

2.12 4.24 2 

Re�F�W�D�Q�J�O�H��
�O���%� �� R1-3 9 

�/� ����196 
�%� ���������� 1.732 5.196 3 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� 

R1-5 9 �/� ������������
�%� ���������� 

1.342 6.71 5 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.2 9 

�E� ���������� 
�D� ������������ 

2.9 3.1 1.1 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.35 9 

�E� ��.937 
�D� ���������� 

2.733 3.292 1.2 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.5 9 

�E� ��������2 
�D� ���������� 

2.6 3.464 1.33 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.75 9 

�E� ������ 
�D� ���������� 

2.4 3.75 1.563 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-1 9 

�E� ���������� 
�D� ���������� 

2.23 4.03 1.8 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-2 9 

�E� �� 
�D� �� 

1.8 5 2.78 

�7�D�E�O�H���� 

�V�K�D�S�H�V���U�H�O�D�W�H�G���W�R���D�U�H�D���������P2 

shape of 
foundation Symbol 

Area 
(A) 
[m2] 

Dimensions 
[m] 

Equivalent 
width 
B1[m] 

Equivalent 
length 
L1[m] 

L1/B1 

�&�L�U�F�X�O�D�U �&�� 50.26 �'� ��  8 8 1 

�6�T�X�D�U�H S2 50.26 �/� ������������
�%� �������� 

7.09 7.09 1 

Rect�D�Q�J�O�H��
�O���%� �� 

R2-2 50.26 �/� ��������������
�%� �������� 

5.01 10.03 2 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� R2-3 50.26 

�/� ��������������
�%� �������� 4.09 12.28 3 

�5�H�F�W�D�Q�J�O�H��R2-5 50.26 �/� �������������� 3.17 15.85 5 
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�O���%� �� �%� ��.17 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.2 50.26 

�E� ���������� 
�D� ���������� 

6.76 7.435 1.1 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.35 50.26 

�E� ���������� 
�D� ���������� 

6.46 7.78 1.2 

�3�O�Xs sign 
�V�K�D�S�H���� �3��-0.5 50.26 

�E� �������� 
�D� ���������� 

6.145 8.18 1.33 

�3�O�Xs sign 
�V�K�D�S�H���� �3��-0.75 50.26 

�E� ���������� 
�D� ���������� 

5.67 8.862 1.563 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-1 50.26 

�E� ���������� 
�D� ���������� 

5.29 9.5 1.8 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-2 50.26 

�E� 2.363 
�D� ���������� 

4.25 11.82 2.78 

�7�D�E�O�H���� 

s�K�D�S�H�V���U�H�O�D�W�H�G���W�R���D�U�H�D�����������P2 

shape of 
foundation Symbol 

Area 
(A) 
[m2] 

Dimensions 
[m] 

Equivalent 
width 
B1[m] 

Equivalent 
length 
L1[m] 

L1/B1 

�&�L�U�F�X�O�D�U �&�� 144 �'� ���������� 13.54 13.54 1 
�6�T�X�D�U�H S3 144 �/� �������%� ���� 12 12 1 

�5�H�F�W�Dngle 
�O���%� �� 

R3-2 144 �/� ������98 
�%� �������� 

8.48 16.98 2 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� R3-3 144 

�/� ������79 
�%� �������� 6.93 20.79 3 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� R3-5 144 

�/� ������8 
�%� �������� 5.37 26.8 5 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.2 144 

�E� �������� 
�D� �������� 

11.5 12.52 
1.1 

 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.35 144 

�E� ���������� 
�D� ��.711 

10.94 13.168 1.2 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� 

�3��-0.5 144 
�E� �������� 
�D� �������� 

10.37 13.86 1.33 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� 

�33-0.75 144 
�E� �� 

�D� ������ 
9.6 15 1.563 

�3�O�X�V���V�L�J�Q 
s�K�D�S�H���� 

�3��-1 144 
�E� �������� 
�D� �������� 

8.93 16.12 1.8 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� 

�3��-2 144 
�E� �� 
�D� �� 

7.2 20 2.78 
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�7�D�E�O�H���� 

�V�K�D�S�H�V���U�H�O�D�W�H�G���W�R���D�U�H�D�����������P2 

shape of 
foundation Symbol 

Area 
(A) 
[m2] 

Dimensions 
[m] 

Equivalent 
width 
B[m] 

Equivalent 
length 
L[m] 

L/B 

�&�L�U�F�X�O�D�U �&�� 625 �'� 28.21 28.21 28.21 1 
�6�T�X�D�U�H S4 625 �/� �������%� ���� 25 25 1 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� 

R4-2 625 �/� ������36 
�%� ���������� 

17.67 35.36 2 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� R4-3 625 

�/� ������3 
�%� ��4.4 14.4 43.3 3 

�5�H�F�W�D�Q�J�O�H��
�O���%� �� 

R4-5 625 �/� ������9 
�%� �������� 

11.2 55.9 5 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.2 625 

�E� ������������ 
�D� 3.727 

23.96 26.09 1.1 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.35 625 

�E� ������������ 
�D� ���������� 

22.782 27.434 1.2 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.5 625 

�E� ������������ 
�D� �������� 

21.664 28.85 1.33 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-0.75 625 

�E� �������� 
�D� ���������� 

20 31.25 1.563 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-1 625 

�E� ���������� 
�D� ������18 

18.63 33.54 1.8 

�3�O�X�V���V�L�J�Q��
�V�K�D�S�H���� �3��-2 625 

�E� �������� 
�D� ���������� 

14.98 41.713 2.78 

 

�)�L�J�X�U�H���� 

�6�\�P�E�R�O�V���D�Q�G���H�T�X�L�Y�D�O�H�Q�W���G�L�P�H�Q�V�L�R�Q�V���R�I���W�K�H���3�O�X�V���)�R�X�Q�G�D�W�L�R�Q 
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3.1 Comparison of the Numerical and Empirical Equations of 
Ultimate Bearing Capacity 

3.1.1 Square, Circle and Rectangular Foundations 

�$�V���F�D�Q�� �E�H�� �V�H�H�Q�� �I�U�R�P���)�L�J�X�U�H�V�� ������ ������ ������ �D�Q�G�� ���� �I�R�U�� �D�U�H�D�V�� ������ �������� ���������� �������� �P2 
�U�H�V�S�H�F�W�L�Y�H�O�\, the �9�H�V�L�F���H�T�X�D�W�L�R�Q���D�F�K�L�H�Y�H�V���W�K�H���E�H�V�W���I�L�W���I�R�U���V�T�X�D�U�H���D�Q�G���F�L�U�F�O�H���V�K�D�S�H�V��
�Z�K�L�O�H���W�K�H���+�D�Q�V�H�Q �H�T�X�D�W�L�R�Q���D�F�K�L�H�Y�H�V���W�K�H���E�H�V�W���I�L�W���I�R�U���U�H�F�W�D�Q�J�X�O�D�U���V�K�D�S�H�V. The r�H�D�V�R�Q��
�E�H�L�Q�J �W�K�D�W��V�H�V�L�F�� �X�V�H�V�� �L�Q�� �K�L�V�� �H�T�X�D�W�L�R�Q�� �W�K�H�� �V�D�P�H�� �1�F�� �D�Q�G�� �1�T�� �W�H�U�P�V�� �R�I��the �+�D�Q�V�H�Q��

�U�H�O�D�W�L�R�Q���E�X�W���1 �L�V���G�L�I�I�H�U�H�Q�W�� 

 

�)�L�J�X�U�H���� 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���D�Q���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U��

�D����-m2 �D�U�H�D 

 

�)�L�J�Xre 7 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���D�Q���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U��

�D������-m2 �D�U�H�D 
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�)�L�J�X�U�H���� 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���D�Q���H�P�S�L�U�L�F�D�O �H�T�X�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U��

�D��������-m2 �D�U�H�D 

 

�)ig�X�U�H��9 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���Dn �H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U 

�D��������-m2 �D�U�H�D 

3.1.2 Plus Shape Foundations 

Th�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q���W�K�H�� �X�O�W�L�P�D�W�H���E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�����T�X�O�W���� �D�Q�G���D���E�� �Z�K�H�U�H�� �W�K�H��
�G�L�P�H�Q�V�L�R�Q�V �D���D�Q�G���E���D�U�H���F�O�Dri�I�L�H�G �L�Q���I�L�J�X�U�H���������,�W���L�V���Q�R�W�H�G���W�K�D�W���W�K�H���E�H�V�W���Y�D�O�X�H���R�I���D���E���L�V��
�D�E�R�X�W�� �������� ���)�L�J���� ������. This �L�V�� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�H���O�D�E�R�U�D�W�R�U�\�� �V�W�X�G�\�� �R�I���*�K�D�]�D�Y�L�� �D�Q�G��
�0�L�U�]�D�H�L�I�D�U [17], �E�H�F�D�X�V�H�� �D�W�� �W�K�L�V�� �Y�D�O�X�H�� �W�K�H�� �E�H�V�W�� �E�O�R�F�N�L�Q�J �R�F�F�X�U�V�� �D�Q�G�� �W�K�H�� �V�R�L�O��
�E�H�W�Z�H�H�Q���H�G�J�H�V���E�H�K�D�Y�Hs �D�V���L�I��it �Z�D�V �S�D�U�W���R�I �W�K�H���I�R�X�Q�G�D�W�L�R�Q���D�Q�G���P�R�Y�H�V���G�R�Z�Q���X�S�R�Q��
�O�R�D�G�L�Q�J���D�V���D���V�L�Q�J�O�H���X�Q�L�W�� 

�)�L�J�Xres �������� �������� ������ �D�Q�G�������� �V�K�R�Z �D�� �F�R�P�S�D�U�L�V�R�Q���E�H�W�Z�Hen the �Q�X�P�H�U�L�F�D�O���U�H�V�X�O�W�V�� �D�Q�G��
�H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���R�I���X�O�W�L�P�D�W�H �E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I���G�L�I�I�H�U�H�Q�W���D�U�H�D�V�������������������������D�Q�G��
625m2 �U�H�V�S�H�F�W�L�Y�H�O�\���I�R�U���S�O�X�V���V�K�D�S�H���I�R�X�Q�G�D�W�L�R�Q�V���X�V�L�Q�J��the �H�T�X�L�Y�D�O�H�Q�W���G�L�P�H�Q�V�L�R�Q���R�I���D��
�U�H�F�W�D�Q�J�X�O�D�U���I�R�X�Q�G�D�W�L�R�Q���Z�K�H�U�H���/���L�V���W�K�H���O�H�Q�J�W�K���R�I��the �H�Q�Y�H�O�R�S�H�G���V�T�X�D�U�H���V�K�D�S�H���R�I��the 
�S�O�X�V�� �V�K�D�S�H�� �I�R�X�Q�G�D�W�L�R�Q�� �D�Q�G�� �%��� �$���/�� �Z�K�H�U�H�� �$ is th�H�� �$�U�H�D�� �R�I��the �S�O�X�V�� �V�K�D�S�H��
�I�R�X�Q�G�D�W�L�R�Q���D�V���V�K�R�Z�Q���L�Q���)�L�J�� 5. 
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�)�L�J�X�U�H������ 

�7�K�H���U�H�O�D�W�L�R�Q�V�K�L�S�V���E�H�W�Z�H�H�Q���X�O�W�L�P�D�W�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�����T�X�O�W�� �D�Q�G���D���E 

 

�)�L�J�X�U�H������ 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���D�Q���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�Rns �R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\��

�I�R�U���D����-m2 �D�U�H�D���R�I���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q 

 

�)�L�J�X�U�H������ 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U���D��

50-m2 �D�U�H�D���R�I���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q 
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�)�L�J�X�U�H��13 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U���D��

144-m2 �D�U�H�D���R�I���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q 

 
�)�L�J�Xre 14 

�&�R�P�S�D�U�L�V�R�Q���R�I���3�O�D�[�L�V�
���F�D�O�F�X�O�D�W�L�R�Q���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�Q�G �H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���I�R�U���D��

625-m2 �D�U�H�D���R�I���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q 

It is �Q�R�W�H�G�� �I�U�R�P���)�L�J�X�U�H�V�� ������ 12, ������ �D�Q�G�� ������ �W�K�D�W��the �9�H�V�L�F�� �H�T�X�D�W�L�R�Q�� �I�L�W�V�� �W�K�H��
�Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���L�Q���P�R�V�W���F�D�Ves e�V�S�H�F�L�D�O�O�\���Z�K�H�Q���D���E�!���������E�X�W���W�K�H�\���G�R���Q�R�W��
�W�D�N�H�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �E�O�R�F�N�L�Q�J�� �Z�H�O�O�� �Z�K�H�Q�� �D���E�”���������� �7�R�� �V�R�O�Y�H�� �W�K�L�V�� �L�V�V�X�H the �+�D�Q�V�H�Q��
�H�T�X�D�W�L�R�Q�� �L�V�� �F�K�R�V�H�Q�� �V�L�Q�F�H�� �L�W���J�L�Y�H�V�� �W�K�H�� �E�H�V�W�� �U�H�V�X�O�W�V�� �Z�K�H�Q�� �L�W�� �L�V�� �P�X�O�W�L�S�O�L�H�G�� �E�\��the 
�E�O�R�F�N�L�Q�J�� �F�R�H�I�I�L�F�L�H�Q�W�� �Z�K�L�F�K��is �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J��the �V�Rlv�H�U�� �I�H�D�W�X�U�H�� �L�Q�� �(�[�F�H�O����
�(�T�X�D�W�L�R�Q�����������L�V���W�K�H���Q�H�Z���H�T�X�D�W�L�R�Q �R�I���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I��the �S�O�X�V���V�K�D�S�H���I�R�X�Q�G�D�W�L�R�Q��
�W�K�D�W �L�V���P�R�G�L�I�L�H�G���I�U�R�P�����&�K�D�]�D�Y�L���D�Q�G���+�D�G�L�D�Q�L��[19]�����H�T�X�D�W�L�Rn. 

                 ������ 

Where  ���� �L�V�� �W�K�H�� �X�O�W�L�P�D�W�H�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �F�D�O�F�X�O�D�W�H�G�� �E�\��the �+�D�Q�V�H�Q��
�H�T�X�D�W�L�R�Q���X�V�L�Q�J��the �H�T�X�L�Y�D�O�H�Q�W���G�L�P�H�Q�V�L�R�Q���R�I��the �U�H�F�W�D�Q�J�X�O�D�U���I�R�X�Q�G�D�W�L�R�Q���D�V���F�O�D�U�L�I�L�H�G 
in �)ig. 5. �)�L�J�X�U�H�V 15, 16���� ������ �D�Q�G�� ������ �V�K�R�Z �D�� �F�R�P�S�D�U�L�V�R�Q�� �E�H�W�Z�H�H�Q�� �Q�X�P�H�U�L�F�D�O����
�H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V���D�Q�G���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Qs ���������R�I��the �X�O�W�L�P�D�W�H �E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I��
�G�L�I�I�H�U�H�Q�W���D�U�H�D�V�������������������������D�Q�G�������� m2 �U�H�V�S�H�F�W�L�Y�H�O�\�� 
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�)�L�J�X�Ue 15 

�&�R�P�S�D�U�L�V�R�Q���R�I���Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�����H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V�����D�Q�G���D���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Q���I�R�U���D����-m2 

�D�U�H�D 

 

�)�L�J�X�U�H������ 

�&�R�P�S�D�U�L�V�R�Q���R�I���Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�����H�P�S�L�Uic�D�O���H�T�X�D�Wi�R�Q�V�����D�Q�G���D���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Q���I�R�U���D������-m2 

�D�U�H�D 

 

�)�L�J�X�U�H������ 

�&�R�P�S�D�U�L�V�R�Q���R�I���Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�����H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V�����D�Q�G���D���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Q �I�R�U���D��������-m2 

�D�U�H�D 
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�)�L�J�X�U�H������ 

�&�R�P�S�D�U�L�V�R�Q���R�I���Q�X�P�H�U�L�F�D�O���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�����H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q�V�����D�Q�G���D���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Q���I�R�U���D��������-m2 

�D�U�H�D 

�,�W���L�V���F�O�H�D�U���I�U�R�P���)�L�J�X�U�H�V�������������������������D�Q�G���������W�K�D�W���W�K�H���P�R�G�L�I�L�H�G���H�T�X�D�W�L�R�Q���D�F�K�L�H�Y�H�V���W�Ke 
�E�H�V�W�� �F�R�Q�V�L�V�W�H�Q�F�\�� �Z�L�W�K�� �Q�X�P�H�U�L�F�D�O�� �U�H�V�X�O�W�V�� �I�R�U�� �G�L�I�I�H�U�H�Q�W�� �D�U�H�D�V�� �R�I��the �S�O�X�V�� �V�K�D�S�H��
�I�R�X�Q�G�D�W�L�R�Q�� 

�,�W�� �L�V�� �Z�R�U�W�K�� �P�H�Q�W�L�R�Q�L�Q�J�� �W�K�D�W�� �W�K�H�� �S�O�X�V�� �V�K�D�S�H�� �I�R�X�Q�G�D�W�L�R�Q�� �D�W�� �D/�E� �������� �D�F�K�L�H�Y�H�V�� �W�K�H��
�K�L�J�K�H�V�W���E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �F�R�P�S�D�U�H�G���W�R�� �R�W�K�H�U�� �V�K�D�S�H�V�� �W�K�D�W���K�D�Y�H �W�K�H�� �V�D�P�H�� �D�U�H�D, �D�V is 
�V�K�R�Z�Q �L�Q���)�L�J�������������Z�K�L�F�K���G�H�S�L�F�W�V���W�K�H���V�W�U�H�V�V-s�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H�V �I�R�U���I�R�X�Q�G�D�W�L�R�Q�V���Z�L�W�K��
�D�Q���D�U�H�D���R�I�����������P2�����)�L�J. �������V�K�R�Z�V���W�K�H���L�P�S�U�R�Y�H�P�H�Q�W���S�H�U�F�H�Q�W�D�J�H�V���L�Q���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\��
�D�W�� �D���E� ��������in �F�R�P�S�D�U�L�V�R�Q���W�R �V�T�X�D�U�H�� �V�K�D�S�H�� �I�R�X�Q�G�D�W�L�R�Qs���� �7�K�H�� �S�H�U�F�H�Q�W�D�J�H�� �L�Q�F�U�H�D�V�Hs 
�Z�L�W�K���D�Q���L�Q�F�U�H�D�Ve in �W�K�H���D�U�H�D���R�I��the �I�R�X�Q�G�D�W�L�R�Q�����I�R�U �H�[�D�P�S�O�H, �Z�L�W�K���W�K�H���D�U�H�D���R�I�������P2 
�W�K�H���X�O�W�L�P�D�W�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\ �L�Q�F�U�H�D�V�H�V���E�\���������� 

 

�)�L�J�X�U�H������ 

Stress-settlement �U�H�O�D�W�L�R�Qs�K�L�S���F�X�U�Y�H�V 
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�)�U�R�P���W�K�H�V�H���F�X�U�Y�H�V���L�Q���)�L�J�������������Z�H���F�D�Q���G�H�G�X�F�H���W�K�D�W���W�K�H���V�K�H�D�U���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���L�V��the 
�K�L�J�K�H�V�W�� �I�R�U�� �W�K�H �S�O�X�V�� �V�K�D�S�H�� �I�R�X�Q�G�D�W�L�R�Q�� �D�W�� �W�K�H�� �U�D�W�L�R�� �D���E � �� ���������� �Z�K�H�U�H�D�V�� �W�K�H�� �V�K�H�D�U��
�E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���L�V���W�K�H���O�H�D�V�W �I�R�U���W�K�H���V�W�U�L�S���I�R�X�Q�G�D�W�L�R�Q�� 

 

�)�L�J�X�U�H������ 

I�P�S�U�R�Y�H�P�H�Q�W���S�H�Uc�H�Q�W�D�J�H�V���L�Q���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���D�W���D���E� ���������D�V���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���V�T�X�D�U�H���V�K�D�S�H���I�R�X�Q�G�D�W�L�R�Q 

Conclusions 

�$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �R�X�W�F�R�P�H�V�� �R�I�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �D�Q�D�O�\�V�L�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �W�K�H���3�O�D�[�L�V��
���'�� �V�R�I�W�Z�D�U�H���� �Z�K�L�F�K�� �X�V�H�V�� �W�K�H�� �I�L�Q�L�W�H�� �H�O�H�P�H�Q�W�� �P�H�W�K�R�G�� �)�(�0�� �I�R�U�� �Y�D�U�L�R�X�V�� �I�R�X�Q�G�D�W�L�R�Q��
�V�K�D�S�Hs �D�Q�G�� �Z�L�W�K�� �Y�D�U�L�R�X�V�� �D�U�H�D�V�� �R�I�� �I�R�X�Q�G�D�W�L�R�Q�� �R�Q�� �V�D�Q�G�\�� �V�R�L�O���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J��
�F�R�Q�F�O�X�V�L�R�Q�V���Z�H�U�H���P�D�G�H�� 

�x The �+�D�Q�V�H�Q���H�T�X�D�W�L�R�Q���S�U�R�Y�L�G�H�V���W�K�H���F�O�R�V�H�V�W���Y�D�O�X�H���W�R���W�K�H���Q�X�P�H�U�L�F�D�O���D�Q�D�O�\�V�L�V��
�R�I�� �U�H�F�W�D�Q�J�X�O�D�U�� �V�K�D�S�H�V���� �Z�K�L�O�H��the �9�H�V�L�F�� �H�T�X�D�W�L�R�Q��is �W�K�H�� �E�H�V�W�� �I�L�W�W�L�Q�J���I�R�U��
�F�L�U�F�X�O�D�U �D�Q�G���V�T�X�D�U�H���I�R�X�Q�G�D�W�L�R�Q�V���I�R�U���D�O�O���D�U�H�D�V�� 

�x �7�K�H���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q���R�X�W�S�H�U�I�R�U�P�V���V�T�X�D�U�H���D�Q�G���F�L�U�F�X�O�D�U���I�R�X�Q�G�D�W�L�R�Q�V���L�Q���W�H�U�P�V��
�R�I�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G���S�U�R�Y�L�G�H�V�� �W�K�H�� �E�H�V�W���V�K�H�D�U�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �D�W���W�K�H�� �U�D�W�L�R��
�D���E��� ���������� 

�x �)�L�Q�G�L�Q�J�� �W�K�H�� �E�O�R�F�N�L�Q�J�� �F�R�H�I�I�L�F�L�H�Q�W�� �O�H�G�� �W�R�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I �D �Q�H�Z��
�H�T�X�D�W�L�Rn ���(�T�X�D�W�L�R�Q���������I�R�U���W�K�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���R�I���S�O�X�V���I�R�X�Q�G�D�W�L�R�Q�V�� 

�x �7�K�H�� �L�P�S�U�R�Y�H�P�H�Q�W�� �S�H�U�F�H�Q�W�D�J�H�V�� �L�Q�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �D�W�� �D���E� ��������in 
�F�R�P�S�D�U�L�V�R�Q���W�R the �V�T�X�D�U�H�� �V�K�D�S�H�� �I�R�X�Q�G�D�W�L�R�Q�� �L�Q�F�U�H�D�V�H�� �I�U�R�P�� �������� �W�R�� ��������
�Z�L�W�K �D�Q�� �L�Q�F�U�H�D�Ve in �W�K�H�� �D�U�H�D�� �R�I��the �I�R�X�Q�G�D�W�L�R�Q�� �I�U�R�P��9 m2 �W�R�� ������ m2, 
r�H�V�S�H�F�W�L�Y�H�O�\�� 
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�7�K�H���I�R�O�O�R�Z�L�Q�J���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���P�D�\���E�H���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W���I�R�U �I�X�U�W�K�H�U���U�H�V�H�D�U�F�K���R�Q��
�W�K�H���W�R�S�L�F : 

�9 S�W�X�G�\�L�Q�J���Q�H�Z���I�R�X�Q�G�D�W�L�R�Q���V�K�D�S�H�V�����V�X�F�K���D�V���+�����7���D�Q�G��U-�V�K�D�S�H�G �I�R�X�Q�G�D�W�L�R�Q�V . 

�9 �,�Q�Y�H�V�W�L�J�D�W�L�Q�J�� �K�R�Z�� �W�K�H���E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\�� �R�I�� �V�D�Q�G���L�V�� �D�I�I�H�F�W�H�G���E�\�� �D�O�Wer�D�W�L�R�Q�V��
in the �H�O�D�V�W�L�F���P�R�G�X�O�X�V���D�Q�G���L�Q�W�H�U�Q�D�O���I�U�L�F�W�L�R�Q���D�Q�J�O�H . 

�9 �,�Q�Y�H�V�W�L�J�D�W�L�Q�J�� �W�K�H�� �E�H�D�U�L�Q�J�� �F�D�S�D�F�L�W�\�� �H�I�I�H�F�W�V���R�I�� �I�R�X�Q�G�D�W�L�R�Q�� �G�H�S�W�K���� �V�R�L�O��
�O�D�\�H�U�L�Q�J�����O�R�D�G���L�Q�F�O�L�Q�D�W�L�R�Q�����G�H�F�H�Q�W�U�D�O�L�]�D�W�L�R�Q�����O�D�Q�G���V�X�U�I�D�F�H���V�O�R�S�H�����I�R�X�Q�G�D�W�L�R�Q��
�E�D�V�H���L�Q�F�O�L�Q�D�W�L�R�Q�����D�Q�G���J�U�R�X�Q�G�Z�D�W�H�U���S�U�H�V�H�Q�F�H�� 
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Decision Support System for Managing 
Marshalling Yard Deviations 

Nikola �9�L�W�N�R�Y�L�ü1, Dragan Marinkovi �ü1,3, Sergiu-Dan Stan2, 
�0�L�O�R�ã���6�L�P�R�Q�R�Y�L�ü1�����$�O�H�N�V�D�Q�G�D�U���0�L�O�W�H�Q�R�Y�L�ü1�����0�L�ã�D���7�R�P�L�ü1,  
�0�L�O�L�F�D���%�D�U�D�ü1 
1���8�Q�L�Y�H�U�V�L�W�\���R�I���1�L�ã�����)�D�F�X�O�W�\���R�I���0�H�F�K�D�Q�L�F�D�O��Engineering����A�O�H�N�V�D�Q�G�U�D���0�H�G�Y�H�G�H�Y�D��
���������������������1�L�ã�����6�H�U�E�L�D�����H-�P�D�L�O�����Q�L�N�R�O�D���Y�L�W�N�R�Y�L�F�#�P�D�V�I�D�N���Q�L���D�F���U�V����
�G�U�D�J�D�Q���P�D�U�L�Q�N�R�Y�L�F�#�P�D�V�I�D�N���Q�L���D�F���U�V�����P�L�O�R�V���V�L�P�R�Q�R�Y�L�F�#�P�D�V�I�D�N���Q�L���D�F���U�V����
�D�O�H�N�V�D�Q�G�D�U���P�L�O�W�H�Q�R�Y�L�F�#�P�D�V�I�D�N���Q�L���D�F���U�V�����P�L�V�D���W�R�P�L�F�#�P�D�V�I�D�N���Q�L���D�F���U�V����
�P�L�O�L�F�D���E�D�U�D�F�#�P�D�V�I�D�N���Q�L���D�F���U�V��

2���7�H�F�K�Q�L�F�D�O���8�Q�L�Y�H�U�V�L�W�\���R�I���&�O�X�M-�1�D�S�R�F�D�����6�W�U�D�G�D���0�H�P�R�U�D�Q�G�X�P�X�O�X�L�����������&�O�X�M-�1�D�S�R�F�D��
�����������������5�R�P�D�Q�L�D�����H-�P�D�L�O�����6�H�U�J�L�X���6�W�D�Q�#�P�G�P���X�W�F�O�X�M���U�R��

�����7�H�F�K�Q�L�V�F�K�H��Universität���%�H�U�O�L�Q�����'�H�S�D�U�W�P�H�Q�W���R�I���6�W�U�X�F�W�X�U�D�O���0�H�F�K�D�Q�L�F�V���D�Q�G��
�$�Q�D�O�\�V�L�V�����6�W�U�D�V�V�H���G�H�V�����������-�X�Q�L�������������������������%�H�U�O�L�Q�����*�H�U�P�D�Q�\�����H-�P�D�L�O����
�G�U�D�J�D�Q���P�D�U�L�Q�N�R�Y�L�F�#�W�X-�E�H�U�O�L�Q���G�H��

Abstract: The presented studies, research and innovation focus in marshalling yards is on 
providing adequate responses on standard timings or deviations from the normal timetable. 
To address the possible deviations in the marshalling yard daily operation, the decision 
support system called SMART Real Time Management System (RTMY) is developed and 
introduced in this study. In general, Smart RTMY should give real-time responses to 
deviations, and decrease the time for making an adequate decision by providing a decision 
support system with optimal solutions based on selected criteria and optimization objectives. 
The system is based on the optimization function, which calculates the numerical (influence) 
value for each wagon in the marshalling yard, and on the developed expert system.  
The application of SMART RTMY in its current state is verified through the developed web 
application used by experts from universities and railways. This system should bring a novel 
solution to the marshalling yard classification and deviation response systems, thus 
providing a powerful software tool for marshalling yard dispatchers and operators. 

Keywords: decision support system; software; marshalling yard; expert system 
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1 Introduction  

�0�D�U�V�K�D�O�O�L�Q�J���<�D�U�G�����0�<�����L�V���D���F�R�P�S�O�H�[���V�\�V�W�H�P���Z�L�W�K���P�D�Q�\���S�U�R�F�H�V�V�H�V���W�K�D�W���V�K�R�X�O�G���E�H��
�S�U�R�S�H�U�O�\���H�[�H�F�X�W�H�G�����7�K�H���P�D�L�Q���S�U�R�F�H�V�V�H�V���L�Q���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���D�U�H�����3�U�H-�Q�R�W�L�I�L�F�D�W�L�R�Q���R�I��
�L�Q�F�R�P�L�Q�J�� �D�Q�G�� �R�X�W�J�R�L�Q�J�� �W�U�D�L�Q�V���� �$�U�U�L�Y�L�Q�J�� �D�Q�G�� �F�K�H�F�N�L�Q�J�� �L�Q�F�R�P�L�Q�J�� �W�U�D�L�Q�V����
�'�L�V�D�J�J�U�H�J�D�W�L�Q�J���D�J�J�U�H�J�D�W�L�Q�J�� �W�U�D�L�Q�V���� �:�D�J�R�Q�� �V�K�X�Q�W�L�Q�J�� �Z�L�W�K�L�Q�� �W�K�H�� �\�D�U�G���� �7�K�U�R�Z�L�Q�J��
�Z�D�J�R�Q�V���X�V�L�Q�J���W�K�H���K�X�P�S���D�Q�G���R�U���W�K�H���O�R�F�R�P�R�W�L�Y�H���� �&�K�H�F�N�L�Q�J���D�Q�G���G�H�S�D�U�W�X�U�H���R�X�W�J�R�L�Q�J��
�W�U�D�L�Q�V�����: �D�J�R�Q���P�D�L�Q�W�H�Q�D�Q�F�H�����7�K�H�V�H���D�U�H���V�W�D�Q�G�D�U�G���S�U�R�F�H�V�V�H�V���D�Q�G���S�D�U�W���R�I���W�K�H���V�W�D�Q�G�D�U�G��
�D�Q�G�� �X�V�X�D�O�� �G�D�L�O�\�� �G�D�W�D�� �I�O�R�Z�� �>��-���@���� �7�K�H�� �F�R�P�P�R�Q�� �S�U�R�F�H�V�V�H�V�� �D�U�H�� �D�X�W�R�P�D�W�H�G�� �R�Q��
�V�D�W�L�V�I�D�F�W�L�R�Q�� �O�H�Y�H�O�� �Z�L�W�K�� �Y�D�U�L�R�X�V�� �,�7�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �>���@���� �%�H�V�L�G�H�V�� �W�K�H�� �G�H�Y�H�O�R�S�H�G��
�D�S�S�O�L�F�D�W�L�R�Q�V���� �Q�X�P�H�U�R�X�V���U�H�V�H�D�U�F�K�� �V�R�O�X�W�L�R�Q�V���D�G�G�U�H�V�V�� �W�K�H�� �S�U�R�E�O�H�P�V���Z�L�W�K�� �P�D�U�V�K�D�O�O�L�Q�J��
�\�D�U�G���R�S�H�U�D�W�L�R�Q�V�����D�Q�G���D�O�O���R�I���W�K�H�P���D�U�H���I�R�F�X�V�H�G���R�Q���N�H�H�S�L�Q�J���W�K�H���R�S�H�U�D�W�L�R�Q�V���D�F�W�L�Y�H���D�Q�G��
�U�H�P�R�Y�L�Q�J�� �E�R�W�W�O�H�Q�H�F�N�V���� �,�Q�� �J�H�Q�H�U�D�O���� �W�K�H�� �F�R�P�S�O�H�[�� �S�U�R�E�O�H�P�� �R�I�� �P�D�Q�D�J�L�Q�J�� �W�K�H��
�P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���F�D�Q���E�H���G�L�Y�L�G�H�G���L�Q�W�R���V�P�D�O�O�H�U���S�U�R�E�O�H�P�V���D�Q�G���S�D�U�W�L�D�O�O�\���D�G�G�U�H�V�V�H�G���>���@����
�&�R�Q�V�L�G�H�U�L�Q�J�� �V�R�U�W�L�Q�J�� �D�O�J�R�U�L�W�K�P�V�� �W�K�H�� �H�[�L�V�W�L�Q�J�� �O�L�W�H�U�D�W�X�U�H�� �D�O�U�H�D�G�\�� �F�R�Y�H�U�V�� �Q�X�P�H�U�R�X�V��
�W�\�S�H�V���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �G�L�Y�L�G�H�G�� �L�Q�W�R�� �W�K�U�H�H�� �P�D�L�Q�� �F�D�W�H�J�R�U�L�H�V�� �>���@���� �7�K�H�� �I�L�U�V�W�� �F�R�Q�V�L�V�W�V�� �R�I��
�V�L�P�S�O�H�� �K�H�X�U�L�V�W�L�F�V�� �R�U�� �U�X�O�H-�E�D�V�H�G�� �V�R�U�W�L�Q�J�� �V�F�K�H�P�H�V���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �H�D�V�L�O�\�� �D�S�S�O�L�H�G�� �L�Q��
�S�U�D�F�W�L�F�H���� �7�K�H�� �U�X�O�H-�E�D�V�H�G�� �V�R�U�W�L�Q�J�� �V�F�K�H�P�H�V�� �F�D�Q�� �I�X�U�W�K�H�U�� �E�H�� �G�L�Y�L�G�H�G�� �L�Q�W�R�� �V�H�T�X�H�Q�W�L�D�O��
���P�H�D�Q�W���W�R���U�H�D�U�U�D�Q�J�H���Z�D�J�R�Q�V���Z�L�W�K�L�Q���D���V�L�Q�J�O�H���W�U�D�L�Q�����D�Q�G���V�L�P�X�O�W�D�Q�H�R�X�V���V�R�U�W�L�Q�J���V�F�K�H�P�H�V��
���U�H�D�U�U�D�Q�J�L�Q�J���P�X�O�W�L�S�O�H���L�Q�S�X�W���W�U�D�L�Q�V���L�Q�W�R���R�W�K�H�U���R�X�W�J�R�L�Q�J���W�U�D�L�Q�V�������7�K�H���V�H�F�R�Q�G���F�D�W�H�J�R�U�\��
�R�I���D�O�J�R�U�L�W�K�P�V���D�U�H���W�K�H���H�[�D�F�W���P�H�W�K�R�G�V���W�K�D�W���W�U�\���W�R���F�D�O�F�X�O�D�W�H���D�Q���R�S�W�L�P�D�O���V�R�O�X�W�L�R�Q�����V�L�P�L�O�D�U��
�W�R���W�K�H���R�Q�H���S�U�H�V�H�Q�W�H�G���L�Q���W�K�L�V���U�H�V�H�D�U�F�K���� �/�D�V�W�O�\���� �W�K�H�U�H���L�V���D���W�K�L�U�G���F�D�W�H�J�R�U�\�� �R�I���F�R�P�S�O�H�[��
�G�H�W�H�U�P�L�Q�L�V�W�L�F�� �K�H�X�U�L�V�W�L�F�V�� �W�K�D�W�� �W�U�L�H�V�� �W�R���V�R�O�Y�H�� �W�K�H�� �V�R�U�W�L�Q�J�� �S�U�R�E�O�H�P���� �E�\�� �I�L�Q�G�L�Q�J�� �D�� �J�R�R�G��
�L�Q�V�W�H�D�G�� �R�I�� �D�Q�� �R�S�W�L�P�D�O�� �V�R�O�X�W�L�R�Q���� �7�K�H�V�H�� �P�H�W�K�R�G�V�� �D�U�H�� �X�V�H�G�� �L�Q�� �P�R�V�W�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q��
�D�F�W�L�Y�L�W�L�H�V���� �E�X�W�� �H�D�F�K���P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �K�D�V�� �V�R�P�H�� �V�S�H�F�L�I�L�F�� �S�U�R�S�H�U�W�L�H�V�� �W�K�D�W�� �V�K�R�X�O�G�� �E�H��
�F�R�Q�V�L�G�H�U�H�G���� �,�Q�� �J�H�Q�H�U�D�O���� �I�R�U�� �W�K�H�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �R�I�� �D�U�U�L�Y�L�Q�J�� �W�U�D�L�Q�V�� �D�O�O�� �F�D�U�V�� �V�K�R�X�O�G��
�H�Y�H�Q�W�X�D�O�O�\���E�H���U�R�O�O�H�G���W�R���W�K�H���V�L�G�L�Q�J���W�K�D�W���K�D�V���E�H�H�Q���D�V�V�L�J�Q�H�G���W�R���W�K�H���W�U�D�L�Q���W�K�H�\'�U�H���V�X�S�S�R�V�H�G��
�W�R�� �G�H�S�D�U�W�� �Z�L�W�K���� �7�K�H�U�H�� �L�V�� �X�V�X�D�O�O�\�� �D�� �S�U�R�E�O�H�P�� �Z�L�W�K�� �F�D�S�D�F�L�W�\�� �R�I�� �W�K�H�V�H�� �W�U�D�F�N�V���� �V�R��
�H�[�S�H�U�L�H�Q�F�H�G���G�L�V�S�D�W�F�K�H�U���R�U���W�U�D�L�Q���R�S�H�U�D�W�R�U���V�K�R�X�O�G���F�R�Q�G�X�F�W���D�F�W�L�R�Q�V���W�R���X�V�H���P�L�[�L�Q�J���W�U�D�F�N�V��
�I�R�U���Z�D�J�R�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���S�U�R�S�H�U�O�\���� �7�K�H���V�W�X�G�L�H�V���>������9�@���S�U�H�V�H�Q�W�V���D�� �V�R�O�X�W�L�R�Q���I�R�U���W�K�H�V�H��
�R�S�H�U�D�W�L�R�Q�V���E�\���L�Q�W�U�R�G�X�F�L�Q�J���L�P�D�J�H���G�L�V�F�U�L�P�L�Q�D�W�L�R�Q���W�K�H�R�U�\���D�Q�G���G�L�I�I�H�U�H�Q�W���R�Q�O�L�Q�H���S�O�D�Q�Q�L�Q�J��
�V�W�U�D�W�H�J�L�H�V�� �W�H�V�W�H�G�� �X�V�L�Q�J�� �V�W�R�F�K�D�V�W�L�F�V�� �D�Q�G�� �G�H�W�H�U�P�L�Q�L�V�W�L�F�� �D�S�S�U�R�D�F�K�H�V���� �7�K�H�� �I�L�U�V�W�� �W�H�V�W�H�G��
�V�W�U�D�W�H�J�\���D�V�V�L�J�Q�V���W�U�D�F�N�V���W�R���W�U�D�L�Q�V���R�Q���D���I�L�U�V�W-�F�R�P�H-�I�L�U�V�W-�V�H�U�Y�H�G���E�D�V�L�V�����Z�K�L�O�H���W�K�H���V�H�F�R�Q�G��
�V�W�U�D�W�H�J�\���X�V�H�V���W�L�P�H���O�L�P�L�W�V���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�Q���W�U�D�F�N�V���V�K�R�X�O�G���E�H���D�V�V�L�J�Q�H�G���W�R���G�H�S�D�U�W�L�Q�J��
�W�U�D�L�Q�V���� �7�K�H�� �U�H�V�H�D�U�F�K�� �>�����@�� �L�Q�Y�H�V�W�L�J�D�W�H�V�� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �L�Q�E�R�X�Q�G�� �W�U�D�I�I�L�F�� �Y�R�O�X�P�H��
�Y�D�U�L�D�W�L�R�Q�� �D�Q�G�� �V�F�K�H�G�X�O�H�� �I�O�H�[�L�E�L�O�L�W�\�� �R�Q�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �\�D�U�G�� �S�H�U�I�R�U�P�D�Q�F�H���� �6�L�P�X�O�D�W�L�R�Q��
�H�[�S�H�U�L�P�H�Q�W�V�� �X�V�L�Q�J�� �<�D�U�G�6�<�0���� �D�� �G�L�V�F�U�H�W�H-�H�Y�H�Q�W�� �V�L�P�X�O�D�W�L�R�Q�� �P�R�G�H�O�� �G�H�Y�H�O�R�S�H�G�� �I�R�U��
�K�X�P�S���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���\�D�U�G���D�Q�D�O�\�V�L�V�����T�X�D�Q�W�L�I�\���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���R�I���W�K�H�V�H���I�D�F�W�R�U�V���W�K�U�R�X�J�K��
�G�L�I�I�H�U�H�Q�W���\�D�U�G���S�H�U�I�R�U�P�D�Q�F�H���P�H�W�U�L�F�V�����6�L�P�X�O�D�W�L�R�Q���U�H�V�X�O�W�V���V�X�J�J�H�V�W���L�Q�F�U�H�D�V�L�Q�J���V�F�K�H�G�X�O�H��
�I�O�H�[�L�E�L�O�L�W�\�� �F�D�X�V�H�V�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �\�D�U�G�� �S�H�U�I�R�U�P�D�Q�F�H���W�R�� �G�H�F�O�L�Q�H���Z�K�L�O�H�� �L�Q�F�U�H�D�V�L�Q�J��
�Y�R�O�X�P�H���Y�D�U�L�D�E�L�O�L�W�\���K�D�V���D���O�H�V�V���S�U�R�Q�R�X�Q�F�H�G���H�I�I�H�F�W����

�(�[�S�H�U�W�� �V�\�V�W�H�P�V�� �D�U�H�� �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J�� �V�\�V�W�H�P�V�� �W�K�D�W�� �S�U�R�Y�L�G�H�� �V�H�P�D�Q�W�L�F�� �V�R�O�X�W�L�R�Q�V�� �W�R��
�G�L�I�I�H�U�H�Q�W���S�U�R�E�O�H�P�V���D�Q�G���D�U�H���G�H�I�L�Q�H�G���E�\���U�X�O�H�V���D�Q�G���I�D�F�W�V�����7�K�H�\���D�U�H���D���P�H�D�Q�V���W�R���V�K�D�U�H���D�Q�G��
�G�L�V�W�U�L�E�X�W�H���N�Q�R�Z�O�H�G�J�H���>11�@�����D�F�T�X�L�U�H�G���G�L�U�H�F�W�O�\���R�U���L�Q�G�L�U�H�F�W�O�\���I�U�R�P���G�R�P�D�L�Q���H�[�S�H�U�W�V���R�I��
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�G�L�I�I�H�U�H�Q�W�� �V�F�L�H�Q�W�L�I�L�F�� �D�U�H�D�V���� �7�K�H�\�� �Q�R�W�� �R�Q�O�\�� �D�L�G���X�V�H�U�V�� �O�D�F�N�L�Q�J�� �V�S�H�F�L�I�L�F�� �N�Q�R�Z-�K�R�Z�� �E�X�W��
�D�O�V�R���S�U�R�Y�L�G�H���V�X�S�S�R�U�W���D�Q�G���J�X�L�G�D�Q�F�H���>12�@�����L�I���Q�R�W���H�Y�H�Q���V�X�E�V�W�L�W�X�W�H�V�����I�R�U���K�X�P�D�Q���H�[�S�H�U�W�V����
�7�K�H�U�H�I�R�U�H�����W�K�H���S�R�Z�H�U���R�I���D�Q���H�[�S�H�U�W���V�\�V�W�H�P���V�K�R�X�O�G���E�H���L�W�V���D�E�L�O�L�W�\���W�R���P�L�P�L�F���W�K�H���K�X�P�D�Q��
�G�H�F�L�V�L�R�Q���S�U�R�F�H�V�V���>13�@�����$�Q���H�[�D�P�S�O�H���R�I���W�K�L�V���N�L�Q�G���R�I���V�\�V�W�H�P���L�V���D���V�R�O�X�W�L�R�Q���I�R�U���W�K�H���R�X�W�S�X�W��
�U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���Z�L�W�K���D�Q���L�Q�F�U�H�D�V�H�G���Z�R�U�N�O�R�D�G���R�I���W�K�H���%�D�O�D�G�M�D�U���V�W�D�W�L�R�Q�����S�U�H�V�H�Q�W�H�G���L�Q��
�>��4�@�����$�Q���H�[�S�H�U�W���V�\�V�W�H�P���E�D�V�H�G���R�Q���V�W�U�X�F�W�X�U�H�G���W�H�F�K�Q�R�O�R�J�\���L�V���L�Q�W�U�R�G�X�F�H�G���D�Q�G���D�S�S�O�L�H�G���W�R��
�D�G�G�U�H�V�V���W�K�L�V���L�V�V�X�H�����6�W�U�X�F�W�X�U�D�O���W�H�F�K�Q�R�O�R�J�L�H�V���D�U�H���D���V�H�W���R�I���W�H�F�K�Q�R�O�R�J�L�F�D�O���W�H�F�K�Q�L�T�X�H�V���W�K�D�W��
�D�O�O�R�Z�� �\�R�X�� �W�R�� �F�R�Q�W�U�R�O�� �W�K�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �V�W�D�W�L�R�Q�����:�L�W�K���W�K�H�V�H��
�P�H�W�K�R�G�V�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���E�U�L�Q�J���W�K�H���V�W�U�X�F�W�X�U�D�O���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���V�W�D�W�L�R�Q���F�O�R�V�H�U���W�R���W�K�H��
�R�S�W�L�P�X�P���L�Q���D�Q�\���P�R�G�H���R�I���R�S�H�U�D�W�L�R�Q�����+�R�Z�H�Y�H�U�����V�W�X�G�L�H�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���L�Q�W�U�R�G�X�F�L�Q�J��
"�H�O�D�V�W�L�F���W�H�F�K�Q�R�O�R�J�L�H�V"���L�Q���S�U�D�F�W�L�F�H���F�D�Q���L�Q�F�U�H�D�V�H���V�W�D�W�L�R�Q�V�
���F�D�S�D�F�L�W�\���R�Q�O�\���L�Q���W�K�H���V�K�R�U�W-
�W�H�U�P���� �)�R�U�� �J�U�H�D�W�H�U�� �H�I�I�L�F�L�H�Q�F�\�� �L�Q�� �W�K�L�V�� �G�L�U�H�F�W�L�R�Q���� �L�W���L�V�� �P�R�U�H�� �D�G�Y�L�V�D�E�O�H�� �W�R�� �X�V�H�� �W�K�H��
�W�H�F�K�Q�L�T�X�H���R�I���V�W�U�X�F�W�X�U�D�O���W�H�F�K�Q�R�O�R�J�L�H�V���W�R�J�H�W�K�H�U���Z�L�W�K���W�K�H���J�U�D�G�X�D�O���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���W�K�H��
�W�U�D�F�N���G�H�Y�H�O�R�S�P�H�Q�W���R�I���W�K�H���V�W�D�W�L�R�Q����

�5�H�J�D�U�G�L�Q�J�� �W�K�H�� �S�U�H�V�H�Q�W�H�G�� �V�W�X�G�L�H�V���� �U�H�V�H�D�U�F�K�� �D�Q�G�� �L�Q�Q�R�Y�D�W�L�R�Q�� �D�F�W�L�Y�L�W�L�H�V�� �I�R�F�X�V�� �R�Q��
�S�U�R�Y�L�G�L�Q�J�� �D�G�H�T�X�D�W�H�� �U�H�V�S�R�Q�V�H�V�� �R�Q�� �V�W�D�Q�G�D�U�G�� �W�L�P�L�Q�J�V�� �R�U�� �R�Q�� �G�H�Y�L�D�W�L�R�Q�V�� �I�U�R�P�� �W�K�H��
�V�W�D�Q�G�D�U�G���W�L�P�H�W�D�E�O�H���� �6�S�H�F�L�D�O���D�W�W�H�Q�W�L�R�Q���L�V���J�L�Y�H�Q���W�R���G�H�Y�L�D�W�L�R�Q�V���I�U�R�P���G�H�F�L�V�L�R�Q���P�D�N�L�Q�J��
�S�U�R�F�H�V�V�H�V���L�Q���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G�V�����'�L�I�I�H�U�H�Q�W���W�\�S�H�V���R�I���G�H�Y�L�D�W�L�R�Q�V���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���>��������������
�����@�� �D�Q�G�� �F�D�Q�� �E�H�� �V�X�P�P�D�U�L�V�H�G�� �D�V�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J���� �'�H�Y�L�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �L�Q�F�R�P�L�Q�J�� �W�U�D�L�Q��–��
�O�D�W�H�U�����G�H�O�D�\�����R�U���H�D�U�O�L�H�U���W�K�D�Q���W�L�P�H�W�D�E�O�H���S�O�D�Q�����'�H�Y�L�D�W�L�R�Q�V���R�I���W�K�H���R�X�W�J�R�L�Q�J���W�U�D�L�Q��-���O�D�W�H�U��
���G�H�O�D�\���� �R�U�� �H�D�U�O�L�H�U�� �W�K�D�Q�� �W�L�P�H�W�D�E�O�H�� �S�O�D�Q���� �'�H�Y�L�D�W�L�R�Q�V�� �L�Q�� �S�H�U�V�R�Q�D�O�� �U�H�V�R�X�U�F�H�V��–���O�D�F�N�� �R�I��
�W�U�D�L�Q���G�U�L�Y�H�U���R�U���R�W�K�H�U���V�W�D�I�I�� �I�R�U���R�S�H�U�D�W�L�R�Q�V���L�Q���0�<���� �'�H�Y�L�D�W�L�R�Q�V���L�Q���L�Q�G�L�Y�L�G�X�D�O���Z�D�J�R�Q�V��
�P�R�G�L�I�L�F�D�W�L�R�Q���� �8�Q�H�[�S�H�F�W�H�G�� �U�H�S�D�L�U�� �R�U�� �E�U�H�D�N�D�J�H�� �R�I�� �V�H�F�W�L�R�Q�V�� �R�I�� �U�D�L�O�� �O�L�Q�H���� �8�Q�H�[�S�H�F�W�H�G��
�U�H�S�D�L�U���R�U���E�U�H�D�N�D�J�H���R�I���Z�D�J�R�Q�V�����'�H�Y�L�D�W�L�R�Q�V���R�U���L�Q�F�R�U�U�H�F�W���Z�H�L�J�K�W���R�I���L�Q�F�R�P�L�Q�J���W�U�D�L�Q�V���R�U��
�Z�D�J�R�Q�V���� �3�U�L�R�U�L�W�L�H�V�� �L�Q�� �F�D�V�H�V�� �R�I�� �F�R�Q�J�H�V�W�H�G�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �R�U�� �R�W�K�H�U�� �S�U�L�R�U�L�W�\�� �S�R�O�L�F�L�H�V����
�(�[�W�U�D�R�U�G�L�Q�D�U�\�� �U�H�T�X�H�V�W�V���� �1�R�W�� �G�H�I�L�Q�H�G�� �G�H�Y�L�D�W�L�R�Q�V���� �$�O�O�� �G�H�Y�L�D�W�L�R�Q�V�� �F�D�Q�� �E�H�� �J�U�R�X�S�H�G��
�U�H�O�D�W�H�G���W�R���I�R�X�U���I�D�F�W�R�U�V�����W�L�P�H�����W�K�H���S�U�H�V�H�Q�W���V�W�D�W�H���R�I���L�Q�I�U�D�V�W�U�X�F�W�X�U�H�����S�H�U�V�R�Q�D�O���U�H�V�R�X�U�F�H�V����
�D�Q�G���D�G�G�L�W�L�R�Q�D�O���F�D�U�J�R���R�S�H�U�D�W�R�U�V'���G�H�P�D�Q�G�V�����7�K�H���P�D�L�Q���I�D�F�W�R�U���L�V���W�L�P�H�����Z�K�L�F�K���L�V���Z�K�\���W�K�H��
�I�L�U�V�W���W�Z�R���D�E�R�Y�H���G�H�Y�L�D�W�L�R�Q�V���D�U�H���D�O�V�R���R�Q�H���R�I���W�K�H���F�R�Q�V�H�T�X�H�Q�F�H�V���R�I���D�O�O���R�W�K�H�U���G�H�Y�L�D�W�L�R�Q�V����
�(�D�F�K���G�H�Y�L�D�W�L�R�Q���K�D�V���F�D�X�V�H�V���� �F�R�Q�V�H�T�X�H�Q�F�H�V���R�I�� �G�H�Y�L�D�W�L�R�Q�V���� �G�H�F�L�V�L�R�Q�V���W�K�D�W���Q�H�H�G���W�R���E�H��
�U�H�D�O�L�]�H�G�����D�Q�G���F�R�Q�V�H�T�X�H�Q�F�H�V���R�I���V�H�O�H�F�W�H�G���G�H�F�L�V�L�R�Q�V����

�7�R�� �D�G�G�U�H�V�V�� �W�K�H���S�R�V�V�L�E�O�H�� �G�H�Y�L�D�W�L�R�Q�V�� �L�Q�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �G�D�L�O�\�� �R�S�H�U�D�W�L�R�Q���� �W�K�H��
�6�0�$�5�7���5�H�D�O���7�L�P�H���0�D�Q�D�J�H�P�H�Q�W���6�\�V�W�H�P�����5�7�0�<�������L���H�������G�H�F�L�V�L�R�Q���V�X�S�S�R�U�W���V�\�V�W�H�P���L�V��
�G�H�Y�H�O�R�S�H�G���D�Q�G���L�Q�W�U�R�G�X�F�H�G���L�Q���W�K�L�V���V�W�X�G�\�����,�Q���J�H�Q�H�U�D�O�����6�P�D�U�W���5�7�0�<���V�K�R�X�O�G���J�L�Y�H���U�H�D�O��
�W�L�P�H���U�H�V�S�R�Q�V�H�V���W�R���G�H�Y�L�D�W�L�R�Q�V�����D�Q�G���G�H�F�U�H�D�V�H���W�K�H���W�L�P�H���I�R�U���P�D�N�L�Q�J���D�Q���D�G�H�T�X�D�W�H���G�H�F�L�V�L�R�Q��
�E�\���S�U�R�Y�L�G�L�Q�J���V�X�S�S�R�U�W���V�\�V�W�H�P���Z�L�W�K���R�S�W�L�P�D�O���V�R�O�X�W�L�R�Q�V���E�D�V�H�G���R�Q���V�H�O�H�F�W�H�G���F�U�L�W�H�U�L�D���D�Q�G��
�R�S�W�L�P�L�]�D�W�L�R�Q���R�E�M�H�F�W�L�Y�H�V���� �7�K�L�V���P�H�D�Q�V���W�K�H���V�\�V�W�H�P���L�V���E�D�V�H�G���R�Q���S�D�V�W���H�[�S�H�U�L�H�Q�F�H�����S�D�V�W��
�L�Q�W�H�U�D�F�W�L�R�Q�V���� �D�Q�G�� �L�Q�F�O�X�G�H�V�� �D�G�G�L�W�L�R�Q�D�O�� �\�D�U�G�� �R�S�H�U�D�W�L�R�Q�D�O�� �S�D�U�D�P�H�W�H�U�V�� ���V�W�D�W�L�F�� �D�Q�G��
�G�\�Q�D�P�L�F��–���F�R�Q�W�H�Q�W-�E�D�V�H�G���V�\�V�W�H�P�V�������)�X�U�W�K�H�U�P�R�U�H�����W�K�H���S�U�R�S�R�V�H�G���V�R�O�X�W�L�R�Q���L�V���E�D�V�H�G���R�Q��
�W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���I�X�Q�F�W�L�R�Q�����Z�K�L�F�K���F�D�O�F�X�O�D�W�H�V���W�K�H���Q�X�P�H�U�L�F�D�O�����L�Q�I�O�X�H�Q�F�H�����Y�D�O�X�H���I�R�U���H�D�F�K��
�Z�D�J�R�Q�� �L�Q�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �D�Q�G�� �W�K�H�� �G�H�Y�H�O�R�S�H�G���V�H�W�� �R�I���H�[�S�H�U�W�� �V�\�V�W�H�P���U�X�O�H�V������
�7�K�H���H�[�S�H�U�W���V�\�V�W�H�P���U�H�S�U�H�V�H�Q�Ws���D���K�\�E�U�L�G���G�H�F�L�V�L�R�Q���V�X�S�S�R�U�W���V�\�V�W�H�P���E�H�F�D�X�V�H���L�W���L�Q�F�O�X�G�H�V��
�U�X�O�H�V�� �D�Q�G�� �F�D�O�F�X�O�D�W�H�G�� �L�Q�I�O�X�H�Q�F�H�� �I�D�F�W�R�U�� �W�R�� �S�U�R�S�R�V�H�� �V�R�O�X�W�L�R�Q�V���� �7�K�H�U�H�I�R�U�H���� �6�0�$�5�7��
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�5�7�0�<�� �V�K�R�X�O�G�� �E�U�L�Q�J�� �Q�R�Y�H�O�� �V�R�O�X�W�L�R�Q�� �W�R�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �D�Q�G��
�G�H�Y�L�D�W�L�R�Q���U�H�V�S�R�Q�V�H���V�\�V�W�H�P�V�����W�K�X�V���S�U�R�Y�L�G�L�Q�J���D���S�R�Z�H�U�I�X�O���V�R�I�W�Z�D�U�H���W�R�R�O���I�R�U���P�D�U�V�K�D�O�O�L�Q�J��
�\�D�U�G���G�L�V�S�D�W�F�K�H�U�V���D�Q�G���R�S�H�U�D�W�R�U�V����

2 The Overall System Architecture 

�6�P�D�U�W�� �5�7�0�<�� �L�V�� �D�� �G�H�F�L�V�L�R�Q�� �V�X�S�S�R�U�W�� �V�\�V�W�H�P�� �U�H�S�U�H�V�H�Q�W�H�G�� �E�\�� �W�K�H�� �G�H�Y�H�O�R�S�H�G���Z�H�E��
�D�S�S�O�L�F�D�W�L�R�Q�����K�W�W�S�V�������W�H�K�Q�R�J�H�Q�L�M�D�O�F�L���U�V���V�P�D�U�W�Y�L�V�������� �7�K�H�� �Z�H�E�� �D�S�S�O�L�F�D�W�L�R�Q�� �L�V�� �R�S�H�Q�� �D�Q�G��
�I�U�H�H���W�R���X�V�H�����+�R�Z�H�Y�H�U�����W�K�H���D�S�S�O�L�F�D�W�L�R�Q���L�V���V�W�L�O�O���L�Q���W�K�H���W�H�V�W�L�Q�J���S�K�D�V�H�����D�Q�G���U�H�V�S�R�Q�V�H�V���I�U�R�P��
�G�L�I�I�H�U�H�Q�W�� �H�[�S�H�U�W�V�� �D�U�H�� �U�H�T�X�L�U�H�G�� �W�R�� �L�P�S�U�R�Y�H�� �L�W�� �L�Q�� �I�X�W�X�U�H�� �Z�R�U�N�����,�W�� �L�V�� �F�R�P�S�R�V�H�G�� �R�I��
�Y�L�V�X�D�O�L�]�D�W�L�R�Q�� �D�Q�G�� �D�Q�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �P�R�G�X�O�H���� �7�K�H�� �R�W�K�H�U�� �G�H�Y�H�O�R�S�H�G�� �P�R�G�X�O�H�V�� �D�U�H��
�V�X�S�S�R�U�W�H�U�V�����V�H�F�X�U�L�W�\�����G�D�W�D���H�[�F�K�D�Q�J�H���D�Q�G���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���P�R�G�X�O�H�V�����R�U���S�U�R�Y�L�G�H�U�V�����H���J����
�G�D�W�D���L�Q�S�X�W���P�R�G�X�O�H�������7�K�H���Y�L�V�X�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���P�R�G�X�O�H���G�L�V�S�O�D�\�V���W�K�H���F�X�U�U�H�Q�W���V�W�D�W�X�V���R�I��
�W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���W�R���W�K�H���X�V�H�U�����E�D�V�H�G���R�Q���P�D�Q�X�D�O�O�\���H�Q�W�H�U�H�G���G�D�W�D���D�F�T�X�L�U�H�G���I�U�R�P���D��
�V�S�H�F�L�I�L�F���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G�����,�Q���D�G�G�L�W�L�R�Q�����W�K�L�V���P�R�G�X�O�H���Z�L�O�O���D�O�V�R���G�L�V�S�O�D�\���W�K�H���I�X�W�X�U�H���V�W�D�W�H��
�R�I�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �E�D�V�H�G�� �R�Q�� �L�Q�S�X�W�� �G�D�W�D�� �D�Q�G�� �W�K�H�� �R�S�W�L�P�D�O�� �P�D�U�V�K�D�O�O�L�Q�J�� �S�U�R�F�H�V�V��
�S�O�D�Q�Q�L�Q�J�� �U�H�V�X�O�W�V���� �7�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �R�U�� �P�D�U�V�K�D�O�O�L�Q�J�� �S�U�R�F�H�V�V�� �S�O�D�Q�Q�L�Q�J�� �P�R�G�X�O�H��
�L�P�S�O�H�P�H�Q�W�V�� �D�Q�� �H�[�S�H�U�W�� �V�\�V�W�H�P�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �I�X�Q�F�W�L�R�Q�� �D�Q�G�� �H�[�S�H�U�W��
�N�Q�R�Z�O�H�G�J�H���D�F�T�X�L�U�H�G���I�U�R�P���W�K�H���3�R�S�R�Y�D�F�����6�H�U�E�L�D�����P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G����

�7�K�H���G�H�Y�H�O�R�S�H�G�� �H�[�S�H�U�W�� �V�\�V�W�H�P�� �L�V�� �D�� �'�H�F�L�V�L�R�Q�� �6�X�S�S�R�U�W�� �6�\�V�W�H�P�� �R�U���' �H�F�L�V�L�R�Q��M�D�N�L�Q�J��
�6�\�V�W�H�P�� �W�K�D�W�� �S�U�R�Y�L�G�H�V�� �L�Q�V�W�U�X�F�W�L�R�Q�D�O�� �G�D�W�D�� �W�R�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �G�L�V�S�D�W�F�K�H�U�� �R�U��
�R�S�H�U�D�W�R�U���� �7�R�� �S�U�R�S�H�U�O�\�� �G�H�I�L�Q�H�� �W�K�H�� �I�X�Q�F�W�L�R�Q�D�O�� �D�Q�G�� �W�H�F�K�Q�L�F�D�O�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �R�I���W�K�H��
�6�0�$�5�7���5�7�0�<�����8�Q�L�I�L�H�G���0�R�G�H�O�L�Q�J���/�D�Q�J�X�D�J�H�����8�0�/�����L�V���X�V�H�G���>�����@�����8�0�/���G�L�D�J�U�D�P�V��
�D�U�H���F�U�H�D�W�H�G���I�R�U���D�O�O���V�S�H�F�L�I�L�F���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���D�Q�G���V�R�I�W�Z�D�U�H���U�H�T�X�L�U�H�P�H�Q�W�V���D�Q�G���X�V�H�G���W�R��
�G�H�Y�H�O�R�S���V�R�I�W�Z�D�U�H���P�R�G�X�O�H�V�����7�K�H�U�H���D�U�H���Q�L�Q�H���V�H�O�H�F�W�H�G���W�\�S�H�V���R�I���G�H�Y�L�D�W�L�R�Q�V���L�Q���G�H�F�L�V�L�R�Q��
�P�D�N�L�Q�J���S�U�R�F�H�V�V�H�V���L�Q���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G�V�����D�Q�G���W�K�H�\���F�D�Q���E�H���G�H�V�F�U�L�E�H�G���D�V���X�V�H���F�D�V�H�V���L�Q��
�8�0�/�����7�K�H�\���D�U�H���P�R�G�H�O�O�H�G���D�Q�G���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�����������7�R���S�U�R�S�H�U�O�\���P�R�G�H�O���G�H�Y�L�D�W�L�R�Q�V���D�Q�G��
�G�D�W�D���L�Q�F�O�X�G�H�G���L�Q���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���P�D�Q�D�J�H�P�H�Q�W���V�\�V�W�H�P�V�����D�G�G�L�W�L�R�Q�D�O���S�D�U�D�P�H�W�H�U�V���D�U�H��
�G�H�I�L�Q�H�G�� �D�V���V�W�D�W�L�F�� ���\�D�U�G�� �F�R�Q�Q�H�F�W�L�R�Q�V���� �O�D�\�R�X�W�� �G�D�W�D���� �R�S�H�U�D�W�L�Y�H�� �W�L�P�H�V���� �H�T�X�L�S�P�H�Q�W���� �D�Q�G��
�G�\�Q�D�P�L�F�����G�D�W�D�� �I�O�R�Z���� �U�H�V�W�U�L�F�W�L�R�Q�V�� �D�Q�G�� �G�H�Y�L�D�W�L�R�Q���� �D�Q�G�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �>�����@���� �7�K�L�V�� �L�V��
�V�W�D�Q�G�D�U�G���G�D�W�D���D�O�U�H�D�G�\���D�S�S�O�L�H�G���L�Q���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���R�S�H�U�D�W�L�R�Q�V�����)�L�Q�D�O�O�\�����W�K�H���G�D�W�D���D�Q�G��
�R�E�M�H�F�W���P�R�G�H�O���Z�H�U�H���F�U�H�D�W�H�G���D�Q�G���X�V�H�G���D�V���W�K�H���E�D�V�L�V���I�R�U���P�D�N�L�Q�J���W�K�H���'�H�F�L�V�L�R�Q���V�X�S�S�R�U�W��
�V�\�V�W�H�P�� �D�S�S�O�L�F�D�W�L�R�Q���� �7�K�H�� �G�D�W�D�� �P�R�G�H�O�� �L�V�� �H�[�S�U�H�V�V�H�G�� �W�K�U�R�X�J�K�� �D�� �G�H�Y�H�O�R�S�H�G�� �U�H�O�D�W�L�R�Q�D�O��
�G�D�W�D�E�D�V�H���� �D�Q�G�� �W�K�H�� �R�E�M�H�F�W�� �P�R�G�H�O�� �Z�D�V�� �G�H�Y�H�O�R�S�H�G�� �X�V�L�Q�J�� �0�9�&�� ���0�R�G�H�O��–���9�L�H�Z��-��
�&�R�Q�W�U�R�O�O�H�U�����S�D�W�W�H�U�Q���>��9�@�����7�K�H���G�D�W�D�E�D�V�H���V�W�U�X�F�W�X�U�H���Z�D�V���G�H�I�L�Q�H�G���Z�L�W�K���V�H�S�D�U�D�W�H���W�D�E�O�H�V���I�R�U��
�W�U�D�L�Q�V���� �Z�D�J�R�Q�V���� �V�L�G�L�Q�J�V���� �W�L�P�H�W�D�E�O�H�V���� �W�U�D�I�I�L�F�� �G�L�U�H�F�W�L�R�Q�V���� �D�Q�G�� �X�V�H�U�V�� �>����]�����'�D�W�D�E�D�V�H��
�G�H�I�L�Q�H�V���W�K�H���V�W�U�X�F�W�X�U�H���R�I���D���0�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���G�D�W�D���P�R�G�H�O���R�Q���Z�K�L�F�K���W�K�H���R�E�M�H�F�W���P�R�G�H�O��
�G�H�S�H�Q�G�V� �� � � D� Q� G� � � L� W� ��L�Q�F�O�X�G�Hs���D�O�O�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �D�Q�G�� �O�L�P�L�W�D�W�L�R�Q�V�� �U�H�V�W�U�L�F�W�L�Q�J�� �W�K�H�� �X�V�H�� �R�I��
�I�U�H�L�J�K�W���W�U�D�Q�V�S�R�U�W���L�Q���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���D�Q�G���I�U�H�L�J�K�W���W�U�D�Q�V�S�R�U�W���W�K�D�W���Z�L�O�O���E�H���S�U�R�F�H�V�V�H�G��
�L�Q���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G����
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�)�L�J�X�U�H������

�8�V�H���F�D�V�H���G�L�D�J�U�D�P���R�I���G�H�I�L�Q�H�G���W�\�S�H�V���R�I���G�H�Y�L�D�W�L�R�Q�V���L�Q���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G��

�7�K�H�� �G�H�I�L�Q�H�G�� �F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �G�D�W�D�E�D�V�H���� �D�O�O�R�Z�V�� �L�Q�S�X�W�� �D�Q�G�� �S�U�R�F�H�V�V�L�Q�J�� �R�I�� �D�O�O�� �W�K�H��
�G�H�V�F�U�L�E�H�G���G�H�Y�L�D�W�L�R�Q�V���D�Q�G���L�Q�S�X�W�V���R�U���R�X�W�S�X�W�V�����,�Q���D�G�G�L�W�L�R�Q�����V�W�D�W�L�F���D�Q�G���D�F�W�X�D�O���G�D�W�D���I�U�R�P��
�P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �3�R�S�R�Y�D�F���� �6�H�U�E�L�D�� �Z�D�V�� �L�Q�V�H�U�W�H�G�� �L�Q�W�R�� �W�K�H�� �G�D�W�D�E�D�V�H���I�R�U�� �I�X�U�W�K�H�U��
�P�D�Q�L�S�X�O�D�W�L�R�Q���D�Q�G���S�U�R�F�H�V�V�L�Q�J����

�7�R���F�R�Q�F�O�X�G�H�����W�K�H���6�P�D�U�W���5�7�0�<���V�\�V�W�H�P���X�V�H�V���W�K�H���I�R�O�O�R�Z�L�Q�J����

�x �0�D�W�H�U�L�D�O�����0�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���G�D�W�D���I�U�R�P���3�R�S�R�Y�D�F�����6�H�U�E�L�D�����(�[�S�H�U�W���N�Q�R�Z�O�H�G�J�H��
�J�D�L�Q�H�G���I�U�R�P���X�Q�L�Y�H�U�V�L�W�\���D�Q�G���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���V�W�D�I�I����

�x �0�H�W�K�R�G�V�����1�X�P�H�U�L�F�D�O���2�S�W�L�P�L�]�D�W�L�R�Q�����(�[�S�H�U�W���V�\�V�W�H�P���E�D�V�H�G���R�Q���U�X�O�H�V���D�Q�G���I�D�F�W�V����
�5�H�O�D�W�L�R�Q�D�O�� �G�D�W�D�E�D�V�H�� �I�R�U�� �G�D�W�D�� �P�D�Q�L�S�X�O�D�W�L�R�Q���� �0�9�&�� �I�U�D�P�H�Z�R�U�N�� �I�R�U��
�D�S�S�O�L�F�D�W�L�R�Q���G�H�Y�H�O�R�S�P�H�Q�W��

3 The Methodology 

�6�P�D�U�W���5�7�0�<���F�R�P�S�O�H�[�� �V�W�U�X�F�W�X�U�H���H�Q�D�E�O�H�V���D���F�R�P�S�O�H�W�H���R�Y�H�U�Y�L�H�Z�� �R�I�� �W�K�H���P�D�U�V�K�D�O�O�L�Q�J��
�\�D�U�G�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �D�Q�G�� �D�G�H�T�X�D�W�H�� �U�H�D�O-�W�L�P�H�� �U�H�V�S�R�Q�V�H�� �E�\�� �D�S�S�O�\�L�Q�J�� �L�W�V�� �G�H�Y�H�O�R�S�H�G��
�P�R�G�X�O�H�V�����7�K�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q���P�R�G�X�O�H���F�D�Q���G�L�V�S�O�D�\���V�W�D�W�X�V���R�I���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���W�R���W�K�H��
�X�V�H�U���� �E�D�V�H�G���R�Q�� �G�D�W�D���H�Q�W�H�U�H�G���P�D�Q�X�D�O�O�\�� �R�U���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I�� �V�K�R�Z�L�Q�J���G�D�W�D���D�F�T�X�L�U�H�G��
�D�X�W�R�P�D�W�L�F�D�O�O�\���I�U�R�P���D���U�D�L�O�Z�D�\���L�Q�I�R�U�P�D�W�L�R�Q���V�\�V�W�H�P���L�Q���W�K�H���I�X�W�X�U�H���X�S�J�U�D�G�H�����,�Q���D�G�G�L�W�L�R�Q����
�L�W���G�L�V�S�O�D�\�V���W�K�H���F�X�U�U�H�Q�W���V�Q�D�S�V�K�R�W���R�I���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���L�Q�I�U�D�V�W�U�X�F�W�X�U�H�����Z�D�U�H�K�R�X�V�H����
�U�H�S�D�L�U�L�Q�J�� �V�W�D�W�L�R�Q������ �%�D�V�H�G���R�Q���W�K�H���V�H�F�X�U�L�W�\�� �O�H�Y�H�O���� �Y�L�V�X�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���L�V�� �G�L�I�I�H�U�H�Q�W�O�\��
�I�R�U�P�H�G���I�R�U���G�L�I�I�H�U�H�Q�W���X�V�H�U�V�����H���J�������G�L�V�S�D�W�F�K�H�U�V���R�U���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���R�S�H�U�D�W�R�U�V���>����]����
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�7�K�H���Y�Ls�X�D�O�L�]�D�W�L�R�Q���P�R�G�X�O�H���U�H�F�H�L�Y�H�V���G�D�W�D���I�U�R�P���W�K�H���G�D�W�D�E�D�V�H���D�V���V�W�D�W�L�F�D�O���D�Q�G���R�S�W�L�P�L�]�H�G��
�G�D�W�D�����I�U�R�P���W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���P�R�G�X�O�H�����D�Q�G���V�K�R�Z�V���L�W���W�R���W�K�H���X�V�H�U�����,�W���D�O�V�R���H�Q�D�E�O�H�V���G�D�W�D��
�P�D�Q�L�S�X�O�D�W�L�R�Q�� �E�\�� �X�V�L�Q�J�� �Z�H�E�� �D�S�S�� �I�R�U�P�V�� �G�H�G�L�F�D�W�H�G�� �W�R�� �\�D�U�G�� �H�O�H�P�H�Q�W�V�� ���H���J������ �Z�D�J�R�Q�V����
�V�L�G�L�Q�J�V���� �W�U�D�L�Q�V������ �(�Y�H�U�\�� �P�R�G�L�I�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �G�D�W�D�� �L�V�� �U�H�I�O�H�F�W�H�G�� �L�Q�� �U�H�F�U�H�D�W�L�Q�J���W�K�H���G�D�W�D��
�S�U�R�F�H�V�V�����Z�K�L�F�K���F�U�H�D�W�H�V���D���G�L�V�W�L�Q�F�W���Y�L�V�X�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���\�D�U�G���H�O�H�P�H�Q�W�V���D�Q�G���L�Q�V�H�U�W�V��
�F�K�D�Q�J�H�V�� �W�R�� �W�K�H�� �G�D�W�D�E�D�V�H���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �G�D�W�D�E�D�V�H�� �U�H�J�X�O�D�U�O�\�� �P�D�N�H�V�� �U�H�S�O�L�F�D�W�L�R�Q�V��
�X�V�L�Q�J�� �D�X�W�R�P�D�W�L�F�� �'�%�0�6�� �V�H�U�Y�L�F�H�� �G�X�H�� �W�R�� �W�K�H�� �S�R�V�V�L�E�O�H�� �H�U�U�R�U�V�� �L�Q�� �\�D�U�G�� �H�O�H�P�H�Q�W�V��
�F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����Z�K�L�F�K���F�D�Q���E�H���U�H�Y�H�U�W�H�G���W�R���W�K�H���S�U�H�Y�L�R�X�V���Y�H�U�L�I�L�H�G���V�W�D�W�H����

�7�K�H���P�R�G�X�O�H���Z�D�V���G�H�Y�H�O�R�S�H�G���X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V�����)�U�R�Q�W���(�Q�G��–���-�4�X�H�U�\��
���V�W�D�Q�G�D�U�G���� �J�H�Q�H�U�D�O�O�\�� �N�Q�R�Z�Q�� �-�D�Y�D�6�F�U�L�S�W�� �O�L�E�U�D�U�\���� �D�Q�G�� �'�����M�V�� ���'�D�W�D-�'�U�L�Y�H�Q��
�'�R�F�X�P�H�Q�W�V������ �%�D�F�N�� �(�Q�G��–���&�X�U�U�H�Q�W�O�\���� �F�D�N�H�3�+�3�� �L�V�� �X�V�H�G�� �D�V�� �W�K�H�� �P�D�L�Q�� �S�O�D�W�I�R�U�P��
�I�U�D�P�H�Z�R�U�N���� �,�W�� �L�V�� �L�P�S�R�U�W�D�Q�W�� �W�R�� �P�H�Q�W�L�R�Q�� �W�K�D�W�� �D�S�S�O�L�F�D�W�L�R�Q�� �Z�R�U�N�V�� �L�Q���D���F�O�R�V�H�G��
�H�Q�Y�L�U�R�Q�P�H�Q�W���G�X�H���W�R���W�K�H���U�D�L�O�Z�D�\�� �U�H�J�X�O�D�W�L�R�Q�V���� �E�X�W���Z�L�W�K���W�K�H���S�R�V�V�L�E�L�O�L�W�\���W�R���V�K�D�U�H���G�D�W�D��
�R�Y�H�U���V�H�F�X�U�H�G���F�R�Q�Q�H�F�W�L�R�Q�V����

�7�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �P�R�G�X�O�H�� �L�V�� �F�U�H�D�W�H�G�� �W�R�� �F�R�Q�W�U�R�O�� �W�K�H�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �W�U�D�L�Q�V��
���Z�D�J�R�Q�V�����L�Q���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G�����D�Q�G���L�W�V���R�Y�H�U�D�O�O���F�R�P�S�R�V�L�W�L�R�Q���L�V���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J����������
�7�K�H�� �G�L�D�J�U�D�P���V���� �D�U�H�� �F�U�H�D�W�H�G�� �E�\�� �X�V�L�Q�J�� �D�G�D�S�W�H�G�� �6�W�U�X�F�W�X�U�H�G�� �$�Q�D�O�\�V�L�V�� �D�Q�G�� �'�H�V�L�J�Q��
�7�H�F�K�Q�L�T�X�H��-���6�$�'�7���>�����@�����'�D�W�D���D�Q�D�O�\�V�L�V���L�Q�F�O�X�G�H�V�����3�������D���V�W�D�W�L�F���D�Q�G���G�\�Q�D�P�L�F���G�D�W�D�V�H�W����

��

�)�L�J�X�U�H��2��

�2�S�W�L�P�L�]�D�W�L�R�Q���P�R�G�X�O�H���R�I���W�K�H���'�H�F�L�V�L�R�Q���V�X�S�S�R�U�W���V�\�V�W�H�P��

�7�K�H���G�L�V�W�X�U�E�D�Q�F�H���P�R�G�H�O���S�U�H�V�H�Q�W�H�G���L�Q���W�K�H���V�F�K�H�P�H���L�V���F�X�U�U�H�Q�W�O�\���X�Q�G�H�U���G�H�Y�H�O�R�S�P�H�Q�W�����E�X�W��
�L�W�V���E�H�K�D�Y�L�R�X�U���V�K�R�X�O�G���E�H���F�R�Q�W�U�R�O�O�H�G���O�L�N�H���L�Q���W�K�H���Z�R�U�N�I�O�R�Z���V�\�V�W�H�P�V�����L���H�������W�K�H�V�H���V�K�R�X�O�G��
�U�H�S�U�H�V�H�Q�W�� �Z�R�U�N�I�O�R�Z�� �L�Q�W�H�U�U�X�S�W�L�R�Q�V���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �G�L�V�W�X�U�E�D�Q�F�H�� �P�R�G�H�O�� �V�K�R�X�O�G��
�H�Q�F�R�P�S�D�V�V�� �L�Q�W�H�U�U�X�S�W�L�R�Q�V�� �Q�R�W�� �G�H�I�L�Q�H�G�� �L�Q�� �W�K�H�� �V�\�V�W�H�P�� �D�V�� �G�H�Y�L�D�W�L�R�Q�V���� �L���H������ �X�Q�N�Q�R�Z�Q��
�G�H�Y�L�D�W�L�R�Q�V���� �7�K�H���G�H�F�L�V�L�R�Q���V�\�V�W�H�P���F�R�Q�W�D�L�Q�V���V�R�I�W�Z�D�U�H���V�R�O�X�W�L�R�Q�V���D�Q�G���P�D�Q�X�D�O���S�U�R�J�U�H�V�V��
�P�R�Q�L�W�R�U�L�Q�J�����P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���H�[�S�H�U�W�V�������G�H�I�L�Q�H�G���L�Q���D���V�F�K�H�P�H���E�\��"�'�D�W�D���0�R�G�L�I�L�F�D�W�L�R�Q��
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�E�H�W�Z�H�H�Q��-�����D�Q�G������–���7�K�H�\���D�U�H���Y�L�U�W�X�D�O���W�U�D�L�Q�V���S�R�V�L�W�L�R�Q�H�G���R�Q���H�D�F�K���V�L�G�L�Q�J�����D�Q�G���L�W�V���Y�H�F�W�R�U��
T�:�0 ���F�R�Q�W�D�L�Q�V���U�R�Z�V���I�U�R�P���:M���P�D�W�U�L�F�����L���H�������L�Q�G�L�Y�L�G�X�D�O���V�L�G�L�Q�J�����:�K�H�Q���W�H�P�S�R�U�D�U�\���W�U�D�L�Q��
�U�H�I�O�H�F�W�V���L�Q�F�R�P�L�Q�J���R�U���R�X�W�J�R�L�Q�J���W�U�D�L�Qs�����W�K�H�Q���Z�H���F�K�D�Q�J�H�G���F�D�W�H�J�R�U�\�����R�U���L�Q�I�O�X�H�Q�F�H���R�Q��-����
���Q�R�W���\�H�W���L�Q���W�K�H���V�W�D�W�L�R�Q�������R�U���������L�Q���W�K�H���V�W�D�W�L�R�Q�����V�F�K�H�G�X�O�H�G���I�R�U���G�H�S�D�U�W�X�U�H�������(�D�F�K���V�L�G�L�Q�J���L�V��
�L�Q�I�O�X�H�Q�F�H�G�� �E�\���W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �U�X�O�H�V���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �F�K�D�Q�J�H�G���� �7�K�H�� �L�Q�I�O�X�H�Q�F�H��
�I�D�F�W�R�U���R�Q���H�D�F�K���L�V���G�H�I�L�Q�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���F�X�U�U�H�Q�W���W�L�P�H�W�D�E�O�H���I�R�U���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G��
�D�Q�G���V�L�G�L�Q�J�V���G�H�I�L�Q�L�W�L�R�Q�����L�Q�F�R�P�L�Q�J�����R�X�W�J�R�L�Q�J�����P�L�[�H�G�����R�U���V�H�U�Y�L�F�H�������7�K�H�V�H���Y�D�O�X�H�V���G�H�I�L�Q�H�V��
�W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���R�S�H�U�D�W�R�U���R�U���G�L�V�S�D�W�F�K�H�U�����7�R���D�G�G���D���W�L�P�H���Y�D�U�L�D�E�O�H���W�H�P�S�R�U�D�U�\���W�U�D�L�Q��
�I�D�F�W�R�U�V���D�U�H���P�X�O�W�L�S�O�L�H�G���Z�L�W�K���W�K�H���W�L�P�H���I�D�F�W�R�U�V���I�U�R�P���W�K�H���W�L�P�H�W�D�E�O�H�����7�K�L�V���I�D�F�W�R�U���L�V���I�U�R�P��
�>-�������@���� �D�Q�G�� �L�W�� �U�H�I�O�H�F�W�V�� �W�K�H�� �W�L�P�H�� �V�F�K�H�G�X�O�H�� �R�I�� �W�U�D�L�Q�V�� �F�R�P�L�Q�J�� �>-�������@�� �R�U�� �V�F�K�H�G�X�O�H�G�� �I�R�U��
�G�H�S�D�U�W�X�U�H���>�������@���W�K�H���V�W�D�W�L�R�Q�����)�D�F�W�R�U���I�R�U���W�H�P�S�R�U�D�U�\���W�U�D�L�Q�V���D�O�U�H�D�G�\���L�Q���W�K�H���V�W�D�W�L�R�Q�����H���J������
�R�Q���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���\�D�U�G�V�����D�U�H���V�H�W���W�R���Y�D�O�X�H�V���G�H�I�L�Q�H�G���I�R�U���W�K�H���W�U�D�L�Q���W�K�H�\���E�H�O�R�Q�J���W�R���R�U���W�K�H��
�W�U�D�L�Q�V���W�K�H�\���Z�L�O�O���E�H���D�G�G�H�G����
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�7�R�� �I�R�U�P�� �D�� �'�H�F�L�V�L�R�Q�� �V�X�S�S�R�U�W�� �V�\�V�W�H�P���� �W�K�H�� �I�X�Q�F�W�L�R�Q�� �������� �Z�K�L�F�K�� �G�H�I�L�Q�H�V���W�K�H�� �Z�D�J�R�Q��
�L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���V�W�D�W�L�R�Q���R�S�H�U�D�W�L�R�Q���L�V�� �H�[�S�U�H�V�V�H�G���E�\�� �V�S�D�F�H���P�D�W�U�L�F�H�V���D�Q�G���Y�H�F�W�R�U�V���I�R�U��
�W�U�D�L�Q�V���D�Q�G���W�L�P�H�W�D�E�O�H����

�9�Æ=  
c�9�5,�5 �® �9�5,�á �­ �° �­ �9�æ,�5 �® �9�æ,�á 
g;  

�2�Ð�Æ=  
c�2�5,�5 �® �2�5,,�á �­ �° �­ �2�æ,�5 �® �2�æ,�á 
g; 

�6�Ð�Æ=  
c�6�5,�5 �® �6�æ
g; �%�Í =  
c�%�5,�5 �® �%�æ 
g 

�9�É�Ü,�Ý =  �Â �9�Æ�Ü,�Ý× �2�Ð�Æ�Ü,�Ý�Ü�@�5,�æ
�Ý�@�5,�á

;   �6�¼�Ü,�Ý = �Â �6�Ð�Æ�Ü× �%�Í�Ü�Ü�@�5,�æ ; 

�9�Â=  �Â �9�É�Ü,�Ý× �6�¼�Ü�Ü�@�5,�æ
�Ý�@�5,�á

 (1)  

�7�K�L�V���R�S�H�U�D�W�L�R�Q���U�H�W�X�U�Q�V���W�K�H���Y�D�O�X�H���I�U�R�P���>-�������@���I�R�U���H�D�F�K���Z�D�J�R�Q���L�Q���W�K�H���P�D�W�U�L�[�����7�K�H�U�H�I�R�U�H����
�W�K�H���U�H�D�F�W�L�R�Q���L�P�S�R�U�W�D�Q�F�H���I�R�U���H�D�F�K�� �Z�D�J�R�Q�� �L�V�� �S�U�H�V�H�Q�W�H�G�� �W�R�� �W�K�H�� �X�V�H�U�����)�R�U�� �H�[�D�P�S�O�H���� �L�I��
�V�R�P�H���Z�D�J�R�Q���Q�H�H�G�V���W�R���E�H���U�H-�S�R�V�L�W�L�R�Q�H�G���W�R���W�K�H���R�X�W�J�R�L�Q�J���R�U���P�L�[�H�G���V�L�G�L�Q�J���E�H�F�D�X�V�H���R�I��
�W�K�H�� �W�L�P�H�W�D�E�O�H�� �V�F�K�H�G�X�O�H���� �K�H�� �Z�L�O�O�� �J�H�W�� �D�� �K�L�J�K���L�Q�I�O�X�H�Q�F�H���I�D�F�W�R�U���� �0�X�O�W�L�S�O�H�� �Z�D�J�R�Q�V�� �F�D�Q��
�K�D�Y�H�� �Dn���L�Q�I�O�X�H�Q�Fing���I�D�F�W�R�U�� �F�O�R�V�H�� �W�R�� �R�U�� �H�T�X�D�O�� �W�R�� �R�Q�H���� �6�W�L�O�O���� �I�R�U�� �H�D�F�K�� �Z�D�J�R�Q�� �L�Q�� �W�K�H��
�H�[�S�H�U�W���V�\�V�W�H�P���� �D���G�H�V�F�U�L�S�W�L�R�Q���L�V���L�Q�W�U�R�G�X�F�H�G���D�Q�G���D�W�W�D�F�K�H�G���W�R���W�K�H���L�Q�I�O�X�H�Q�F�H���I�D�F�W�R�U���E�\��
�X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���I�X�Q�F�W�L�R�Q������������

�9�¾�Â= �Â �9�Â�Ü,�Ý × �' �ë�Ü,�Ý�Ü�@�5,�æ
�Ý�@�5,�á

 (2)  

�(�[���L�V���D���P�D�W�U�L�[�����������R�I���Z�D�J�R�Q���S�U�R�S�H�U�W�L�H�V���D�O�U�H�D�G�\���G�H�V�F�U�L�E�H�G���L�Q���W�K�H���V�\�V�W�H�P�����E�D�V�H�G���R�Q���D�Q��
�D�O�U�H�D�G�\�� �N�Q�R�Z�Q�� �W�L�P�H�W�D�E�O�H�� �I�R�U�� �W�K�H�� �P�D�U�V�K�D�O�O�L�Q�J�� �\�D�U�G�� �D�Q�G�� �W�K�H�� �\�D�U�G�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H������
�7�K�H�� �P�D�W�U�L�[�� �(�[�� �D�O�V�R�� �L�Q�F�O�X�G�H�V���Z�D�J�R�Q�V�� �L�Q�� �D�� �W�L�P�H�W�D�E�O�H���� �Z�K�L�F�K�� �D�U�H���G�H�I�L�Q�H�G���I�R�U���I�X�W�X�U�H��
�D�U�U�L�Y�D�O���� �Z�K�L�F�K�� �L�V�� �H�V�V�H�Q�W�L�D�O�� �L�I�� �Z�H�� �Z�D�Q�W�� �W�R�� �F�U�H�D�W�H�� �D�� �W�H�P�S�R�U�D�U�\�� �W�U�D�L�Q�� �L�Q�� �W�K�H�� �Y�L�U�W�X�D�O��
�L�Q�F�R�P�L�Q�J���V�L�G�L�Q�J����

�' �ë =  
c�'�5,�5 �® �' �5,�á �­ �° �­ �' �æ,�5 �® �' �æ,�á 
g; �' �Ü,�Ý=

[
�6�E�I�A �O�?�D�A�@�Q�H�A�@: �6�E�I�A �B�K�N�I�=�P
�6�A�I�L�K�N�=�N�U �P�N�=�E�J �E�@�÷�+�J�P�A�C�A�N

�9�=�C�K�J �K�L�A�N�=�P�E�K�J�=�H �O�P�=�P�Q�O: 0 �K�N 1, …
   ] (3)  

�)�L�Q�D�O�O�\�����W�K�H���L�Q�I�O�X�H�Q�F�H���P�D�W�U�L�[���I�R�U���D�O�O���H�[�L�V�W�L�Q�J���Z�D�J�R�Q�V���L�V���I�R�U�P�H�G���D�Q�G���D�S�S�O�L�H�G���L�Q���W�K�H��
�H�[�S�H�U�W���V�\�V�W�H�P�����Z�K�L�F�K���J�L�Y�H�V���W�K�H���P�D�U�V�K�D�O�O�L�Q�J���\�D�U�G���R�S�H�U�D�W�R�U���S�R�V�V�L�E�O�H���D�F�W�L�R�Q�V���E�D�V�H�G���R�Q��
�W�K�H�� �G�H�I�L�Q�H�G�� �G�H�Y�L�D�W�L�R�Q�V�� �L�Q�� �W�K�H�� �D�S�S�O�L�F�D�W�L�R�Q�����7�K�H�� �U�X�O�H�V�� �D�Q�G�� �I�D�F�W�V�� �G�H�I�L�Q�H���W�K�H�� �H�[�S�H�U�W��
�V�\�V�W�H�P���� �E�X�W���R�Q�H���L�P�S�R�U�W�D�Q�W���D�G�G�L�W�L�R�Q�� �L�V���F�U�H�D�W�H�G�����7�K�L�V�� �D�G�G�L�W�L�R�Q�� �U�H�I�H�U�V�� �W�R���W�K�H���V�H�W�� �R�I��
�S�D�U�D�P�H�W�U�L�F�� �V�H�Q�W�H�Q�F�H�V���Z�L�W�K���S�D�U�D�P�H�W�H�U�V���O�L�N�H���W�U�D�L�Q���Q�X�P�E�H�U���� �Z�D�J�R�Q���L�G���� �D�Q�G���L�Q�F�R�P�L�Q�J��
�W�L�P�H���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �U�H�S�O�D�F�H�G�� �E�\�� �W�K�H�� �D�F�W�X�D�O�� �Y�D�O�X�H�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �H�[�S�H�U�W�� �V�\�V�W�H�P��
�U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�����:�K�H�Q���W�K�H���H�[�S�H�U�W���V�\�V�W�H�P���F�U�H�D�W�H�V���V�X�J�J�H�V�W�L�R�Q�V���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V�����L�W��
�X�V�H�V�� �W�K�H�� �S�D�U�D�P�H�W�U�L�F�� �V�H�Q�W�H�Q�F�H�V�� �D�Q�G�� �F�K�D�Q�J�H�V���W�K�H���Y�D�O�X�H�V�� �R�I�� �S�D�U�D�P�H�W�H�U�V�� �Z�L�W�K�� �W�K�H��
�U�H�F�R�P�P�H�Q�G�H�G�� �R�Q�Hs���� �D�V�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �L�Q�F�O�X�G�H�G�� �H�[�D�P�S�O�H�V�����7�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �P�R�G�H�O��
���L�Q�I�O�X�H�Q�F�H�� �I�D�F�W�R�U�V���� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �L�Q�S�X�W�V�� �I�R�U�� �W�K�H�� �H�[�S�H�U�W�� �G�H�F�L�V�L�R�Q���R�Q�� �Z�D�J�R�Q��
�F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����,�W���L�V���H�V�V�H�Q�W�L�D�O���W�R���P�H�Q�W�L�R�Q���W�K�D�W���W�K�L�V���S�D�U�W���R�I���W�K�H���V�\�V�W�H�P���L�V���F�X�U�U�H�Q�W�O�\���X�Q�G�H�U��
�G�H�Y�H�O�R�S�P�H�Q�W���� �V�R���P�R�V�W���R�I�� �W�K�H���U�X�O�H�V���D�U�H���Q�R�Z���G�H�I�L�Q�H�G���L�Q���W�K�H���3�+�3���D�V���D���V�H�W���R�I���L�I-�W�K�H�Q��
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�V�W�D�W�H�P�H�Q�W�V�� �D�Q�G���Z�L�O�O�� �E�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �W�R�� �W�K�H��"�H�[�S�H�U�W�D"���S�\�W�K�R�Q�� �S�D�F�N�D�J�H���� �7�K�H�� �S�\�W�K�R�Q��
�O�L�E�U�D�U�\�� �(�[�S�H�U�W�D�� �L�V�� �X�V�H�G�� �I�R�U�� �E�X�L�O�G�L�Q�J�� �H�[�S�H�U�W�� �V�\�V�W�H�P�V�� �D�Q�G�� �L�V�� �V�W�U�R�Q�J�O�\�� �L�Q�V�S�L�U�H�G�� �E�\��
�&�/�,�3�6�� �>21����22�@���� �Z�K�L�F�K�� �P�H�D�Q�V�� �W�K�D�W�� �G�L�I�I�H�U�H�Q�W�� �Q�R�W�D�W�L�R�Q�V�� �D�U�H�� �X�V�H�G�� �W�R�� �G�H�V�F�U�L�E�H�� �U�X�O�H�V��
�L�P�S�O�H�P�H�Q�W�H�G���L�Q���W�K�H���V�\�V�W�H�P���� �$�Q���H�[�S�H�U�W���V�\�V�W�H�P���L�V���Z�U�L�W�W�H�Q���D�V�� �D���S�U�R�J�U�D�P���F�D�S�D�E�O�H���R�I��
�S�D�L�U�L�Q�J���X�S���D���V�H�W���R�I���I�D�F�W�V���Z�L�W�K���U�X�O�H�V���W�R���W�K�R�V�H���I�D�F�W�V���D�Q�G���H�[�H�F�X�W�L�Q�J���V�R�P�H���D�F�W�L�R�Q�V���E�D�V�H�G��
�R�Q���W�K�H���P�D�W�F�K�L�Q�J���U�X�O�H�V�����)�D�F�W�V���D�U�H���W�K�H���E�D�V�L�F���X�Q�L�W���R�I���L�Q�I�R�U�P�D�W�L�R�Q���R�I���(�[�S�H�U�W�D�����J�H�Q�H�U�D�O�O�\��
�I�R�U���D�Q�\���H�[�S�H�U�W���V�\�V�W�H�P�������5�X�O�H�V���K�D�Y�H���W�Z�R���F�R�P�S�R�Q�H�Q�W�V�����/�+�6�����O�H�I�W-�K�D�Q�G-�V�L�G�H�����D�Q�G���5�+�6��
���U�L�J�K�W-�K�D�Q�G-�V�L�G�H�������7�K�H���/�+�6���G�H�V�F�U�L�E�H�V�����X�V�L�Q�J���S�D�W�W�H�U�Q�V�����W�K�H���F�R�Q�G�L�W�L�R�Q�V���I�R�U���H�[�H�F�X�W�L�Q�J��
�W�K�H���U�X�O�H�����R�U���I�L�U�L�Q�J�������7�K�H���5�+�6���L�V���W�K�H���V�H�W���R�I���D�F�W�L�R�Q�V���W�R���S�H�U�I�R�U�P���Z�K�H�Q���W�K�H���U�X�O�H���L�V���I�L�U�H�G����
�:�L�W�K���H�[�S�H�U�W���V�\�V�W�H�P�V���O�L�N�H���H�[�S�H�U�W�D�����W�K�H���S�U�R�J�U�D�P���I�O�R�Z���V�K�R�X�O�G���Q�R�W���E�H���G�H�I�L�Q�H�G���H�[�S�O�L�F�L�W�O�\����
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Abstract: Railway sleepers are under different types of dynamic, static, and impact loads. 
Due to a lack of a short span of track maintenance and inspection, damaged railway sleepers 
may not be detected and replaced after sudden damage. Cracks in concrete railway sleepers 
are almost inevitable and difficult to detect. According to the main role of sleepers to keep 
track of standard gauge and transfer loads to railway track interlayers, these damages may 
bring train derailment. Therefore, the application of self-healing methods can provide more 
lifespan time and compensate for some load capacity of damaged sleepers to extend their 
service life until they are inspected and removed from the track. Several self-healing methods 
have been proposed for large-scale beam shape structures, including autogenous and 
autonomous. But according to the special service condition of sleepers, most of these methods 
are not suitable for manufacturing railway sleepers. In this study, most of the available 
methods are reviewed and assessed based on the railway sleeper manufacturing process, 
service environment, loading condition, and lifespan. Finally, some prospective methods 
have been proposed to manufacture self-healing concrete railway sleepers such as the 
application of nanomaterials, vascular methods, and the LatConX system. 

Keywords: Self-healing concrete; concrete railway sleeper; railway track 

1 Introduction 

One of the main roles of railway sleepers is to transfer loads coming from passing 
trains to the track interlayers [1-3]. Moreover, sleepers keep standard track gauge 
to avoid extra rails lateral displacement that may result in train derailment [4, 5]. 
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Therefore, railway sleepers are one the critical components of railway tracks. 
Normally, track inspection is based on million gross tons (MGT) in some specific 
periods of time, unless an emergency damage causes emergency maintenance action 
[6, 7]. Damaged sleepers are detected using several methods such as measuring 
machine, ultrasonic, visual inspection, etc. [6, 8]. Therefore, self-healing railway 
concrete sleeper may avoid sudden failure of sleeper and compensate some load 
capacity of damaged sleepers to save track until next maintenance operation. 
Eequipping conventional sleeper with self-healing feature can increase the final cost 
a sleeper, but due to the healing process and avoiding the sleeper failure under 
operation it can compensate its higher cost [9]. 

1.1 Railway Concrete Sleeper Characteristics 

Railway sleepers include timber, steel, concrete and composite sleepers [10, 11]. 
Concrete railway sleepers have been used extensively. Almost each year 20 million 
concrete sleepers are used in railway tracks construction [12]. These concrete 
railway sleepers are under static, quasi static, dynamic and impact loads that provide 
a complicated loading condition [13, 14]. Concrete sleepers have three main critical 
zones as positive bending moment zone in rail seats and nagative bending moment 
zone in middle of sleeper in which railway damages have been mostly observed, as 
shown in Figure 1. 

Figure 1 
Critical zones in concrete railway sleepers [6] with potential of damage 

1.2 Self-Healing Concrete Methods Classification 

Self-healing concrete is mostly utilized for concrete composites that can repair 
minor cracks without the need for external intervention. Autogenous healing and 
autonomous healing are two types of self-healing techniques. Autogenous healing 
in concrete refers to the hydration of unhydrated cement. Autonomous healing, on 
the other hand, requires a trigger to start the process [15, 16]. Autonomous healing, 
unlike autogenous healing, relies on embedded atypical designed additions rather 
than unhydrated cement to fix bigger cracks. Autonomous healing strategies have 
outperformed most autogenous healing methods in crack healing [17].  

Positive bending moment 

Negative bending moment 
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Most autogenous healing methods are confined to cracks with a width of less than 
�����������P. 

1.2.1 Autogenous Self-Healing Methods 

Table 1 lists some of the recent autogenous self-healing fracture repair techniques, 
including four categorizations as mineral powder, fibers, nanofillers and curing 
agents. Autogenous healing methods can heal crack up to 60%. The cracks mended 
by autogenously healing were observed in various diameters such as 0.05 mm to 
�����������P�P���������W�R�����������P���������������P���������������P���������������P���D�Q�G�������������P���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���D�Q�D�O�\�V�L�V��
and investigation of different authors [18]. 

Table 1 

Overview of recent autogenous self-healing methods 

Healing 
method 

Sample 
dimensions Healing materials 

Crack 
width Results Ref. 

 Mineral 
powder 

���������î���������î��������
mm  

Blast furnace slag 
and Limestone 
powder 

60 �—m 
40%�±60% 
healing for air 
cured specimen 

[19] 

�������î�����î������
mm Fly ash 

�’����������
�—�P 

30 days of 
continuous 
moist curing 
was enough for 
specimens to 
achieve 
ultrasonic pulse 
velocity results 
higher than 
reference 
specimens. 

[20] 

�����N���[���������F�P 

expansive agent, 
geo-materials 
(montmorillonite) 
and chemical 
agents 

0.22 
mm 

The 0.22 mm 
crack of 
concrete was 
self-healed at 
33 days. 

[21] 

Fibers 

���������î���������î��������
mm 

Carbon fiber 60-80 
�—m 

Final healing 
improvement 
ranged between 
2.3% and 5%. 

[22] 

�������î���������î��������
mm 

synthetic fiber 
(polyvinyl 
alcohol (PVA) 
and hybrid fiber 
reinforcing 
(polyethylene 
(PE) and steel 
code (SC) 

<0.1 
mm 

Only after the 
crack width 
was sufficiently 
narrowed by 
sealing the very 
tiny cracks 
around the 
bridging fibers 
could 

[23] 
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mechanical 
property be 
recovered. 

�������î�������î��������
mm 

steel-fiber ���������P 

As the healing 
period increases 
from 0 to 14 
days, the 
healing ratio 
increases from 
9.4% to 36% 
for most 
multiple micro-
cracks  widths 
smaller than 50 
���P�� 

[24] 

Nanofillers 
���������î���������î��������
mm Carbon nano tube 

40-50 
�—m  

Healing 
processed 
between 2.3% 
and 5%. 

[22] 

Curing 
agents 

�������î�����î������
mm 

PVA fiber, 
Superabsorbent 
polymer (SAP) 
(hybrid) 

104 �—m 

Hydration was 
continued by 
absorbed water 
and to 
precipitate 
CaCO3. 

[25] 

���������P�P���î����������
mm cylinders 

saturated 
lightweight 
aggregates 
(SLWA) 

_ 

The 11.0 % 
mixture is 
slightly more 
hydrated than 
the 55/0.30 
combination 
because the 
11.0 percent 
mixture 
contains a 
minor amount 
of additional 
water in the 
LWA. 

[26] 

�������î���������î����������
mm 

water-saturated 
lightweight 
aggregate and 
super-absorbent 
polymer 

_ 

The findings 
show that 
internal curing 
and a shrinkage-
reducing 
additive work 
together to 
reduce cracking 
potential 
significantly. 

[27] 
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���������î����������
�î���������P�P 

Polyethylene 
Glycol 

_ 

Healing 
concrete meet 
the minimum 
strength 
requirement as 
25 MPa and 
even with 
strength much 
above 25MPa. 

[28] 

1.2.2 Autonomous Self-Healing Methods 

Table 2 shows recent research in autonomous self-healing methods. Autonomous 
methods can heal wider crackes up to 1.16 mm, especially in vascular technique 
that more healing agent is provided in damaged zone. In micro capusl performance, 
shell which carries healing agent has a significant role. Some shells or cargos are 
easier to break and release the epoxy due to crack and followed by healing agent 
flows into the cracks due to a capillary effect, which is the flow of a liquid through 
a confined space without the aid of external forces such as gravity. 

Table 2 

Overview of recent autonomous self-healing methods 

Healing 
method 

Application 
method Cargo 

Crack 
width results Ref. 

Electrodepositi
on technology 

Electrolyte 
solutions 
+ Direct 
current 

ZnSO4 and 
MgSO4 

0.3 
�P�P���“��
0.05 m 

In this method  the 
fastest crack healing 
speed is during the 
first 5 days and the 

cracks are completely 
healed after 20 days 

[29] 

Electro 
chemical 

deposition 
treatment 
processes 

MgCl2 
solution in 

an 
electrolyte 

100 
�—m to 
200 
�—m 

Magnesium ions 
formed at the mouth 
of a surface-opened 
crack and continued 

to the crack Interface. 

[30] 

Shape memory 
alloy 

embedded 
technology 

NiTi and 
NiTiNb 
shape 

memory 
alloy (SMA) 

_ 
0.5 
mm 

The main crack 
recovery began at 75 
�ƒ�&���D�Q�G���U�H�D�F�K�H�G�������±
100% in the NiTi, 
38.7�±74.1% in the 
NiTiNb specimens. 

[31] 

deformed 
shape 

memory 
alloy fibers, 

NiTi and 
NiTiNb 

_ _ 

The NiTi fibers 
showed the maximum 
enhancement of 67% 
after heat treatment. 

[32] 
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Capsule 
technology 

horone 
diisocyanate 

(IPDI) 
microcapsul

es 

Araffin 
wax, 

polyethylen
e wax, and 
nano silica 

Micro 
cracks 

Concrete containing 
microcapsules 

exposed to sulfate 
attack provided a a 
shield in the pores 

after 14 days. 

[33] 

epoxy resins 
microcapsul

es 

St-DVB 
shell 

Micro 
crack 

The hardened epoxy 
bridged the cracks, as 

the dominant 
elements of C and O 
accounted for 95% of 

the mass in the 
surrounding cracks. 

[34] 

dicyclopent
adiene 

(DCPD) and 
sodium 
silicate 

_ _ 

The modulus of 
elasticity of the 

concrete improved by 
11% and 30% using 
sodium silicate, and 
the healing agent for 

DCPD 
microcapsules. 

[35] 

Vascular 
technolog 

polymeric 
healing 
agents 

poly(methyl 
methacrylat

e) tubes 

1.16 
mm 

Chloride resistance 
was increased in 
cracked concrete 

beams using mixed-in 
capsules (glass or 

PMMA) packed with 
a water-repellent 

chemical. 

[36] 

Methyl 
methacrylat

e 

hollow 
glass tubes 

_ 

In samples containing 
released adhesive, 

flexural toughening 
was increased for the 
second loading event, 

while most of the 
non-adhesive controls 
showed a decrease in 
flexural toughening. 

[37] 

Cyanoacryla
te, Sodium 

silicate 

Heat 
shrinkable 

tube 
_ 

In a 3-point bending 
test, the results reveal 
that pressurizing the 
network increases the 

flow of healing 
agents to the point 
where they fill the 

majority of a 0.2 mm 
crack. 

[38] 

Microbial 
technology 

Bacteria porous 
expanded 

0.15 
mm 

The cracks healed 
using mechanism 
bacterial concrete 

[39] 
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clay 
particles 

which occurs due to 
metabolic conversion 
of calcium lactate to 
calcium carbonate. 

Microbial 
induced 

carbonate 
precipitation 

(MICP) 

recycled 
concrete 

aggregates 
(RCAs) 

0.6 
mm 

The average crack 
healing ratio was 71 
%, while the crack 

area healing ratio was 
84 %. 

[40] 

bacterial 
powder and 

calcium 
source 

Mixture of 
sulfo 

aluminate 
cement, fly 

ash, and 
iron sand 
powder 

_ 

The carrier made 
from low-alkali 

cementitious 
materials may protect 
the loaded spores for 

at least 516 days. 

[41] 

2 Recent Studies on Large Scale Self-Healing Beam 
Shaped Structures 

Because the crack width and service circumstances of large scale structures differ 
from those of experimental samples, a specific approach for providing self-healing 
property is required. Based on the polyurethane encapsulation that is integrated in 
the matrix with eight concrete mixes, Huang et al. [42] investigated an autogenous 
approach for manufacturing self-healing concrete sleepers. In the laboratory, 
artificial and man-made cracks have been generated. Modal impact excitation, 
ultrasonic pulse velocity, and visual inspection were used to track crack healing. 
According to the findings, modal impact excitation is the least effective method for 
crack monitoring, especially when the cracks are small. In another study, fracture 
development promotes capsule rupture, release, and subsequent hardening of the 
polyurethane inside the crack, according to Tittelboom et al. [43]. The second 
method involves mixing superabsorbent polymers (SAPs) into the concrete. These 
SAPs absorb water that enters the crack, swell, and close it. They also cause ongoing 
hydration and calcium carbonate precipitation when they release their water content 
later. Smaller cracks are more likely to heal than larger cracks, as seen in Figure 2. 
Crack closing ratios of 40-80% were found for crack widths of 0-50 �—�P�����Z�K�H�U�H�D�V��
ratios of 10-30% were obtained for crack widths of 200-250 �—�P. 
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Figure 2 

(a) Layout of long tube PU capsules, (b) Crack healing ratio [43] 

Al-Tabbaa et al. [44] disscused a larger national effort to produce biomimetic 
cementitious infrastructure materials. In Fig. 15a, the daily average air temperature 
acquired from local meteorological stations is shown with the mean crack width 
recorded over the monitoring period. During the first four monitoring sessions, 
crack width readings consistently decreased between November 2015 and February 
2016. The average normalised crack width is shown in Fig. 15b, along with daily 
rainfall totals. One of the most critical factors for successful autogenous self-healing 
is the presence of water. 

 
 

Figure 3 

(a) A schamatic of self-healing capsules, (b) crack width measurements throughout the 6-month period 

[44] 

The long-term behavior of a new self-healing concrete material system was 
compared to that of regular reinforced concrete by Hazelwood et al. [45]. LatConX 
(LCX) is a revolutionary material system that combines reinforcing steel and shape 
memory polymer (SMP) tendons within a cementitious matrix. The tendons' 
shrinkage process is activated when a beam has been cast, cured, and loaded, 
providing a compressive force to the cementitious matrix. Long-term simulations 
demonstrate the LatConX system's potential effectiveness in minimizing fracture 
widths in reinforced concrete structural parts. However, when a polymer shrinkage 
stress of 100 MPa is used and 50% of the damage is healed, the results reveal that a 
65% reduction is possible. 

(a) (b) 

(a) (b) 
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Figure 4 

(a) A schamatic of self-healing beam, (b) Long-term behavior simulations of LCX beam [45] 

The fracture process in self-healing concrete with implanted brittle capsules was 
explored by Dai et al. [46]. The validated numerical model reveals that the ratio of 
capsule slenderness to concrete-capsule interface strength is a critical characteristic 
for a successful self-healing process since it allows complete control over when the 
capsule breaks. The longer the capsule is, the longer it will take to break. 
Furthermore, increasing the length of the capsules has been found to assist improve 
the overall fracture energy of the beam, even after it has been fully broken (Fig. 5). 

 
 

Figure 5 
(a) An overview of tubes layout in the middle of beam, (b) schematic view of the healing tubes setup 

in numerical modeling [46] 

Siahkouhi et al. [9] studied application of embedded different size PU tubes self-
healing method to construct a self-healing railway sleeper. Final results showed that 
different size of PU tubes is needed in rail seat or middle of sleeper. Long tubes 
have a better performance in middle of sleeper and short tubes have a better 
performance in rail seat (Figure 6). 

  

Figure 6 
(a) short tubes at middle and rail seat, (b) long tubes at middle and rail seat of sleepers [9] 

(a) (b) 

(a) (b) 

(a) (b) 
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3 Compatibility of Self-Healing Methods for Sleeper 
Manufacturing 

3.1 Manufacturing Process 

In this section, differences between manufacturing of self-healing concrete and 
concrete railway sleepers are compared. Studying different methods through mix 
design, mixing and molding methods, and curing bring a bright overview of self-
healing sleeper manufacturing. 

3.1.1 Mix Design 

By applying self-healing technology or incorporating the appropriate healing 
methods, concrete's ability to heal itself can be achieved and enhanced [47]. 
Typically, the conventional concrete mix design approach is used to calculate the 
self-healing concrete's mixing proportion [48]. However, some healing methods 
affacts the concrete performance, for instance, rheological performance of fresh 
concrete decreases in presence of geo-materials with swelling characteristics or 
other small particle size materials such as micro and nano materials [49].  
The mechanical properties of concrete may improve or degrade depending on the 
circumstance when mineral admixtures are employed as a partial replacement for 
cement, resulting in a small drop in cement content [50]. Concrete mechanical 
strength may suffer with the addition of capsules [51]. Water/cement (W/C) ratios 
of 0.3 to 0.37 are considered in concrete railway sleeper mix design, resulting in 
low flowability and slump tests of 7 to 9 cm [52]. A small change in the mix design 
for sleepers can make a major difference in flowability. 

3.1.2 Mixing and Molding Methods 

The features of freshly formed and cured cementitious composites are significantly 
influenced by the method, speed, and length of the mixing process, according to 
earlier studies [53]. The fluidity and strength of cementitious composites are 
decreased while the number of pores in the matrix is increased by faster and longer 
mixing durations [54]. So it's important to use the right mixing and dispersion 
techniques. The most typical method of mixing is to place materials in a mechanical 
mixer until they are homogeneous enough [55]. Self-healing components that are 
brittle should be inserted into cementitious composites by the end of mixing to 
prevent them from damaging during production [56]. Brittle self-healing materials 
may have reinforcing steel bars, metallic wires, or fibers which are added during 
fracture formation to delay premature failure and reduce crack width [57]. To 
prevent breaking, capsules need additional protection, especially while combining 
[58]. In particular, for micro and nanoparticles with large surface areas and fibrous 
fillers with high aspect ratios, uniform dispersion of healing materials is necessary 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

�Å��145 �Å 

for significant self-healing capabilities [59]. Similar to conventional concrete, self-
healing concrete can be molded. In order to obtain appropriate structural 
compaction, fresh concrete is frequently poured into molds in a number of layers, 
each of which is exposed to mechanical vibration [60]. Concrete railway sleeper 
consumes high amount of fresh concrete and has a high frequency vibration process. 
So in case of choosing self-healing method these parameters should be considered. 

3.1.3 Curing 

Water has been proven to be a critical component in improving self-healing 
performance in both autogenous and autonomous healing methods, and even high 
humidity is insufficient to ensure self-healing [34]. When pre-cracked mortars with 
mineral admixtures are dried in still water as opposed to flowing water, the 
permeability coefficient decreases more quickly and the crack width decreases more 
significantly. This is probably because flowing water eliminates calcium and 
hydroxide ions, reducing the pH and calcium ion concentration, both of which are 
necessary for the synthesis of healing products [61]. In terms of mechanical 
recovery, the water/air cycle curing method, followed by periodically renewed tap 
water, contributed to a superior self-healing performance of strain hardening 
cementitious composites [50]. Water curing compared with wet/dry cycles curing 
or wet curing, usually helps microbiological concrete in obtaining a greater fracture 
healing ratio [62]. Figure 7 shows how concrete railway sleepers are cured using 
steam and temperature. Maximum temperature increases to 90 �� for at least two 
days. 

 

Figure 7 

concrete sleeper curing method [52] 

3.2 Self-Healing Methods Disscussion 

Railway sleepers have been exposed to wear and weathering in a tough 
environment. Temperature, humidity, and other climatic conditions are highly 
variable in the region where sleepers are used, moreover, this structure is exposed 
to the sun without protection. As a result, this service condition precludes the use 
of several self-healing technologies, as shown in Table 3. Electrodeposition 
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technology, which involves conductors (conductive concrete), electricity, and 
electrolytes, is particularly well suited to repairing marine concrete structures. 
Concrete's self-healing tendency with SMA requires thermal stimulation, but that 
with capsules or vascular is usually activated by crack formation. However, both 
autogenous and autonomous healing processes are highly capable of fixing cracks 
that are in micrometers scale width. However, some methods may be suitable to 
manufacture self-healing sleepers which are discussed in the following sections. 

Table 3 

An overview of contradiction between self-healing methods and railway sleeper production 

No. Self-healing methods Contradiction with railway sleeper manufacturing 
1  mineral powder These methods provide self-healing property by 

more hydration to close cracks, for sleepers this 
water cannot be provided externally, unless in rainy 
places. Furthermore, presence of nanomaterials may 
influence on concrete flowability, especially in case 
of sleeper concrete with low w/c. These methods 
mostly are used for microcracks but in case of 
sleepers their crack sometimes is opened in mm 
scale. 

2 fibers 
3 nanofillers 
4 Curing agents 
5  mineral powder 

6 Electrodeposition 
technology 

The existence of micro capsules may decrease 
mechanical performance of concrete. Moreover, 
they may damage during mixing and manufacturing 
concrete railway sleeper. Healing material captive in 
cargo inside of concrete should not be influenced by 
curing temperature of concrete sleepers. Bacteria is 
not suitable for concrete railway sleeper 
manufacturing as it has short lifespan and needs 
special growing environment.  

7 Shape memory alloy 
embedded technology 

8 Capsule technology 
9 Vascular technolog 
10 Microbial technolog 

4 Future Prospective 

4.1 Self-Healing Tubes 

One of the method which can be used for self-healing concrete sleeper 
manufacturing is application of vascular methods such as long and short tubes that 
can provide enough amount of healing agent [63]. Sleepers are under dynamic loads 
that can enforce agents captive inside tubes to come out and cover crack zone due 
to a capillary effect which is the flow of a liquid through a confined space without 
the aid of external forces such as gravity. 
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4.2 Nano Materials 

Application of nanomaterials such as carbon nano tubes (CNTs) can be an option 
to manufacture self-healing concrete sleeper [6], just in case that external water can 
be provided for sleepers. So this method is not suitable for a desert area. Moreover, 
convenient to heal microcracks in long time. 

4.3 LatConX System 

The system comprises cementitious beams with Unbonded pre-oriented polymer 
tendons. When hydration reaction strarts due to the initial curing process, the crack 
is closed by thermally initiating the shrinking mechanism of the constrained 
polymer tendons [64]. 

Conclusions 

This study reviews the potential self-healing methods to manufacture a self-healing 
concrete railway sleeper. First, these methods are categorized and then they are 
compared with concrete railway sleeper manufacturing process, lifespan and 
loading condition. Autonomous self-healing methods are suitable for higher crack 
width than autogenous, but they depneds on some inside triggers such as long and 
short tube PU encapsulation, micro capsules, LatConX system, bacteria etc. There 
are several parameters influence on application of self-healing methods to produce 
sleeper such as water that cannot be provided externally, unless in rainy places, 
presence of nanomaterials which may influence on concrete flowability, especially 
in case of sleeper concrete with low w/c, existance of micro capsules which 
decreases mechanical performance of concrete and they may damage during mixing 
and manufacturing, healing agents captive in cargo inside of concrete which should 
not be influenced by curing temperature, bacteria which has short lifespan and needs 
special growing environment. According to sleeper service condition, vascular 
method, LatConX system and application of nano materials can be suitable self-
healing methods to manufacture self-healing sleeper. Although in a vascular 
method, high amount of healing agent should be supplied in fracture zone for crack 
healing. 
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Abstract: The paper deals with the analytical identification of the critical section of the 
axle of a freight wagon. The procedure for calculating the strength of railway axles in 
accordance with the European standard EN 13103 is shown. Based on this, a method for 
identifying the critical section of the axle was presented. The goal is to find the section or 
zone with the lowest dynamic safety factor. The proposed method was applied to a specific 
example of standard axle of freight wagon for an axle load of 22.5 tons. The obtained 
results have shown that the critical section is located in the zone of transition radius 
between the wheel-seat and the middle part of the axle. The obtained analytical results 
were verified by FEM calculation in the ANSYS software package. The results of the 
research presented in the paper may be interesting and should be considered for future 
design, optimization and standardization of axles of freight wagons. 

Keywords: railway axle; freight wagon; critical section; EN 13103 

1 Introduction  

The axles of railway vehicles are among the most responsible elements in the 
entire railway system. The quality of functioning and reliability of railway axles 
directly affects the safety and security on the railway. Failure of the railway axle 
in running very often leads to the derailment of a given railway vehicle and 
sometimes of a larger part or the whole train (one example is shown in Fig. 1) [1]. 
The consequences of these events are great direct and indirect material damage, 
and very often human casualties. Therefore, research on the problems of railway 
axles takes the one of the most important places in the railway engineering [2, 3]. 

Nowadays, there are many developed methods for analyzing and investigation the 
behavior of vital elements of railway vehicles and track [4-11]. Actual research on 
railway axles is primarily related to analyzing their behavior and characteristics as 
extremely dynamically loaded elements. Martínez-Casas et al. have investigated 
the numerical determination of the stresses of railway axles using the model of 
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interaction between the train and track [12]. In [13] and [14] Nikolov and Krishna 
Sudha et al. have studied the strength characteristics and design of locomotive 
axles. Xue et al. have analyzed the problem of assessing the reliability of axle of a 
freight wagon [15], while Dikmen et al. and Yasniy et al. have investigated the 
problem of estimating the lifetime of the railway axle [16, 17]. Given that railway 
axles belong to unsprung masses, the problem of reducing their weight is a 
constantly current topic. In [18] Han et al. have researched how to reduce the 
weight of axle of a city railway vehicle. Son et al. have studied the problems of 
designing a hollow railway axle [19]. In order to reduce unsprung masses, there 
are approaches to introduce new materials of wheels and axles. In this regard, 
Bruni et al. and Mistry et al. have studied the design of a railway axle made of 
composite material [20, 21]. 

 

 

Figure 1 

Example of derailment of freight train caused by axle failure [1] 

The aim of this paper is to establish an analytical method for identifying the 
critical section of the axle of a freight wagon. The main goal is to identify the 
cross-section of the axle with the lowest dynamic safety factor. In doing so, all 
relevant loads for axle calculation and its strength requirements are taken from the 
relevant international standard EN 13103 [22]. Lastly, the obtained analytical 
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results should be verified by numerical calculations using FEM, which are 
successfully used for a long time in the research of phenomena related to wheel 
and rail [23, 24]. 

2 Strength Calculation in Accordance with EN 13103 

The European standard EN 13103 prescribes authoritative loads for the strength 
calculation of axles of railway vehicles. The scheme of loads for calculation is 
given in Fig. 2. The forces of action on the axle journals are [22]: 

1 10.625 0.075 oh
P m g

b
� § � ·

�  � � � ˜� ¨ � ¸
� © � ¹

      (1) 

2 10.625 0.075 oh
P m g

b
� § � ·

�  � � � ˜� ¨ � ¸
� © � ¹

      (2) 

1 2H Y Y� | � �        (3) 

 

Figure 2 

Scheme of loads for strength calculation of railway axles [22] 

The reactive forces in the wheel-rail contacts are [22]: 

1 10.3Y m g�  � ˜ � ˜                                                    (4) 
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2 10.15Y m g�  � ˜ � ˜                                                    (5) 

�� �� �� �� �� ��1 1 2 1 2

1
2

Q P b s P b s Y Y R
s

�  � � � � � � � � � � � ˜� ª � º� ¬ � ¼                                                 (6) 

�� �� �� �� �� ��2 2 1 1 2

1
2

Q P b s P b s Y Y R
s

�  � � � � � � � � � � � ˜� ª � º� ¬ � ¼                                                 (7) 

In the previous expressions ho is height of gravity center of suspended masses, b is 
half-distance between axle-box cases, s is half-distance between nominal rolling 
circles, R is wheel radius, and m1 is mass, which is defined as the difference 
between axle-load mass (mal) and wheelset mass (mws): 

1 al wsm m m� ��        (8) 

The diagram of bending moments of the axle in the yz plane is given in Fig. 3. 

 

Figure 3 

Diagram of bending moments of axle in yz plane 

The bending moments in the plane yz, caused by the loads of axle defined in Fig. 
1 are defined by the following expressions:  

1 0xM �                                    (9) 

�� ��2 1xM P b s� ��                                (10) 

�� ��3 1 1xM P b s Y R�  � � � � � ˜                  (11) 
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4 1 1 1xM P b Y R Q s�  � ˜ � � � ˜ � � � ˜                               (12) 

5 0xM �                    (13) 

�� ��6 2xM P b s� ��                   (14) 

�� ��7 2 2xM P b s Y R�  � � � � � ˜                               (15) 

The maximum bending moment in the plane yz, caused by the braking with shoe 
brake is defined by the following expression: 

�� ��0.3xbr sM F b s�P�  � ˜ � ˜ � �                 (16) 

where: µ – friction coefficient between shoe and wheel, Fs = Bk �P̃w – braking 
force, Bk – braking coefficient, Pw = (m1 + mws)�g̃ /2 – wheel static load. 

The maximum bending moment in the plane xy (Fig. 4), caused by the braking is 
defined by the following expression: 

�� ��0.3zbr sM F b s�  � ˜ � �                               (17) 

The torsion moment of the axle (Fig. 4), caused by the braking is defined by the 
following expression: 

0.3ybr wM P R�  � ˜ � ˜                                            (18) 

In any axle cross-section, the equivalent stress �Ve must be less than or equal to 
permissible stress �Vper: 

e per� V � V�d                    (19) 

The equivalent stress is determined by the following expression: 

3

32 e
e k

M
S

d
�V

�S
� �˜                                                       (20) 

where: 

2 2 2
e x y zM M M M�  � � � � – equivalent moment in considered cross-section 

d – axle diameter in considered cross-section 

Sk – stress concentration factor in considered cross-section 

The stress concentration factor depends on the location of the considered cross-
section and is defined by the expressions: 

�� �� �� ��
�� ���� ��2.5 1.5 0.5

4 1
1;      ;         

5 10
k X Y

Y Y r D
S X Y

D dX
� � � �

� � � �
�  � � �  �  

�˜
                    (21) 
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Figure 4 

Diagram of bending moment of axle in xy plane and diagram of torsion moment of axle 

The explication of parameters d, D and r in expression (21) is given in Fig. 5. 

 

Figure 5 

Explication of parameters d, D and r 

The permissible stress is defined as the ratio between the endurance limit �VN for a 
given axle material, and the safety factor s: 

N
per s

�V
�V �                                                       (22) 
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3 Analytical Identification of Critical Section 

The subject of research is the standard axle of a freight wagon for an axle load of 
22.5 tons, shown in Fig. 6. In order to perform analytical identification of critical 
section of the considered axle, five representative cross-sections S1-S5 for are 
selected for strength calculation. It is important to note that these cross-sections 
are selected in the places where pressed joints or transition radii between different 
diameters of the axle are present. 

 

Figure 6 

Subject of research – standard axle of a freight wagon for an axle load of 22.5 tons 

The input parameters for the calculation of the strength of the considered axle are 
given in the Table 1. 

Table 1 

Values of input parameters for calculation of strength of considered axle 

mal =22500 kg axle-load 
mws =1074 kg wheelset mass 
Axle material EA1T 
ho =1900 mm height of center of gravity of suspended mass for loaded wagon 
2b =2000 mm distance between axle-box cases 
2s =1500 mm distance between nominal rolling circles 
D =920 mm nominal wheel diameter 

The obtained values of parameters for the determination of axle stresses, obtained 
on the basis of expressions given in the Chapter 2, are given in the Table 2. 

The expressions for the determination of equivalent moments in considered cross-
sections of the axle are: 

2 2

2
1

0.086 0.086 0.086

0.252 0.252
x xbr zbr

eS

M M M
M

� ˜ � � � ˜ � ˜� § � · � § � ·
� ��� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹
                       (23) 
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2 2

2
2

0.1425 0.1425 0.1425

0.252 0.252
x xbr zbr

eS

M M M
M

� ˜ � � � ˜ � ˜� § � · � § � ·
� ��� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹
                       (24) 

�� ��2 2 2
3 3eS x xbr ybr zbrM M M M M�  � � � � � �                                                     (25) 

�� �� 2

3 4 2 2
4 4

0.632

0.75
x x

eS x xbr ybr zbr

M M
M M M M M

� ˜ � �� § � ·
�  � � � � � � � �� ¨ � ¸

� © � ¹
                      (26) 

�� ��2 2 2
5 4eS x xbr ybr zbrM M M M M�  � � � � � �              (27) 

Table 2 

Obtained values of parameters for determination of axle stresses, obtained on basis of expressions 

given in Chapter 2 

Parameter Value Parameter Value Parameter Value 
m1 [kg] 21426 Mx1 [kNcm] 0 Bk 0.75 
P1 [kN] 161.32 Mx2 [kNcm] 4033 Fs [kN]  82.77 
P2 [kN] 101.42 Mx3 [kNcm] 6933.76 µ 0.1 
H [kN]  31.53 Mx4 [kNcm] 4009.63 Mxbr [kNcm] 62.08 
Y1 [kN] 63.06 Mx5 [kNcm] 0 Mzbr [kNcm] 620.78 
Y2 [kN] 31.53 Mx6 [kNcm] 2535.5 Mybr [kNcm] 1522.97 
Q1 [kN]  180.97 Mx7 [kNcm] 3985.88   
Q2 [kN] 81.77 Pw [kN] 110.36   

The obtained values of safety factors and equivalent moments in the considered 
axle cross-sections are given in the Table 3. 

Table 3 

Obtained values of safety factors and equivalent moments in considered axle cross-sections 

Cross-section Stress concentration factor Sk Equivalent moment Me [kNcm] 
S1 1.11 1413.49  
S2 1.36 2342.13 
S3 1.00 7186.56 
S4 1.19 6739.52 
S5 1.00 4391.32 

Finally, the obtained values of equivalent stresses in considered axle cross-
sections are given in the Table 4. The table also gives the values of endurance 
limits defined by [22] in considered axle cross-sections and safety factor as a ratio 
between endurance limit and equivalent stress. 

The obtained results have shown that the most critical section of the considered 
axle is located in the zone of transition radius between the wheel-seat and the 
middle part of the axle (zone between cross-section S3 and S4 shown in Fig. 6). 
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Table 4 

Obtained values of equivalent stresses, endurance limits and safety factors in considered axle cross-

sections 

Cross-section 
Equivalent stress 

�Ve [kN/cm2] 
Endurance limit 

�VN [kN/cm2] 
Safety factor  

s 

S1 7.28 12 1.65 
S2 7.93 12 1.51 
S3 9.15 12 1.31 
S4 15.25 20 1.31 
S5 8.35 20 2.39 

This result is in agreement with many cases of failures of railway axles that have 
occurred in the past, where the axles have fractured right in the identified zone [1, 
25-27]. 

4 Verification  of Analytical Results 

The obtained analytical results were verified by FEM (finite element method) 
calculation in the ANSYS software package. The formed numerical model 
consists of the considered axle and a pair of wheels. The model is composed of 
140359 finite elements and 233962 nodes (Fig. 7). 

 

Figure 7 

Numerical FEM model (140359 finite elements and 233962 nodes) 

The obtained numerical results for the equivalent stresses of the axle in the 
considered cross-sections from Chapter 3 are shown in Fig. 8. 



M. �%�L�å�L�ü et al. Analytical Identification of Critical Section of Axle of Freight Wagon  

 – 162 – 

 

Figure 8 

Obtained numerical results for equivalent stresses in considered cross-sections of axle 

A comparative view of the equivalent stresses obtained by analytical and 
numerical way is given in Table 5. 

Table 5 

Comparative view of equivalent stresses obtained by analytical and numerical way 

Cross-section 
Analytical results 

�Ve [kN/cm2] 
FEM results 
�Ve [kN/cm2] 

S1 7.28 7.58 
S2 7.93 7.82 
S3 9.15 2.08 
S4 15.25 16.6 
S5 8.35 10.96 

The obtained FEM results have shown good degree of agreement with the 
analytical results. There is only one exception in section S3, where the contact 
surface with the wheel is present in the numerical model. Therefore, a lower value 
of equivalent stress is obtained in this section. In general, it can be concluded that 
the analytical and numerical results are in agreement and that the analytically 
identified critical zone of the axle in chapter 3 is valid. 

Conclusions 

The paper presents an analytical method for identifying the critical section of axle 
of a freight wagon. The method is based on the requirements of the European 
standard EN 13103 for axle strength. Analytical results for standard axle of freight 
wagons for an axle-load of 22.5 t have shown that the critical section is located in 
the zone of transition radius between the wheel-seat and the middle part of the 
axle. In this zone, the axle has the lowest safety factor of about 1.3, expressed as 
the ratio between the endurance limit and the equivalent stress. This result is in 
correspondence with many cases of failures of axles from exploitation that have 
broken just in the identified zone. The established analytical procedure was 
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verified by the results of FEM calculation, while the analytical and numerical 
results are in correspondence. The outcomes of the paper should be taken into 
account in the further design, optimization and standardization of axles of freight 
wagons. 
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Nomenclature 

Symbol   Meaning 
P1, P2 [kN]   vertical forces on the axle journals 
H [kN]    lateral force on the axle journal 
Q1, Q2 [kN]  vertical forces in the wheel-rail contacts 
Y1, Y2 [kN]  lateral forces in the wheel-rail contacts 
ho [cm]    height of gravity center of suspended masses 
b [cm]   half-distance between axle-box cases 
s [cm]   half-distance between nominal rolling circle 
R [cm]   wheel radius 
mal [kg]   axle-load mass 
mws [kg]   wheelset mass 
Mx [kNcm]  bending moment in the plane yz 
Mxbr [kNcm]  bending moment in the plane yz caused by the braking 
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µ      friction coefficient between shoe and wheel 
Fs [kN]    braking force 
Bk      braking coefficient 
Pw [kN]    wheel static load 
Mzbr [kNcm]  bending moment in the plane xy caused by the braking 
Mybr [kNcm]  torsion moment of the axle caused by the braking 
�Ve [kN/cm2]  equivalent stress 
�Vper [kN/cm2]  permissible stress 
Me [kNcm]  equivalent moment 
d [cm]   axle diameter in considered cross-section 
Sk    stress concentration factor 
�VN [kN/cm2]  endurance limit 
s    safety factor 
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Abstract: Ground deformation, due to tunneling, is one of the most significant challenges in 
tunnel design in soft ground along with, the predicting the related effects of tunneling on 
nearby structures. One of the methods of predicting ground settlement in tunneling projects, 
is to use analytical and numerical methods. By measuring the amount of settlement with 
accurate instruments and back-analysis of behavioral measurement data, in addition to 
estimating the state of settlement of the ground and surrounding structures, it is possible to 
determine the geotechnical parameters of the soil and structure in the design of upcoming 
sections and future designs. In this study, an attempt has been made to verify the measured 
settlements caused by digging the tunnel of an urban train line, by using back analysis. For 
this purpose, comparisons with predictions obtained from empirical and analytical methods 
and the Geotechnical Engineering Finite Element Analysis software (PLAXIS) was used.  
The results show that often, the empirical methods obtain values more than the measured 
values, for ground settlement. 

Keywords: Tunnel excavation; surface settlement; back analysis; PLAXIS; civil engineering; 
infrastructures; transportation; mobility 
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1 Introduction  

�'�L�V�S�O�D�F�H�P�H�Q�W�V���W�K�D�W���R�F�F�X�U���L�Q���W�K�H���J�U�R�X�Q�G�����Z�K�L�F�K���D�U�H���W�K�H���U�H�V�X�O�W���R�I���W�X�Q�Q�H�O�L�Q�J���D�F�W�L�Y�L�W�L�H�V��
�L�Q���X�U�E�D�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����L�V���R�Q�H���R�I���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���F�K�D�O�O�H�Q�J�H�V���L�Q���G�L�J�J�L�Q�J���V�K�D�O�O�R�Z��
�W�X�Q�Q�H�O�V�� �L�Q�� �V�R�I�W�� �J�U�R�X�Q�G�� �W�K�D�W�� �X�V�X�D�O�O�\�� �H�[�L�V�W�V�� �L�Q�� �X�U�E�D�Q�� �D�U�H�D�V�� �L�V�� �W�K�H�� �S�U�R�E�O�H�P���R�I�� �O�D�Q�G��
�V�H�W�W�O�H�P�H�Q�W���D�Q�G���L�W�V���L�P�S�D�F�W���R�Q���W�K�H���Q�H�D�U�E�\���X�U�E�D�Q���V�W�U�X�F�W�X�U�H�V���D�Q�G���I�D�F�L�O�L�W�L�H�V��[1]�����)�X�U�W�K�H�U����
�J�U�R�X�Q�G-�E�R�U�Q�H�� �Y�L�E�U�D�W�L�R�Q�V�� �I�U�R�P�� �U�D�L�O�Z�D�\�� �R�U�� �W�U�D�P�Z�D�\�� �W�U�D�F�N�V�� �F�D�Q�� �F�D�X�V�H�� �G�D�P�D�J�H���W�R��
�Q�H�D�U�E�\�� �X�U�E�D�Q�� �V�W�U�X�F�W�X�U�H�V�� �D�Q�G�� �I�D�F�L�O�L�W�L�H�V�� [2-6]�����5�H�O�L�D�E�O�H�� �I�R�U�H�F�D�V�W�L�Q�J�� �R�I�� �W�K�H��
�D�I�R�U�H�P�H�Q�W�L�R�Q�H�G�� �G�L�V�S�O�D�F�H�P�H�Q�W�V�����W�R�� �D�V�V�H�V�V�� �S�R�V�V�L�E�O�H�� �K�X�P�D�Q-�I�L�Q�D�Q�F�L�D�O�� �O�R�V�V�H�V�� �D�Q�G��
�F�R�Q�V�L�G�H�U���S�U�R�W�H�F�W�L�Y�H���P�H�D�V�X�U�H�V���W�R���U�H�G�X�F�H���W�K�H���D�E�R�Y�H���U�L�V�N�V�����D�U�H���Y�H�U�\���X�V�H�I�X�O�����7�K�H���H�I�I�H�F�W�V��
�R�Q���Q�H�D�U�E�\���V�W�U�X�F�W�X�U�H�V���V�X�F�K���D�V���H�[�L�V�W�L�Q�J���W�X�Q�Q�H�O�V�����G�H�H�S���I�R�X�Q�G�D�W�L�R�Q�V�����D�Q�G���V�R���R�Q�����G�H�S�H�Q�G��
�R�Q�� �W�K�H�� �H�[�W�H�Q�W���R�I�� �W�K�H�� �V�X�U�I�D�F�H�� �V�H�W�W�O�H�P�H�Q�W���S�U�R�I�L�O�H�� �D�Q�G���L�W�V�� �D�P�R�X�Q�W���� �7�K�H�� �H�I�I�H�F�W�V�� �R�I�� �W�K�L�V��
�F�K�D�Q�J�H���R�I���O�R�F�D�W�L�R�Q���R�Q���W�K�H���V�X�U�I�D�F�H���D�Q�G���E�X�U�L�H�G���V�W�U�X�F�W�X�U�H�V���D�Q�G���W�K�H�L�U���V�H�U�Y�L�F�L�Q�J���V�K�R�X�O�G��
�E�H�� �F�K�H�F�N�H�G�� �D�Q�G�� �V�H�W�W�O�H�P�H�Q�W�� �V�K�R�X�O�G�� �E�H�� �S�U�H�Y�H�Q�W�H�G�� �L�I�� �Q�H�F�H�V�V�D�U�\���� �'�L�V�S�O�D�F�H�P�H�Q�W�V��
�U�H�V�X�O�W�L�Q�J�� �I�U�R�P�� �W�X�Q�Q�H�O�� �H�[�F�D�Y�D�W�L�R�Q�� �L�Q�� �W�K�H�� �V�R�I�W�� �J�U�R�X�Q�G�� �F�D�Q�� �E�H�� �S�U�H�G�L�F�W�H�G�� �E�\���Y�D�U�L�R�X�V��
�P�H�W�K�R�G�V���� �L�Q�F�O�X�G�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �P�H�W�K�R�G�V�� �E�D�V�H�G�� �R�Q�� �I�L�H�O�G�� �P�H�D�V�X�U�H�P�H�Q�W�V��[7-10]����
�H�P�S�L�U�L�F�D�O���D�Q�G���V�H�P�L-�H�P�S�L�U�L�F�D�O���P�H�W�K�R�G�V��[11-13]�����Q�X�P�H�U�L�F�D�O���P�R�G�H�O�V���>�������������������@�����D�Q�G��
�S�K�\�V�L�F�D�O�� �P�R�G�H�O�V��[16]���� �,�Q�� �W�K�H�V�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�V���� �S�D�U�D�P�H�W�H�U�V�� �V�X�F�K�� �D�V�� �W�K�H�� �W�X�Q�Q�H�O��
�S�U�R�S�H�U�W�L�H�V���D�Q�G���L�W�V���G�H�S�W�K�����W�K�H���J�U�R�X�Q�G���F�R�Q�G�L�W�L�R�Q�V�����D�Q�G���W�K�H���D�P�R�X�Q�W���R�I���Y�R�O�X�P�H���U�H�G�X�F�W�L�R�Q��
�R�U�� �F�R�Q�Y�H�U�J�H�Q�F�H�� �F�D�X�V�H�G�� �E�\�� �W�X�Q�Q�H�O�� �G�L�J�J�L�Q�J�� �D�U�H�� �H�I�I�H�F�W�L�Y�H���� �7�K�H�� �D�P�R�X�Q�W�� �R�I�� �J�U�R�X�Q�G��
�V�H�W�W�O�H�P�H�Q�W���� �L�W�V�� �G�L�U�H�F�W�L�R�Q���� �D�Q�G�� �O�R�F�D�W�L�R�Q���Z�L�W�K�L�Q�� �W�K�H�� �W�X�Q�Q�H�O�� �G�H�S�H�Q�G�� �R�Q�� �J�H�R�W�H�F�K�Q�L�F�D�O��
�F�R�Q�G�L�W�L�R�Q�V�����V�W�D�W�L�F���V�W�U�H�V�V�H�V���L�Q���W�K�H���J�U�R�X�Q�G���D�Q�G���O�R�D�G�V���R�Q���W�K�H���V�X�U�I�D�F�H�����X�Q�G�H�U�J�U�R�X�Q�G���Z�D�W�H�U��
�F�R�Q�G�L�W�L�R�Q�V�����W�X�Q�Q�H�O���H�[�F�D�Y�D�W�L�R�Q���P�H�W�K�R�G�����D�Q�G���W�K�H���W�\�S�H���R�I���W�X�Q�Q�H�O���O�L�Q�L�Q�J�����7�K�H���U�H�F�R�U�G�H�G��
�G�D�W�D���S�U�R�Y�L�G�H�V���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���F�R�P�S�D�U�L�Q�J���D�Q�D�O�\�W�L�F�D�O���P�H�W�K�R�G�V���Z�L�W�K���P�R�Q�L�W�R�U�L�Q�J���G�D�W�D��
�D�Q�G���F�D�O�L�E�U�D�W�L�Q�J���D�Q�G���Y�D�O�L�G�D�W�L�Q�J���W�K�H���Q�X�P�H�U�L�F�D�O���P�H�W�K�R�G�V��[1]����

�2�Q�H�� �R�I�� �W�K�H�� �E�H�V�W�� �P�H�W�K�R�G�V�� �I�R�U�� �H�V�W�L�P�D�W�L�Q�J�� �W�K�H�� �J�U�R�X�Q�G�� �G�L�V�S�O�D�F�H�P�H�Q�W�V�� �L�Q�� �X�S�F�R�P�L�Q�J��
�V�H�F�W�L�R�Q�V�� �L�V�� �W�K�H�� �E�D�F�N�� �D�Q�D�O�\�V�L�V���D�Q�G�� �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O�L�Q�J�� �R�I�� �W�K�H���P�R�Q�L�W�R�U�L�Q�J���Y�D�O�X�H�V��
�P�H�D�V�X�U�H�G���L�Q���V�L�P�L�O�D�U���F�R�Q�G�L�W�L�R�Q�V�����%�D�F�N���D�Q�D�O�\�V�L�V���F�D�Q���D�S�S�U�R�[�L�P�D�W�H���W�K�H���F�U�R�V�V-�V�H�F�W�L�R�Q���R�I��
�V�H�W�W�O�H�P�H�Q�W�V���Z�L�W�K���W�K�H���*�D�X�V�V�L�D�Q���G�L�V�W�U�L�E�X�W�L�R�Q���F�X�U�Y�H��[7]�����E�\���I�L�W�W�L�Q�J���W�K�H���P�R�Q�L�W�R�U�L�Q�J���G�D�W�D��
�Z�L�W�K�� �W�K�H�� �*�D�X�V�V�L�D�Q�� �F�X�U�Y�H�� �S�D�U�D�P�H�W�H�U�V���� �,�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �U�H�V�H�D�U�F�K���� �W�K�H�� �R�E�V�H�U�Y�H�G��
�V�H�W�W�O�H�P�H�Q�W�V���L�Q���W�K�H���Q�R�U�W�K�H�U�Q���S�D�U�W���R�I���0�D�V�K�K�D�G���F�L�W�\���X�U�E�D�Q���W�U�D�L�Q���O�L�Q�H���������D�U�H���F�R�P�S�D�U�H�G��
�Z�L�W�K�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �H�P�S�L�U�L�F�D�O�� �D�Q�G�� �D�Q�D�O�\�W�L�F�D�O�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�����D�V�� �Z�H�O�O�� �D�V���Q�X�P�H�U�L�F�D�O��
�P�R�G�H�O�L�Q�J�����8�V�L�Q�J���W�K�H���U�H�V�X�O�W�V���R�I���I�L�H�O�G���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���J�U�R�X�Q�G���V�H�W�W�O�H�P�H�Q�W�V���D�Q�G���E�D�F�N��
�D�Q�D�O�\�V�L�V�����W�K�H���U�H�T�X�L�U�H�G���S�D�U�D�P�H�W�H�U�V���I�R�U���S�U�H�G�L�F�W�L�Q�J���W�K�H���V�H�W�W�O�H�P�H�Q�W���L�Q���W�K�H���Q�H�[�W���V�H�F�W�L�R�Q�V��
�K�D�Y�H�� �E�H�H�Q���G�H�W�H�U�P�L�Q�H�G���� �D�Q�G���L�W���Z�L�O�O���E�H�� �S�R�V�V�L�E�O�H�� �W�R���S�U�H�G�L�F�W���W�K�H�� �V�H�W�W�O�H�P�H�Q�W���L�Q�� �V�L�P�L�O�D�U��
�I�X�W�X�U�H���V�H�F�W�L�R�Q�V���Z�L�W�K���D���K�L�J�K�H�U���G�H�J�U�H�H���R�I���F�R�Q�I�L�G�H�Q�F�H�����7�K�L�V���I�L�Q�G�L�Q�J���F�D�Q���S�U�R�Y�L�G�H���Q�H�Z��
�V�W�U�D�W�H�J�L�H�V���I�R�U���V�H�W�W�O�H�P�H�Q�W���S�U�H�G�L�F�W�L�R�Q���D�Q�G���G�H�I�R�U�P�D�W�L�R�Q���F�R�Q�W�U�R�O���P�H�W�K�R�G�V����
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2 Project Specifications 

�7�K�H���0�D�V�K�K�D�G���X�U�E�D�Q���W�U�D�L�Q���O�L�Q�H�������K�D�V���D���O�H�Q�J�W�K���R�I�������������N�L�O�R�P�H�W�H�U�V�����D���G�L�D�P�H�W�H�U���R�I����������
�P�H�W�H�U�V���� �D�Q�G���D�� �G�H�S�W�K�� �R�I�� �E�H�W�Z�H�H�Q�������� �D�Q�G�������� �P�H�W�H�U�V���� �7�K�H�� �V�R�L�O�� �O�D�\�H�U�V�� �D�U�H�� �R�I�W�H�Q���I�L�Q�H-
�J�U�D�L�Q�H�G����CL-ML�����8�6�&�6���F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����X�S���W�R���D���G�H�S�W�K���R�I���������P�H�W�H�U�V�����)�U�R�P���D���G�H�S�W�K���R�I��
�������W�R���������P�H�W�H�U�V�����L�W���L�V��SM���D�Q�G���W�K�H���X�Q�G�H�U�J�U�R�X�Q�G���Z�D�W�H�U���O�H�Y�H�O���L�V���L�Q���W�K�H���G�H�S�W�K���L�V���������P�H�W�H�U�V����
�D�O�P�R�V�W�� ���� �P�H�W�H�U�V�� �E�H�O�R�Z�� �W�K�H�� �O�R�Z�H�V�W�� �O�H�Y�H�O�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O���� �,�Q�� �)�L�J�X�U�H�� ������ �W�K�H�� �J�H�R�P�H�W�U�L�F��
�V�L�W�X�D�W�L�R�Q���R�I���W�K�H���W�X�Q�Q�H�O���S�O�D�F�H�P�H�Q�W���L�Q���W�K�H���J�U�R�X�Q�G���O�D�\�H�U�V�����W�K�H���G�L�P�H�Q�V�L�R�Q�V���R�I���W�K�H���W�X�Q�Q�H�O����
�W�K�H���W�\�S�H���R�I���W�K�H���O�D�\�H�U�V�¶���P�D�W�H�U�L�D�O�����D�Q�G���W�K�H���X�Q�G�H�U�J�U�R�X�Q�G���Z�D�W�H�U���O�H�Y�H�O���D�U�H���V�F�K�H�P�D�W�L�F�D�O�O�\��
�V�K�R�Z�Q��[17]�����,�Q���W�K�H���I�L�U�V�W���V�H�F�W�L�R�Q���R�I���W�K�H���W�X�Q�Q�H�O���H�[�F�D�Y�D�W�L�R�Q�����Q�R�U�W�K�H�U�Q���S�D�U�W�������Q�H�D�U�O�\����������
�P�H�W�H�U�V�� �O�R�Q�J���� �P�R�U�H�� �W�K�D�Q�������� �W�U�L�S�O�H�� �U�R�Z�V�� �R�I�� �V�H�W�W�O�H�P�H�Q�W���S�L�Q�V�� �K�D�Y�H�� �E�H�H�Q���L�Q�V�W�D�O�O�H�G���D�Q�G��
�P�H�D�V�X�U�H�G���� �,�Q�� �W�K�L�V�� �U�H�V�H�D�U�F�K���� �W�K�H�� �V�H�W�W�O�H�P�H�Q�W���W�K�D�W���R�F�F�X�U�U�H�G���L�Q�� �W�K�L�V�� �S�D�U�W���Z�D�V�� �D�Q�D�O�\�]�H�G��
�D�Q�G���F�R�P�S�D�U�H�G���Z�L�W�K���H�P�S�L�U�L�F�D�O���U�H�O�D�W�L�R�Q�V�K�L�S�V���D�Q�G���Q�X�P�H�U�L�F�D�O���U�H�V�X�O�W�V����

4.7 m

14
.1

 m CL-ML

SC-SM
Water level

 

�)�L�J�X�U�H������

�7�K�H���F�U�R�V�V-�V�H�F�W�L�R�Q���R�I���W�K�H���J�U�R�X�Q�G���S�U�R�I�L�O�H���D�Q�G���W�X�Q�Q�H�O��

3 Surface Ground Settlement Calculation 

�5�H�Y�L�H�Z�L�Q�J���W�K�H���W�H�F�K�Q�L�F�D�O���O�L�W�H�U�D�W�X�U�H���R�Q���W�K�H���H�V�W�L�P�D�W�L�R�Q���R�I���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���U�H�V�X�O�W�L�Q�J��
�I�U�R�P�� �W�X�Q�Q�H�O�� �H�[�F�D�Y�D�W�L�R�Q�� �V�K�R�Z�V�� �Y�D�U�L�R�X�V���D�Q�D�O�\�W�L�F�D�O-�H�P�S�L�U�L�F�D�O�� �P�H�W�K�R�G�V���� �,�Q�� �W�K�H�V�H��
�P�H�W�K�R�G�V�����U�H�O�D�W�L�R�Q�V�K�L�S�V���K�D�Y�H���E�H�H�Q���S�U�H�V�H�Q�W�H�G���W�K�D�W���H�V�W�L�P�D�W�H���W�K�H���V�H�W�W�O�H�P�H�Q�W���S�U�R�I�L�O�H���D�W��
�W�K�H���V�X�U�I�D�F�H���D�Q�G���G�L�I�I�H�U�H�Q�W���G�H�S�W�K�V���R�I���W�K�H���J�U�R�X�Q�G�����$�O�W�K�R�X�J�K���W�K�H�V�H���P�H�W�K�R�G�V���D�U�H���V�H�P�L-
�H�P�S�L�U�L�F�D�O���V�H�P�L-�D�Q�D�O�\�W�L�F�D�O�� �D�Q�G�� �J�L�Y�H�� �D�Q�� �D�S�S�U�R�[�L�P�D�W�L�R�Q�� �R�I���G�H�I�R�U�P�D�W�L�R�Q�V���� �L�W�� �P�X�V�W�� �E�H��
�Q�R�W�L�F�H�G�� �W�K�D�W�� �W�K�H�V�H�� �P�H�W�K�R�G�V�� �F�D�Q�� �E�H�� �D�� �T�X�L�F�N�� �D�Q�G�� �X�V�H�I�X�O�� �D�Q�D�O�\�V�L�V�� �I�R�U�� �V�H�W�W�O�H�P�H�Q�W��
�D�S�S�U�R�[�L�P�D�W�L�R�Q���� �,�Q�� �W�K�L�V�� �S�D�U�W���� �W�K�H�� �V�X�U�I�D�F�H�� �V�H�W�W�O�H�P�H�Q�W�� �D�Q�G�� �V�H�W�W�O�H�P�H�Q�W�� �S�D�U�D�P�H�W�H�U�V����
�L�Q�F�O�X�G�L�Q�J���*�D�X�V�V�L�D�Q���F�X�U�Y�H���L�Q�I�O�H�F�W�L�R�Q���S�R�L�Q�W�����Y�R�O�X�P�H���O�R�V�V�����D�Q�G���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W����
�Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�O�D�W�L�R�Q�V�� �D�Q�G�� �F�R�P�S�D�U�H�G�� �Z�L�W�K�� �W�K�H�� �U�H�V�X�O�W�V��
�R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���P�H�D�V�X�U�H�G���G�D�W�D���L�Q���W�K�H���V�X�E�V�H�T�X�H�Q�W���V�H�F�W�L�R�Q����
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�3�H�F�N�� �V�K�R�Z�H�G�� �W�K�D�W�� �W�K�H�� �J�U�R�X�Q�G�� �V�H�W�W�O�H�P�H�Q�W�� �F�X�U�Y�H�� �G�X�H�� �W�R�� �W�X�Q�Q�H�O�L�Q�J�� �K�D�V�� �D�� �Q�R�U�P�D�O��
�G�L�V�W�U�L�E�X�W�L�R�Q�� �F�X�U�Y�H��[7]���� �7�K�H�� �V�H�W�W�O�H�P�H�Q�W�� �S�U�R�I�L�O�H�� �L�V�� �L�Q�F�U�H�D�V�H�G�� �L�Q�� �G�H�S�W�K�� �D�Q�G�� �K�D�V�� �W�K�H��
�K�L�J�K�H�V�W���Y�D�O�X�H���R�Q���W�K�H���F�H�Q�W�U�D�O���D�[�L�V���R�I���W�K�H���W�X�Q�Q�H�O�����*�D�X�V�V�L�D�Q���G�L�V�W�U�L�E�X�W�L�R�Q���F�X�U�Y�H����[18]����
�%�D�V�H�G���R�Q���W�K�H���G�D�W�D���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���R�I���W�K�H���J�U�R�X�Q�G���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W��
�S�U�R�I�L�O�H�����W�K�H���V�H�W�W�O�H�P�H�Q�W���L�V���G�H�I�L�Q�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q���>�����������@����

�5= �5�à�Ô�ë× �A
–�ë�.

�6�Ü�.  ��������

�Z�K�H�U�H��Smax���L�V�� �W�K�H�� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W�� �D�W�� �W�K�H�� �Y�H�U�W�L�F�D�O�� �W�X�Q�Q�H�O�� �F�H�Q�W�H�U�O�L�Q�H����x���L�V�� �W�K�H��
�G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���D�[�L�V���R�I���W�K�H���W�X�Q�Q�H�O����i���L�V���W�K�H���F�X�U�Y�D�W�X�U�H���S�R�L�Q�W���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H����
�7�K�H���W�U�R�X�J�K���Z�L�G�W�K����i�����L�V���W�K�H���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���F�H�Q�W�H�U���O�L�Q�H���R�I���W�K�H���W�X�Q�Q�H�O���W�R���W�K�H���L�Q�I�O�H�F�W�L�R�Q��
�S�R�L�Q�W���R�I���W�K�H���F�X�U�Y�H�����7�K�H���W�R�W�D�O���Z�L�G�W�K���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���S�U�R�I�L�O�H���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\���H�T�X�D�O��
�W�R����i��[20]����

�7�K�H���I�R�O�O�R�Z�L�Q�J���H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���L�V���D�O�V�R���S�U�R�S�R�V�H�G���E�\���$�W�W�H�Z�H�O�O���W�R���H�V�W�L�P�D�W�H���V�X�U�I�D�F�H��
�V�H�W�W�O�H�P�H�Q�W��[9]:��

�5= ( �8�Ì × �A
–�ë�.

�6�Ü�. )/ �¾2�è   ��2����

�,�Q���H�T�X�D�W�L�R�Q��������VS���L�V���H�T�X�D�O���W�R���W�K�H���W�R�W�D�O���Y�R�O�X�P�H���R�I���J�U�R�X�Q�G���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���L�Q���R�Q�H��
�P�H�W�H�U���R�I���W�X�Q�Q�H�O���O�H�Q�J�W�K�����7�K�H���Y�R�O�X�P�H���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���S�H�U���X�Q�L�W���R�I���W�X�Q�Q�H�O���O�H�Q�J�W�K��
��VS�����G�H�S�H�Q�G�V���R�Q���W�K�H���W�\�S�H���R�I���J�U�R�X�Q�G���D�Q�G���W�K�H���G�U�L�O�O�L�Q�J���P�H�W�K�R�G���D�Q�G���L�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H��
�L�Q�W�H�J�U�D�W�L�R�Q���R�I���H�T�X�D�W�L�R�Q������[14]:��

�8�æ= �¾2�è  �E�5�à�Ô�ë ��������

�$�Q�R�W�K�H�U�� �G�L�P�H�Q�V�L�R�Q�O�H�V�V�� �S�D�U�D�P�H�W�H�U�� �F�D�O�O�H�G�� �Y�R�O�X�P�H�� �O�R�V�V�� �R�U�� �J�U�R�X�Q�G�� �O�R�V�V�� �L�V�� �G�H�I�L�Q�H�G����
�Z�K�L�F�K�� �L�V�� �H�T�X�L�Y�D�O�H�Q�W���W�R���W�K�H�� �D�P�R�X�Q�W���R�I�� �F�R�Q�W�U�D�F�W�L�R�Q���R�I�� �W�K�H�� �W�X�Q�Q�H�O���R�S�H�Q�L�Q�J����VL���L�V�� �W�K�H��
�V�X�U�S�O�X�V���Y�R�O�X�P�H�����L�Q���W�H�U�P�V���R�I���W�K�H���W�K�H�R�U�H�W�L�F�D�O���Y�R�O�X�P�H���R�I���W�K�H���H�[�F�D�Y�D�W�H�G���W�X�Q�Q�H�O�����R�I���W�K�H��
�G�X�J���J�U�R�X�Q�G���D�Q�G���L�V���F�D�O�F�X�O�D�W�H�G���D�V���W�K�H���S�H�U�F�H�Q�W�D�J�H���R�I���W�K�H���Y�R�O�X�P�H���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H��
��VS�����G�L�Y�L�G�H�G���E�\���W�K�H���Y�R�O�X�P�H���R�I���W�K�H���W�X�Q�Q�H�O����Vt�����S�H�U���X�Q�L�W���O�H�Q�J�W�K��[14]:��

�8�Å=
�8�æ
�8�ç

=
�¾2�è  �E�5�à�Ô�ë

(�è�&�6/4)
�� 0.319 �- 
l

�<�4

�&

p 
l

�5�à�Ô�ë

�&

p ��������

�:�K�H�U�H��Z0���L�V�� �W�K�H�� �G�H�S�W�K�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O�� �D�[�L�V���D�Q�G��D���L�V�� �W�K�H�� �G�L�D�P�H�W�H�U�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O�����%�\��
�F�R�P�E�L�Q�L�Q�J���W�K�H���D�E�R�Y�H���H�T�X�D�W�L�R�Q�V���D�Q�G���F�R�Q�V�L�G�H�U�L�Q�J��i = kZ0�����W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q���F�D�Q��
�E�H���G�H�G�X�F�H�G�����W�R���R�E�W�D�L�Q���W�K�H��Smax���S�D�U�D�P�H�W�H�U����

�5�à�Ô�ë=
0.313�8�Å

�G�<�4
�&�6 ��������

�,�Q���R�U�G�H�U���W�R���L�Q�F�U�H�D�V�H���W�K�H���D�F�F�X�U�D�F�\���R�I���S�U�H�G�L�F�W�L�Q�J���V�H�W�W�O�H�P�H�Q�W�V���D�Q�G���G�H�I�R�U�P�D�W�L�R�Q�V���R�I���W�K�H��
�J�U�R�X�Q�G���F�D�X�V�H�G���E�\���W�X�Q�Q�H�O�L�Q�J�����W�K�H�U�H���L�V���D���Q�H�H�G���W�R���F�K�R�R�V�H���W�K�H���D�S�S�U�R�S�U�L�D�W�H���Y�D�O�X�H�V���R�I���W�K�H��
�P�H�Q�W�L�R�Q�H�G���S�D�U�D�P�H�W�H�U�V�����'�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V���R�I���R�E�W�D�L�Q�L�Q�J���Y�R�O�X�P�H���O�R�V�V���S�D�U�D�P�H�W�H�U�V����VL������
�W�K�H�� �W�X�U�Q�L�Q�J�� �S�R�L�Q�W�� �R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W�� �F�X�U�Y�H�� ��i������ �D�Q�G�� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W�� ��Smax���� �D�U�H��
�J�L�Y�H�Q���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���V�H�F�W�L�R�Q�V����
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3.1 Determination of Ground Settlement Measurement 
Parameters 

3.1.1 Inflection Point Parameter (i) 

�7�K�H�� �L�Q�I�O�H�F�W�L�R�Q�� �S�R�L�Q�W�� �R�I�� �W�K�H�� �*�D�X�V�V�L�D�Q�� �F�X�U�Y�H����i���� �K�D�V�� �E�H�H�Q�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �E�\�� �P�D�Q�\��
�U�H�V�H�D�U�F�K�H�U�V�����2�¶�5�H�L�O�O�\���D�Q�G���1�H�Z���S�U�R�S�R�V�H�G���H�T�X�D�W�L�R�Q�������W�R���G�H�W�H�U�P�L�Q�H���W�K�H���L�Q�I�O�H�F�W�L�R�Q���S�R�L�Q�W��
��i�����L�Q���D���W�X�Q�Q�H�O���Z�L�W�K���D���G�H�S�W�K���R�I��Z0��[8]����

i = 0.43Z0 + 1.1�� �� ��������Z0 �����������P�� �� �I�R�U���F�R�K�H�V�L�R�Q���V�R�L�O�V��

i = 0.28Z0 – 0.1�� �� ��������Z0 �����������P�� �� �I�R�U���J�U�D�Q�X�O�D�U���V�R�L�O�V��
��������

�2�W�K�H�U�� �H�T�X�D�W�L�R�Q�V�� �S�U�H�V�H�Q�W�H�G�� �E�\�� �R�W�K�H�U�� �U�H�V�H�D�U�F�K�H�U�V�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �S�D�U�D�P�H�W�H�U�� �L�� �D�U�H��
�J�L�Y�H�Q���L�Q���6�H�F�W�L�R�Q������������

3.1.2 Volume Loss Parameter (VL) 

�,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �H�T�X�D�W�L�R�Q��4���Z�K�L�F�K�� �Z�D�V�� �S�U�H�V�H�Q�W�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �Y�R�O�X�P�H�� �O�R�V�V����
�/�R�J�D�Q�D�W�K�D�Q�� �D�Q�G�� �3�R�X�O�R�V�� �S�U�H�V�H�Q�W�H�G�� �H�T�X�D�W�L�R�Q�� ���� �W�R�� �F�D�O�F�X�O�D�W�H�� �Y�R�O�X�P�H�� �O�R�V�V�� �L�Q�� �V�K�L�H�O�G��
�W�X�Q�Q�H�O�V��[10]�����7�K�L�V���H�T�X�D�W�L�R�Q���L�V���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���I�U�H�H���V�S�D�F�H���S�D�U�D�P�H�W�H�U����g�����D�Q�G���L�W���L�V��
�R�E�W�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �V�X�P�� �R�I�� �W�K�U�H�H�� �F�R�P�S�R�Q�H�Q�W�V�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �I�U�H�H���V�S�D�F�H�� �E�H�K�L�Q�G�� �W�K�H��
�W�X�Q�Q�H�O���F�R�Y�H�U���U�H�V�X�O�W�L�Q�J���I�U�R�P���W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���G�L�D�P�H�W�H�U���R�I���W�K�H���W�X�Q�Q�H�O���F�R�Y�H�U���D�Q�G��
�W�U�D�L�O�� �V�K�L�H�O�G���� �W�K�H�� �W�K�U�H�H-�G�L�P�H�Q�V�L�R�Q�D�O�� �V�K�D�S�H�� �F�K�D�Q�J�H�V�� �R�I�� �W�K�H�� �Z�R�U�N�L�Q�J�� �F�K�H�V�W�� �D�Q�G�� �W�K�H��
�T�X�D�O�L�W�\���R�I���W�X�Q�Q�H�O���H�[�F�D�Y�D�W�L�R�Q����

�00 = VL = 
�Œ(R + 0.5g)2 – �ŒR2

�ŒR2  = 
4gR + g2

4R2  ��������

�Z�K�H�U�H���00���D�Q�G��VL���D�U�H���W�K�H���Y�R�O�X�P�H���O�R�V�V���Y�D�O�X�H����R���L�V���W�K�H���U�D�G�L�X�V���R�I���W�K�H���W�X�Q�Q�H�O���D�Q�G��g���L�V���W�K�H��
�J�D�S���S�D�U�D�P�H�W�H�U�����D�Q�G���L�W���L�V���R�E�W�D�L�Q�H�G���D�F�F�R�U�G�L�Q�J���W�R���H�T�X�D�W�L�R�Q��������

�C= �)�É+ �7�7�½
�Û + �ñ ��������

�Z�K�H�U�H��GP���L�V�� �W�K�H�� �I�U�H�H�� �V�S�D�F�H�� �R�X�W�V�L�G�H�� �W�K�H�� �O�L�Q�L�Q�J�����7�7�½
�Û ���L�V�� �H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �W�K�H�� �W�K�U�H�H-

�G�L�P�H�Q�V�L�R�Q�D�O���H�O�D�V�W�R�S�O�D�V�W�L�F���G�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���W�X�Q�Q�H�O���I�D�F�H�����D�Q�G���&���L�V���D���Y�D�O�X�H���U�H�O�D�W�H�G���W�R��
�Z�R�U�N�� �V�N�L�O�O���� �'�X�H�� �W�R�� �W�K�H�� �X�V�H�� �R�I�� �W�K�H�� �(�3�%�� �W�X�Q�Q�H�O�L�Q�J�� �P�D�F�K�L�Q�H�� �D�Q�G�� �W�K�H�� �F�R�Q�W�U�R�O�� �R�I�� �W�K�H��
�G�H�I�R�U�P�D�W�L�R�Q�V���R�I���W�K�H���W�X�Q�Q�H�O���I�D�F�H�����7�7�½

�Û ���L�V���D�V�V�X�P�H�G���W�R���E�H���H�T�X�D�O���W�R���]�H�U�R�����$�O�V�R�����W�K�H���Z�R�U�N��
�V�N�L�O�O�� �S�D�U�D�P�H�W�H�U�� �L�V�� �D�V�V�X�P�H�G�� �W�R�� �E�H�� �H�T�X�D�O�� �W�R�� �]�H�U�R���� �5�H�J�D�U�G�L�Q�J�� �W�K�H�� �L�Q�M�H�F�W�L�R�Q�� �R�I�� �J�U�R�X�W��
�E�H�K�L�Q�G�� �W�K�H�� �W�X�Q�Q�H�O�� �O�L�Q�L�Q�J�� �Z�L�W�K�� �F�H�P�H�Q�W�� �P�R�U�W�D�U����GP���L�V�� �U�H�F�R�P�P�H�Q�G�H�G�� �W�R�� �E�H�� �D�V�V�X�P�H�G��
�H�T�X�D�O���W�R�������������L�Q���W�K�H���D�E�R�Y�H���I�R�U�P�X�O�D��[10]����

�7�D�E�O�H�������S�U�H�V�H�Q�W�V���W�K�H���U�H�V�X�O�W���R�I���Y�R�O�X�P�H���O�R�V�V���F�D�O�F�X�O�D�W�L�R�Q�V���E�D�V�H�G���R�Q���H�T�X�D�W�L�R�Q�V�������D�Q�G��������
�W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���E�R�U�L�Q�J���U�D�G�L�X�V���D�Q�G���W�K�H���R�X�W�H�U���U�D�G�L�X�V���R�I��
�W�K�H���W�X�Q�Q�H�O���O�L�Q�L�Q�J�����Z�L�W�K�R�X�W���J�U�R�X�W���L�Q�M�H�F�W�L�R�Q�����&�� 0.6Gp�����D�Q�G���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H��
�G�U�L�O�O�L�Q�J���U�D�G�L�X�V���D�Q�G���W�K�H���O�L�Q�L�Q�J���U�D�G�L�X�V�����I�X�O�O���L�Q�M�H�F�W�L�R�Q�����D�Q�G���D�O�V�R���Q�R�U�P�D�O���L�Q�M�H�F�W�L�R�Q����������
�V�S�D�F�H���E�H�K�L�Q�G���W�K�H���V�H�J�P�H�Q�W�V������
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�7�D�E�O�H������

�9�R�O�X�P�H���O�R�V�V���F�D�O�F�X�O�D�W�L�R�Q�V���E�D�V�H�G���R�Q���W�K�H���/�R�J�D�Q�D�W�K�D�Q���D�Q�G���3�R�X�O�R�V���V�W�X�G�\��

Conditions VL(%) g(m) R(m) D(m) 
�1�R���J�U�R�X�W���L�Q�M�H�F�W�L�R�Q�� ���������� ���������� ���������� ��������
�&�R�P�S�O�H�W�H���L�Q�M�H�F�W�L�R�Q�� ���������� ���������� ���������� ��������
�1�R�U�P�D�O���L�Q�M�H�F�W�L�R�Q�� ���������� ���������� ���������� ��������

3.1.3 Maximum Settlement (Smax) 

�$�V�V�X�P�L�Q�J���S�D�U�D�P�H�W�H�U���L���L�V���H�T�X�D�O���W�R������������ �P�H�W�H�U�V���D�Q�G���F�R�Q�V�L�G�H�U�L�Q�J��VL���H�T�X�D�O���W�R������������ ������
�D�Q�G�����������W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���L�V���S�U�H�G�L�F�W�H�G���X�V�L�Q�J���3�H�F�N�
�V���H�T�X�D�W�L�R�Q��[7]�����D�Q�G���G�H�S�L�F�W�H�G���L�Q��
�)�L�J�X�U�H��������

 

�)�L�J�X�U�H������

�6�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���E�D�V�H�G���R�Q���3�H�F�N�
�V���H�T�X�D�W�L�R�Q��

�)�X�U�W�K�H�U�����/�R�J�D�Q�D�W�K�D�Q���D�Q�G���3�R�X�O�R�V���S�U�R�S�R�V�H�G���H�T�X�D�W�L�R�Q�������W�R���F�D�O�F�X�O�D�W�H���J�U�R�X�Q�G���V�H�W�W�O�H�P�H�Q�W��
[10]����

�5�Ó�@�4= 4 �Ý�4(1– �í) �4�6 �*

�* �6+ �U�6�A
–

�5.�7�<�ì �.

(�Á�>�Ë) �.  ��������

�Z�K�H�U�H���0���L�V���W�K�H���O�R�V�W���Y�R�O�X�P�H�����#���L�V���3�R�L�V�V�R�Q�
�V���U�D�W�L�R���R�I���W�K�H���V�R�L�O���D�E�R�Y�H���W�K�H���W�X�Q�Q�H�O����R���L�V���W�K�H��
�U�D�G�L�X�V���R�I���W�K�H���W�X�Q�Q�H�O����H���L�V���W�K�H���G�H�S�W�K���R�I���W�K�H���W�X�Q�Q�H�O�����D�Q�G��y���L�V���W�K�H���O�D�W�H�U�D�O���G�L�V�W�D�Q�F�H���I�U�R�P��
�W�K�H���W�X�Q�Q�H�O���D�[�L�V�����8�V�L�Q�J���W�K�H���Y�R�O�X�P�H���O�R�V�V���F�D�O�F�X�O�D�W�H�G���L�Q���V�H�F�W�L�R�Q�����������������H�T�X�D�O���W�R���������������E�\��
�D�V�V�X�P�L�Q�J���I�X�O�O���L�Q�M�H�F�W�L�R�Q�����D�Q�G���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���W�X�Q�Q�H�O���D�[�L�V�����W�K�H���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���L�V��
�S�U�H�G�L�F�W�H�G���D�F�F�R�U�G�L�Q�J���W�R���7�D�E�O�H��������

�7�D�E�O�H������

�3�U�H�G�L�F�W�L�R�Q���R�I���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���E�\���/�R�J�D�Q�D�W�K�D�Q���D�Q�G���3�R�X�O�R�V�¶�V���H�T�X�D�W�L�R�Q��

VL �# R (m) H (m) y (m) Sz=0 (m) 
���������� ���������� ���������� ���������� 0�� ������������

�2�W�H�R�� �D�Q�G�� �0�R�\�D�� �D�O�V�R�� �S�U�R�S�R�V�H�G�� �H�T�X�D�W�L�R�Q�� ������ �W�R�� �H�V�W�L�P�D�W�H�� �W�K�H�� �W�R�S�� �V�H�W�W�O�H�P�H�Q�W�� �R�I�� �W�K�H��
�W�X�Q�Q�H�O�����6�D�U�F�K����[21]����
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�9�/� ������ VL=1 VL=2
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�5�Ô�å�Ö�Û= ( �ð(0.85– �í) �Û�&�6)/ �'  ����������

�Z�K�H�U�H�������L�V�� �W�K�H�� �G�H�Q�V�L�W�\�� �R�I�� �W�K�H�� �H�D�U�W�K����D���L�V�� �W�K�H�� �G�L�D�P�H�W�H�U�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O����E���L�V�� �<�R�X�Q�J�
�V��
�P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �H�D�U�W�K�����#���L�V�� �3�R�L�V�V�R�Q�
�V�� �U�D�W�L�R���� �D�Q�G���%���L�V�� �D�� �F�R�H�I�I�L�F�L�H�Q�W�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H��
�D�F�W�L�Y�D�W�L�R�Q���V�S�H�H�G���R�I���W�K�H���V�X�S�S�R�U�W���L�Q�V�L�G�H���W�K�H���W�X�Q�Q�H�O�����L�W�V���Y�D�O�X�H�V���D�U�H���J�H�Q�H�U�D�O�O�\���E�H�W�Z�H�H�Q��
�����������D�Q�G�������������E�X�W�����I�R�U���W�K�H���F�D�V�H���Z�K�H�Q���W�K�H�U�H���L�V���Q�R���V�X�S�S�R�U�W���L�Q���W�K�H���W�X�Q�Q�H�O���I�D�F�H�����L�W���L�V���H�T�X�D�O��
�W�R���R�Q�H�������D�Q�G��Sarch���L�V���W�K�H���V�H�W�W�O�H�P�H�Q�W���R�Q���W�K�H���W�X�Q�Q�H�O���F�U�H�V�W�����7�K�H���Y�D�O�X�H�V���R�I���W�K�H���P�D�[�L�P�X�P��
�J�U�R�X�Q�G���V�H�W�W�O�H�P�H�Q�W���E�D�V�H�G���R�Q���H�T�X�D�W�L�R�Q���������D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H��������

�7�D�E�O�H������

�3�U�H�G�L�F�W�L�R�Q���R�I���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���E�\���2�W�H�R���D�Q�G���0�R�\�D���H�T�X�D�W�L�R�Q��

NO. �% �# ��(kN/m3) D(m) E(kN/m2) Sarch (m) 
1�� ���������� ���������� 18�� �������� 35000�� ������������
2�� �������� ���������� 18�� �������� 35000�� ������������

�0�D�L�U���H�W���D�O�����S�U�R�S�R�V�H�G���H�T�X�D�W�L�R�Q���������W�R���F�D�O�F�X�O�D�W�H���J�U�R�X�Q�G���V�H�W�W�O�H�P�H�Q�W��[20]����

(�Ü/ �=) = ( �O�è/2 �))( �=/ �N)�A(�Ç–�5)  ����������

�Z�K�H�U�H��Su���L�V���W�K�H���X�Q�G�U�D�L�Q�H�G���V�K�H�D�U���V�W�U�H�Q�J�W�K�����*���L�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V�����D���L�V���W�K�H���L�Q�Q�H�U���U�D�G�L�X�V��
�R�I���W�K�H���W�X�Q�Q�H�O�����/���L�V���W�K�H���U�D�G�L�D�O���G�L�V�S�O�D�F�H�P�H�Q�W���L�Q���U�D�G�L�X�V��r�����D�Q�G��N���L�V���W�K�H���V�W�D�E�L�O�L�W�\���U�D�W�L�R�����10 
= Su������ �8�V�L�Q�J���W�K�H���D�E�R�Y�H���H�T�X�D�W�L�R�Q�����W�K�H���D�P�R�X�Q�W���R�I���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���R�Q���W�K�H���J�U�R�X�Q�G��
�V�X�U�I�D�F�H���L�Q���W�Z�R���V�D�W�X�U�D�W�H�G���D�Q�G���X�Q�V�D�W�X�U�D�W�H�G���F�R�Q�G�L�W�L�R�Q�V���L�V���F�D�O�F�X�O�D�W�H�G���D�Q�G���S�U�H�V�H�Q�W�H�G���L�Q��
�7�D�E�O�H��������

�7�D�E�O�H������

�3�U�H�G�L�F�W�L�R�Q���R�I���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���X�V�L�Q�J���0�D�L�U���H�W���D�O�����H�T�X�D�W�L�R�Q��

Conditions Su (kN/m2) G (kN/m2) a (m) r (m) N �/���D �/ (m) 
�6�D�W�X�U�D�W�L�R�Q�� 70�� 13000�� �������� ���������� �������� ������������ ������������
�Q�R�Q-�V�D�W�X�U�D�W�H�G�� 100�� 22000�� �������� ���������� ���������� ������������ ������������

�*�R�Q�]�D�O�H�]���D�Q�G���6�D�J�D�V�H�W�D���S�U�R�S�R�V�H�G���H�T�X�D�W�L�R�Q���������U�H�O�D�W�L�R�Q�V���I�R�U���V�R�L�O�V���Z�L�W�K���F�R�K�H�V�L�R�Q���D�Q�G��
�L�Q�W�H�U�Q�D�O���I�U�L�F�W�L�R�Q���D�Q�J�O�H��[22]����

�0 =  
1
2

�0s =  �J
Nc/ 2It                    ����������������������������������������������������������������������������     if Nq< Nqc (elastic)

(Ncc/ 2It)[ 
kNq/ Nqc
ô ( (1–sin�Îsin�Ç)/( sin�Î(1–sin�Ç��))]     if Nq> Nqc (elastic-plastic)   
 ����������

�Z�K�H�U�H���L�Q����

�0�ä�Ö=
1

1– �O�E�J�Î
 ,�0�Ö�Ö=

�?�K�O�Î
1– �O�E�J�Î

 ,�+�å =
�)

(�?+ �L�Ü�P�=�J�Î )
 ,�0�ä =

�L�4+ �?�?�K�P�Î
�L�Ü+ �?�?�K�P�Î

 ,�0�Ö= 
k�0�ä–1
o�?�K�P�Î 

P0���L�V���W�K�H���D�O�O-�D�U�R�X�Q�G���V�W�U�H�V�V���R�I���W�K�H���H�D�U�W�K�����Y�H�U�W�L�F�D�O���D�Q�G���K�R�U�L�]�R�Q�W�D�O���V�W�U�H�V�V���H�T�X�D�O������pi �L�V���W�K�H��
�W�X�Q�Q�H�O���I�D�F�H���S�U�H�V�V�X�U�H����c���L�V���W�K�H���F�R�K�H�V�L�R�Q�����Î ���L�V���W�K�H���D�Q�J�O�H���R�I���L�Q�W�H�U�Q�D�O���I�U�L�F�W�L�R�Q����G���L�V���W�K�H��
�V�K�H�D�U���P�R�G�X�O�X�V�����D�Q�G��Ir���L�V���W�K�H���K�D�U�G�Q�H�V�V���L�Q�G�H�[�����8�V�L�Q�J���V�R�L�O���X�Q�V�D�W�X�U�D�W�H�G���S�D�U�D�P�H�W�H�U�V����Nqc��
�L�V���H�T�X�D�O���W�R�������������D�Q�G���L�Q���W�K�H���F�D�V�H���R�I���D�S�S�O�\�L�Q�J���D���Z�R�U�N�L�Q�J���F�K�H�V�W���S�U�H�V�V�X�U�H���R�I���P�R�U�H���W�K�D�Q��
�����������E�D�U�����L�W���V�K�R�X�O�G���E�H���F�R�Q�V�L�G�H�U�H�G���D�V���W�K�H���H�O�D�V�W�L�F���V�W�D�W�H�����D�Q�G���L�Q���W�K�H���Z�R�U�N�L�Q�J���I�D�F�H���S�U�H�V�V�X�U�H��
�O�H�V�V�� �W�K�D�Q�� �������� �E�D�U�� �L�W�� �V�K�R�X�O�G�� �E�H�� �X�V�H�G�� �W�K�H�� �H�O�D�V�W�R�S�O�D�V�W�L�F�� �U�H�O�D�W�L�R�Q�V�K�L�S���� �7�K�H�� �D�P�R�X�Q�W���R�I��
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�J�U�R�X�Q�G�� �G�L�V�S�O�D�F�H�P�H�Q�W�� �K�D�V�� �E�H�H�Q�� �F�D�O�F�X�O�D�W�H�G�� �L�Q�� �W�Z�R�� �F�D�V�H�V�� �R�I�� �W�X�Q�Q�H�O�� �I�D�F�H�� �S�U�H�V�V�X�U�H��
�H�T�X�L�Y�D�O�H�Q�W���W�R�����������E�D�U�����D�Y�H�U�D�J�H���Z�R�U�N�L�Q�J���F�K�H�V�W���S�U�H�V�V�X�U�H���G�X�U�L�Q�J���W�X�Q�Q�H�O���H�[�F�D�Y�D�W�L�R�Q�����D�Q�G��
�Z�L�W�K�R�X�W�� �D�S�S�O�\�L�Q�J�� �W�X�Q�Q�H�O�� �I�D�F�H�� �S�U�H�V�V�X�U�H�� �G�X�U�L�Q�J�� �P�D�F�K�L�Q�H�� �I�D�L�O�X�U�H�� �D�Q�G�� �Z�R�U�N���V�W�R�S�S�D�J�H��
���7�D�E�O�H����������

�7�D�E�O�H������

�3�U�H�G�L�F�W�L�R�Q���R�I���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���E�\���*�R�Q�]�D�O�H�]���D�Q�G���6�D�J�D�V�H�W�D���H�T�X�D�W�L�R�Q��

Excavator 
conditions 

Soil 
conditions 

P0 
(kN/m2) 

Pi 
(kN/m2) 

G 
(kN/m2) 

C 
(kN/m2) 

�Ë ���Û�� �# 

�:�L�W�K���Z�R�U�N�L�Q�J��
�F�K�H�V�W���S�U�H�V�V�X�U�H��

�Q�R�Q-��
�V�D�W�X�U�D�W�H�G��

273�� 180�� 22000�� 100�� 25�� ¯ ��

�1�R���F�K�H�V�W��
�S�U�H�V�V�X�U�H���Z�R�U�N��

�Q�R�Q-��
�V�D�W�X�U�D�W�H�G��

273�� 0�� 22000�� 100�� 25�� 0��

Excavator 
conditions��

Soil 
conditions��

Nc Nce I r Nq Nqe 
�0��

(mm) 

�:�L�W�K���Z�R�U�N�L�Q�J��
�F�K�H�V�W���S�U�H�V�V�X�U�H��

�Q�R�Q-��
�V�D�W�X�U�D�W�H�G��

���������� ¯ �� 120�� ���������� ���������� 2��

�1�R���F�K�H�V�W��
�S�U�H�V�V�X�U�H���Z�R�U�N��

�Q�R�Q-��
�V�D�W�X�U�D�W�H�G��

���������� ���������� 220�� ���������� ���������� 7��

�&�K�R�Z���D�O�V�R���S�U�H�V�H�Q�W�H�G���H�T�X�D�W�L�R�Q���������W�R���F�D�O�F�X�O�D�W�H���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W��[23]����

�5=– ( �Û�&�6�<�4
�6)/4 �)( �U�6+ �<�4

�6) ����������

�Z�K�H�U�H�������L�V���W�K�H���G�H�Q�V�L�W�\���R�I���W�K�H���J�U�R�X�Q�G����D���L�V���W�K�H���G�L�D�P�H�W�H�U���R�I���W�K�H���W�X�Q�Q�H�O����G���L�V���W�K�H���V�K�H�D�U��
�P�R�G�X�O�X�V����Z0���L�V���W�K�H���G�H�S�W�K���R�I���W�K�H���W�X�Q�Q�H�O���D�Q�G���\���L�V���W�K�H���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���W�X�Q�Q�H�O���D�[�L�V�����%�\��
�X�V�L�Q�J���W�K�L�V���H�T�X�D�W�L�R�Q�����W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���F�D�Q���E�H���R�E�W�D�L�Q�H�G���D�W���G�L�I�I�H�U�H�Q�W���G�L�V�W�D�Q�F�H�V���I�U�R�P��
�W�K�H�� �W�X�Q�Q�H�O���D�[�L�V���� �7�K�H�� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W���R�Q�� �W�K�H�� �F�U�H�V�W���R�I�� �W�K�H�� �W�X�Q�Q�H�O���L�V�� ������������ �P�P��
�D�F�F�R�U�G�L�Q�J���W�R���&�K�R�Z�
�V���U�H�O�D�W�L�R�Q�V�K�L�S����

4 Field Measurement of Settlements 

4.1 Observed Ground Surface Settlement 

�7�R���P�H�D�V�X�U�H���D�Q�G���P�R�Q�L�W�R�U���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���H�D�U�W�K�
�V���V�X�U�I�D�F�H�����D���O�H�Y�H�O�L�Q�J���P�H�W�K�R�G��
�Z�L�W�K�� �D�Q�� �D�F�F�X�U�D�F�\�� �R�I�� �R�Q�H�� �P�L�O�O�L�P�H�W�H�U�� �K�D�V�� �E�H�H�Q�� �X�V�H�G���� �)�R�U�� �W�K�L�V�� �S�X�U�S�R�V�H�����S�L�Q�V�� �Z�L�W�K�� �D��
�G�H�S�W�K���R�I���D�E�R�X�W���������� �F�P���L�Q���W�K�U�H�H���U�R�Z�V���Z�L�W�K���D���O�R�Q�J�L�W�X�G�L�Q�D�O���G�L�V�W�D�Q�F�H���R�I�������� �P�H�W�H�U�V��������
�P�H�W�H�U�V���L�Q���P�R�U�H���V�H�Q�V�L�W�L�Y�H���V�H�F�W�L�R�Q�V�����D�Q�G���D���W�U�D�Q�V�Y�H�U�V�H���G�L�V�W�D�Q�F�H�����S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H��
�S�D�W�K�����R�I�������P�H�W�H�U�V�����E�H�I�R�U�H���W�K�H���D�U�U�L�Y�D�O���R�I���W�K�H���G�U�L�O�O�L�Q�J���P�D�F�K�L�Q�H�����Z�H�U�H���L�Q�V�W�D�O�O�H�G���L�Q�V�L�G�H��
�W�K�H�� �J�U�R�X�Q�G�� �D�Q�G�� �]�H�U�R�� �U�H�D�G�L�Q�J�� �R�I�� �W�K�H�L�U�� �K�H�L�J�K�W�� �K�D�V�� �E�H�H�Q�� �G�R�Q�H�� �D�V�� �D�� �U�H�I�H�U�H�Q�F�H�� �S�R�L�Q�W������
�7�K�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���J�D�X�J�H���S�L�Q�V���D�Q�G���W�K�H���W�X�Q�Q�H�O���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�X�U�H��
3��[24]�����7�R���S�U�H�Y�H�Q�W���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���W�K�H���V�X�U�I�D�F�H���O�D�\�H�U���R�I���W�K�H���H�D�U�W�K�����W�K�H���P�H�Q�W�L�R�Q�H�G���S�L�Q�V��
�D�U�H���I�D�V�W�H�Q�H�G���X�S�R�Q���W�K�H���H�D�U�W�K���R�Q�O�\���L�Q���W�K�H�L�U���O�R�Z�H�U���������F�P�����,�Q���D�G�G�L�W�L�R�Q���W�R���W�K�H�V�H���S�R�L�Q�W�V����
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�W�K�H���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���Q�H�D�U���W�K�H���H�[�L�V�W�L�Q�J���V�W�U�X�F�W�X�U�H�V���D�U�R�X�Q�G���W�K�H���W�X�Q�Q�H�O�����G�L�V�W�D�Q�F�H���R�I��������
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4.2 Distribution of Settlement in the Longitudinal Section 
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4.3 The Settlement in the Cross-Section 
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5 Back Analysis of the Settlement Parameters 
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�7�D�E�O�H������
�7�K�H���D�Y�H�U�D�J�H���U�H�V�X�O�W�V���R�I���W�K�H���E�D�F�N���D�Q�D�O�\�V�L�V���E�\���D�G�R�S�W�L�Q�J���W�K�H���*�D�X�V�V�L�D�Q���F�X�U�Y�H���W�R���W�K�H���P�H�D�V�X�U�H�G���G�D�W�D��

Component i (m) K VL (%) Smax (mm) 
�9�D�O�X�H�� �������� ���������� �������� 6��

6 Comparing the Analytical and Predicted Values 

�1�R�Z�����D�F�F�R�U�G�L�Q�J���W�R���W�K�H���U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���S�U�H�G�L�F�W�L�R�Q���R�I���W�K�H���Y�D�U�L�R�X�V���S�D�U�D�P�H�W�H�U�V��
�R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���D�Q�G���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���Y�D�O�X�H�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���D�Q�D�O�\�V�L�V���R�I��
�W�K�H���P�H�D�V�X�U�H�G���G�D�W�D�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���S�U�H�G�L�F�W���W�K�H���V�H�W�W�O�H�P�H�Q�W���R�I���V�L�P�L�O�D�U���V�H�F�W�L�R�Q�V���R�I���W�K�H��
�S�U�R�M�H�F�W�����7�K�H���F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���P�H�D�V�X�U�H�G���Y�D�O�X�H�V���R�I���*�D�X�V�V�L�D�Q���F�X�U�Y�H���L�Q�I�O�H�F�W�L�R�Q���S�R�L�Q�W��
�S�D�U�D�P�H�W�H�U�V���� �P�D�[�L�P�X�P�� �V�H�W�W�O�H�P�H�Q�W���D�Q�G�� �Y�R�O�X�P�H�� �O�R�V�V�� �S�D�U�D�P�H�W�H�U�V�� �Z�L�W�K�� �W�K�H�� �Y�D�O�X�H�V��
�R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�O�D�W�L�R�Q�V���L�V���J�L�Y�H�Q���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���V�H�F�W�L�R�Q�V����

6.1 Gaussian Curve Inflection Point (i) 

�7�K�H���S�U�H�V�H�Q�W�H�G���P�H�W�K�R�G�V���D�Q�G���W�K�H���F�D�O�F�X�O�D�W�L�R�Q���Y�D�O�X�H�V���R�I���S�D�U�D�P�H�W�H�U���L�����F�R�Q�V�L�G�H�U�L�Q�J���W�K�H��
�W�X�Q�Q�H�O�� �G�H�S�W�K�� ��Z0���� �R�I�� ���������� �P�� �D�Q�G�� �W�K�H�� �W�X�Q�Q�H�O�� �U�D�G�L�X�V�� ��R���� �R�I�� �������� �P���� �E�D�V�H�G�� �R�Q�� �W�K�H��
�V�X�J�J�H�V�W�L�R�Q�V�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �U�H�V�H�D�U�F�K�H�U�V�� �D�U�H�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �7�D�E�O�H�� ������ �7�K�H�� �S�D�U�D�P�H�W�H�U�� �L�� �L�V��
�F�D�O�F�X�O�D�W�H�G�� �E�\�� �D�Y�H�U�D�J�L�Q�J�� �W�K�H�� �F�D�O�F�X�O�D�W�L�R�Q�� �Y�D�O�X�H�V���� �H�T�X�D�W�L�R�Q�� ������[1]���� �Z�K�R�V�H�� �Y�D�O�X�H�� �L�V��
�V�X�J�J�H�V�W�H�G���W�R���E�H���H�T�X�D�O���W�R��������������
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�7�D�E�O�H������

�9�D�U�L�R�X�V���H�T�X�D�W�L�R�Q�V���I�R�U���S�U�H�G�L�F�W�L�Q�J���W�K�H���L�Q�I�O�H�F�W�L�R�Q���S�R�L�Q�W�����L��

Equation K i (m) Reference 

(�E/ �4) = ( �<�4/2 �4) �á  (�J= 0.8 �P�K 1) -�� ��������~ ��5�� �3�H�F�N����������������[7]��

�E= 0.43�<�4+ 1.1 -�� ���������� �2�¶�5�H�L�O�O�\���D�Q�G���1�H�Z��[8]��

(�E/ �4) = ( �<�4/2 �4) �4.�< ¯ �� �������� �&�O�R�X�J�K���	���6�F�K�P�L�G�W��[27]��

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���G�L�D�J�U�D�P�� ¯ �� ��������~ ���������� �%�R�V�F�D�U�G�L�Q���D�Q�G���&�R�U�G�L�Q�J��[28]��

�E= 0.25(1.5�<�4+ 0.5�4) ¯ �� ���������� �$�W�N�L�Q�V�R�Q���	��P�R�W�W�V��[29]��

�E= (0.4 �P�K 0.5)�<�4 ����~ ���������� ��������~ ��6�� �0�D�L�U���	���7�D�\�O�R�U��[20]��

�E= 0.5�<�4 �������� 7�� �0�D�L�U���H�W���D�O����[30]��
(�E/ �4) = ( �<�4/2 �4) �4.�<  (�J= 1)  �������� 7�� �$�W�W�Z�H�O�O���	���)�D�U�P�H�U��[31]��

�$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �G�L�I�I�H�U�H�Q�W�� �P�H�W�K�R�G�V�� �I�R�U�� �F�D�O�F�X�O�D�W�L�Q�J�� �W�K�H�� �L�Q�I�O�H�F�W�L�R�Q�� �S�R�L�Q�W�� �R�I�� �W�K�H��
�V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���L�Q���7�D�E�O�H���������W�K�H���H�T�X�D�W�L�R�Q�V���S�U�H�V�H�Q�W�H�G���E�\���0�D�L�U���	���7�D�\�O�R�U�����������������D�Q�G��
�$�W�N�L�Q�V�R�Q���	���3�R�W�W�V�����������������K�D�Y�H���E�H�W�W�H�U���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���P�H�D�V�X�U�H�G���Y�D�O�X�H�V����

6.2 Volume Loss Parameter (VL) 

�7�K�H���Y�R�O�X�P�H���O�R�V�V���S�D�U�D�P�H�W�H�U����VL�����L�V���F�D�O�F�X�O�D�W�H�G���R�Q���W�K�H���E�D�V�L�V���R�I���W�K�H���P�H�W�K�R�G�V���S�U�R�Y�L�G�H�G��
�L�Q���6�H�F�W�L�R�Q�����������������D�Q�G���W�K�H���U�H�V�X�O�W�V���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H��������

�7�D�E�O�H������

�&�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���Y�R�O�X�P�H���O�R�V�V���V�X�J�J�H�V�W�H�G���E�\���G�L�I�I�H�U�H�Q�W���U�H�V�H�D�U�F�K�H�U�V���Z�L�W�K���W�K�H���P�H�D�V�X�U�H�G���Y�D�O�X�H��

Researcher(s) Proposed VL (%) Measured VL (%) 
�2�¶�5�H�L�O�O�\���D�Q�G���1�H�Z����������������[8]�� 1-2��

��������

�0�D�L�U���	���7�D�\�O�R�U����������������[20]�� 1-2��
�0�D�L�U����������������[32]�� >1��
�/�X�Q�D�U�G�L����������������[33]�� ��������
�/�R�J�D�Q�D�W�K�D�Q���D�Q�G���3�R�X�O�R�V����������������[10]�� ����������
�0�D�F�N�O�L�Q����������������[15]�� ��������

�$�F�F�R�U�G�L�Q�J���W�R���7�D�E�O�H���������W�K�H���H�T�X�D�W�L�R�Q�V���S�U�R�S�R�V�H�G���E�\���/�X�Q�D�U�G�L�����������������D�Q�G���/�R�J�D�Q�D�W�K�D�Q��
�D�Q�G���3�R�X�O�R�V�����������������K�D�Y�H���D���E�H�W�W�H�U���I�L�W���W�K�D�Q���R�W�K�H�U�V����

6.3 Maximum Ground Settlement (Smax) 

�7�K�H���U�H�V�X�O�W�V���R�I���F�D�O�F�X�O�D�W�L�Q�J���W�K�H���P�D�[�L�P�X�P���V�H�W�W�O�H�P�H�Q�W���Z�L�W�K���W�K�H���P�H�W�K�R�G�V���S�U�H�V�H�Q�W�H�G���L�Q��
�6�H�F�W�L�R�Q���������������D�U�H���D�O�V�R���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H��������
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Researcher(s) Proposed Smax (mm)  Real Smax (mm)  
�3�H�F�N����������������[7]��-VL��� �������������� 20��

6��
������~ ����������

�2�W�H�R���D�Q�G���0�R�\�D����������������[21]�� 6��
�0�D�L�U���H�W���D�O������������������[20]�� 13��
�*�R�Q�]�D�O�H�]���D�Q�G���6�D�J�D�V�H�W�D����������������[22]�� 2��
�/�R�J�D�Q�D�W�K�D�Q���D�Q�G���3�R�X�O�R�V����������������[10]�� 68��
�&�K�R�Z���������������� 18��

�7�K�H���H�T�X�D�W�L�R�Q�V���S�U�R�S�R�V�H�G���E�\���2�W�H�R���D�Q�G���0�R�\�D�����������������D�Q�G���0�D�L�U���H�W���D�O�������������������D�U�H���F�O�R�V�H�U��
�W�R���W�K�H���D�Y�H�U�D�J�H���P�H�D�V�X�U�H�G���Y�D�O�X�H�V����

7  Numerical Studies 

�1�X�P�H�U�L�F�D�O��F�L�Q�L�W�H���(�O�H�P�H�Q�W�� ���)�(���� �P�R�G�H�O�L�Q�J�� �L�V�� �D���X�V�H�I�X�O�� �W�R�R�O���I�R�U���V�L�P�X�O�D�W�L�R�Q�� �D�Q�G��
�S�U�H�G�L�F�W�L�R�Q���R�I���J�U�R�X�Q�G-�L�Q�G�X�F�H�G���G�H�I�R�U�P�D�W�L�R�Q���E�\���W�X�Q�Q�H�O�L�Q�J�����8�V�L�Q�J���Q�X�P�H�U�L�F�D�O���P�H�W�K�R�G�V����
�L�W���L�V���S�R�V�V�L�E�O�H���W�R���F�D�O�F�X�O�D�W�H���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���V�W�U�H�V�V���D�Q�G���V�W�U�D�L�Q���L�Q���W�K�H���J�U�R�X�Q�G���D�G�M�D�F�H�Q�W��
�W�R���W�K�H���W�X�Q�Q�H�O���V�S�D�F�H���G�X�H���W�R���W�K�H���F�R�P�S�O�H�[���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���H�[�F�D�Y�D�W�L�R�Q���D�Q�G���W�X�Q�Q�H�O��
�F�R�Q�V�W�U�X�F�W�L�R�Q�� �P�H�W�K�R�G�V�� �D�Q�G�� �W�K�H�� �L�Q�L�W�L�D�O�� �V�W�U�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q���� �Z�K�L�F�K�� �R�I�W�H�Q���L�Q�G�L�F�D�W�H�V��
�L�Q�K�R�P�R�J�H�Q�H�R�X�V���E�H�K�D�Y�L�R�U�����,�W���L�V���D�O�V�R���S�R�V�V�L�E�O�H���W�R���H�I�I�H�F�W�L�Y�H�O�\���F�R�Q�V�L�G�H�U���W�K�H���Q�R�Q-�O�L�Q�H�D�U��
�E�H�K�D�Y�L�R�U���G�H�S�H�Q�G�L�Q�J���R�Q���W�L�P�H���R�U���P�X�O�W�L-�V�W�D�J�H���F�R�Q�V�W�U�X�F�W�L�R�Q����

7.1 Numerical Modeling 

�$�� �Q�X�P�H�U�L�F�D�O�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O�� �F�R�Q�V�W�U�X�F�W�L�R�Q���Z�D�V���F�R�Q�G�X�F�W�H�G�� �W�R�� �F�R�P�S�D�U�H���W�K�H��
�P�H�D�V�X�U�H�G�� �W�X�Q�Q�H�O�L�Q�J-�L�Q�G�X�F�H�G�� �V�H�W�W�O�H�P�H�Q�W�V�� �Z�L�W�K�� �W�K�H�� �F�D�O�F�X�O�D�W�H�G���G�H�I�R�U�P�D�W�L�R�Q�� �R�I��
�Q�X�P�H�U�L�F�D�O���P�R�G�H�O�L�Q�J�����$�F�F�R�U�G�L�Q�J�� �W�R�� �J�H�R�W�H�F�K�Q�L�F�D�O�� �V�W�X�G�L�H�V���� �W�K�H�� �H�D�U�W�K�
�V�� �P�D�W�H�U�L�D�O�V�� �D�U�H��
�R�I�W�H�Q���O�H�D�Q���F�O�D�\���Z�L�W�K���V�L�O�W���D�Q�G���V�L�O�W�\���V�D�Q�G�����7�K�H���L�Q�S�X�W���S�D�U�D�P�H�W�H�U�V���W�R���W�K�H���P�R�G�H�O���I�R�U���W�K�H��
�V�S�H�F�L�I�L�F�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �H�T�X�L�Y�D�O�H�Q�W�� �V�R�L�O�� �O�D�\�H�U�V�� �D�Q�G�� �W�X�Q�Q�H�O�� �O�L�Q�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�� �D�U�H��

�S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H�V���������D�Q�G�����������$���W�U�D�I�I�L�F���D�Q�G���V�X�U�F�K�D�U�J�H���O�R�D�G���L�V���D�O�V�R���H�T�X�D�O���W�R��������
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�k �.��
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�6�S�H�F�L�I�L�F�D�W�L�R�Q�V���R�I���W�K�H���F�R�Q�F�U�H�W�H���V�H�J�P�H�Q�W���R�I���W�K�H���W�X�Q�Q�H�O���O�L�Q�L�Q�J��

Description E (kN/m2) EA (kN/m) EI  (kNm2/m) �� W (kN/m/m) 

�&�R�Q�F�U�H�W�H���F�R�Y�H�U�����V�H�J�P�H�Q�W���� 35000000�� 12250000�� 125000�� ���������� ��������

�,�Q���W�K�L�V���V�W�X�G�\�����W�Z�R-�G�L�P�H�Q�V�L�R�Q�D�O���3�O�D�[�L�V���V�R�I�W�Z�D�U�H���Z�D�V���X�V�H�G�����$�P�R�Q�J���W�K�H���D�G�Y�D�Q�W�D�J�H�V���R�I��
�W�K�H���P�H�Q�W�L�R�Q�H�G���V�R�I�W�Z�D�U�H���L�V���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���P�X�O�W�L-�V�W�D�J�H���F�R�Q�V�W�U�X�F�W�L�R�Q���D�Q�G���W�K�H���X�V�H���R�I��
�Y�D�U�L�R�X�V���F�R�Q�V�W�L�W�X�W�L�Y�H���P�R�G�H�O�V��[34]���� �7�K�H�� �E�R�X�Q�G�D�U�L�H�V�� �R�I�� �W�K�H�� �P�R�G�H�O�� �L�Q�� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O��
�G�L�U�H�F�W�L�R�Q���I�U�R�P���W�K�H���F�H�Q�W�H�U���R�I���W�K�H���W�X�Q�Q�H�O���D�U�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���I�L�Y�H���W�L�P�H�V���W�K�H���U�D�G�L�X�V���R�I��
�W�K�H���W�X�Q�Q�H�O���D�Q�G���L�Q���W�K�H���Y�H�U�W�L�F�D�O���G�L�U�H�F�W�L�R�Q�����W�Z�R���D�Q�G���D���K�D�O�I���W�L�P�H�V���W�K�H���U�D�G�L�X�V���R�I���W�K�H���W�X�Q�Q�H�O����
�'�H�I�R�U�P�D�W�L�R�Q���R�X�W�V�L�G�H���W�K�L�V���U�D�Q�J�H���F�D�Q���E�H���L�J�Q�R�U�H�G�����)�R�U���W�K�H���P�H�V�K�L�Q�J���R�I���W�K�H���P�R�G�H�O�����W�K�H��
15-�Q�R�G�H�� �H�O�H�P�H�Q�W�� �Z�D�V�� �X�V�H�G�� �D�V�� �W�K�H�� �E�D�V�L�F�� �H�O�H�P�H�Q�W�� �W�\�S�H���� �D�Q�G�� �D�F�F�R�U�G�L�Q�J�� �W�R���W�K�H��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �V�W�U�H�V�V�� �D�U�R�X�Q�G�� �W�K�H�� �W�X�Q�Q�H�O���� �W�K�H�� �P�H�V�K�� �Z�D�V���U�H�I�L�Q�H�G���L�Q�� �W�K�H�V�H�� �D�U�H�D�V����
�&�R�Q�V�L�G�H�U�L�Q�J���W�K�D�W���G�X�U�L�Q�J���W�K�H���W�Z�R���S�K�D�V�H�V���R�I���G�L�J�J�L�Q�J���D�Q�G���W�X�Q�Q�H�O���F�R�Q�V�W�U�X�F�W�L�R�Q�����W�K�H���V�R�L�O��
�D�U�R�X�Q�G�� �W�K�H�� �W�X�Q�Q�H�O�� �L�V�� �O�R�D�G�H�G�� �D�Q�G�� �W�K�H�� �K�D�U�G�H�Q�L�Q�J�� �V�R�L�O�� �P�R�G�H�O�� �G�L�I�I�H�U�H�Q�W�L�D�W�H�V���E�H�W�Z�H�H�Q��
�S�U�L�V�W�L�Q�H���O�R�D�G�L�Q�J���D�Q�G���O�R�D�G�L�Q�J-�U�H�O�R�D�G�L�Q�J�����W�K�L�V���E�H�K�D�Y�L�R�U���P�R�G�H�O���F�D�Q���E�H���X�V�H�G���I�R�U���W�X�Q�Q�H�O��
�P�R�G�H�O�L�Q�J���>�������� �����@�����6�W�D�J�H�G���F�R�Q�V�W�U�X�F�W�L�R�Q���D�Q�D�O�\�V�L�V���L�V���G�R�Q�H���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���H�[�L�V�W�L�Q�J��
�V�W�U�H�V�V�H�V�����P�D�L�Q�W�H�Q�D�Q�F�H���R�I���W�K�H���W�X�Q�Q�H�O���I�D�F�H���G�X�U�L�Q�J���G�U�L�O�O�L�Q�J���Z�L�W�K���D���V�K�L�H�O�G�����L�Q�V�W�D�O�O�D�W�L�R�Q���R�I��
�W�K�H���I�L�Q�D�O���V�H�J�P�H�Q�W�����L�Q�M�H�F�W�L�R�Q���R�I���W�K�H���V�S�D�F�H���E�H�K�L�Q�G���W�K�H���O�L�Q�L�Q�J�����D�Q�G���F�R�Q�W�U�D�F�W�L�R�Q���W�R���W�K�H��
�W�X�Q�Q�H�O���F�R�Y�H�U�����7�K�H���L�Q�L�W�L�D�O���V�W�D�J�H���L�V���W�R���P�R�G�H�O���W�K�H���L�Q�L�W�L�D�O���H�T�X�L�O�L�E�U�L�X�P�����D�Q�G���D�I�W�H�U���W�K�H���P�R�G�H�O��
�U�H�D�F�K�H�V�� �W�K�H�� �H�T�X�L�O�L�E�U�L�X�P���� �W�K�H�� �V�H�W�W�O�H�P�H�Q�W�� �E�H�F�R�P�H�V�� �]�H�U�R���� �7�K�H�� �V�H�W�W�O�H�P�H�Q�W�� �L�Q�� �W�K�H�� �Q�H�[�W��
�V�W�D�J�H�V�� �L�V�� �P�H�D�V�X�U�H�G�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �L�Q�L�W�L�D�O�� �V�W�D�J�H���� �,�Q�� �W�K�H�� �V�H�F�R�Q�G�� �V�W�D�J�H���� �W�K�H�� �W�X�Q�Q�H�O�� �L�V��
�P�R�G�H�O�H�G�� �E�\�� �W�K�H�� �P�D�F�K�L�Q�H�����D�Q�G�� �W�K�H�� �W�X�Q�Q�H�O�� �L�V�� �X�Q�F�R�Y�H�U�H�G���� �$�W�� �W�K�L�V�� �V�W�D�J�H���� �W�K�H�� �G�U�L�O�O�L�Q�J��
�P�D�F�K�L�Q�H���K�D�V���H�Q�G�X�U�H�G���V�R�P�H���O�R�D�G���D�Q�G���Ã�/�O�P�=�C�A ���F�D�Q���E�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���D�E�R�X�W����������
[35]�����,�Q���W�K�H���Q�H�[�W���V�W�H�S�����W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���R�I���W�K�H���W�X�Q�Q�H�O���O�L�Q�L�Q�J���L�V���P�R�G�H�O�H�G�����7�K�H���L�Q�M�H�F�W�L�R�Q��
�E�H�K�L�Q�G�� �W�K�H�� �V�H�J�P�H�Q�W�V�� �F�D�Q�� �E�H�� �P�R�G�H�O�H�G�� �E�\�� �D�S�S�O�\�L�Q�J�� �D�� �O�D�U�J�H�� �O�R�D�G�� �H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �W�K�H��
�L�Q�M�H�F�W�L�R�Q���S�U�H�V�V�X�U�H�����E�H�W�Z�H�H�Q�����������D�Q�G�������E�D�U���L�Q���W�K�H���S�U�H�V�H�Q�W���V�W�X�G�\�������7�K�H���U�H�G�X�F�H�G���Y�R�O�X�P�H��
�L�V���F�D�X�V�H�G���E�\���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���W�X�Q�Q�H�O���O�L�Q�L�Q�J�����D�G�G�L�W�L�R�Q�D�O���V�R�L�O���H�[�F�D�Y�D�W�L�R�Q�����V�S�D�F�H��
�E�H�K�L�Q�G���W�K�H���W�X�Q�Q�H�O���O�L�Q�L�Q�J�������D�Q�G���Z�D�W�H�U���G�U�D�L�Q�D�J�H�����,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���Y�D�O�X�H���R�I���Y�R�O�X�P�H���O�R�V�V��
��VL���� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �U�H�D�O�� �G�D�W�D�� �R�E�W�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �V�X�U�I�D�F�H�� �V�H�W�W�O�H�P�H�Q�W��
�F�R�Q�W�U�R�O����VL��� �����������������D�Q�G���D�S�S�O�L�H�G���L�Q���W�K�H���Q�X�P�H�U�L�F�D�O���P�R�G�H�O����

7.2  Results 

�&�D�O�F�X�O�D�W�L�R�Q���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���Z�L�W�K���W�K�H���Q�X�P�H�U�L�F�D�O���P�R�G�H�O���V�K�R�Z�V���W�K�D�W���W�K�H���P�D�[�L�P�X�P��
�Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���R�I���W�K�H���W�X�Q�Q�H�O���R�Q���W�K�H���W�X�Q�Q�H�O���F�H�Q�W�H�U�O�L�Q�H���D�Q�G���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���W�K�H��
�W�X�Q�Q�H�O�� �F�U�H�V�W�� �L�V�� �H�T�X�D�O�� �W�R�� ���� �P�P�� �D�Q�G�� �W�K�H�� �V�H�W�W�O�H�P�H�Q�W�� �R�I�� �W�K�H�� �J�U�R�X�Q�G�� �V�X�U�I�D�F�H�� �L�V�� ���� �P�P������
�7�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H�V���R�I���W�K�H���J�U�R�X�Q�G���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�X�U�H��������
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�)�L�J�X�U�H������

�&�X�U�Y�H�V���R�I���Y�H�U�W�L�F�D�O���V�H�W�W�O�H�P�H�Q�W���R�I���W�K�H���V�R�L�O���P�D�V�V��

�7�K�H���J�U�R�X�Q�G���V�X�U�I�D�F�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���D�E�R�Y�H���W�K�H���W�X�Q�Q�H�O���D�[�L�V���L�V���F�O�R�V�H���W�R���W�K�H���D�Y�H�U�D�J�H��
�U�H�D�O���P�H�D�V�X�U�H�G���G�H�I�R�U�P�D�W�L�R�Q�V�����Q�H�[�W���W�R���W�K�H���I�L�W�W�H�G���*�D�X�V�V�L�D�Q���F�X�U�Y�H���W�R���W�K�H���P�H�D�V�X�U�H�G���G�D�W�D����
�D�Q�G�� �W�K�H�� �F�X�U�Y�H�� �U�H�V�X�O�W�L�Q�J�� �I�U�R�P�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O�V���� �D�U�H�� �S�U�H�V�H�Q�W�H�G���L�Q�� �)�L�J�X�U�H�� ��������
�7�K�H�� �E�U�R�D�G�H�U�� �F�X�U�Y�H�� �I�U�R�P�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �P�R�G�H�O�� �L�V�� �D�� �O�L�W�W�O�H�� �Z�L�G�H�U�� �W�K�D�Q�� �W�K�H�� �*�D�X�V�V�L�D�Q��
�F�X�U�Y�H�����W�K�D�W���L�V�����L�Q���W�K�L�V���F�D�V�H�����W�K�H���W�U�R�X�J�K���Z�L�G�W�K���R�U���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���F�H�Q�W�H�U���O�L�Q�H���R�I���W�K�H��
�W�X�Q�Q�H�O���W�R���W�K�H���L�Q�I�O�H�F�W�L�R�Q���S�R�L�Q�W���R�I���W�K�H���F�X�U�Y�H�����L�����L�V���J�U�H�D�W�H�U�����$�O�W�K�R�X�J�K���W�K�H���W�R�W�D�O���Z�L�G�W�K���R�I��
�W�K�H�� �V�H�W�W�O�H�P�H�Q�W���S�U�R�I�L�O�H�� �L�V�� �R�I�W�H�Q���F�R�Q�V�L�G�H�U�H�G���W�R���E�H�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �H�T�X�D�O���W�R�� ���L���� �L�Q�� �W�K�L�V��
�V�W�X�G�\���W�K�H���W�R�W�D�O���Z�L�G�W�K���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���S�U�R�I�L�O�H���L�V���D�E�R�X�W�����L���I�R�U���Q�X�P�H�U�L�F�D�O���V�W�X�G�L�H�V���D�Q�G��
�D�E�R�X�W���������L���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���H�T�X�D�W�L�R�Q�V���D�Q�G���P�H�D�V�X�U�H�G���Y�D�O�X�H�V����
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Conclusions 

�$�P�R�Q�J���W�K�H���P�D�Q�\���H�[�L�V�W�L�Q�J���P�H�W�K�R�G�V�����W�K�U�R�X�J�K���G�H�W�D�L�O�H�G���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���W�K�H���P�H�D�V�X�U�H�G��
�Y�D�O�X�H�V���� �W�K�H�� �P�R�V�W�� �D�S�S�U�R�S�U�L�D�W�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �D�Q�G�� �D�Q�D�O�\�W�L�F�D�O�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �K�D�Y�H�� �E�H�H�Q��
�L�G�H�Q�W�L�I�L�H�G�����I�R�U���W�K�H���S�U�H�G�L�F�W�L�R�Q���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W�� �S�D�U�D�P�H�W�H�U�V���6�P�D�[���� �L���� �9L���� �H�W�F�����R�I�� �W�K�H��
�J�U�R�X�Q�G�����7�K�H���F�R�Q�F�O�X�V�L�R�Q�V���F�D�Q���E�H���V�X�P�P�D�U�L�]�H�G���D�V���I�R�O�O�R�Z�V:��

�x �7�K�H�� �D�Y�H�U�D�J�H�� �P�D�[�L�P�X�P�� �V�X�U�I�D�F�H�� �V�H�W�W�O�H�P�H�Q�W�� �W�K�D�W�� �X�V�X�D�O�O�\�� �R�F�F�X�U�V���R�Q�� �W�K�H�� �J�U�R�X�Q�G��
�D�E�R�Y�H���W�K�H���W�X�Q�Q�H�O���F�H�Q�W�H�U�O�L�Q�H���L�V���H�T�X�D�O���W�R�������P�P����

�x �7�K�H���D�Y�H�U�D�J�H���K�R�U�L�]�R�Q�W�D�O���G�L�V�W�D�Q�F�H���R�I���W�K�H���W�X�U�Q�L�Q�J���S�R�L�Q�W���R�I���W�K�H���V�H�W�W�O�H�P�H�Q�W���F�X�U�Y�H���Z�L�W�K��
�W�K�H�� �D�[�L�V�� �R�I�� �W�K�H�� �W�X�Q�Q�H�O�� ���S�D�U�D�P�H�W�H�U�� �L���� �L�V�� �H�V�W�L�P�D�W�H�G�� �W�R�� �E�H�� �D�E�R�X�W�� �������� �P�H�W�H�U�V����
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Abstract: The increasing demand for high-speed railways has risen, to solve the "age-old" 
problem of bridge abutments, the step between the backfill and the bridge deck. Examples 
prove that inadequate technical solutions can generate damage that may require long-term 
speed restrictions or lead to short maintenance cycles, significantly increasing the total 
cost of ownership. The problems associated with the transition zones require complex 
analysis. The complex interaction of structural elements with different stiffnesses and 
different dynamic behavior varies over time due to the time-dependent behavior of the soil, 
and in addition, a bridge deck and its connecting elements can be constructed in several 
sequences. This study investigated a typical single-span railway bridge and its soil 
environment using PLAXIS 3D geotechnical finite element software. Different constitutive 
soil models were used to approximate the behavior of the bridge and the connecting 
elements. To model the soil behavior, the HS-small constitutive model was implemented. 
Loads of the structure are transferred onto the subsoil by 60 cm diameter piles modeled as 
embedded piles. Six different construction schedules were analyzed using time-domain 
analyses. The importance of high-speed railways was highlighted, and a 250 km/h train 
speed was applied, using dynamic analysis. The study focuses on the effect of different 
construction schedules on settlement, consolidation time, the behavior of the transition, and 
the substructure movements. The results of this study show that geotechnical approaches by 
themselves are not enough to solve the problem of the transition zone, highlighting the 
collaboration of geotechnical, structural and railway engineers. 

Keywords: numerical modeling; railway bridge; time effect; transition zone 

1 Introduction  

Track or railway transitions are locations along the track characterized by an 
abrupt variation of their stiffness, such as rail tracks changing from stiff to soft 
structures or vice versa [1]. This abrupt change generates differential settlements 
and increased dynamic loading that expedites track degradation through the 



E. Koch et al. Impact Assessment of Railway Bridge Construction Schedule,  
 based on 3D Geotechnical Finite Element Modeling 

 – 188 – 

progressive deterioration of track geometry and materials [2] [3]. The typical 
railway transition zone is the bridge approach that experiences sudden changes in 
track stiffness. Track structures on the embankment and bridge sides reveal 
different layer geometries and properties. Additionally, differential settlement of 
the foundation and unsupported ties have been found near bridge abutments [4]. 
These conditions significantly impact rider comfort and operational safety during 
operation. Railroaders have recognized that track geometry issues and differential 
movement at railway transitions present a significant challenge to track profile 
maintenance [5] [6]. The bump problem at the transition between the embankment 
and the bridge is an important concern for railways and highways. These bumps 
can lead to a rough riding surface, creating high-speed discomfort and high 
maintenance costs [7] [8]. Transitions should provide a gradual stiffness variation. 

At the bridge abutments, the stiffness of the rail support suddenly changes, 
causing vertical accelerations in the passing vehicle and additional stresses on the 
rail. Even after a short period, the sum of these stresses leads to residual 
deformations in the substructure that degrade the track geometry [9]. 

According to the European Rail Research Institute [10], the factors that affect the 
behavior of the track in transition zones can be separated into four groups: (1) 
external to the track (axle loads, weather conditions, speed, and vibrations), (2) 
geotechnical issues (sub-grade and soil conditions), (3) structural conditions 
(bending stiffness, lateral movements and interaction between track and bridge) or 
(4) related to the track design and layout (stiffness, location of track dilation 
devices or presence of continuous welded rail). 

Several different solutions for transition zones have been proposed and applied. 
These transitions smooth the stiffness variation between the "flexible" approach 
section and the "rigid" section over the structure. Transitions based on smoothing 
the stiffness variation on the "flexible" side include: 

�x Using oversized sleepers or changing their spacing 

�x Installing underlayments of hot-mix-asphalt, geotextiles, or soil-cement 

�x Adding rails, approach slabs, and others [5] [11] 

Transitions based on lowering the stiffness on the "rigid" section include: 

�x Placing soft rail pads under sleeper pads 

�x Installing plastic sleepers 

�x Laying down ballast mats [12] [13] 

According to Li and Davis [5], transition zones must address the specific stiffness 
issues of the track discontinuities to be effective. The behavior of the railway track 
and infrastructure under the combination of high speed and repetitive axle 
loadings evolves due to a complex soil-structure interaction problem that 
challenges geotechnical and structural R&D [ 14]. 
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Many numerical studies have focused on the influence of the vertical stiffness 
variation on this problem [15-17�@���� �+�R�Z�Hver, few have addressed a more critical 
aspect: Differential settlement's impact and long-term development [18] [19]. 
Intrinsically, the complex interaction of structural elements with different 
stiffnesses and different dynamic behavior varies over time due to the time-
dependent behavior of the soil. In addition, a bridge abutment and its approaching 
elements can be constructed in different sequences, and therefore the nature and 
direction of the interactions can vary. Time is perhaps the most critical factor in 
analyzing the interactions between abutments and bridges [20]. 

In current practice, bridge designers calculate the internal forces of the 
superstructure with structural finite element software. This technique usually 
separates the analyses of the superstructure, substructure, and specific aspects of 
the foundation. Generally, the superstructure software models the foundation and 
the soil environment by linear springs and replaces the backfill with an external 
load [21]. Such a model only crudely approximates the actual soil-structure 
interaction behavior. Moreover, superstructure designers usually ignore the effects 
of the construction sequence and time-dependent processes such as soil 
consolidation [22]. Modern three-dimensional geotechnical FEM packages can 
model the behavior of the soil more realistically by applying advanced constitutive 
models. They can consider drainage, initial stress conditions, unloading-reloading 
phases, and soil -structure interaction. For dynamic behavior, linear or non-linear 
time history analyses allow investigating wave propagation phenomena in the 
subsoil and their effects on the structure [23]. 

This paper presents a model and simulation results of a typical single-track 
railway bridge and its soil environment. This research investigated the effect of 
different construction schedules, focusing on the settlement, consolidation time, 
transition behavior, and substructure movements. 

2 Methodology of Modeling 

2.1 The Bridge and its’ Soil-Environment 

The basic model of the bridge and connecting longitudinal section of the open 
track appear in Figure 1. The typical soil environment generates a time-critical 
analysis for the construction schedule. A 10 m thick soft, medium plasticity clay 
layer overlays a 10 m thick saturated sand layer. The groundwater level lies at the 
surface of the upper layer. The dense sand embankment measures 5.3 m high with 
a 1:1.5 slope. The 15 m long backfill on the crest, lying behind the bridge 
abutments, was "built-up" from very dense sand. The effective thickness of the 
embedded ballast is 0.35 m. 
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The height of the bridge abutments aligns with the embankment, and parallel wing 
walls connect to them. Piles support the abutments, arranged in 2 rows of 3 piles, 
each with a center-center separation of 2.4 m. The piles measure 0.6 m-diameter 
and 11.2 m long. The software models the piles as embedded beam elements, 
typical for this problem [22]. Data from load tests and past performance determine 
the values of soil skin friction and toe resistance. The pile caps, bridge abutments, 
wing walls, and superstructure consist of concrete solid elements with a Young's 
modulus of E=30 GPa. The superstructure was constructed with steel support and 
railway bedding, with an opening of 15.6 m. To model the soil-structure 
interaction, interface elements were placed behind the abutment and the 
wingwalls, Rinter=0.8 were applied for the backfill. Based on several numerical 
modeling of pile load test, Rinter=0.95 was used for subsoil [22]. The model 
represented an integral bridge with rigid connections between the abutment and 
superstructure [24] [25]. The monolithic assembly of integral bridges eliminates 
the need for expansion joints and bearings [26]. 

 

Figure 1 

PLAXIS 3D model of the bridge and its soil environment 

Beam elements represent rails with flexural and tensile rigidity based on their 
cross-section (60E1). The prestressed reinforced concrete sleepers (B70 type) are 
also modeled as beam elements with an adequate moment of inertia and cross-
section. Table 1 lists input properties for the rails and sleepers. The sleepers were 
positioned in the model with a spacing of 60 cm intervals. 

To analyze the effect of the model depth, 15 m, 20 m, and 25 m was investigated. 
For the selection of the applied model, the applied criteria for the incremental 
displacement was 1.0 mm. After the analysis, the overall model dimensions 
measure 96 m long, 75 m wide, and 20 m deep. The model contained 38466 
elements and 62482 nodes with a mesh size of 2 m. Standard fixities and energy-
absorbing boundaries reduced wave reflections in the domain. 
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The �+�D�U�G�H�Q�L�Q�J�� �6�R�L�O�� �P�R�G�H�O�� �Z�L�W�K�� �V�P�D�O�O�� �V�W�U�D�L�Q�� �V�W�L�I�I�Q�H�V�V ���+�6-small) constitutive 
model was used to describe the soil behavior [27]. The input parameters for the 
medium-dense embankment and the dense backfill were determined based on 
[28]. Previous research provided properties of �W�\�S�L�F�D�O�� �+�X�Q�J�D�U�L�D�Q�� �V�R�I�W�� �F�O�D�\ [29] 
[30]. The ballast layer was modeled as elasto-plastic with Mohr-Coulomb yield 
parameters [31]; the reinforced concrete elements (pile cap, wing wall, bridge 
abutment) used a Linear Elastic model. The Poisson's ratio was �� = 0.2 for all 
layers, as recommended by PLAXIS [23]. Similar to [31], static E moduli were 
applied for the different soil types. The geotechnical properties of soil layers 
appear in Table 2. 

Table 1 

Input parameters of rail and sleeper 

Parameter Sleeper B70 Rail 60E1 
A (m2) 0.0513 0.0077 

��  (kN/m3) 25 78 
E (GPa) 36 200 
I3 (m4) 0.0253 0.00003 
I2 (m4) 0.00024 0.00000513 

Table 2 

Geotechnical properties of the layers 

Parameter 
Subsoil Subsoil Embankment Backfill  Ballast 

Dense sand Soft clay Medium 
dense sand 

Dense sand Gravel 

Model HS-small HS-small HS-small HS-small MC 
E MPa     100.00 
E50

ref MPa 51.00 6.00 36.00 48.00  

Eoed
ref MPa 51.00 4.80 36.00 48.00  

Eur
ref MPa 153.00 24.00 108.00 144.00  

G0
ref MPa 117.80 40.00 100.00 114.40  

m - 0.43 0.80 0.51 0.45  

�� 0.7 - 1.15E-4 2.5E–4 1.4E–4 1.2E–4  

c'ref kPa 1.00 30.00 1.00 1.00 10.00 
���� 'ref deg 39.00 25.00 35.50 38.00 40.00 
�% deg 9.00  5.50 8.00 10.00 
k m/day 2.00 2E–4 1.00 2.00 10.00 
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2.2 The Construction and Load Phases 

As mentioned, a bridge construction process could have various construction and 
loading phases due to different constraints or goals. The variants may have 
advantages and disadvantages regarding the construction time, the costs, and the 
displacements threatening the structure. Six different construction methods and 
schedule variants were chosen for analysis from many different options. In all 
variants, five construction stages were identical but occurred in different 
sequences for each variant: 

1. Pile and abutment installation (also with deep mixing or vertical drains) 
duration of 10 days, always preceded Bridge Superstructure. 

2. Bridge Superstructure 10 days. 

3. Lower Embankment (0.0-2.6 m) 10 days, sometimes followed by 
consolidation time to 90% pore pressure reduction. 

4. Upper Embankment (2.6-5.3 m) 10 days, sometimes immediately after 
Lower Embankment, always followed by consolidation time to 95% pore 
pressure reduction. 

5. Ballast 10 days, Sleepers and Rails 10 days, Train Loading (always the 
final three stages in sequence). 

Note that the consolidation stages were not precisely the same duration since the 
embankment sequence occurred at different times, either consecutively, or with 
other activities scheduled between the placement of the lower and upper portions. 
The consolidation stages' duration depended entirely on the average pore pressure 
reduction within the soil. 

Each variant uses a slightly different sequence of construction in order to study 
their effect on the settlement and performance of the embankment and bridge.  
The six variants are listed below: 

Variant 1.  Piles and Abutment, Bridge Superstructure Lower Embankment, 
90% Consolidation, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 2.  Piles and Abutment, Lower Embankment, 90% Consolidation, 
Upper Embankment, 95% Consolidation, Bridge Superstructure, 
Ballast, Sleepers and Rails, Train 

Variant 3.  Lower Embankment, Rest Period of 60 days, Upper Embankment, 
Piles and Abutment, Bridge Superstructure, Backfill, 95% 
Consolidation, Ballast, Sleepers and Rails, Train 
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Variant 4.  Piles and Abutment, Lower Embankment, 90% Consolidation, 
Bridge Superstructure, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 5.  Deep Soil Mixing, Piles and Abutment, Bridge Superstructure, 
Lower Embankment, Upper Embankment, 95% Consolidation, 
Ballast, Sleepers and Rails, Train 

Variant 6.  Vertical Drains, Piles and Abutment, Bridge Superstructure, Lower 
Embankment, Upper Embankment, 95% Consolidation, Ballast, 
Sleepers and Rails, Train 

Variants 5 and 6 require less consolidation time since the soft clays are stabilized 
by deep mixing or dissipate pore pressure more efficiently with vertical drains. 

The consolidation stages use typical time-dependent behavior with coupled stress 
and pore pressure changes. The final train loading stage is a dynamic calculation. 

The deep-mixing ground improvement was modeled as such: the improved 
material was regarded as a Linear Elastic model with E=30 MPa young modulus 
and much higher permeability, k=8.6·10-2 m/day. It can result from a cement or 
lime treatment carried out approximately in a 3.0 × 3.0 m, 60 cm diameter raster 
and 10 m length column [32]. The raster of the vertical drains is 2.0 × 2.0 m, and 
the length is bedded 1.0 m into the lower sand. 

Figure 3 presents sketches showing the sequence of placement for the main 
components of the bridge and its soil environment. 

 

Figure 3 

Schematic drawings of the investigated variants 
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The LM71 Eurocode load model represented the moving train with eight dynamic 
point loads of 125 kN vertical force [33]. PLAXIS 3D characterizes dynamic 
loads using a time-force signal. In the model, every dynamic point load has its 
multiplier, which turns the loads on and off, simulating the effects of the rolling 
vehicle. The dynamic time step must be changed to simulate different travel 
velocities while the distance between dynamic point loads is constant [31]. For 
analyzing the effect of the construction phases of a bridge construction, the 
vehicle's speed was set to 250 km/h. A train with 250 km/h speed passes 1.6 m in 
0.023 sec; hence the time interval must be chosen 0.023 sec for the fixed dynamic 
point loads. The total elapsed time between the first and the last load was 1.3824 
sec. An additional time of 0.6176 sec was considered to allow complete 
dissipation of the waves induced by the passing train. 

3 Results Related to the Settlements 

The final settlements of variant 1 are shown in Figures 4 and 5. These refer to the 
loading situation where the train reaches the middle of the bridge. The settlement 
behavior was similar for the other variants because the construction phases barely 
affected the final settlements, except for the ground improvement (variant 5).  
The essential settlement data are summarized in Table 3. The following 
conclusions can be made according to the Figures and the Table. 

The open track has the most significant settlement, ~24 cm, which is obviously 
less in case of a ground improvement. Much less displacement can be seen behind 
the abutments, and directly behind the abutment, the settlement of the backfill is 
~10-15% of the settlement of the open track. It is because the embankment fill is 
much smaller here because of the abutment and the sloped embankment, and the 
bridge abutment "supports" some of the embankment fill. Therefore, it can be 
stated that the settlement prognosis, based on the conventional calculation of 
settlement caused by the load due to the trapezoidal cross-section of the 
embankment, overestimates the settlements around the bridge abutment.  
The settlements behind the bridge abutment increase rapidly, at a distance of 3.5 
m, generally about 60 mm, except variant 5, the applied ground improvement. 
Figure 5 shows that out of the ~24 cm of the open track's settlement, ~2.0 cm is 
the compression of the embankment, and ~1 cm is the subsidence of the sandy soil  
layer. The compression of the backfill is less than 1 cm. The bridge abutment and 
the superstructure exhibit negligible magnitudes of settlement (13-16 mm), which 
roughly corresponds to the settlement measurements of the abutments resting on a 
pile foundation. 
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Figure 4 

Vertical settlements for the construction schedule variant 1 

 

Figure 5 

Longitudinal section of the bridge and its surroundings for the construction variant 1  

(with the same scale of colors as Figure 3) 

Table 3 

The settlement of the track axis depending on the construction variants 

Construction 
variants 

Open track 

Backfill from the bridge 
abutment Bridge 

abutment 
to 4.0 m to 0.5 m 

mm 

1. 248.0 97.0 39.0 12.0 
2. 249.0 96.0 30.0 13.3 
3. 269.0 84.0 24.0 9.6 

4. 246.0 95.0 28.0 9.6 

5. 40.0 30.0 12.0 7.2 

6. 257.0 102.0 38.0 11.4 
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4 Results of the Consolidation 

Time may not play such an essential role in the case of a structure as the bridge 
abutment. Due to today's enforced construction time, there is no time to wait for 
the entire consolidation in most cases. Moreover, the project managers want an 
accurate prediction, which is difficult and impossible to produce. Poor predictions 
related to consolidation may cause problems with differential settlement in the 
bridge abutment and the backfill  and generate negative skin friction within the 
piles. 

The consolidation curves of the six different construction variants are shown in 
Figure 6. In order to be transparent, only those curves are shown, which were 
determined on the embankment surface, 20 m from the bridge abutment below the 
open track. The vertical displacement of the backfill zone, measured on the 
ground surface directly behind the abutment, is less than 2 cm; therefore, it is not 
shown in the figure. The full consolidation time of construction schedule variants 
1, 2, and 4 is approximately 550 days; it is not significantly affected by the 
sequence of the superstructure's construction. 

The immediate settlement is ~5 cm, followed by ~6 cm consolidation settlement 
due to the "consolidating time" of the lower embankment. These require about 
~300 days. The second phase of the consolidation settlement due to the upper 
embankment is ~10 cm, and 200-250 days are necessary to reach a 95% degree of 
consolidation. The duration of the construction is approximately six months less in 
the case of variant 3 (the embankment of the open track is built before); however, 
the total consolidation settlement is 2 cm more. In the case of installing vertical 
drains into the subsoil (variant 6), the consolidation time is reduced by one-third, 
the embankment can be built in one phase, and the total consolidation settlement 
is ~25 cm. Following the expectations, the settlement and the consolidation time 
are drastically reduced in case of ground improvement (variant 5), and the 
embankment can be built in one phase. 

Figure 6 also shows that the railway superstructure's construction induces further 
5-8 mm incremental settlements after the complete consolidation. The settlement 
due to the train load, usually around 8 mm, is not presented in the figure but will 
be discussed separately later. 

If the consolidation time exceeds 2-3 months, the settlement measurements are 
taken, and the construction phases can be set based on their results. According to 
�+�X�Q�J�D�U�L�D�Q�� �S�U�D�F�W�L�F�H���� �W�K�H�� �F�R�Qsolidation is considered to be "finished" if the 
settlement rate is below 1 cm/month. Figure 7 indicates the settlement rate of the 
same surface point as it was investigated regarding the settlement. Note that this 
rule's origin is unknown, but it can still be recognized in the geotechnical report of 
the bridge construction. 
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The figure clearly shows that the settlement rate suddenly increases when a new 
step of construction, e.g., the fill or sleepers' construction, starts. During the 
consolidation, the settlement rate decreases over time. 
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Figure 6 

The consolidation of the open track concerning the construction variants 

Variant 1 shows the slowest reduction of the settlement rate. After constructing 
the upper part of the embankment, the shape of the curves is similar in the case of 
variants 2 and 4, but variant 2 shows a slightly faster reduction. The sudden 
reduction can be observed in the case of variants 5 and 6 due to the prior ground 
improvement (deep mixing and vertical drains). For variant 3, the settlement rate 
reduction is relatively fast after the superstructure placement due to the early 
embankment construction. 

The figure also shows that the settlements are still increasing even after the total 
(95% degree of consolidation) consolidation. Partly because it was not "full ", 
partly as the railway superstructure also induces consolidation settlements, and 
partly due to the presence of the train load. The figure clearly confirms the false 
practice of the 1 cm/month rule; the expected incremental settlement is around 5 
cm after reaching the given value. 

This analysis aimed to show that the construction time can be optimized based on 
the total final settlement and the prediction of the settlement rate if the subsoil can 
be correctly parametrized. It could only happen in the case of a good soil analysis; 
however, such a prediction should also be based on the settlement measurements 
of the first construction phases. 
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Figure 7 

The settlement rate concerning the construction variants 

5 Results Related to the Tr ansition Zone 

Analyzing the behavior of the transition zone was another goal of this study. 
Figure 8 shows the effect of the train load on the open track section (20 m from 
the abutment) and the backfill zone (0.5 m from the abutment). The selected 
points are located on the upper layer of the ballast. According to Figure 8, the train 
load produces twice the settlement on the open track (9-10 mm) when compared 
to settlement in the backfill (5 mm). The train induces permanent deformation (7-8 
mm) remains after the train passes. In the case of variants 3, 5 and 6, the 
remaining settlement is slightly lower on the open track section than for variants 
1, 2 and 4. In the backfill zone, the permanent settlement is around 2 mm. 

The vertical settlements due to the train load are shown in the longitudinal profile 
in Figure 9. They have a lower magnitude near the bridge abutment and rapidly 
change directly behind it. It is because the bridge abutment barely settles under the 
train load. The effect of the train load is the smallest in the case of variant 3, likely 
due to the early construction of the embankment. In the case of ground 
improvement, the train load has the most considerable effect, likely due to the stiff 
subsoil. The curves are actually overlapping directly ~5 m behind the bridge 
abutment and show a settlement of ~7 mm. The deflection of the superstructure is 
around 3 mm; there is no significant difference in the case of the different 
variants. 

Based on the results, it seems that the correct behavior of the last section in front 
of the bridge abutments cannot be solved only by applying geotechnical design.  
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In this case, accordin�J���W�R���W�K�H���Q�H�Z���+�X�Q�J�D�U�L�D�Q���5�Dilway Regulation, Volume 6 [34], 
a deck slab, such as a variation of the thickness of a high quality -balancing layer, 
as well as the reinforcement of the superstructure, e.g., additional rails or 
oversized sleepers, could help. 
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Figure 8 

Vertical displacement due to the train load 

-14

-12

-10

-8

-6

-4

-2

0
0 12 24 36 48 60 72 84 96

ve
rt

ic
al

 d
is

pl
ac

em
en

t d
ue

 to
 tr

ai
n 

lo
ad

 
u z

 
[m

m
]

length   [m]

   variant 1.

   variant 2.

   variant 3.

   variant 4.

   variant 5.

   variant 6.

opening

backfill
zone

backfill
zone

 

Figure 9 

Vertical displacements due to the train load in each variant 

6 Results Concerning the Substructure 

Figure 10 illustrates the horizontal displacement of the bridge abutment before 
constructing the railway superstructure according to variant 1. In the figure, only 
the concrete pile cap, the bridge abutment, and the wing wall are visible for better 
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evaluation of displacements. The figure shows that the bottom of the wall moves 
towards the opening about 2 mm, while the top moves towards the embankment 
approximately 3.5 mm. Based on the middle part of the figure, it can be noted that 
the displacement of the bridge abutment is small, under 5 mm. 

The horizontal displacements of the bridge abutment for the relevant construction 
phases are shown in Figure 11, related to variant 1. After constructing the 
superstructure, a horizontal displacement of approximately 2 mm can be seen, and 
the bridge abutment moves towards the embankment. Following the construction 
of the first step of the embankment, the top of the bridge abutment still moves 
towards the embankment, while the bottom moves towards the bridge. It can be 
observed that such a displacement is getting more significant in the following 
construction phases, and later, due to the trainload, the bridge abutment tilts 
towards the opening. 

 

Figure 10 

�+�R�U�L�]�R�Q�W�D�O displacement of the bridge abutment before constructing the beam 
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Figure 11 

�+�R�U�L�]�R�Q�W�D�O��movement of the bridge abutment concerning the construction phases (variant 1) 
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Figure 12 shows, according to the construction phases, the horizontal 
displacements of the bridge abutment relating to the state when the train load is 
above the abutment. Except for versions 2 and 4, the horizontal displacement of 
the bridge abutment seems to be quite similar; the extent of the displacement stays 
under 5 mm due to the early support. These displacements are about 0.1% of the 
height of the wall. The largest displacement, 20 mm, can be seen by variant 2; the 
bridge abutment wall moves totally towards the embankment, which induces a 
passive state in the backfill, and the wall gets strong support from it. The reason 
behind this is that the construction of the superstructure, together with the support 
of the abutments, begins after the consolidation; till then, the settlement of the 
embankment is dominant. The differential settlement induced by embankment 
consolidation near the base of the abutment causes its top to rotate into the 
embankment. Actually, the abutment fits into the bowl-shaped settlement 
depression. Construction phase variant 4 shows similar results, although the 
displacement is less because the support was created after constructing half of the 
embankment. 
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Figure 12 

The displacement of the bridge abutment concerning the investigated variants 

Conclusions 

This study investigated a typical railway bridge and the related soil environment, 
focusing on the effect of different construction schedules. According to the 
analysis, several benefits and practical consequences could be concluded: 

a)  Plaxis 3D software, applying the �+�6-small constitutive model and 
modeling the moving train, provides a realistic analysis of the current 
problem. It describes the global behavior of the railway bridge and its soil 
environment. 

b)  Due to the spatial effects and a more realistic loading condition, the results 
of the settlements around the bridge abutment are more favorable, than the 
results derived from conventional analysis or 2D modeling. 
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c)  This type of modeling could allow for optimization of the construction 
process, the best sequence of construction phases, or the earliest date of 
construction of the railway superstructure. 

d)  Due to the complex behavior of the bridge and its surroundings, we should 
not rely on simple design methods to provide a solution to the problem. 
The analysis presented here indicates the trends of soil and structural 
displacements, as well as the time required for adequate consolidation. 

e)  The results showed that ground improvement could be a suitable 
technology to reduce construction time, but it is more costly. Using 
construction variant 1, 2, and 4 require the most time. Moreover, in the 
case of variant 2, horizontal displacement of the bridge abutment is might 
be greater than allowed; it may result in higher forces within the piles. 

f)  Construction variant 3, reduces construction time and the cost is modest. 
The results related to the settlement, consolidation time, and horizontal 
movements of the bridge abutment are within reason. 

g)  The results clearly show that geotechnical approaches, by themselves, are 
not sufficient to solve the problem of the transition zone. A holistic 
approach, combining geotechnical and railway superstructure tools, would 
produce a better transition between the bridge and the connecting 
embankment. 
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Innovative Approaches to Railway Track 
Alignment Optimization , in Curved Sections 

Mykola Kurhan, Dmytro Kurhan and Nelya Hmelevska 

�'�H�S�D�U�W�P�H�Q�W���R�I���7�U�D�Q�V�S�R�U�W���,�Q�I�U�D�V�W�U�X�F�W�X�U�H�����8�N�U�D�L�Q�L�D�Q���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���R�I���6�F�L�H�Q�F�H���D�Q�G��
�7�H�F�K�Q�R�O�R�J�L�H�V�����/�D�]�D�U�\�D�Q���6�W�����������������������'�Q�L�S�U�R�����8�N�U�D�L�Q�H��
�^�P���E���N�X�U�K�D�Q�����G���P���N�X�U�K�D�Q�����Q���S���K�P�H�O�H�Y�V�N�D�`�#�X�V�W���H�G�X���X�D��

Abstract: The efficient advancement of railway transportation is impossible without the 
integration of cutting-edge innovations. This study places emphasis on the application of 
computer modeling for railway track alignment, enabling the determination of an optimal 
strategy for rectifying curves within the plan. This approach ensures enhanced accuracy and 
effectiveness in curve realignment efforts. The calculations involved in plan correction are 
not only essential for addressing track deviations but also for solving a set of challenges 
associated with increasing permissible travel speeds. Particular significance is attributed to 
the reconstruction of track alignment, especially for international routes transitioning from 
wide (1520 mm) to standard European gauge (1435 mm). The incorporation of innovative 
technologies for railway curve correction, along with line plan optimization across multiple 
track sections, facilitates the realization of maximum stipulated velocities while ensuring 
safety, smoothness of motion, and passenger comfort. The investigation results detailed in 
this paper were conducted with support from a grant provided by The National Research 
Foundation of Ukraine under the project, "Scientific Justification of the Introduction of the 
European Track on the Territory of Ukraine in the Post-War Period". 

Keywords: railway; innovative activity; innovative technologies; railway curves, transport 
corridor 

1 Introduction  

�*�O�R�E�D�O�� �H�[�S�H�U�L�H�Q�F�H�� �D�W�W�H�V�W�V�� �W�K�D�W�� �H�I�I�H�F�W�L�Y�H�� �U�D�L�O�Z�D�\�� �W�U�D�Q�V�S�R�U�W�� �G�H�Y�H�O�R�S�P�H�Q�W�� �L�V��
�X�Q�D�W�W�D�L�Q�D�E�O�H�� �Z�L�W�K�R�X�W�� �W�K�H�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �R�I�� �L�Q�Q�R�Y�D�W�L�R�Q�V���� �8�N�U�D�L�Q�H���� �D�N�L�Q���W�R�� �R�W�K�H�U��
�(�X�U�R�S�H�D�Q�� �Q�D�W�L�R�Q�V���� �L�V�� �H�P�E�U�D�F�L�Q�J�� �Y�D�U�L�R�X�V�� �L�Q�Q�R�Y�D�W�L�Y�H�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �L�Q�� �W�K�H��
�U�H�F�R�Q�V�W�U�X�F�W�L�R�Q�� �R�I�� �U�D�L�O�Z�D�\�� �D�O�L�J�Q�P�H�Q�W�V���� �1�R�W�H�Z�R�U�W�K�\�����D�P�R�Q�J�� �W�K�H�V�H�� �L�Q�Q�R�Y�D�W�L�Y�H��
�W�H�F�K�Q�R�O�R�J�L�H�V�����D�U�H���W�K�H���I�R�O�O�R�Z�L�Q�J����

�x �*�3�6�� �Q�D�Y�L�J�D�W�L�R�Q�� �I�R�U�� �H�Q�V�X�U�L�Q�J�� �S�U�H�F�L�V�H�� �U�D�L�O�Z�D�\�� �W�U�D�F�N�� �F�R�Q�V�W�U�X�F�W�L�R�Q���� �W�K�H�U�H�E�\��
�U�H�G�X�F�L�Q�J���G�H�Y�L�D�W�L�R�Q�V���I�U�R�P���W�K�H���G�H�V�L�J�Q�D�W�H�G���U�R�X�W�H���D�Q�G���H�Q�K�D�Q�F�L�Q�J���W�U�D�L�Q���W�U�D�Y�H�O��
�V�D�I�H�W�\��
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�x E�P�S�O�R�\�P�H�Q�W�� �R�I�� �D�X�W�R�P�D�W�H�G�� �S�U�R�F�H�V�V�� �F�R�Q�W�U�R�O�� �V�\�V�W�H�P�V�� �G�X�U�L�Q�J�� �U�D�L�O�Z�D�\��
�F�R�Q�V�W�U�X�F�W�L�R�Q���D�Q�G���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q�����D�O�O�R�Z�L�Q�J���W�K�H���P�D�L�Q�W�H�Q�D�Q�F�H���R�I���U�H�T�X�L�U�H�G���O�L�Q�H��
�S�O�D�Q���S�D�U�D�P�H�W�H�U�V���D�Q�G���U�H�G�X�F�L�Q�J���G�H�Y�L�D�W�L�R�Q�V���I�U�R�P���V�S�H�F�L�I�L�H�G���V�W�D�Q�G�D�U�G�V��

�x L�D�V�H�U���V�F�D�Q�Q�L�Q�J���R�I���U�D�L�O�Z�D�\���W�U�D�F�N�V�����H�Q�D�E�O�L�Q�J���D�F�F�X�U�D�W�H���P�H�D�V�X�U�H�P�H�Q�W���R�I���W�U�D�F�N��
�S�D�U�D�P�H�W�H�U�V�����L�Q�F�O�X�G�L�Q�J���U�D�G�L�X�V�����O�H�D�G�L�Q�J���W�R���W�K�H���F�U�H�D�W�L�R�Q���R�I���D���S�U�H�F�L�V�H���W�U�D�F�N���S�O�D�Q��
�D�Q�G���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���D�U�H�D�V���Q�H�F�H�V�V�L�W�D�W�L�Q�J���F�X�U�Y�H���U�H�F�W�L�I�L�F�D�W�L�R�Q��

�x U�W�L�O�L�]�D�W�L�R�Q�� �R�I�� �P�R�G�H�U�Q�� �J�H�R�G�H�W�L�F�� �W�H�F�K�Q�L�T�X�H�V���� �I�D�F�L�O�L�W�D�W�L�Q�J�� �D�F�F�X�U�D�W�H��
�P�H�D�V�X�U�H�P�H�Q�W���R�I���U�D�L�O�Z�D�\���W�U�D�F�N���J�H�R�P�H�W�U�\���D�Q�G���H�Q�V�X�U�L�Q�J���P�R�U�H���S�U�H�F�L�V�H���F�X�U�Y�H��
�U�H�D�O�L�J�Q�P�H�Q�W���Z�L�W�K�L�Q���W�K�H���S�O�D�Q��

�x D�H�S�O�R�\�P�H�Q�W�� �R�I�� �D�X�W�R�Q�R�P�R�X�V�� �P�D�F�K�L�Q�H�U�\�� �I�R�U�� �S�O�D�Q-�Z�L�V�H�� �F�X�U�Y�H�� �F�R�U�U�H�F�W�L�R�Q����
�V�X�E�V�W�D�Q�W�L�D�O�O�\���U�H�G�X�F�L�Q�J���W�K�H���W�L�P�H���D�Q�G���F�R�V�W���U�H�T�X�L�U�H�G���I�R�U���V�X�F�K���D�G�M�X�V�W�P�H�Q�W�V��

�x U�W�L�O�L�]�D�W�L�R�Q���R�I���F�R�P�S�X�W�H�U���P�R�G�H�O�L�Q�J���I�R�U���U�D�L�O�Z�D�\���W�U�D�F�N���D�O�L�J�Q�P�H�Q�W�����D�O�O�R�Z�L�Q�J���W�K�H��
�G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���R�S�W�L�P�D�O���V�W�U�D�W�H�J�L�H�V���I�R�U���F�X�U�Y�H���U�H�F�W�L�I�L�F�D�W�L�R�Q����

�7�K�H�V�H�� �D�G�Y�D�Q�F�H�P�H�Q�W�V�� �F�R�O�O�H�F�W�L�Y�H�O�\�� �F�R�Q�W�U�L�E�X�W�H�� �W�R�� �D�� �P�R�U�H�� �S�U�H�F�L�V�H�� �D�Q�G�� �H�I�I�L�F�L�H�Q�W��
�D�S�S�U�R�D�F�K���W�R���U�D�L�O�Z�D�\���W�U�D�F�N���D�O�L�J�Q�P�H�Q�W�����D�O�L�J�Q�L�Q�J���Z�L�W�K���W�K�H���F�R�Q�W�H�P�S�R�U�D�U�\���V�W�D�Q�G�D�U�G�V���D�Q�G��
�H�[�S�H�F�W�D�W�L�R�Q�V���I�R�U���P�R�G�H�U�Q���U�D�L�O���V�\�V�W�H�P�V����

�(�D�F�K�� �L�Q�Q�R�Y�D�W�L�R�Q�� �K�D�V�� �L�W�V�� �V�S�H�F�L�I�L�F�� �V�S�K�H�U�H�� �R�I�� �D�S�S�O�L�F�D�W�L�R�Q���� �,�Q�� ������������ �W�K�H�� �6�W�U�D�W�H�J�L�F��
�5�H�V�H�D�U�F�K���D�Q�G���,�Q�Q�R�Y�D�W�L�R�Q���3�U�R�J�U�D�P���I�R�U���(�X�U�R�S�H�D�Q���5�D�L�O���7�U�D�Q�V�S�R�U�W���Z�D�V���S�X�E�O�L�V�K�H�G���E�\��
�W�K�H���(�X�U�R�S�H�D�Q���5�D�L�O���5�H�V�H�D�U�F�K���$�G�Y�L�V�R�U�\���&�R�X�Q�F�L�O�����(�5�5�$�&�������,�W�V���H�Q�G�H�D�Y�R�U�V���D�U�H���J�H�D�U�H�G��
�W�R�Z�D�U�G�V���I�X�U�Q�L�V�K�L�Q�J���L�Q�Q�R�Y�D�W�L�Y�H���V�R�O�X�W�L�R�Q�V���W�K�D�W���D�V�V�L�V�W���W�K�H���U�D�L�O�Z�D�\���V�H�F�W�R�U���L�Q���E�H�F�R�P�L�Q�J��
�P�R�U�H���H�I�I�L�F�L�H�Q�W�����V�D�I�H�U�����D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\���V�X�V�W�D�L�Q�D�E�O�H���>���@�����7�K�H���V�H�D�P�O�H�V�V���R�S�H�U�D�W�L�R�Q��
�R�I���U�D�L�O�Z�D�\���W�U�D�Q�V�S�R�U�W���K�L�Q�J�H�V���R�Q���W�K�H���W�H�F�K�Q�L�F�D�O���F�R�Q�G�L�W�L�R�Q���R�I���U�R�O�O�L�Q�J���V�W�R�F�N�����U�D�L�O�Z�D�\���W�U�D�F�N����
�D�Q�G�� �L�W�V�� �D�O�L�J�Q�P�H�Q�W�� �Z�L�W�K�L�Q���W�K�H�� �S�O�D�Q�� �>��-���@���� �&�R�Q�V�H�T�X�H�Q�W�O�\���� �I�R�U�� �P�R�G�H�U�Q�� �U�D�L�O�Z�D�\�V���� �W�K�H��
�L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���L�Q�Q�R�Y�D�W�L�Y�H���P�H�W�K�R�G�V���L�Q���W�U�D�F�N���U�H�S�D�L�U�V���D�Q�G���R�Q�J�R�L�Q�J���P�D�L�Q�W�H�Q�D�Q�F�H���R�Q��
�V�H�F�W�L�R�Q�V���H�T�X�L�S�S�H�G���Z�L�W�K���K�L�J�K-�S�U�H�F�L�V�L�R�Q���F�R�R�U�G�L�Q�D�W�H���V�\�V�W�H�P�V�����H�Q�V�X�U�L�Q�J���W�U�D�F�N���D�O�L�J�Q�P�H�Q�W��
�Z�L�W�K���W�K�H���G�H�V�L�J�Q�D�W�H�G���S�R�V�L�W�L�R�Q�����E�H�F�R�P�H�V���S�U�D�F�W�L�F�D�O�O�\���L�Q�G�L�V�S�H�Q�V�D�E�O�H����

2 Statement of the Problem 

�&�D�O�F�X�O�D�W�L�R�Q�V�� �I�R�U�� �W�U�D�F�N�� �D�O�L�J�Q�P�H�Q�W�� �U�H�F�W�L�I�L�F�D�W�L�R�Q�� �W�\�S�L�F�D�O�O�\�� �R�F�F�X�U�� �L�Q���F�D�V�H�V�� �R�I�� �W�U�D�F�N��
�G�H�Y�L�D�W�L�R�Q�V�����Z�K�L�F�K���F�D�Q���U�H�V�X�O�W���I�U�R�P���Y�D�U�L�R�X�V���I�D�F�W�R�U�V���>��-�����@�����6�X�F�K���F�D�O�F�X�O�D�W�L�R�Q�V���D�U�H���D�O�V�R��
�U�H�T�X�L�U�H�G�� �I�R�U�� �D�G�M�X�V�W�L�Q�J�� �S�O�D�Q�� �S�D�U�D�P�H�W�H�U�V�� ���F�X�U�Y�H�� �U�D�G�L�X�V���� �O�H�Q�J�W�K�� �R�I�� �W�U�D�Q�V�L�W�L�R�Q�� �F�X�U�Y�H����
�V�X�S�H�U�H�O�H�Y�D�W�L�R�Q�����Z�K�H�Q���D�G�G�U�H�V�V�L�Q�J���W�K�H���F�R�P�S�O�H�[���F�K�D�O�O�H�Q�J�H���R�I���L�Q�F�U�H�D�V�L�Q�J���S�H�U�P�L�V�V�L�E�O�H��
�W�U�D�Y�H�O���V�S�H�H�G�V���D�O�R�Q�J���D���J�L�Y�H�Q���U�R�X�W�H���>����-�����@�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���W�U�D�F�N��
�D�O�L�J�Q�P�H�Q�W�� �L�V�� �Q�H�F�H�V�V�D�U�\�� �I�R�U�� �V�X�E�V�W�D�Q�W�L�D�O�� �F�K�D�Q�J�H�V�� �L�Q�� �L�W�V�� �S�D�U�D�P�H�W�H�U�V���� �V�X�F�K�� �D�V��
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�G�H�G�L�F�D�W�H�G���W�R���R�S�W�L�P�L�]�L�Q�J���L�Q�G�L�Y�L�G�X�D�O���R�U���F�R�Q�V�W�L�W�X�H�Q�W���F�X�U�Y�H�V�����D�G�M�X�V�W�L�Q�J���W�K�H�L�U���S�D�U�D�P�H�W�H�U�V��
���U�D�G�L�X�V���� �W�U�D�Q�V�L�W�L�R�Q�� �F�X�U�Y�H�V�����V�X�S�H�U�H�O�H�Y�D�W�L�R�Q���� �H�W�F�������� �\�H�W�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �H�Q�W�L�U�H��
�W�U�D�F�N���S�O�D�Q���I�R�U���D���V�H�F�W�L�R�Q���R�U���P�X�O�W�L�S�O�H���V�H�F�W�L�R�Q�V���U�H�P�D�L�Q�V���X�Q�G�H�U�H�[�S�O�R�U�H�G����

�7�K�L�V�� �S�D�S�H�U�� �S�O�D�F�H�V�� �H�P�S�K�D�V�L�V�� �R�Q�� �W�K�H�� �D�S�S�O�L�F�D�W�L�R�Q���R�I�� �F�R�P�S�X�W�H�U�� �P�R�G�H�O�L�Q�J�� �I�R�U���U�D�L�O�Z�D�\��
�W�U�D�F�N�� �D�O�L�J�Q�P�H�Q�W���� �H�Q�D�E�O�L�Q�J�� �W�K�H�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �R�I�� �D�Q�� �R�S�W�L�P�D�O�� �V�W�U�D�W�H�J�\�� �I�R�U���U�H�F�W�L�I�\�L�Q�J��
�F�X�U�Y�H�V���Z�L�W�K�L�Q���W�K�H���S�O�D�Q�����7�K�L�V���D�S�S�U�R�D�F�K���H�Q�V�X�U�H�V���H�Q�K�D�Q�F�H�G���D�F�F�X�U�D�F�\���D�Q�G���H�I�I�H�F�W�L�Y�H�Q�H�V�V��
�L�Q���F�X�U�Y�H���U�H�D�O�L�J�Q�P�H�Q�W���H�I�I�R�U�W�V�����Q�R�W���R�Q�O�\���I�R�U���O�R�F�D�O���V�H�F�W�L�R�Q�V���E�X�W���D�O�V�R���D�F�U�R�V�V���W�K�H���H�Q�W�L�U�H��
�W�U�D�F�N���V�H�F�W�L�R�Q����

3 Methods 

�7�R���H�[�S�O�R�U�H���W�K�H���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���S�K�H�Q�R�P�H�Q�D�����W�K�H���V�R�I�W�Z�D�U�H���W�R�R�O���5�:�3�O�D�Q�����G�H�Y�H�O�R�S�H�G��
�D�W���W�K�H���8�N�U�D�L�Q�L�D�Q���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���R�I���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�L�H�V�����Z�D�V���X�W�L�O�L�]�H�G���L�Q���W�K�H��
�F�R�X�U�V�H�� �R�I�� �W�K�L�V�� �V�W�X�G�\���� �7�K�H�� �I�R�X�Q�G�D�W�L�R�Q�� �R�I�� �W�K�L�V�� �G�H�Y�H�O�R�S�P�H�Q�W�� �Z�D�V�� �O�D�L�G�� �E�\��
�,�����.�R�U�]�K�H�Q�H�Y�L�F�K���>�����@�����7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���R�I���V�S�H�H�G���O�L�P�L�W�V���D�Q�G���W�K�H���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���F�X�U�Y�H��
�S�U�R�I�L�O�H�V���D�U�H���S�H�U�I�R�U�P�H�G���Z�L�W�K�L�Q���W�K�H���S�U�R�J�U�D�P���X�V�L�Q�J���W�K�H���D�O�J�R�U�L�W�K�P���E�\���'�����.�X�U�K�D�Q�����Z�K�L�O�H��
�F�R�P�S�X�W�D�W�L�R�Q�V���F�R�Q�F�H�U�Q�L�Q�J���W�K�H���H�O�H�Y�D�W�L�R�Q���R�I���W�K�H���R�X�W�H�U���U�D�L�O���L�Q���F�X�U�Y�H�V���I�R�U���W�U�D�L�Q���I�O�R�Z�V���D�Q�G��
�W�K�H�� �F�R�Q�V�L�G�H�U�D�W�L�R�Q�� �R�I�� �V�S�H�H�G�� �F�R�Q�V�W�U�D�L�Q�W�V�� �D�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �E�\�� �1���� �+�P�H�O�H�Y�V�N�D������
�7�K�H���L�Q�Q�R�Y�D�W�L�Y�H���D�S�S�U�R�D�F�K���Z�L�W�K�L�Q���W�K�H���5�:�3�O�D�Q���V�R�I�W�Z�D�U�H���O�L�H�V���L�Q���L�W�V���F�D�S�D�E�L�O�L�W�\���W�R���H�P�S�O�R�\��
�Y�D�U�L�R�X�V�� �V�X�U�Y�H�\�L�Q�J�� �P�H�W�K�R�G�V�� �I�R�U�� �O�L�Q�H�� �S�O�D�Q�V���� �X�W�L�O�L�]�H�G�� �E�R�W�K�� �Z�L�W�K�L�Q�� �U�D�L�O�Z�D�\��
�D�G�P�L�Q�L�V�W�U�D�W�L�R�Q���D�Q�G���S�U�R�M�H�F�W���R�U�J�D�Q�L�]�D�W�L�R�Q�V�����7�K�H���V�R�I�W�Z�D�U�H���D�O�V�R���D�O�O�R�Z�V���I�R�U���W�K�H���D�Q�D�O�\�V�L�V��
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�R�I���Q�R�W���M�X�V�W���L�Q�G�L�Y�L�G�X�D�O���F�X�U�Y�H�V�����E�X�W���D�O�V�R���W�U�D�F�N���V�H�F�W�L�R�Q�V���R�U���P�X�O�W�L�S�O�H���V�H�F�W�L�R�Q�V�����R�S�W�L�P�L�]�L�Q�J��
�W�K�H���S�U�R�M�H�F�W���S�O�D�Q���D�F�F�R�U�G�L�Q�J���W�R���Y�D�U�L�R�X�V���F�U�L�W�H�U�L�D���Z�K�L�O�H���H�Q�V�X�U�L�Q�J���W�K�H���D�W�W�D�L�Q�P�H�Q�W���R�I���W�K�H��
�P�D�[�L�P�X�P���S�H�U�P�L�V�V�L�E�O�H���V�S�H�H�G���>�����@����

�)�R�U���H�[�L�V�W�L�Q�J���S�O�D�Q���G�H�V�L�J�Q���P�H�W�K�R�G�V�����D���F�O�H�D�U���V�\�V�W�H�P���R�I���F�U�L�W�H�U�L�D���I�R�U���R�S�W�L�P�D�O���S�R�V�L�W�L�R�Q�L�Q�J��
�R�I���W�K�H���S�U�R�M�H�F�W���F�X�U�Y�H���K�D�V���Q�R�W���\�H�W���E�H�H�Q���H�V�W�D�E�O�L�V�K�H�G�����7�K�H���W�D�V�N���L�V���I�R�U�P�X�O�D�W�H�G���D�V���I�R�O�O�R�Z�V����
�L�W�� �L�V�� �Q�H�F�H�V�V�D�U�\�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �S�U�R�M�H�F�W�� �F�X�U�Y�H�� �W�K�D�W���H�Q�V�X�U�H�V�� �W�K�H��
minim�X�P�� �D�P�R�X�Q�W�� �R�I�� �U�H�D�O�L�J�Q�P�H�Q�W�� �Z�R�U�N�� �I�R�U�� �W�U�D�F�N�� �F�R�U�U�H�F�W�L�R�Q�� �Z�L�W�K�L�Q�� �W�K�H�� �P�D�L�Q��
�H�D�U�W�K�Z�R�U�N�� �S�O�D�W�I�R�U�P���� �W�D�N�L�Q�J�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �V�S�H�F�L�I�L�H�G�� �F�R�Q�V�W�U�D�L�Q�W�V�� ���I�L�[�H�G�� �S�R�L�Q�W�V���� �V�K�L�I�W��
�G�L�U�H�F�W�L�R�Q�V���� �H�W�F�������� �&�O�H�D�U�O�\���� �Z�L�W�K�� �W�K�H�� �D�L�P�� �R�I�� �H�Q�K�D�Q�F�L�Q�J�� �G�H�V�L�J�Q�� �T�X�D�O�L�W�\�� �D�Q�G�� �U�H�G�X�F�L�Q�J��
�F�R�Q�V�W�U�X�F�W�L�R�Q���F�R�V�W�V�����W�K�L�V���F�U�L�W�H�U�L�R�Q���V�K�R�X�O�G���L�Q�G�H�H�G���E�H���F�R�Q�V�L�G�H�U�H�G���G�X�U�L�Q�J���F�D�O�F�X�O�D�W�L�R�Q�V����
�+�R�Z�H�Y�H�U���� �W�K�H�U�H�� �D�U�H�� �F�H�U�W�D�L�Q�� �F�L�U�F�X�P�V�W�D�Q�F�H�V�� �W�K�D�W�� �P�X�V�W�� �E�H�� �W�D�N�H�Q�� �L�Q�W�R�� �D�F�F�R�X�Q�W�� �L�Q�� �W�K�H��
�R�S�W�L�P�L�]�D�W�L�R�Q���S�U�R�F�H�V�V����

�,�W���L�V���R�I�W�H�Q���E�H�O�L�H�Y�H�G���W�K�D�W���W�K�H���P�L�Q�L�P�X�P���U�H�D�O�L�J�Q�P�H�Q�W���Z�R�U�N���Z�R�X�O�G���E�H���D�F�K�L�H�Y�H�G���Z�K�H�Q��
�W�K�H�� �D�O�J�H�E�U�D�L�F�� �V�X�P�� �R�I�� �D�O�L�J�Q�P�H�Q�W�� �G�H�Y�L�D�W�L�R�Q�V�� �H�T�X�D�O�V�� �]�H�U�R���� �3�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V�� �K�D�Y�H��
�L�Q�G�L�F�D�W�H�G�� �W�K�D�W�� �V�X�F�K�� �D�� �F�R�Q�G�L�W�L�R�Q�� �K�R�O�G�V�� �W�U�X�H�� �Z�K�H�Q�� �W�K�H�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �F�L�U�F�X�O�D�U�� �F�X�U�Y�H��
�E�H�W�Z�H�H�Q���W�K�H�� �H�Q�G�V�� �R�I�� �W�K�H�� �W�U�D�Q�V�L�W�L�R�Q�V�� �F�R�Q�V�W�L�W�X�W�H�V�� �Q�R�� �O�H�V�V�� �W�K�D�Q���������� �R�I�� �W�K�H�� �W�R�W�D�O���F�X�U�Y�H��
�O�H�Q�J�W�K�����)�R�U���V�K�R�U�W���F�X�U�Y�H�V�����S�U�L�P�D�U�L�O�\���F�R�P�S�R�V�H�G���R�I���W�Z�R���W�U�D�Q�V�L�W�L�R�Q���S�D�U�W�V���D�Q�G���D���F�L�U�F�X�O�D�U��
�V�H�F�W�L�R�Q���D�P�R�X�Q�W�L�Q�J���W�R���O�H�V�V���W�K�D�Q�����������R�I���W�K�H���W�R�W�D�O���O�H�Q�J�W�K�����D�Q���D�O�J�H�E�U�D�L�F���V�X�P���R�I���G�H�Y�L�D�W�L�R�Q�V��
�H�T�X�D�W�L�Q�J�� �W�R�� �]�H�U�R�� �G�R�H�V���Q�R�W���\�L�H�O�G���W�K�H�� �P�L�Q�L�P�X�P�� �U�H�D�O�L�J�Q�P�H�Q�W���Z�R�U�N���� �H�V�S�H�F�L�D�O�O�\�� �L�I�� �W�K�H��
�W�U�D�F�N���L�V���V�H�Y�H�U�H�O�\���P�L�V�D�O�L�J�Q�H�G���Z�L�W�K�L�Q���W�K�H���W�U�D�Q�V�L�W�L�R�Q���F�X�U�Y�H�V�����7�K�H���P�L�Q�L�P�X�P���U�H�D�O�L�J�Q�P�H�Q�W��
�Z�R�U�N���F�D�Q���E�H���D�F�K�L�H�Y�H�G���Z�K�H�Q���W�K�H���H�Q�W�L�U�H���F�X�U�Y�H�G���V�H�F�W�L�R�Q���U�H�V�X�O�W�V���L�Q���W�K�H���P�L�Q�L�P�X�P���V�X�P��
�R�I���D�E�V�R�O�X�W�H���Y�D�O�X�H�V���R�I���V�K�L�I�W�V����

�,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���D�X�W�K�R�U�V���K�D�Y�H���D�S�S�O�L�H�G���W�K�H���S�U�R�S�R�V�H�G���P�H�W�K�R�G�R�O�R�J�\���I�R�U���R�S�W�L�P�L�]�L�Q�J���W�K�H��
�S�U�R�M�H�F�W���S�O�D�Q�����W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���Y�D�U�L�R�X�V���F�U�L�W�H�U�L�D�����Q�D�P�H�O�\�����P�L�Q�L�P�X�P���V�X�P���R�I���D�E�V�R�O�X�W�H��
�V�K�L�I�W�� �Y�D�O�X�H�V���� �P�L�Q�L�P�X�P�� �V�X�P�� �R�I�� �V�T�X�D�U�H�G�� �V�K�L�I�W�� �Y�D�O�X�H�V���� �P�L�Q�L�P�X�P�� �V�X�P�� �R�I���F�X�U�Y�H��
�U�H�D�O�L�J�Q�P�H�Q�W���F�R�V�W�V�����7�K�L�V���D�S�S�U�R�D�F�K���D�O�O�R�Z�V���I�R�U���W�K�H���L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�I���W�K�H���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G��
�R�E�V�H�U�Y�D�W�L�R�Q�V����

�+�H�Q�F�H���� �W�K�H�� �V�H�T�X�H�Q�F�H�� �R�I�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �L�Q�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q���R�I�� �O�H�Q�J�W�K�\�� �W�U�D�F�N�� �V�H�F�W�L�R�Q�V��
�F�R�Q�V�L�V�W�V���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���V�W�H�S�V����

���� �&�R�R�U�G�L�Q�D�W�H�� �V�X�U�Y�H�\�� �L�V�� �H�V�W�D�E�O�L�V�K�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �F�X�U�Y�H�� �S�D�U�D�P�H�W�H�U�V����
�6�H�J�P�H�Q�W�D�W�L�R�Q���R�I���W�K�H���O�R�Q�J���W�U�D�F�N���V�H�F�W�L�R�Q���L�V���D�F�K�L�H�Y�H�G���X�V�L�Q�J���D�Q�J�O�H���G�L�D�J�U�D�P�V��
�D�Q�G���W�K�H���U�D�G�L�X�V���R�I���W�K�H���V�H�J�P�H�Q�W����

���� �2�S�W�L�P�L�]�D�W�L�R�Q�� �R�I�� �H�D�F�K�� �F�X�U�Y�H�� �L�V�� �F�D�U�U�L�H�G�� �R�X�W�� �L�Q�� �H�L�W�K�H�U�� �W�K�H�� �L�Q�Y�R�O�X�W�H���R�U��
�F�R�R�U�G�L�Q�D�W�H�� �P�R�G�H�O�V���� �H�P�S�O�R�\�L�Q�J�� �R�Q�H�� �R�I�� �W�K�H�� �I�R�X�U�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �F�U�L�W�H�U�L�D����
�P�L�Q�L�P�X�P�� �V�X�P�� �R�I�� �V�T�X�D�U�H�G�� �V�K�L�I�W�V���� �D�E�V�R�O�X�W�H�� �V�K�L�I�W�V���� �D�E�V�R�O�X�W�H�� �U�R�R�W�� �V�K�L�I�W�V���� �R�U��
�P�L�Q�L�P�X�P���F�R�V�W�V����

���� �8�S�R�Q���F�D�O�F�X�O�D�W�L�Q�J���H�D�F�K���I�U�D�J�P�H�Q�W�����P�R�G�H�O���S�D�U�D�P�H�W�H�U�V���D�U�H���J�U�D�G�X�D�O�O�\���U�H�Y�H�D�O�H�G��
�D�Q�G�� �W�K�H�� �V�X�U�Y�H�\�� �R�I�� �L�Q�G�L�Y�L�G�X�D�O�� �I�U�D�J�P�H�Q�W�V�� �L�V�� �D�P�D�O�J�D�P�D�W�H�G�� �I�R�U�� �W�K�H�� �H�Q�W�L�U�H��
�V�H�F�W�L�R�Q�����:�K�H�Q���L�Q�W�H�J�U�D�W�L�Q�J���L�Q�W�H�U�G�H�S�H�Q�G�H�Q�W���F�X�U�Y�H�V�����W�K�H���P�D�[�L�P�X�P���F�X�U�Y�D�W�X�U�H��
�G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H�V�H���H�O�H�P�H�Q�W�V���L�V���F�R�Q�W�U�R�O�O�H�G�����,�I���W�K�H���G�L�I�I�H�U�H�Q�F�H���H�[�F�H�H�G�V��
�W�K�H�� �S�U�H�G�H�W�H�U�P�L�Q�H�G�� �O�L�P�L�W���� �W�K�H�� �S�U�R�J�U�D�P�� �D�G�M�X�V�W�V�� �W�K�H�� �U�D�G�L�X�V�� �Y�D�O�X�H�V�� �W�R�� �V�D�W�L�V�I�\��
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�W�K�L�V�� �U�H�V�W�U�L�F�W�L�R�Q���� �7�K�U�R�X�J�K�R�X�W�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �S�U�R�F�H�V�V���� �W�K�H�� �S�R�W�H�Q�W�L�D�O��
�H�O�H�Y�D�W�L�R�Q�� �D�G�M�X�V�W�P�H�Q�W�� �R�I�� �W�K�H�� �R�X�W�H�U�� �U�D�L�O�� �Z�L�W�K�L�Q�� �W�K�H�� �W�U�D�Q�V�L�W�L�R�Q�� �F�X�U�Y�H�� �L�V��
�P�R�Q�L�W�R�U�H�G����

���� �&�D�O�F�X�O�D�W�L�R�Q���D�Q�G���H�Y�D�O�X�D�W�L�R�Q���R�I�� �W�K�H�� �V�K�L�I�W���P�D�J�Q�L�W�X�G�H�V�� �I�R�U�� �W�K�H���H�Q�W�L�U�H�� �V�H�F�W�L�R�Q��
�D�U�H���H�[�H�F�X�W�H�G�����7�K�H���O�L�P�L�W�D�W�L�R�Q���P�D�J�Q�L�W�X�G�H���D�Q�G���W�K�H���S�U�H�V�F�U�L�E�H�G���V�K�L�I�W���D�W���W�K�H���H�Q�G��
�R�I���W�K�H���V�H�F�W�L�R�Q���D�U�H���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W���L�Q���D�O�O���F�D�V�H�V�����Z�K�L�O�H���R�W�K�H�U���U�H�V�W�U�L�F�W�L�R�Q�V��
�D�U�H�� �L�Q�F�R�U�S�R�U�D�W�H�G�� �G�X�U�L�Q�J�� �W�K�H�� �R�S�W�L�P�L�]�D�W�L�R�Q�� �S�U�R�F�H�V�V���� �,�W�� �L�V�� �S�R�V�V�L�E�O�H�� �W�R��
�L�Q�F�R�U�S�R�U�D�W�H���V�K�L�I�W���P�D�J�Q�L�W�X�G�H���F�R�Q�V�W�U�D�L�Q�W�V���I�R�U���V�S�H�F�L�I�L�F���V�H�J�P�H�Q�W�V����

5. �7�K�H�� �P�D�[�L�P�X�P�� �S�H�U�P�L�V�V�L�E�O�H�� �W�U�D�Y�H�O�� �V�S�H�H�G�V�� �I�R�U�� �W�K�H�� �S�U�R�S�R�V�H�G�� �G�H�V�L�J�Q�� �D�U�H��
�F�R�P�S�X�W�H�G���� �I�R�O�O�R�Z�H�G�� �E�\�� �D�Q�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �R�X�W�F�R�P�H�V�� �X�V�L�Q�J�� �W�K�H�� �S�U�H-
�H�V�W�D�E�O�L�V�K�H�G���F�U�L�W�H�U�L�R�Q����

4 Results and Discussion 

�/�H�W���X�V���F�R�Q�V�L�G�H�U���D�Q���H�[�D�P�S�O�H���R�I���F�D�O�F�X�O�D�W�L�R�Q�V���X�V�L�Q�J���W�K�H���D�O�J�R�U�L�W�K�P���S�U�H�V�H�Q�W�H�G���D�E�R�Y�H���I�R�U��
�W�K�H�� �.�\�L�Y-�+rebinka-�3�R�O�W�D�Y�D-�/�R�]�R�Y�D�� �U�R�X�W�H�� ���8�N�U�D�L�Q�H������ �)�L�J���������� �7�K�H�� �S�R�V�L�W�L�R�Q�D�O�� �O�D�\�R�X�W��
�R�I���W�K�H���W�U�D�F�N���S�O�D�Q���Z�D�V���G�H�W�H�U�P�L�Q�H�G���X�Q�G�H�U���W�K�H���F�R�Q�G�L�W�L�R�Q���R�I���U�R�X�W�H���P�R�G�H�U�Q�L�]�D�W�L�R�Q�����D�L�P�L�Q�J��
�W�R�� �D�F�K�L�H�Y�H�� �W�K�H�� �K�L�J�K�H�V�W�� �S�R�V�V�L�E�O�H�� �V�S�H�H�G�� �Z�K�L�O�H�� �U�H�P�D�L�Q�L�Q�J�� �Z�L�W�K�L�Q�� �W�K�H�� �H�[�L�V�W�L�Q�J��
�H�P�E�D�Q�N�P�H�Q�W�����7�K�H�� �P�D�[�L�P�X�P�� �D�O�O�R�Z�D�E�O�H�� �K�R�U�L�]�R�Q�W�D�O�� �G�L�V�S�O�D�F�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �W�U�D�F�N��
���D�O�L�J�Q�P�H�Q�W���F�R�U�U�H�F�W�L�R�Q�V�����G�H�S�H�Q�G���R�Q���Y�D�U�L�R�X�V���I�D�F�W�R�U�V�����V�X�F�K���D�V���W�K�H���W�U�D�F�N�
�V���F�R�Q�V�W�U�X�F�W�L�R�Q����
�L�W�V�� �F�R�Q�G�L�W�L�R�Q�� �>�����@�� �>�����@���� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �L�Q�I�U�D�V�W�U�X�F�W�X�U�H�� �G�H�Y�L�F�H�V���� �L�Q�F�O�X�G�L�Q�J�� �S�R�Z�H�U��
�V�X�S�S�O�\�� �V�\�V�W�H�P�V���� �V�L�J�Q�D�O�L�Q�J�� �V�\�V�W�H�P�V���� �H�W�F���� �>����-�����@�����)�R�O�O�R�Z�L�Q�J�� �D�� �W�K�R�U�R�X�J�K�� �W�H�U�U�D�L�Q��
�D�Q�D�O�\�V�L�V�����L�W���Z�D�V���V�W�L�S�X�O�D�W�H�G���W�K�D�W���S�H�U�P�L�V�V�L�E�O�H���V�K�L�I�W�V���L�Q���W�K�H���U�D�Q�J�H���R�I����-���������P�P���Z�R�X�O�G��
�E�H���D�F�F�H�S�W�D�E�O�H���L�Q���W�K�L�V���V�F�H�Q�D�U�L�R����

��

�)�L�J�X�U�H������

�5�D�L�O�Z�D�\���V�H�F�W�L�R�Q���.�\�L�Y��-���/�R�]�R�Y�D��

��
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�$�V�� �D�� �U�H�V�X�O�W���R�I�� �W�K�H�� �W�U�D�F�N���S�O�D�Q���D�Q�G���W�U�D�F�W�L�R�Q���F�D�O�F�X�O�D�W�L�R�Q�V���� �G�D�W�D���Z�H�U�H�� �R�E�W�D�L�Q�H�G���I�R�U�� �W�K�H��
�I�R�O�O�R�Z�L�Q�J���Y�D�U�L�D�Q�W�V����

���� �:�L�W�K�R�X�W���V�H�F�W�L�R�Q���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q����

���� �6�W�D�W�L�R�Q�� �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q�� �L�V�� �F�D�U�U�L�H�G�� �R�X�W�� �W�R�� �H�Q�K�D�Q�F�H�� �W�U�D�Y�H�O�� �V�S�H�H�G�V���� �Z�L�W�K�� �Q�R��
�D�O�W�H�U�D�W�L�R�Q���W�R���W�K�H���W�U�D�F�N���S�O�D�Q����

���� �,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �V�W�D�W�L�R�Q�� �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �D�U�H�� �P�D�G�H�� �W�R�� �W�K�H��
�H�O�H�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� �R�X�W�H�U�� �U�D�L�O�� �L�Q�� �F�X�U�Y�H�V���� �H�Q�V�X�U�L�Q�J�� �P�D�[�L�P�X�P�� �V�S�H�H�G�V�� �Z�L�W�K��
�P�L�Q�L�P�D�O�� �U�D�L�O�� �Z�H�D�U���� �,�Q�� �W�K�L�V�� �F�D�V�H���� �W�K�H�� �W�U�D�F�N�
�V�� �S�R�V�L�W�L�R�Q�D�O�� �O�D�\�R�X�W���� �U�D�G�L�L���� �D�Q�G��
�O�H�Q�J�W�K�V���R�I���W�U�D�Q�V�L�W�L�R�Q���F�X�U�Y�H�V���U�H�P�D�L�Q���X�Q�F�K�D�Q�J�H�G����

���� �$�O�R�Q�J�V�L�G�H�� �V�W�D�W�L�R�Q�� �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���� �W�K�H�� �W�U�D�F�N�� �L�V�� �S�O�D�F�H�G�� �L�Q�� �D�� �Q�H�Z�� �G�H�V�L�J�Q��
�S�R�V�L�W�L�R�Q���� �J�X�D�U�D�Q�W�H�H�L�Q�J�� �P�D�[�L�P�X�P�� �I�H�D�V�L�E�O�H�� �V�S�H�H�G�V�� �Z�K�L�O�H�� �P�D�L�Q�W�D�L�Q�L�Q�J�� �W�K�H��
�W�U�D�F�N���Z�L�W�K�L�Q���W�K�H���H�[�L�V�W�L�Q�J���H�P�E�D�Q�N�P�H�Q�W����

�7�U�D�L�Q�V���R�I���Y�D�U�L�R�X�V���W�\�S�H�V���R�S�H�U�D�W�H���R�Q���W�K�L�V���V�H�F�W�L�R�Q�����7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���D�U�H���S�U�H�V�H�Q�W�H�G���I�R�U��
�W�U�D�L�Q�V���R�I���W�K�H���+�\�X�Q�G�D�L���W�\�S�H�����Z�K�L�F�K���D�U�H���G�H�V�L�J�Q�H�G���I�R�U���K�L�J�K-�V�S�H�H�G���W�U�D�Y�H�O�����7�K�H���W�U�D�Y�H�O���W�L�P�H��
�R�I���W�U�D�L�Q�V���G�R�H�V���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U���E�H�W�Z�H�H�Q���G�L�U�H�F�W�L�R�Q�V�����W�K�H�U�H�I�R�U�H���7�D�E�O�H�������S�U�R�Y�L�G�H�V��
�W�K�H���W�L�P�H���R�Q�O�\���I�R�U���W�K�H���G�L�U�H�F�W���G�L�U�H�F�W�L�R�Q����

�$�V���H�Y�L�G�H�Q�W���I�U�R�P���W�K�H���U�H�V�X�O�W�V�����R�Q���W�K�H���+�U�H�E�L�Q�N�D-�3�R�O�W�D�Y�D���V�H�F�W�L�R�Q�����V�W�D�W�L�R�Q���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q��
�\�L�H�O�G�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W�� �H�I�I�H�F�W�� �������� �P�L�Q�X�W�H�V������ �7�K�H�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �R�I�� �R�X�W�H�U�� �U�D�L�O��
�V�X�S�H�U�H�O�H�Y�D�W�L�R�Q���F�D�O�F�X�O�D�W�H�G���D�F�F�R�U�G�L�Q�J���W�R���U�H�J�X�O�D�W�L�R�Q�V���D�O�O�R�Z�V���I�R�U���D�Q���D�G�G�L�W�L�R�Q�D�O���V�D�Y�L�Q�J��
�R�I�������P�L�Q�X�W�H�V�����/�D�\�L�Q�J���W�K�H���W�U�D�F�N���L�Q���W�K�H���S�U�R�M�H�F�W�H�G���S�R�V�L�W�L�R�Q���U�H�V�X�O�W�V���L�Q���D���W�L�P�H���V�D�Y�L�Q�J���R�I��
������ �P�L�Q�X�W�H�V�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� ���Q�G�� �Y�D�U�L�D�Q�W���� �2�Q�� �W�K�H�� �3�R�O�W�D�Y�D-�/�R�]�R�Y�D�� �V�H�F�W�L�R�Q���� �V�W�D�W�L�R�Q��
�U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���K�D�V���D���U�H�O�D�W�L�Y�H�O�\���P�R�G�H�V�W���H�I�I�H�F�W���������P�L�Q�X�W�H�V�������+�R�Z�H�Y�H�U�����E�\���D�G�M�X�V�W�L�Q�J���W�K�H��
�R�X�W�H�U�� �U�D�L�O�� �V�X�S�H�U�H�O�H�Y�D�W�L�R�Q���� �D�Q�� �D�G�G�L�W�L�R�Q�D�O�� ������ �P�L�Q�X�W�H�V�� �F�D�Q�� �E�H�� �V�D�Y�H�G���� �)�X�U�W�K�H�U�P�R�U�H����
�D�O�L�J�Q�L�Q�J���W�K�H���W�U�D�F�N���L�Q���W�K�H���S�U�R�M�H�F�W�H�G���S�R�V�L�W�L�R�Q���O�H�D�G�V���W�R���D���V�X�E�V�W�D�Q�W�L�D�O���U�H�G�X�F�W�L�R�Q���L�Q���W�L�P�H��
���������P�L�Q�X�W�H�V�����F�R�P�S�D�U�H�G���W�R���W�K�H�����Q�G���Y�D�U�L�D�Q�W����

�7�D�E�O�H������

�7�U�D�L�Q���W�U�D�Y�H�O���W�L�P�H���I�R�U���+�\�X�Q�G�D�L���W�U�D�L�Q�V���L�Q���W�K�H���I�R�U�Z�D�U�G���G�L�U�H�F�W�L�R�Q���E�\���Y�D�U�L�D�Q�W�V��

Direction Distance, km 
Train travel time by variants, 

minutes 
1 2 3 4 

�.�\�L�Y��-���+�U�H�E�L�Q�N�D�� �������� ������ ������ 55�� ������
�+�U�H�E�L�Q�N�D��-���3�R�O�W�D�Y�D�� �������� �������� �������� �������� ��������
�3�R�O�W�D�Y�D��-���.�U�D�V�Q�R�K�U�D�G�� ������ ������ ������ ������ ������
�.�U�D�V�Q�R�K�U�D�G��-���/�R�]�R�Y�D�� ������ ������ ������ ������ ������
Poltava - Lozova 176 138 125 107 99 
Hrebinka - Lozova 362 272 243 221 207 

�:�K�H�Q���F�D�O�F�X�O�D�W�L�Q�J���W�K�H���G�H�V�L�J�Q���Y�D�U�L�D�Q�W���I�R�U���H�D�F�K���F�X�U�Y�H�����W�K�H���I�H�D�V�L�E�L�O�L�W�\���D�Q�G���S�R�W�H�Q�W�L�D�O���I�R�U��
�V�S�H�H�G���H�Q�K�D�Q�F�H�P�H�Q�W���Z�H�U�H���F�R�Q�V�L�G�H�U�H�G�����9�D�U�L�D�Q�W�V���W�K�D�W���U�H�T�X�L�U�H���D�G�M�X�V�W�P�H�Q�W�V���Z�L�W�K�L�Q���W�K�H��
�U�D�Q�J�H���R�I���X�S���W�R�����������P�P���Z�H�U�H���H�[�S�O�R�U�H�G�����D�Y�R�L�G�L�Q�J���V�L�J�Q�L�I�L�F�D�Q�W���U�H�D�O�L�J�Q�P�H�Q�W�V�����*�U�D�S�K�L�F�D�O��
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�I�U�D�J�P�H�Q�W�V���G�H�S�L�F�W�L�Q�J���U�D�G�L�X�V�����V�X�S�H�U�H�O�H�Y�D�W�L�R�Q�����D�Q�G���P�D�[�L�P�X�P���S�H�U�P�L�V�V�L�E�O�H���W�U�D�L�Q���V�S�H�H�G�V��
�R�Q�� �W�K�H�� �3�R�O�W�D�Y�D-�.�U�D�V�Q�R�K�U�D�G���V�H�F�W�L�R�Q���I�R�U�� �W�K�H�� �G�H�V�L�J�Q���Y�D�U�L�D�Q�W���D�U�H�� �S�U�H�V�H�Q�W�H�G���L�Q�� �)�L�J�V���� ����
�D�Q�G����.��

��

�)�L�J�X�U�H������

�6�H�J�P�H�Q�W���R�I���W�K�H���3�R�O�W�D�Y�D��–���.�U�D�V�Q�R�J�U�D�G���V�H�F�W�L�R�Q�����D�����W�U�D�F�N���S�O�D�Q�����E�����W�U�D�F�N���D�O�L�J�Q�P�H�Q�W��

��

�)�L�J�X�U�H������

�3�H�U�P�L�V�V�L�E�O�H���P�R�Y�H�P�H�Q�W���V�S�H�H�G�V���R�Q���W�K�H���3�R�O�W�D�Y�D��–���.�U�D�V�Q�R�J�U�D�G���V�H�F�W�L�R�Q��

�%�\�� �R�S�W�L�P�L�]�L�Q�J�� �W�K�H�� �R�X�W�H�U�� �U�D�L�O�� �V�X�S�H�U�H�O�H�Y�D�W�L�R�Q�� �Z�K�L�O�H�� �F�R�Q�V�L�G�H�U�L�Q�J�� �W�K�H�� �P�D�[�L�P�X�P��
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Conclusions 

�%�D�V�H�G���R�Q���E�R�W�K�� �W�K�H�R�U�H�W�L�F�D�O���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�H�D�U�F�K���� �L�W���K�D�V�� �E�H�H�Q���G�H�W�H�U�P�L�Q�H�G���W�K�D�W��
�W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���L�Q�Q�R�Y�D�W�L�Y�H���W�H�F�K�Q�R�O�R�J�L�H�V�����I�R�U���U�D�L�O�Z�D�\���F�X�U�Y�H���D�O�L�J�Q�P�H�Q�W���L�Q���W�K�H��
�S�O�D�Q�����Z�L�O�O�� �D�O�O�R�Z�� �H�V�W�D�E�O�L�V�K�L�Q�J�� �S�O�D�Q�� �S�D�U�D�P�H�W�H�U�V�� �D�Q�G�� �R�S�W�L�P�D�O�� �W�U�D�L�Q�� �V�S�H�H�G�V���� �7�K�L�V�� �Z�L�O�O��
�U�H�V�X�O�W���L�Q���U�H�G�X�F�H�G���Z�H�D�U���R�I���U�D�L�O�V���D�Q�G���W�U�D�L�Q���Z�K�H�H�O�V�����G�H�F�U�H�D�V�H�G���W�U�D�F�N���P�D�L�Q�W�H�Q�D�Q�F�H���H�I�I�R�U�W�V����
�P�L�Q�L�P�L�]�H�G���H�Q�H�U�J�\���R�U���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q���I�R�U���I�U�H�L�J�K�W���D�Q�G���S�D�V�V�H�Q�J�H�U���W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���D�Q�G��
�F�R�Q�W�U�L�E�X�W�H���W�R���H�Q�K�D�Q�F�L�Q�J���V�D�I�H�W�\�����V�P�R�R�W�K�Q�H�V�V�����D�Q�G���S�D�V�V�H�Q�J�H�U���F�R�P�I�R�U�W����

�7�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�H�F�K�Q�L�F�D�O�� �D�Q�G�� �W�H�F�K�Q�R�O�R�J�L�F�D�O�� �F�K�D�O�O�H�Q�J�H�V�� �D�U�L�V�L�Q�J�� �I�U�R�P���W�K�H��
�L�Q�F�R�P�S�D�W�L�E�L�O�L�W�\�� �R�I�� �V�W�D�Q�G�D�U�G�V�� �E�H�W�Z�H�H�Q�� �8�N�U�D�L�Q�L�D�Q�� �D�Q�G�� �(�X�U�R�S�H�D�Q�� �U�D�L�O�Z�D�\��
�L�Q�I�U�D�V�W�U�X�F�W�X�U�H�V�� �K�D�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �W�K�H�� �S�U�R�S�R�V�H�G�� �D�O�J�R�U�L�W�K�P�� �I�R�U�� �W�K�H�� �V�H�T�X�H�Q�W�L�D�O��
�D�O�L�J�Q�P�H�Q�W���R�I���W�K�H���W�U�D�F�N���S�O�D�Q���G�X�U�L�Q�J���W�K�H���R�S�W�L�P�L�]�D�W�L�R�Q���R�I���O�R�Q�J���V�H�F�W�L�R�Q�V���F�D�Q���E�H���D�S�S�O�L�H�G����
�L�Q�F�O�X�G�L�Q�J���G�X�U�L�Q�J���W�K�H���W�U�D�Q�V�L�W�L�R�Q���I�U�R�P���W�K�H���E�U�R�D�G���������������P�P�����W�R���W�K�H���V�W�D�Q�G�D�U�G���(�X�U�R�S�H�D�Q��
�������������P�P�����J�D�X�J�H����

�7�K�H�� �F�D�O�F�X�O�D�W�L�R�Q�� �U�H�V�X�O�W�V�� �D�Q�G�� �W�K�H�� �G�H�Y�H�O�R�S�H�G�� �P�H�W�K�R�G�R�O�R�J�\�� �F�D�Q�� �E�H�� �X�V�H�G�� �I�R�U����
�W�K�H�R�U�H�W�L�F�D�O�O�\�����M�X�V�W�L�I�\�L�Q�J�� �P�D�[�L�P�X�P�� �S�H�U�P�L�V�V�L�E�O�H�� �W�U�D�L�Q�� �V�S�H�H�G�V�����Z�K�L�O�H�� �V�L�P�X�O�W�D�Q�H�R�X�V�O�\��
�H�Q�V�X�U�L�Q�J���W�K�H���V�W�D�Q�G�D�U�G�V���R�I���V�W�U�H�Q�J�W�K�����V�W�D�E�L�O�L�W�\�����G�X�U�D�E�L�O�L�W�\���D�Q�G���W�K�H���U�H�O�L�D�E�L�O�L�W�\���R�I���U�D�L�O�Z�D�\��
�W�U�D�F�N���D�Q�G���U�R�O�O�L�Q�J���V�W�R�F�N���F�R�P�S�R�Q�H�Q�W�V�����7�K�L�V���W�K�H�R�U�H�W�L�F�D�O���J�U�R�X�Q�G�Z�R�U�N���D�O�V�R���V�H�U�Y�H�V���D�V���D��
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Abstract: Continuous monitoring with advanced equipment and innovative scientific 
techniques is essential for timely and perfect maintenance. The interaction and dynamic force 
between wheel and rail is one of the most widely monitored issues. In this paper's case study 
of ballasted railway tracks in Iran, a set consisting of two separate strain gauge arrays and 
three different positions for installing accelerometers were designed according to the 
conditions. After installation, the system was calibrated with a predetermined passing axle 
load. The dependency of the arrays' and the equipment's installation location with the 
velocity of the passing axle load was examined as part of the field study after repeated 
investigation and comparisons of the setups' results. In order to gather data with the least 
error and the highest level of accuracy, it was decided on the more appropriate array with 
less dependence and a better installation position. 
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1 Introduction  
In today's world, a country's infrastructure is viewed as its capital and national 
wealth since its capacity to develop and progress is determined by how effectively 
its infrastructure performs. The rail transport industry, which significantly 
influences people's everyday lives and the environment, is an essential measure of 
a country's growth. As a result, a condition monitoring system must be established 
to detect any defects that may appear as safety issues. Consequently, precise 
information may be acquired by designing novel equipment or integrating cutting-
edge technology into a complete monitoring system [1, 2, 3]. Both experimental 
and numerical studies have the potential to produce big advances. When monitoring 
railway tracks, many researchers in this field are interested in the interactions and 
dynamic forces between wheels and rails. However, little experimental research has 
been conducted on the dynamic effect of heavier freight trains on railway tracks. 
Strain gauges and accelerometers are two monitoring-related technologies that, 
based on their functional capacity and sensitivity, should be employed in ideal 
conditions and an ideal combination, requiring a scientifically intelligent design. 
Keith et al. [4]. In one research, experimental field tests were conducted to 
investigate how heavy loads induced by large axle loads influenced the dynamic 
behavior of the railway track. It is demonstrated that when various speed and axle 
load changes are applied to the wheel-rail dynamic force, dynamic deformation of 
the track structure, and track vibration behavior, some of the indicators reflecting 
the dynamic behavior of the railway track increase roughly linearly with train 
running speed and axle load, while others are barely influenced. Zhiyong et al. [5]. 
The project created a wheel load detector based on a strain gauge for monitoring 
wheel-rail contact forces at insulated rail joints (IRJs). The laboratory and field 
testing results showed that the design followed generally recognized theoretical 
assumptions. Field data vividly depicted the wheel-rail impact force produced 
across the joint gap, demonstrating its use in recognizing the wheel-rail contact-
impact force signature at IRJs. Manicka et al. �>���@�����7�K�H���Q�H�F�H�V�V�D�U�\���I�X�V�L�R�Q���W�H�F�K�Q�L�T�X�H��
and the outlined theoretical relationships between the samples gathered by various 
sensors demonstrated in a comprehensive analysis that the features of the wheel 
defects used in the data generation step were entirely represented in the defect 
signals reconstructed by the suggested method. Consequently, the proposed 
technique enables early defect detection and identification, including small and 
long-wave flaws. The number of sensors, the effective zone size, and the wheel's 
circumference, which acts as the defect signal's basic period, all impact the fusion 
process. Alemi et al. [7]. Wheel flaws on railroad wagons have been discovered as 
a substantial cause of damage to the railroad's infrastructure and rolling equipment, 
in addition to creating costly noise and vibration emissions. A sensor network is 
being created for permanent installation on the railway network. Shelling, flat areas, 
and a lack of roundness are all issues. It outperforms current defect identification 
approaches for flat spots and predicts the other two kinds of defects. The neural 
network technique explicitly simulates the multisensory structure of the 
measurement system via numerous instances, learning, and shift invariant networks 
to increase performance on wheels with flat areas and non-roundness. Gabriel et al. 
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[8]. Vertical overloads may cause track degradation and safety breaches, but wheel-
rail lateral contact forces are more directly connected to running safety. According 
to the computational and experimental data, the size of the lateral force may be 
estimated using an independent coefficient obtained from the applied loads. Bruner 
et al. [9]. The curvature of the wheel profile impacts a train's performance in various 
ways. In a field test, the station monitors the lateral and vertical wheel/rail forces at 
the point of contact in a 484-meter-�U�D�G�L�X�V���F�X�U�Y�H���D�W���V�S�H�H�G�V���X�S���W�R�����������N�P���K�����,�Q���D���E�R�J�Le, 
the four-wheel positions have markedly distinct force signatures. While the strength 
of the three other high rails increases with distance, the leading high rail has strong 
forces unaffected by the change in running distance. Palo et al. �>�����@���� �7�K�H�� �L�V�V�X�H�
�V��
placement and sensor needs were investigated in a study on the static and dynamic 
behavior of ballasted railway tracks. It could be helpful to estimate stress transfer 
from the train passage to the track using predictive computational models. Georges 
et al. [11]. Weighing in motion systems would assist in solving the shortcomings of 
conventional static weighing, such as costs and traffic management. Weigh-in-
motion systems, however, do not allow direct measurement of the static load since 
the dynamic interaction between the train and the track results in dynamic loads 
added to the static ones. Investigating the effect of track unevenness and train speed 
on the weights measured by the weigh-in-motion system. A rigorous statistical 
investigation based on multiple computations was done to achieve that purpose.  
In order to estimate the static load, a technique to rectify the direct result supplied 
by the weigh in motion system is presented. This strategy is based on the results and 
patterns discovered throughout the extensive parametric investigation. Mosleh et al. 
[12]. The successful operation of a field test system methodology and the system's 
optimization should be thoroughly evaluated with regard to various types of trains. 
This is influenced by the type of sensors and where they are set up. Mosleh et al. 
[13]. The installation of sensors along a railway track's entire length will allow real-
time monitoring of the states of its technical components, and the proposal of a 
diagnostic sensor system based on railway track stress-strain analysis. Avsievich et 
al. [14]. The initial stage in data processing is to determine the speed of a passing 
train after identifying it (time, date, and direction). For the purpose of calculating 
train speeds, each peak of a vertical acceleration signal represents the passage of a 
train axle above the considered accelerometer. Blanc et al. [15]. The ability to 
predict failure of track infrastructure components can be improved through 
maintenance prioritization and procedures, thereby enhancing the safety of railway 
operations. Edwards et al. �>�����@�����,�W���P�D�\���E�H���K�H�O�S�I�X�O���W�R���X�V�H���D�Q���D�O�W�H�U�Q�D�W�L�Y�H���P�R�G�H�O-based 
method based on the local response function method that can forecast accurate stress 
results in particular locations without the need for direct measurement data at those 
locations. Menghini et al. [17]. The degree of fit between actual and estimated track 
forces and irregularities is demonstrated through point-by-point graphs of actual 
and estimated values, and indicators of the accuracy of estimates are generated 
using R-Squared values, which represent the percentage by which the variance of 
mistakes is less than the variance of actual values. Gadhave et al. [18]. When 
performing calibration and the primary test according to the desired plan, it is 
crucial to take into account the impact that imbalanced vertical loads have on the 
data recorded in the monitoring system. Silva et al. [19]. A signal analysis approach 
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based on the analytical domain and monitoring equipment suitable for conditions in 
the environment will be productive in providing a suitable instrument for studying 
experimental non-stationary vibration signals comprising shock. Salehi et al. �>�����@����
Physical calibrations are crucial in the strain recovery process, in addition to placing 
the strain gauges optimally to reduce uncertainty in the simulation model. Nieminen 
et al. [21]. The installation of sensors should take into account the best site for 
installation, and the layout of the sensors really offers a platform for simple 
installation and a more accurate data recording system. Jing et al. [22]. The smart 
rail pad demonstrated excellent signal response to fluctuations in loading, with an 
�D�Y�H�U�D�J�H���S�H�U�F�H�Q�W���H�U�U�R�U���R�I�����������,�W���F�D�Q���E�H���X�V�H�G���I�R�U���O�R�D�G���V�H�Q�V�L�Q�J���D�Q�G���D�V���D�Q���D�[�O�H���F�R�X�Q�W�H�U��
to measure wheel loads. Schalkwyk et al. [23]. In order to track the structural 
performance of the track and to identify changes in traffic volumes and loading 
circumstances, analyzing rail pads—a crucial component of railway structural 
design—that are fitted with various types of sensors is very beneficial. Sol-Sánchez 
et al. [24]. A simulation study is conducted as part of the additional analysis of the 
findings to establish the precise location of the sensors based on the rail's fatigue 
life, the likelihood of mistakes and redundancy, and various railway traffic 
situations. Pillai et al. [25]. Comparison of the distributed acoustic sensor (DAS) 
results with point location measurements made using a conventional strain gauge 
and deflections determined via imaging and digital image correlation (DIC), 
provides accurate distributed strain measurements with the capability for 
continuous spatial and temporal coverage across substantial tracts of track. These 
measurements translate to estimates of track deflection and load. Milne et al. �>�����@����
When a sizable high number of strain gauge pair installations are made in the track, 
a realistic assessment of the static load may be made. Therefore, a statistical 
correlation must be taken into account when calculating the static load from weigh-
in-motion (WIM) systems with fewer sensors. This means that the estimation of the 
static load interval should take a certain level of confidence into account for each 
of the vehicle wheelsets. Pintão et al. [27]. Shear strain data at specific locations 
has been used to develop mechanics-based algorithms to estimate the speed and 
wheel loads of trains passing over a bridge under study. The speed estimation 
algorithm uses shear strain at quarter span and takes the train's speed variation into 
account. For wheel load estimation, two algorithms are studied. The shear strain 
algorithm only makes use of the peak value of the shear strain measured at an axial 
location close to the bridge. [28]. With the advancement of the transportation 
industry and the demand, the settlement and wear of the ballast caused by dynamic 
stresses at high frequencies is still an important issue on high-speed tracks, leading 
to high maintenance costs. Khairallahet et al. [29]. A more thorough, real-time, and 
current understanding of the railway track condition would be made possible by 
predictive maintenance operations carried out with cutting-edge monitoring 
systems. As a result, maintenance expenses would go down because interventions 
would only be made when they were truly necessary. In-depth discussion will also 
be given on monitoring systems that keep track of temperature, stresses, 
displacements, strain measurements, train speed, mass, and position, axle counts, 
wheel flaws, rail settlements, wear and tear, and the condition of railroad bridges 
�D�Q�G�� �W�X�Q�Q�H�O�V�� �>�������� �����@. A field investigation Two stiff common crossings were the 



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

�Å 225 �Å 

subject of experimental observations under the dynamic stress of a high-speed train. 
According to the findings, the maximum displacements within a specific velocity 
range increased by 2.5 times. Due to the relative displacement measurements 
between the rail and the sleeper, the different dynamic impact loading for the wing 
rail, and the lack of a difference in displacements between the trailing and facing 
travel directions, measured maximal strains are not as explicit as the displacement 
results. Kovalchuk et al. [32]. Ingenious methods and routine inspections are two 
of the key factors that influence the cost of railway maintenance, according to both 
laboratory and numerical studies. Modern monitoring techniques, prognostics, and 
health management strategies provide a wealth of opportunities for improving 
inspection and maintenance procedures. [33, 34]. 

However, there are still lots of required optimization for different stages of 
measuring wheel-rail force from software and hardware points of view. Most 
research are presented with a fixed arrays of sensors, which is one of the major 
challenge in correct data acquisition. It also needs to consider track maintenance 
issues. The challenge of correct data acquisition mainly lies in sensor array and 
arrangement design, which determines quality of the signal. In this paper, different 
arrays and locations of the strain gauges and accelerometers are studied for data 
collection. The results are analysed and discussed and sensitivity against velocity 
are also considered. 

2 Field test 

2.1 Scope of Study 

 

 

Figure 1 

The test site and its location relative to Mashhad railway station 
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The location of the study area which is between the Chaman and Sarkhes bridges 
and 2,392 meters away from the Mashhad railway station, is shown in more detail 
in Figure 1, along with its position in relation to the Mashhad railway station.  
The aforementioned location has two input and output lines that are connected to 
the Chaman concrete deck bridge on the west side and the railway switches on the 
�H�D�V�W���V�L�G�H�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���S�D�V�V�L�Q�J���W�U�D�L�Q���V�S�H�H�G���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\���������N�P���K�����D�Q�G���W�H�V�W��
equipment was installed on tangent railroad part in the exit line. 

2.2 Railway Track System 

Figure 2 depicts the layout of a ballasted railroad track. The sleepers are attached to 
two rails (there is an elastic pad between the rail and the sleepers). This set is 
situated on a ballast layer, allowing for the safe and easy passage of trains.  
The characteristics of the ballast layer, rails, and rail pads affect the track's dynamic 
performance. To keep track performance, maintenance actions are needed which 
are mainly focused on the aera between two sleepers. The tamping machine is used 
to keep the ballast layer quality in check which uses rail web on the area between 
sleepers and support. There are also some actions required for bolt tightening. 
Considering all of this, the rail web in the area on the sleeper would be the safest 
place for sensor installation. The sensor must be able to provide accurate data on 
this location, too. The following is a quick list of the test site pavement's technical 
specifications: 

�ƒ �5�D�L�O���W�\�S�H�����8�,�&�������K�H�D�Y�\�����U�D�L�O���Z�H�L�J�K�W���L�V���������������N�J���P 
�ƒ Sleeper type: Mono block concrete sleeper, total weight of the sleeper is 

���������N�J 
�ƒ Fastening type: Weslo type spring fastener, its weight is ���������J�U 
�ƒ Ballast type: Mostly made of porphyry and metamorphic rocks 

As mentioned in the Introduction, accelerometers can measure track dynamic 
performance, whereas strain gauges are typically less sensitive to track dynamics 
and track structure failures. As a result, both kinds of sensors should be used to 
measure all static and dynamic components of a contact force measurement.  

 

Figure 2 

Railway components details 
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2.3 Test Equipment 

As previously mentioned, the instruments were installed on a tangent part of the 
railroad so the operation conditions, such as speed and bogie normal function, 
would be under control, and any abnormality within the bogie and wheels would be 
monitored with higher accuracy. Specifications for used strain gauges, 
accelerometers, and data logger can be found in Tables 1 to 3. 

Table 1 

Strain gauge technical specification used for field test (detailed) 

 

Applicable 
specimen 

Metal, Glass, 
Ceramics 

Backing Special plastics 

Element Cu-Ni 

Operational 
temperature 

(°C) 
-���������a�����������ƒ�& 

Temperature 
compensation 

range (°C) 
���������a�����������ƒ�& 

Strain limit �������������������î����-�� strain) Applicable 
adhesive 

CN, P-2, EB-2 

Fatigue life 
at room 

temperature 
���î������  ���“���������î����-�� strain) Gauge length 

(mm) 
������ 

Gauge 
width (mm) 1.2 

Backing length 
(mm) 5 

Backing 
width (mm) 2.2 �5�H�V�L�V�W�D�Q�F�H�����
�� ������ 
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Table 2 

Technical specification of the wired accelerometer used in field test 

�$�&������-1A 

14 
���J���¥�+�] 

Spectral Noise @ 
�������+�] ���������P�9���J 

Sensitivity 
���“�������� 

 

2.3 
���J���¥�+�] 

Spectral Noise @ 
���������+�] 

������-�������������+�] Frequency 
Response (±3dB) 

2 
���J���¥�+�] 

Spectral Noise @ 
�����������+�] 

������-�������������+�] 
Frequency 
Response 
���“�������� 

����������
ohm 

Output 
Impedance 

�“���������J�����S�H�D�N Dynamic Range 

����-14 
VDC 

Bias Output 
Voltage <2.5 seconds Settling Time 

�!����8ohm Case Isolation 18-�������9�'�& Voltage Source 

  
2-�������P�$ Constant Current 

Excitation 

 

Table 3 

Technical specification of data logger used in field test 

Analog inputs 8 ch voltage, IEPE, current (with ext. Shunt) 

ADC type 
������ �E�L�W�� �6�$�5�� �Z�L�W�K�� �������� �N�+�]�� ���W�K�� �R�U�G�H�U�� �D�Q�D�O�R�J�� �$�$�)�� �I�L�O�W�H�U�� �R�U��
�E�\�S�D�V�V�������������N�+�]�� 

Sampling rate Simultaneous 1 MS/s 

Ranges �“�������9�����“�����9�����“�����9�����“���������9 

�7�\�S�����6�1�5���#�����������N�+�] 89 dB 

Input coupling DC or AC (1 Hz) 

Input impedance �����0�
  

IEPE mode 4 or 8 mA excitation; Sensor detection (Short: <4 V; Open: > 
19 V) 

TEDS Supported in IEPE mode 

Overvoltage protection �������9���F�R�Q�W�L�Q�X�R�X�V�������������9���S�H�D�N�����������P�V�H�F�� 

Typical power consumption (max.) 15  (22 W) 
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2.4 Tested Rail Fleet 

The fleet used in this project includes Siemens locomotives and passenger wagons 
are made in Germany, whose pictures are shown in Figure 3 and their technical 
specifications are in Tables 4 and 5. 

 

Figure 3 

Passing locomotive and wagons used in the test program 

 

Table 4 

General specification of Locomotive used in field test 

 
Fleet 

 
Loco 
type 

 
 

Made in 

 
Min 

speed 
(km/h) 

 
 

Max 
speed 
(km/h) 

Ax-to-
Ax 

distance 
of two 
bogies 
(mm) 

Ax-to-
Ax 

distance 
of two 
axles in 
a bogie 
(mm) 

Wheel 
diamet

er 
(mm) 

Axle 

load 

(tonne) 

Locom

otive 

ER24PC 

BO-BO 

Germany 
��������-
�������� 

 
39.4  

 
������ 

 
���������� 

 
�������� 

 
�������� ���� 

 

Table 5 

General specification of Wagons used in field test 

 
Fleet 

 
wagon
e type  

 
Made 

in 

 
Min 

speed 
 (km/h) 

Max 
speed 
(km/h

) 

Wagon 
weight - 
empty 
(tonne) 

Wagon 
weight – 

full  
(tonne) 

Bogie 

type of 

wagon 

Axle load 

(tonne) 

Wag

on 

RL11 Germa
ny 

 
- 

 
������ 

 
45 

 
���� 

 
�0�'����  11.25 
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3 Test Plan 
The following key factors should be taken into account when measuring the wheel-
rail contact force: 

�ƒ Repeatability of measurements, taking train wheel radius and speed into 
account. 

�ƒ Installation time should be minimized; the instruments should not interfere 
with maintenance vehicles if long-term measurement is required. 

�ƒ To be able to avoid the need for expensive speed detectors, the vehicle's 
speed should be calculated with the highest degree of accuracy. 

�ƒ The force calculation method should be able to analyze all data as quickly 
and accurately as possible and report the results. 

�ƒ The configuration should be safe and not require routine manual 
calibration and maintenance. 

The sensor formation was designed with the previously mentioned issues in mind. 
Figure 4 shows a schematic representation of the rail web with the installed 
equipment and sensor configuration. All the accelerometers are in vertical direction 
and strain gauges are installed as half-bridge circuit. The strain gauge arrays in this 
paper come in two varieties: "V" and "<". In comparison, the "<"-shaped array is 
concentrated on the bending strain, and the "V"-shaped arrays deal with shear strain 
when there is a wheel passage. Normally, calculation of wheel vertical force focuses 
on bending strain, which has an interference with maintenance issues. The V array 
is introduced to cover this shortcoming. 

Strain gauge

Accelerometer

 

Figure 4 

Configuration of strain gauges and accelerometers on the rail web 

To make sure that no data is missing, it is necessary to measure in a complete round. 
So, for every passage, the whole wheel surface is scanned. The designed sensor 
arrangement and localization are done to ensure the mentioned condition is met. 
This arrangement is also able to analyze the wheel multiple times with the help of 
different combinations of installed sensors, so the error would reduce noticeably. It 
means a higher calculation volume with no change in the response time of the 
device. With the configuration shown in Figure 5, one side of the passing train is 
completely covered, allowing for accurate comparisons. Accelerometers are very 
sensitive to the track structure's defects, in contrast to strain gauges, whose results 
are essentially independent of such defects. So keeping track's quality high in the 
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instrumented area is crucial. The accelerometers' installation position can also help 
determine the wheel's dynamic component. In order to investigate the dynamic 
component of the vertical forces of the wheels, three different accelerometer 
positions are taken into account: 1) on the rail foot in the rail's position on the 
sleeper, 2) on the sleeper, and 3) on the rail foot, between the sleepers. 

 

1

3 5 7

8

64
2

1 2

4

3

Accelerometer

Strain gauge

1: 2, 3, 4:  

Figure 5 

Locations of sensors and their types 

In order to control operation conditions like speed and bogie normal function and 
to more accurately monitor any abnormalities within the bogie and wheels, the 
instruments were installed on a tangent track, as it is �V�K�R�Z�Q���L�Q���)�L�J�X�U�H������ 
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�)�L�J�X�U�H���� 

 Instrumentation location on tangent track 
Figure 7 

 The drezin used for system calibration 

As shown in Figure 7, the system was initially calibrated using a drezin (a light rail 
�Y�H�K�L�F�O�H�����Z�L�W�K���N�Q�R�Z�Q���D�[�O�H���O�R�D�G�����7�D�E�O�H�������G�H�V�F�U�L�E�H�V���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���S�U�R�F�H�G�X�U�H�����Z�K�L�F�K��
also includes load and speed. Using locomotives from passing trains with axle loads 
of 19.75 tons, the main calibration is carried out (9.875 tons per wheel). 

Table �� 

Calibration condition for drezin 

Test condition Number of tests 

V=5 km/h 2 

�9� �������N�P���K 2 

�9� �������N�P���K 2 

�9� �������N�P���K 2 

4 Result 

4.1 Strain Gauge Results 

Results of recorded data caused by drezin passage is illustrated in Figures 8 for 
strain channels. The sudden jump in the diagram is caused by shear strain, which is 
proportional to the axle load and velocity as the wheel passes over the sensor. These 
quantities can be found and measured to determine the wheel load. By calculating 
the phase difference between these sensors, velocity can also be determined. 
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Figure 8 
Measured strain for "<" array (up) and "V" array (down) 

The drezin used for primary calibration weighs 4.8 tons and has a wheelbase of 2.7 
meters. By plotting the shear strain mentioned in Figures 8 in terms of velocity, 
Figure 9 is obtained. The value shown for each speed is the average of all channels 
and passages. The dependency of the two mentioned arrays on velocity is relatively 
low and linear. It should also be noted that the proposed "V" arrangement has a 
lower dependency on velocity compared to the "<" arrangement. These would 
enable measuring the static components of the signal with higher accuracy due to 
the probable error in the velocity calculation. Additionally, the mean squared error 
for "V"  array is lower than the conventional "<" array. 
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Figure 9 

Linear pattern for velocity – drezin passage results, Force (up) and Strain (down) 

The results of the entire passage for a passenger train pulling a locomotive weighing 
�������W�R�Q�V���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����������7�K�H���Y�D�O�X�H�V���L�Q���)�L�J�X�U�H������-top are for Channel 1 in 
Figure 5 with the "V" arrangement, and the rest are for Channels 2–4 with the "<" 
arrangement, respectively. The train passages are completely recorded by both 
arrays, which display the same pattern. Therefore, the "V"-shaped array can be 
considered an alternative to the "<"-shaped array, which conflicts with track 
maintenance activities. 

 

Figure ���� 

Strain results for a passenger train 

Figure 11 displays the strain results proportional to vertical loads for a locomotive 
(79 tons in weight) for various passages. Higher speeds and axle loads can produce 
the same patterns and outcomes (compared to primary calibration). Despite the 
different velocity dependencies, the pattern is still linear. While this parameter has 
increased for the "<"-�V�K�D�S�H�G�� �D�U�U�D�\�� �I�U�R�P�� ������������ �W�R�� ���������������� �L�W�� �K�D�V�� �G�H�F�U�H�D�V�H�G�� �I�U�R�P��

0 2 4 6 8 10 12 14 16

-200

0

200

C
h

a
n

n
e

l 1

(V
 a

rr
a

y)

0 2 4 6 8 10 12 14 16
-400

-200

0

200

C
h

a
n

n
e

l 2

(<
 a

rr
a

y)

0 2 4 6 8 10 12 14 16

-400

-200

0

C
h

a
n

n
e

l 3

(<
 a

rr
a

y)

0 2 4 6 8 10 12 14 16

Time (s)

0

200

400

C
h

a
n

n
e

l 4

(<
 a

rr
a

y)

Locomotive Wagon



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

�Å 235 �Å 

������������ �W�R�� �������������� �I�R�U�� �W�K�H�� ���9��-shaped array. So calibration is required for various 
speed ranges. These findings demonstrate the benefits of a "V"-shaped array's lower 
dependence on speed when needed. It should be noted that more research should be 
done to determine how sensitive this arrangement is to track failures. Similar to the 
drezin test, as it is shown in figure 11, values for error is lower in "V" array. 

 

 

Figure 11 

Linear pattern for velocity in vertical load calculation – Locomotive passage results, Force (up) and 

Strain (down) 

4.2 Acceleration Results 

As earlier described, accelerometers are much more sensitive than strain gauges to 
the track structure's defects, the results of which are essentially independent of 
them. So keeping track's quality high in the instrumented area is crucial.  
The accelerometers' installation position can also help determine the wheel's 
dynamic component. In this research, the authors installed accelerometers at three 
different positions: on the rail foot in the position of the rail on the sleeper, on the 
sleeper, and the rail foot in the distance between sleepers, to investigate the dynamic 
component of the vertical forces of the wheel and rail (see Figures 4 and 5). Figure 
12 shows the three positions' time domain and Short Time Fourier Transform 
(STFT) [35] va�O�X�H�V���� �7�K�L�V�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� �K�D�V�� �D�� ��������-�S�R�L�Q�W�� �Z�L�Q�G�R�Z�� �Z�L�W�K�� �D�� ��������-
�S�R�L�Q�W���R�Y�H�U�O�D�S�����7�K�H���Z�L�Q�G�R�Z���W�\�S�H���L�V���*�D�X�V�V�L�D�Q�����D�Q�G���W�K�H���V�D�P�S�O�L�Q�J���I�U�H�T�X�H�Q�F�\���L�V���������N�+�]�� 

The wheel passage is clearly shown in Figure 12-b. In other words, the rail and rail 
pad had a low-pass filtration influence on the acceleration signal as it passed 
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through them. There is also much noise in Figures 12-a and 12-c. This illustration 
emphasizes the importance of signal filtering in order to identify various failures. 
The characteristics of the track superstructure have a significant impact on the 
accelerometer's response as well. In summary, it can be said that moving the 
accelerometer from between the sleepers (channel 3) to the sleepers (channel 1) has 
no detrimental impact on the precision of the measured signal. But results from 
channel 2 can be used with minimum pre-processing. 

  

 a 

  

 b 

  

 c 

Figure 12 

Acceleration results for a passenger train 

So, the strain gauges V-array and sleeper mounted acceleration can accurately 
measure static and dynamic forces of wheel-rail system. Combining results from 
�W�K�H�V�H���W�Z�R���V�H�Q�V�R�U�V���Z�R�X�O�G���U�H�V�X�O�W�V���W�R���I�L�J�X�U�H�����������7�K�H���U�H�J�L�R�Q�����a�����L�V���K�H�D�O�Why wheel (or 
�P�R�Q�L�W�R�U�� �V�W�D�W�H������ ���a���� �V�W�D�Q�G�V���I�R�U�� �P�D�L�Q�W�H�Q�D�Q�F�H�� �V�F�K�H�G�X�O�H�������a���� �L�V�� �P�D�L�Q�W�H�Q�D�Q�F�H�� �S�U�L�R�U�L�W�\��
and >5 is immediate action. Te presented array and setup could provide condition 
monitoring of rail fleet to increase safety and reduce maintenance costs. 

 

0 5 10 15
0

2

4

F
re

q
u
e
n
cy

 (
kH

z)

-100

-50

0

P
o
w

e
r/

fr
e
q
u
e
n
cy

 (
d
B

/H
z)

0 2 4 6 8 10 12 14 16

-500

0

500

A
C

C
 c

h
a
n
n
e
l 1

0 5 10 15
0

2

4

F
re

qu
en

cy
 (

kH
z)

-100

-50

0

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

0 2 4 6 8 10 12 14 16

-200

-100

0

100

200

A
C

C
 c

ha
nn

el
 2

0 5 10 15

Time (s)

0

2

4

F
re

qu
en

cy
 (

kH
z)

-100

-50

0

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

0 2 4 6 8 10 12 14 16

Time (s)

-1000

-500

0

500

1000

A
C

C
 c

h
a

n
n

e
l 3



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024 

�Å 237 �Å 

 

Figure 13 

Converted results in impact factor (acceleration’s unit is m/s2, hence wheel number’s is piece) 

Conclusions 

In this study, with the help of a field test, the results of two different strain gauge 
arrangements and accelerometer installation positions and their differences in 
measuring the dynamic force between the wheel and the rail were investigated and 
compared. In Iran's Mashhad railway station, the railroad track was instrumented 
for a field test, and the results were analyzed in two steps: 1) a light rail vehicle 
(drezin) with low weight and speed, and 2) a passenger train with relatively high 
axle load and speed. The results are summarized as follows: 

"V" and "<" arrays were put to the test as half bridges for strain gauges. When there 
are only minor velocity changes, the "V" arrangement is practically velocity-
independent.  

The "V"-arrangement has an advantage because of its installation location, which 
causes less interference with track maintenance operations. 

The "V" array showed lower error compared to the "<" array. 

The results must be calibrated for various speed ranges. In contrast to the "<" array, 
the "V" array also demonstrated a decrease in velocity dependence with increasing 
velocity. Further research is required into the "V" array's dependence on the state 
and caliber of the track. 

For the acceleration, the installed accelerometer on the sleeper showed lower noise 
and dependency to track dynamics, which will require less data preparation.  
The reason is the filtering phenomenon of the passing signal through rail pad and 
sleeper. 

The presented arrays can be used for optimum condition monitoring of wheel-rail 
system. 
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Abstract: As an important means, the vehicle-mounted imaging technology is usually used to 
acquire the status data of cracks on lining surfaces of large-scale railway tunnels in 
operation. Taking a 4 km railway tunnel as a test sample, this paper firstly verified the 
performance of a vehicle-mounted lining crack inspection system, and analyzed the key 
performance parameters such as crack inspection rate, length recognition accuracy, mileage 
positioning error, etc. After its effectiveness was verified, the inspection system was used to 
inspect the lining cracks of operation railway tunnels with total length of 55 km. The test 
results show that 60% of cracks with the width of less than 0.3 mm could be inspected, while 
the figure for the cracks with the width of more than 0.3 mm was 93%. At the confidence level 
of 90%, the errors in crack mileage and longitudinal crack length are ±0.8 m and ±0.7 m 
respectively. There exists splicing redundancy between circumferential cracks, and the error 
is proportional to the number of channels spanned by the cracks. The statistics of lining 
cracks of operation railway tunnels with total length of 55 km show that circumferential 
cracks, longitudinal cracks, oblique cracks and water seepage cracks accounted for 55%, 
23.1%, 16.9%, and 1.5% of the total, respectively. According to the lining crack state 
assessment criteria, single-inspected cracks are classified as those that need "focus" and 
"attention" respectively. In consideration of the impact of crack shapes on the lining structure 
safety, data utilization strategies for different types of cracks are proposed in this paper. 

Keywords: operation railway tunnel; lining; surface crack; rapid inspection; inspection data 
utilization 
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1 Introduction  
As in 2021, the operating mileage of railway tunnels in China had totaled up to 
19,000 km. The tunnels put into operation in the past 10 years and 20 years 
accounted for 64% and 81% of the total tunnels, respectively [1]. 

Due to differences in construction periods, uncertainties in construction quality, and 
complexity in geological and hydrological conditions, the tunnels in operation have 
various types of defects and diseases. After a long-term evolution, most of tunnel 
linings are subject to damages mainly including cracking, water seepage, 
deformation, etc. Shear cracks are the main diseases that affect the overall 
performance of lining. Concrete shear failure is a premature, brittle failure that leads 
to the progressive collapse of the entire structure. In most cases, severe cracking 
emerges, and propagation takes place immediately [2]. Therefore, tunnel lining 
conditions are related to diseases’ development rate and impact, and need to be 
observed for a long-term [3]. 

At present, the diseases of tunnel lining are mainly inspected manually. However, 
the inspection accuracy is limited due to the restriction in skylight time, lighting 
condition, inspection distance, etc., thereby resulting in the increasingly prominent 
contradiction between the inspection technology and the scale of operating tunnels 
[4]. Digital Image Correlation Method (DICM) is a new technique that can be used 
to detect the pattern of cracks in concrete [5] [6]. Károlyfi et al. [7] [8] studied the 
correspondences between formwork geometry and concrete composition in the case 
of fair-faced concrete elements, and proposed an evaluation method for 
discoloration of the fair-faced concrete surfaces using digital image processing 
techniques. Now the apparent imaging inspection system based on the mobile 
platform can be used to obtain the data on the distribution of apparent lining diseases 
such as cracking and water seepage [9] [10]. The development of machine learning 
technology has made it possible to conduct the large-scale periodic inspection of 
tunnels via the apparent imaging technology. In this regard, a lot of studies and 
practices have been carried out at home and abroad [11] [12]. The inspection speed 
of the equipment used in these studies is mostly 5~10 km/h, and relatively few fast 
detection equipment with detection speed above 20 km/h. In 2013, the Spanish 
company Euroconsult developed a rail-road tunnel inspection vehicle with an 
inspection speed of up to 30 km/h [13]; In 2020, JR East launched the fourth-
generation tunnel lining inspection system (TuLIS) equipped with 12 sensors (lasers 
+ cameras). With a inspection speed of 20 km/h, it is mainly used to inspect lining 
surface conditions and 3D shapes of tunnel section [14]. In 2018, China Academy 
of Railway Sciences developed an inspection vehicle for high-speed railway tunnels 
[15] to inspect the defects behind the lining, and surface diseases. This inspection 
vehicle features a geological radar inspection speed of 3 km/h, an imaging 
inspection speed of 50 km/h, and a crack recognition accuracy of 0.5 mm. 

Digital tunnel inspection has received extensive attention because it is conducive to 
more efficient, objective and scientific analysis and management of tunnel 
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conditions. In 2016, VRVIS Research Center and Vienna University of Technology 
in Austria jointly developed an integrated geometric view-based system for visual 
analysis of tunnel lining damage data on the basis of using the visual analysis tool 
Visplore and the 3D real-time rendering engine Ardvark [16]. The digital 
management software developed by German company SPACETEC for the purpose 
of tunnel inspection is mainly composed of Tunnel-Info, Tu-View, Tunnel-Inspector, 
Tu-Drive and other modules [17]. 

2 Lining Surface Inspection System (LSI  system) 
This paper introduces a system for rapid inspection of cracks on the railway tunnel 
lining surface. This system is used to quickly capture high-definition images of 
lining surface and automatically identify lining surface defects. 

2.1 Integrated System Hardware 

The LSI system mounted on the wheel-track tunnel inspection vehicle comprises a 
high-definition acquisition module, a mileage positioning module, and a data 
processing module (Figure 1). Among them, the high-definition acquisition module 
consists of 8 CCD line-scan cameras, lighting units, and synchronization control 
units. The 8 cameras with a laser-assisted illumination instrument are controlled by 
the synchronization unit, which can ensure the data collected via each channel are 
related to the same lining section. The mileage positioning module is used to obtain 
the pulse count of the encoder mounted on the axle, calculate the real-time mileage 
and speed, and realize the longitudinal mileage positioning of images. This system 
supports a maximum inspection speed of 80 km/h. 

  

Figure 1 

Lining surface inspection system 
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2.2 Data Processing and Crack Recognition 

Lining surface cracks are identified mainly through automatic recognition and 
manual verification. Automatic recognition is based on the optimized Simple Linear 
Iterative Clustering (SLIC) algorithm as a gradient-based super-pixel segmentation 
algorithm, and the lining crack dataset CLS-CRACK is constructed. In addition, the 
ResNet18 network architecture and Caffe deep learning framework are used for 
crack recognition, and the DeepLabv3 framework is used to extract crack data 
through the segmentation network. Through automatic recognition, the images 
indicating the existence of cracks will be preliminarily screened out, and abnormal 
areas of the image with suspected cracks will be marked. After the mistakes of 
automatic recognition are corrected through manual verification, it is possible to 
confirm the cracks and calculate their lengths, widths, areas and other characteristics 
parameters. 

3 Performance Analysis of Lining Surface Inspection 
System 

In order to verify the performance of the LSI system, the data on actual distribution 
of lining cracks of a 4 km railway tunnel in operation were obtained via site survey 
and Amberg imaging equipment. Then, those data were compared with the results 
of LSI system under the condition of 50 km/h, to assess key performance parameters 
such as crack inspection rate, length measurement error, mileage positioning error, 
etc. 

3.1 Site Survey 

The 4 km site survey area of railway operation tunnel was tested (2 km inward from 
the large and small mileage entrance of tunnel), covering the plain concrete section 
and reinforced concrete section (Figure 2). The scope of site survey covers the left 
and right side walls of lining, namely an area 3 m upward the sidewalk slab. 

 
Figure 2 

Schematic diagram of the distribution of site survey sections 
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Site survey of the tunnel includes the measurement of crack number, mileage, width 
and length. Specifically, the width was measured using a crack width meter (Figure 
3a), and the measurement accuracy was 0.01 mm, with details shown in Figure 3c. 
In addition, the crack length was measured based on the expanded view of the lining 
section (Figure 3f) obtained by an Amberg laser scanner (Figure 3d, Figure 3e). 

  
a. crack width meter b. site survey c.0.21mm crack 

  
d. Amberg laser scanner e. laser inspection 

 
f. expanded view of the lining section 

Figure 3 

Inspection devices for site survey, and effects of field application 

Table 1 

Statistics of cracks with different states 

Statistics Circumferential cracks Longitudinal cracks Total 
Repaired cracks 251 6 257 

Unrepaired cracks 216 0 216 
Total 467 6 473 
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Figure 4 

Distribution of cracks by width 

Through the site survey, a total of 465 cracks on the left and right lining walls of the 
4 km survey area were found and recorded, including 459 circumferential cracks 
and 6 longitudinal cracks (Table 1). So far, 249 of 465 cracks have been repaired by 
epoxy mortar (Figure 5b), indicating the remaining 216 ones need to be repaired 
(Figure 5a). The widths of measurement positions of the 216 ones range from 0.1 
mm to 1.5 mm. The distribution of cracks by width is shown in Figure 4. 
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a. unrepaired cracks b. repaired cracks 

Figure 5 

Comparison of cracks with different states 

3.2 Crack Inspection Rate Analysis 

As shown in Figure 5, the cracks’ characteristics are significantly different before 
and after repair. Therefore, the repaired cracks were not selected to analyze the 
inspection rate. As the samples, 216 unrepaired cracks mentioned above were used 
for inspection rate analysis. Analysis results shown in Figure 6 and Table 2. Crack 
inspection through the LSI system is based on the neural network and manual 
intervention. 

After training, the caffe-based neural network algorithm can be used to effectively 
identify the abnormal area of an image, but is unable to directly screen out the cracks. 
In other words, manual intervention is required to ultimately identify the cracks. 
However, manual intervention was affected by subjective factors such as personal 
experience and operational standardization, thereby making the final crack 
inspection rate be lower than the system prompt rate. Such a decreasing trend 
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became increasingly apparent with a decrease in crack width. For example, the 
crack inspection rate was 92.6% when the width was greater than 0.3 mm, but 
reduced to 60% when the width was less than 0.3 mm (Figure 6). 

Table 2 

Analysis of crack inspection rates through the LSI system 

Crack width Site survey System prompt rate System + manual inspection rate 
(0, 0.3] mm 148 81.8% 60.1% 

Above 0.3 mm 68 98.5% 92.6% 
Total 216 87.0% 70.4% 

 

   
(a) Width (0, 0.3] mm (b) Width (0.3,�Ç�’�@���P�P (c) Overall 

Figure 6 

Analysis of crack inspection rates through the LSI system 

3.3 Error Analysis 

3.3.1 Mileage Error Analysis 

In order to ensure the consistency of analysis samples, 251 circumferential repaired 
cracks with obvious characteristics were selected for mileage error analysis. 
According to the crack morphology and location, the LSI system inspected cracks 
correspond to the site survey results one by one, and then the mileage difference of 
the starting point of the lowest circumferential crack is calculated. 

Results show that mileage errors of the LSI system are normally distributed, with 
an error mean of 0.2 m, a standard deviation of 0.42, and a mileage deviation 
between –0.8 m and 0.9 m when the confidence level is 90% (Figure 7). 
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Figure 7 

Statistical analysis of mileage errors in repaired cracks 

3.3.2 Length Error Analysis  

Laser scanning makes it possible to accurately obtain the geometrical shape of a 
lining section. In addition, image distortion can be avoided by projecting pixel 
points along the lining section, so as to ensure the measurement accuracy. As the 
samples, 115 repaired circumferential cracks whose starting points could be clearly 
identified through laser imaging were analyzed, to extract the data of crack length. 
The regression analysis of crack lengths determined through laser imaging and LSI 
system is itemized in Figure 8. As shown in the graph, the crack length identified 
by the LSI system is systematically enlarged by about 27% than the actual crack 
length determined through site survey. In addition, the upper and lower bounds of 
the 90% confidence interval are also indicated. It can be seen that on the basis of 
systematic amplification, the crack length identified by the LSI system has a 
dispersion of –0.4~1 m. 

The crack lengths identified through the LSI system were further analyzed for 
staged fitting. Figure 9 shows that the system had an error of 5%, and measurement 
results changed by step significantly with an increase in crack length. When the 
crack length covered one channel, two channels and three channels, the 
measurement errors were about 0.5 m, 1.2 m, and 1.8 m, respectively. Analysis 
results show that the LSI system is based on the data acquired through multiple 
cameras, thus resulting in a strong correlation between the measurement error and 
crack length. 
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Figure 8 

Regression analysis of circumferential crack length 

Moreover, 5 repaired longitudinal cracks whose starting points could be clearly 
identified through laser imaging were analyzed. The regression analysis of crack 
lengths determined through laser imaging and LSI system was made (Figure 10). 
The longitudinal crack length obtained by lining scan imaging is highly correlated 
to that identified through the LSI system. The upper and lower bounds of the 90% 
confidence interval are indicated and the crack length identified through the LSI 
system had a dispersion of ±0.7 m. Longitudinal cracks are distributed along the 
line direction, and generally located in single channels of the LSI system.  
The results of comparing the lengths errors of circumferential cracks and 
longitudinal cracks further show that the length error of circumferential cracks is 
caused by the redundancy of image stitching. 
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Figure 9 

Staged fitting results of circumferential crack length 
 

 

Figure 10 

Regression analysis of longitudinal crack length 



Q. Feng et al. Performance Analysis and Related Data Utilization of Rapid Crack Inspection Technology 
  for Railway Tunnel Lining Surface 

�Å 252 �Å 

3.4 Summary 

According to the application results of LSI system in 4 km test tunnel, key 
performance parameters such as crack inspection rate, mileage, length, and 
measurement error were studied in this section. The results show: 

(1) 60% of cracks with a width of less than 0.3 mm could be inspected through the 
LSI system, while the figure for the cracks with a width of more than 0.3 mm was 
93%. 

(2) The mileage deviation ranged from –0.8 m to 0.9 m. 

(3) The systematic length error of circumferential cracks caused by the redundancy 
of image stitching was 27%. The circumferential crack length had a dispersion of –
0.4~1 m within the 90% confidence interval. 

(4) Also, the longitudinal crack length had a dispersion of ±0.7 m within the 90% 
confidence interval. 

After automatic recognition and manual verification of the lining surface images 
collected at an inspection speed of 50 km/h, it was found that the inspection system 
could meet the requirements for fast railway tunnel lining crack inspection. In view 
of a large error in circumferential crack length recognition, a priority will be given 
to the research on the technology of multi-channel image stitching with little 
redundancy, to improve the accuracy of circumferential crack length recognition. 

4 Tunnel L ining Apparent Inspection Data 
Utilization Strategy 

4.1 Characteristics of Apparent Cracks in Operating Tunnel 
L ining 

Through the LSI system, a total of 6,629 lining cracks were inspected along the 55 
km railway tunnel. Specifically, circumferential cracks, longitudinal cracks, oblique 
cracks, massive cracks and water seepage cracks accounted for 55%, 23.1%, 16.9%, 
4.9%, and 1.5% of the total, respectively. There were 8.3 cracks per 100 meters on 
average (Table 3, Figure 11). 

Table 3 

Lining crack inspection results of the 55 km operation railway tunnel 

Crack type Quantity Density (Quantity/100 m) Proportion 

Crack 

Circumferential crack 3598 6.5 54.3% 

Longitudinal crack 1498 2.7 22.6% 

Oblique crack 1101 2 16.6% 
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Massive crack 327 0.6 4.9% 

Water 
seepage 
crack 

Circumferential crack 49 0.1 0.7% 

Longitudinal crack 36 0.1 0.5% 

Oblique crack 20 0 0.3% 

Total 6629 8.3 100.0% 

 

Figure 11 

Distribution of apparent lining cracks in operating tunnels 

 

Figure 12 

Evaluation standard for crack inspection grade of Railway tunnel in China 

Crack ratings AA, A1, and B are specified in Assessment standard for structure 
deterioration of railway bridge and tunnel Part 2: Tunnel (Q/CR 405.2–2019).  
The specific rating standards and disposal measures are shown in Figure 12. Only 
the cracks under development can be rated as A. Single inspection is not enough to 
ascertain whether the cracks continue to develop. Therefore, the single-inspected 
cracks are classified as those that need "focus" and "attention" respectively.  
The state assessment criteria are itemized in Table 4. According to such criteria, the 
A-grade cracks along the 55 km railway tunnel were further distinguished.  
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In addition, crack grades and disposal urgency were optimized to a certain extent. 
After such optimization, there were 1,919 cracks worthy of focus, accounting for 
28.9% of the total (Table 5). As a result, it significantly reduced the workload of 
routine inspection by the maintenance unit. 

Table 4 

Lining surface crack rating criteria 

Crack type Action proposal 

Crack length: L�Ú12 m Focus, rated as AA if monitoring results show 
the sign of development 

Crack width: �/�Ú5 mm Focus, rated as AA if monitoring results show 
the sign of development 

Crack length: 5 m�”�/�Ø12 m Attention, rated as AA if monitoring results 
show the sign of development 

Crack length: L�Ø5 m, and Crack 
width :5 �P�P�•�/�•�� mm 

Attention, rated as A1 if monitoring results 
show the sign of development 

Table 5 

"Focus" and "Attention" cracks 

Crack type Focus Attention Total Proportion of focus 

Crack 

Circumferential crack 930 2668 3598 25.8% 

Longitudinal crack 397 1101 1498 26.5% 

Oblique crack 218 883 1101 19.8% 

Massive crack 327 0 327 100.0% 

Water 
seepage 
crack 

Circumferential crack 20 29 49 40.8% 

Longitudinal crack 16 20 36 44.4% 

Oblique crack 11 9 20 55.0% 

Total 1919 4710 6629 28.9% 

4.2 Data Utilization Strategy 

Inspection results show that there might be thousands of cracks in a single tunnel 
due to the environmental effects, construction defects and external forces, thus 
posing some challenges to the analysis and management of lining conditions. 
Moreover, the development of cracks is neither continuous, nor certain. Cracks will 
not continue to develop unless they are affected by external forces or in case of 
significant changes in environmental conditions. Therefore, it is suggested to 
inspect the tunnel lining conditions through the LSI system once every six months, 
so as to understand the service status of lining in a timely manner. 

In consideration of LSI system performance verification results, and the impact of 
crack shapes on the lining structure safety, data utilization strategies for different 
types of cracks are proposed based on the mechanism for periodic inspection of 
lining surface conditions (Table 6). 
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(1) The cracks with a width of less than 0.3 mm are fine cracks having little 
impact on lining safety. Thus, it is suggested that only the cracks with a width 
of 0.3 mm and above are worthy of attention in the disease recognition process. 

(2) In consideration of systematic errors, the longitudinal cracks with a length 
increment of no more than 0.7 m, and the circumferential cracks with a length 
increment of no more than 1.2 m shall be deemed as normal cracks in case of 
periodic inspection. 

(3) Circumferential cracks occupy a large proportion but have a low impact on 
structural safety, it is suggested to conduct the comparative analysis once every 
two years, to effectively reduce the workload of the maintenance unit. 

(4) Longitudinal cracks and oblique cracks are mostly stress cracks. 
Particularly when longitudinal cracks penetrate through the lining surface, the 
overall performance of lining under stress will decline, with a huge local stress. 
After the inspection each time, it is necessary to focus on analyzing the 
development trend of such cracks, assess them according to the criteria listed 
in Table 4, and put forward the disposal measures in a timely manner. 

(5) Water seepage indicates that the cracks have been penetrated through by 
the water source behind the lining. Therefore, it is suggested to strengthen 
manual inspections before and after rainfall or during the freezing and thawing 
period, and to place emphasis on the crack development and local deformation 
of surrounding lining. 

(6) Most massive cracks are near construction joints, and are likely to fall off. 
Thus, it is suggested to take corrective measures in time. 

Table 6 

Comparative analysis cycles for different types of cracks 

Crack type 
LSI 

system 
survey 

Comparative analysis cycle 
Check 

items/Actions 

Circumferential 
crack 

Once 
half a 
year 

Once every two years Crack length 

Longitudinal 
crack and 

Oblique crack 
Once half a year 

Deformation 
and crack width 

Water seepage 
crack 

strengthen manual inspections before 
and after rainfall or during the 
freezing and thawing period 

Water seepage 
and local 

deformation 

Massive crack Take corrective measures in time. 
Chisel or anchor 
reinforcement 

Conclusions 

(1) After automatic recognition and manual verification of the lining surface images 
collected at an inspection speed of 50 km/h, it was found that the inspection system 
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could meet the requirements of the maintenance unit. Results show that the 
inspection rate of the cracks with a width of more than 0.3 mm, longitudinal crack 
length error, systematic length error of circumferential cracks, and dispersion are 
93%, ±0.7 m, 27% and –0.4~1 m, respectively. The analysis of crack length errors 
will facilitate the subsequent identification of crack development conditions. 

(2) The statistics about the 55 km railway tunnel show that there were 8 cracks per 
100 meters on average. In addition, circumferential cracks accounted for 55% of the 
total, while oblique and longitudinal cracks took up only 40%. Based on the existing 
criteria, new criteria of crack classification for aperiodic inspection were proposed. 
According to the new criteria, the cracks are classified as those that need "focus" 
and "attention" respectively. After such optimization, there were 1,919 cracks 
worthy of focus, accounting for 28.9% of the total. As a result, it significantly 
reduced the workload of routine inspection by the maintenance unit. 

(3) Based on the periodic inspection mechanism, this paper proposes corresponding 
analysis cycles for different types of cracks, to ensure the timely analysis of the 
cracks affecting the lining structure safety, and to reduce the workload of the 
maintenance unit busy dealing with excessive circumferential cracks. 

(4) Tunnel lining defects are characterized by a complexity in types, a large number, 
and a large difference in the impact on lining safety. In the process of risk 
investigation, cancellation confirmation, and follow-up observation, it is necessary 
to develop a system for digital management of inspection results, and build a closed-
loop digital management model integrating inspection data display, integrated 
analysis, disease database construction, site review, and track monitoring. 
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Abstract: Currently, the expanding scale of railway tunnels in operation raises higher 
requirements for effective management thereof so as to ensure their safe operation. Just in 
this context, this paper compares and analyzes the tunnel inspection systems, condition 
assessment methods and technical equipment prevailing in many countries including 
Japan, European countries, the United States and China. Study results show that in terms 
of tunnel inspection systems, various countries have set their respective tunnel inspection 
cycles according to the tunnel integrity, service duration, service status, speed level and 
other factors. In particular, Japan and Europe have designed the tunnel inspection 
procedures, putting forward requirements for the professional competence of inspectors.  
In terms of condition assessment, Japanese standards are more hierarchical and systematic 
in the integrated application related to lining crack, deformation and defect, but are 
insufficient in the assessment of serious internal lining defects. In contrast, European 
standards focus on the impact of diseases on the overall performance of the tunnel 
structure. In addition, Chinese standards highlight the single-indicator assessment, but 
ignore the correction of assessment results in case of multiple deterioration types. It’s 
worth noting that Japan and China have respectively developed their own rail-mounted 
tunnel inspection devices to replace manual inspection. Based on a comprehensive 
comparison of tunnel inspection systems and condition assessment methods of different 
countries, according to the scale, inspection device technical level and service 
characteristics of China's railway tunnels, this paper proposes a framework of railway 
tunnel inspection regulation, while optimizing and supplementing the contents and 
requirements of relevant tunnel inspection regulation. 

Keywords: Railway Tunnel; Inspection System; Inspection Device; Condition Assessment 
Method 
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Introduction  
By the end of 2020, the total mileage of China's railways in operation reached 
145,000 km. Over the same period, a total of 16,798 railway tunnels and 3,631 
high-speed railway tunnels had been put into operation, with a total length of 
about 19,630 km and 6,003 km, respectively. All these indicate that China has 
become the country with the largest scale of railway tunnels in operation in the 
world [1, 2]. In China with a vast territory, environments along railway lines are 
complex and changeable in climatic, geological and hydrological conditions. 
Similarly, tunneling is vulnerable too many complex factors such as corrosion, 
freeze thawing, etc. Due to differences in construction periods, construction 
standards, and uncertainties in construction quality, railway tunnels in operation 
are exposed to various types of defects and diseases [3]. In fact, any minor defect 
or disease of tunnel lining might affect the safe operation of a railway in operation 
[4]. 

The railway infrastructure inspection system is vital for and of great significance 
to the safe operation of railways in China, as well as scientific and rational 
guidance in maintenance and repair [5]. After analyzing the service characteristics 
and maintenance modes of Chinese bridges and tunnels, Lu Chunfang [4] pointed 
out that preventive maintenance is a trend of maintenance and repair of high-speed 
railway bridges and tunnels in China. In addition, Chen Qi [6] et al. proposed to 
optimize the technical rules and procedures of infrastructure maintenance to better 
achieve the safety management, monitoring and inspection, application of 
machinery and devices, and production organization, etc. Also, Chen Dongsheng 
[7] proposed several management modes for high-speed railway maintenance in 
China according to the foreign experience in this regard. Ma Weibin [8] 
summarized the existing technologies for railway tunnel inspection, monitoring, 
assessment and disease treatment in China, and then proposed a technical system 
for disease treatment of railway tunnels in operation. 

Despite the constant progress in tunnel damage identification technology and 
quality inspection method [9-14], currently tunnel condition data are acquired 
mainly through manual inspection, and there still exists a certain gap to achieve 
targeted maintenance and preventive maintenance of railway infrastructure due to 
the deficiencies in inspection method efficiency, and accuracy. Furthermore, as the 
railway maintenance management units face increasingly pressures in reducing 
production costs and improving the efficiency of maintenance and repair, it is 
found that conventional inspection systems, devices and condition assessment 
methods are becoming hard to meet the requirements with the scale development 
of tunnels. In view of this, it is necessary to optimize the inspection systems and 
improve the condition assessment standards on the basis of comparing and 
analyzing the railway tunnel inspection situations of different countries. 
Specifically, it is required to study and establish a scientific and efficient 
inspection system in line with the scale of railway tunnels, so as to timely identify 
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railway transportation safety risks, objectively understand the law of tunnel 
structure performance evolution, and provide a reasonable guidance in the targeted 
maintenance of tunnels. 

1 Tunnel Inspection Systems 
In order to ensure the safe and efficient operation of railways, many countries 
including Japan, Europe, the United States and China have established different 
tunnel infrastructure inspection systems. In particular, along with the development 
of inspection technologies and devices, they have successively updated their 
respective professional inspection standards and systems since the beginning of 
the 21st Century. 

1.1 Japanese Tunnel Inspection System 

Upon entrustment by the Railway Bureau of the Ministry of Land, Infrastructure, 
Transport and Tourism of Japan, Railway Technical Research Institute (RTRI) 
founded the Research Committee on Maintenance Management of Railway Civil 
Engineering Structures and the Research Committee on Track Maintenance 
Management in 2000, initiating the research on identifying the inspection cycles 
and integrity of civil engineering structures and tracks. In January 2007, the said 
Railway Bureau promulgated the Standards for the Maintenance Management of 
Railway Structures [15, 16] (hereinafter referred to as the "Standards"). Focusing 
on the safety, usability and restorability of structures, the Standards clarify the 
railway structures maintenance management system and procedures, including the 
basic concepts, inspection methods, integrity assessment criteria, maintenance 
management measures and records, etc. The required performance, performance 
item and judgment criterion of the tunnel structure are detailed in Table 1. 

Table 1 

Required performance, performance item and judgment criterion of the tunnel structure 

Required 
performance Performance items Judgment criterion 

Safety  

Stability of tunnel 
structure  No risk of tunnel collapse 

Structure boundary No invasion into the boundary 

Line stability 
No uplift, subsidence and movement of 

railway subgrade that might affect the safe 
operation of trains 

Spalling stability 
No spalling of concrete, maintenance 

materials and so on that might affect the safe 
operation of trains 

Safety in case of water No phenomenon of water seepage or freezing 
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seepage and freezing that might affect the safe operation of trains 

Usability 

Usability in case of 
water seepage or 

freezing 

No phenomenon of water seepage or freezing 
that might affect the functions of devices in 

the tunnel 

Dirt on the surface 
No dirt that would seriously hinder the normal 

inspection 
Impact on surrounding 

environment 
No impact on surrounding environment 

Restorability  Post-disaster recovery 
Easiness in post-disaster repair of damaged 

tunnels 

Tunnel inspection falls into several categories, i.e., preliminary inspection, 
comprehensive inspection, individual inspection and random inspection. Among 
them, comprehensive inspection can be divided into comprehensive inspection 
and special comprehensive inspection. Specifically, a preliminary inspection is 
required before any railway structures newly-built, renovated or expanded is put 
in to use. The comprehensive inspection is conducted regularly, to identify the 
integrity of the entire structure, and the necessity of individual inspection, while 
the special comprehensive inspection aims to improve the accuracy of integrity 
identification. In contrast, an individual inspection is conducted in the course of 
any comprehensive inspection or random inspection, and is specific to a railway 
structure with an integrity rating of A or any other railway structure for which 
such inspection is deemed necessary. In addition, random inspection aims to find 
out exceptions arising from the occurrence of a natural disaster. For example, a 
random inspection is required if concrete spalling might seriously affect the safety 
of any third party or adjacent engineering might affect the target structure. 

The cycles of preliminary inspection and comprehensive inspection are detailed in 
Figure 1. Specifically, a comprehensive inspection is generally conducted once 
every two years, and the first special comprehensive inspection is conducted 
within 10 years after the railway structure is put into operation. If the results of 
special comprehensive inspection show the target structure has the required 
performance, the comprehensive inspection cycle may be extended accordingly. 
The process of tunnel inspection and maintenance is shown in Figure 2. 

In accordance with Japanese standards, qualified tunnel inspectors with rich 
experience accumulated through receiving training over years shall be able to 
identify tunnel risks comprehensively according to various factors, and 
particularly have the skills of special comprehensive inspection conducted to 
extend the comprehensive inspection cycle. 
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Schematic diagram of preliminary inspection and comprehensive inspection cycles 
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Figure 2 

 Process of Japanese structure inspection and maintenance 

1.2 European Tunnel Inspection System 

Although their tunnel maintenance systems vary to a certain extent, European 
countries generally follow the principle of moderate separation of "management, 
inspection, and maintenance", and actively promote the business outsourcing [17]. 
Whereas EU standards and International Union of Railways (UIC) standards are 
integrated, the tunnel inspection systems of European countries are generally 
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consistent with the tunnel inspection requirements raised by UIC. The Code for 
Management and Maintenance of Tunnels in Service (“ the Code”  for short) [18] 
(UIC Code 779-10) specifies the contents of management, maintenance, 
performance improvement, and operation of tunnels in operation. Inspection 
constitutes an important part of tunnel maintenance. According to the Code, the 
inspection work is composed of planned monitoring and unplanned monitoring. 
Further, planned monitoring consists of routine monitoring, annual monitoring, 
detailed inspection, and special monitoring. The content, personnel and period of 
each inspection are shown in Table 2. If it is hard to identify the tunnel conditions 
after the conventional condition assessment, some geotechnical and geological 
professionals and experts shall be organized to conduct the supplementary 
inspection and theoretical analysis. 

Table 2 

Types of European tunnel inspection 

Inspection type Duties Implementer  Cycle 

Planned 
monitoring 

Routine 
monitoring 

General inspection of tunnels 
in combination with line 

inspection 
Lineman  

Line 
inspection 

Annual 
monitoring 

Reviewing various inspection 
results in the detailed 

inspection report, and making 
supplementary explanations  

Tunnel 
inspector 1 year  

Detailed 
inspection 

Issuing a detailed inspection 
report, updating and 

distributing the disease 
records to all the parties of 
maintenance management, 

and clarifying the 
maintenance work 

recommendations and their 
urgency in the report 

Professional 
engineers, 
assisted by 
experts if 
necessary 

4-6  
years 

Special 
monitoring 

Inspecting the sensitive areas 
(such as the areas featuring 

the rapid disease development 
or marked “unstable” in the 

inspection report) more 
frequently, taking 

corresponding safety 
measures (such as train speed 

limitation) if necessary, 
before disposal (generally 

accompanied by the 
measurement of geometry 

such as convergence, crack)  

/ / 

Unplanned monitoring Carrying out any special 
inspection, or any meticulous 

External 
experts or 

/ 
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inspection of structures or 
parts thereof in unforeseen 

circumstances (such as 
occurrence of a natural 

disaster or sudden appearance 
of some special problems)  

specialized 
firms, with 
assistance 
needed if 
necessary  

1.3 American Tunnel Inspection System 

In 2005, the Federal Highway Administration of the U.S. Department of 
Transportation and the Federal Transit Administration jointly promulgated the 
Highway and Rail Transit Tunnel Inspection Manual (“ the Manual”  for short) 
[19]. In the Manual, tunnel inspection was expounded from the perspectives of 
structure, machinery, electrical engineering and others, and the inspectors, 
responsibilities, devices, preparations, and safety measures were introduced. 
According to structural requirements, new tunnels shall be inspected once every 5 
years, while old tunnels shall be subject to the short-distance inspection once 
every 2 years. In addition, old tunnels shall be inspected on a daily, weekly and 
monthly basis. 

In 2008, American Railway Engineering and Maintenance-of-Way Association 
(AREMA) published the Railway Bridge Inspection Manual [20], recommending 
some methods for the inspection of railway bridges and tunnels (including tunnel 
structures). The Manual mainly introduces the general concepts of bridge and 
tunnel inspection, and different types of inspections for specific structures. 

Unlike the railways in Japan, Europe, and China, American railways are owned by 
private companies. Thus, for their own sake, such private companies would 
minimize the maintenance costs. Specially, annual maintenance costs of bridges 
and tunnels only account for about 10% of the overall costs. In addition because 
American railways are privately owned, and the official tunnel structure rating 
methods issued by the U.S. railway authority involve the potential liability issues, 
currently there are no uniform rating methods for railway tunnel structures. Thus, 
various railway companies in the United States usually establish their own 
procedures for the inspection, maintenance, rating and safety management of 
tunnel structures in accordance with general guidelines released by the federal 
government as well as their internal management rules. 

1.4 Chinese Tunnel Inspection System 

In China, railway bridges and tunnels are maintained and repaired based on the 
speed grades, namely high-speed and normal speed. In addition, types and 
frequencies of tunnel inspection are specified. The tunnel inspections for both 
high-speed trains and normal-speed trains are basically the same, including 
periodic inspection, temporary inspection, and special inspection. In accordance 
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with the Rules for Maintenance and Repair of Bridges and Tunnels for Normal-
speed Railways (TG/GW 103-2018) [21], important tunnel devices shall be 
inspected once every six months. In addition, each tunnel shall be 
comprehensively inspected during the comprehensive maintenance period. 
However, the inspection cycle may be appropriately extended if a line only allows 
the passing of freight vehicles and the annual transport volume is less than 5 
million tons. In accordance with the Rules for Maintenance and Repair of Bridges 
and Tunnels for High-speed Railways (Trial) (TG/GW 114-2011) [22], important 
tunnel devices shall be inspected once every quarter, while the inspection 
frequency for others depends on the structural position. For example, tunnel 
entrances and exits shall be inspected once every six months, while tunnels and 
surroundings shall be inspected once a year. In contrast, with normal-speed rail 
tunnels, high-speed rail tunnels are inspected more frequently, and the inspection 
cycle for each part of the tunnel structure is clarified. However, the requirements 
for temporary inspection and special inspection are the same for both normal-
speed rail tunnels and high-speed rail tunnels, depending on the environmental 
conditions and service time thereof. 

1.5 Comparison of Different Inspection Systems 

In accordance with Japanese tunnel inspection standards, comprehensive 
inspection cycle shall be 2 years, and a special comprehensive inspection shall be 
conducted in not less than 10 years. In addition, the comprehensive inspection 
cycle may be extended if conditions permit after the special comprehensive 
inspection, and basic qualifications and skills of relevant inspection personnel are 
specified. Throughout the inspection process, inspection personnel focus on 
inplying and predicting the causes of changes in tunnel performance. 

In accordance with European tunnel inspection standards, mainly the tunnel 
diseases specified in the detailed inspection report shall be reviewed, and the 
detailed inspection cycle shall be 4-6 years. The process of condition assessment 
based on conventional condition assessment, supplementary inspection and 
theoretical analysis is proposed, and the responsibilities and roles of different 
positions are specified. 

In accordance with American tunnel inspection standards, the short-distance 
inspection cycle shall be 2-5 years, depending on the service time of tunnels. 
However, because American railways are privately owned, currently there are no 
uniform rating methods for railway tunnel structures. 

In accordance with Chinese tunnel inspection standards, inspection cycles for 
high-speed railway tunnels and normal-speed railway tunnels shall vary to some 
extent. Specifically, the comprehensive inspection cycle of high-speed railway 
tunnels shall be one year, while the inspection cycles of normal-speed railway 
tunnels shall depend on the time of comprehensive maintenance. 
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2 Tunnel Condition Assessment 

2.1 Japanese Tunnel Condition Assessment 

In Japan, the structure integrity is identified according to the inspection results, 
change causes and prediction results. The integrity ratings include A, B, C, and S. 
Among them, A is further divided into AA, A1, and A2. The tunnel integrity 
identification criteria and corresponding maintenance measures are itemized in 
Table 3. 

In accordance with Japanese standards, mountain tunnels and urban tunnels shall 
be inspected and assessed separately. The integrity of mountain tunnels is affected 
by external factors and environmental effects. Specifically, there are 9 types of 
external actions, mainly including surrounding rock pressure, landslide, water 
pressure, frost heave and adjacent construction. Also, there are 7 kinds of 
environmental effects, mainly including concrete carbonization and harmful water 
erosion. In addition, tunnel conditions can be identified according to the 
deterioration forms under typical external actions such as rock mass bias, 
landslide, unbalanced water pressure, and frost heave. Based on the analysis of 
change causes, the tunnel integrity can be further assessed. 

Table 3 

Criteria for assessing the tunnel integrity 

Integrity Tunnel conditions Maintenance measures 

A 

AA 
Threatening the safety of passengers and masses, 

affecting the normal operation of trains and 
having other possible dangers 

Taking emergency 
measures 

A1 
Performance reducing due to ongoing changes, or 

performance losing due to heavy rain, water 
seepage, earthquake, etc. 

Taking prompt actions 

A2 
Performance reducing in the future due to 

possible changes 
Taking measures when 

necessary 

B Changes that might lead to integrity A 
Taking measures such as 
monitoring as necessary 

C Minor changes 
Prioritizing the 

inspection thereof next 
time 

S Fine integrity N/A 

In accordance with Japanese tunnel inspection standards, if the tunnel lining 
integrity is rated as A, individual inspection shall be carried out in the process of 
comprehensive inspection once every two years, to achieve the itemized 
assessment of integrity (AA, A1, A2). 

Crack is a common tunnel disease, and the criteria for assessing the degree of 
crack deterioration are shown in Figure 3. The integrity assessment of mountain 
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tunnels with cracks is detailed in Table 4. The development status depends on the 
ratio between the lining deformation u and the development time t. In case of 10 
mm/year<u/t or 2 mm/month<u/t, it is deemed as very fast development; in case 
of 3 mm/year<u/t<10 mm/year, it is regarded as fast development; in case of 1 
mm/year<u/t< 3 mm/year, it is determined as slow development. 

5mm

3mm

 medi um cr ack l ong cr ack

ext r a- l ong c r ack

cr ack wi dt h

cr ack wi dt h
5m 10m  

Figure 3 

Criteria for distinguishing extra-long cracks, long cracks and medium cracks 

Table 4 

Integrity assessment of mountain tunnels with cracks 

Degree of 
deterioration  

Development 
status 

Deterioration prediction Integrity 

Extra-long cracks, or 
shear cracks, serious 

crushing 

Yes Instability of current tunnel AA 

No 
Being unable to identify its stability 

before next inspection  A1 

Long cracks, 
crushing 

Very fast 
development 

Instability of current tunnel AA 

Fast Being unable to identify its stability 
before next inspection 

A1 

Medium cracks 

Very fast 
development Instability of current tunnel AA 

Fast 
Being unable to identify its stability 

before next inspection A1 

Slow 
development 

High possibility of reduced stability 
before next inspection 

A2 

No obvious cracks 

Very fast 
development Instability of current tunnel AA 

Fast 
Being unable to identify its stability 

before next inspection A1 

Slow 
development 

High possibility of reduced stability 
before next inspection 

A2 

No Stability of current tunnel B~C 

The deterioration location, initial defect, and structural form shall also be taken 
into account for the purpose of integrity rating. In addition, assessment results 
shall be corrected if necessary. In the case of vertical pressure, landslide and other 
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circumstances caused by any mountain movement, the integrity rating will be 
reduced by one grade. If the depth of cracks in a masonry tunnel made of bricks or 
concrete blocks exceeds 100 mm, the tunnel lining thickness, location and scope, 
and deterioration degree shall be taken into account, and the integrity may be 
reduced accordingly by one grade. If the tunnel lining has initial defects such as 
material deterioration and insufficient thickness, the bearing capacity of lining will 
be undermined. In this case, the integrity will be assessed based on the effective 
thickness (the thickness with an intensity greater than 15 MPa), and assessment 
results can be appropriately corrected, as shown in Table 5. 

Table 5 

Correction of assessment results for initial defects of lining 

�(�I�I�H�F�W�L�Y�H���W�K�L�F�N�Q�H�V�V���������H�I�I�H�F�W�L�Y�H���W�K�L�F�N�Q�H�V�V���Ws Correction of assessment results 

 ���������������R�U���H�I�I�H�F�W�L�Y�H���W�K�L�F�N�Q�H�V�V���Ws<250mm Integrity reducing by 2 grades 

�������”���Ø2/3 Integrity reducing by 1 grade 
�1�R�W�H�����(�I�I�H�F�W�L�Y�H���W�K�L�F�N�Q�H�V�V����� �Ws/design thickness; 

 ts� �W�K�L�F�N�Q�H�V�V���Z�L�W�K���D�Q���L�Q�W�H�Q�V�L�W�\���J�U�H�D�W�H�U���W�K�D�Q������ MPa 

2.2 European Tunnel Condition Assessment 

In some European countries, tunnel conditions are assessed by I-IV grades.  
The overall conditions of and corresponding repair measures for each grade of 
tunnels are shown in Table 6. 

Table 6 

Tunnel condition rating and repair measures 

Grade  
Overall  

condition 
Description Repair measures 

I Favorable 
No problem, or insignificant 
problem  

Maintaining the current 
conditions 

II  Reasonable Existence of some non-
structural problems (diseases) 

Minor maintenance to avoid 
deterioration 

III  Poor 

Structural diseases, serious or 
massive deformation or 
cracking, large-scale water 
seepage  

Repair required within 5 
years 

IV  Very poor 
Severe structural diseases, 
risks of collapse in important 
structure areas 

Dealing with as soon as 
possible to stabilize the 
conditions within one year, 
with regular special 
inspection required for 
special monitoring of 
hazardous areas  
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2.3 Chinese Tunnel Condition Assessment 

In accordance with the Assessment Standard for Structure Deterioration of 
Railway Bridges and Tunnels [23] (Q/CR405.2-2019), tunnel deterioration can be 
rated as A, B, C, and D according to the impact on structural functions and traffic 
safety, and grade A can be further divided into AA and A1. Different repair 
measures for different tunnel deterioration grades are shown in Table 7, and the 
deterioration rating depends on the highest deterioration level of a single disease. 
In accordance with the Interim Regulations on the Safety Rating of Railway 
Tunnel Linings [24] (TYH [2004] No. 174), lining defects and diseases shall be 
quantitatively graded. In particular, the severity of lining defects and diseases of 
segmented tunnels shall depend on the highest level of single quantitative 
indicators. In addition, the lining safety level shall rest with surrounding rock level, 
groundwater condition, impact on traffic safety, and other factors. The safety level 
of tunnel lining shall depend on the safety level of the tunnel segment with most 
severe diseases. 

Table 7 
Tunnel deterioration rating and repair measures 

Deterioration 
grade 

Impact on structural functions 
and traffic safety Measures 

A 

AA (very 
severe) 

Serious deterioration, 
endangering traffic safety Taking measures immediately 

A1 (Severe) Serious deterioration, which 
might endanger traffic safety 

Taking measures as soon as 
possible 

B (relatively 
severe) Possibility to become very severe 

Strengthening monitoring and 
taking measures if necessary 

C (moderate) Minor impact 
Strengthening inspection, keeping 

normal maintenance 

D (minor) No impact Normal maintenance and 
inspection 

2.4 Comparison of Tunnel Condition Assessment Standards 

Japanese tunnel condition assessment standards focus on implying and predicting 
the causes of changes in tunnel performance. Tunnel integrity assessment is based 
on the severity of tunnel diseases, deterioration degree, development status, and 
impact on structural stability. In addition, the deterioration location, initial defect, 
and structural form shall also be taken into account to correct assessment results. 
Japanese standards are more hierarchical and systematic in the integrated 
application related to lining damages, deformations and defects, but are 
insufficient in the assessment of serious internal lining defects. In contrast, 
European standards focus on the impact of diseases on the overall performance of 
the tunnel structure. In addition, convenient Chinese standards highlight the 
single-indicator assessment, but ignore the correction of assessment results in case 
of multiple deterioration types. 
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3 Tunnel Inspection Devices 
With the growing scale of tunnels in operation, traditional inspection modes 
gradually become outdated due to their high subjectivity, low efficiency, and 
certain risks. Just in this context, Japan and China respectively developed special 
rail-mounted tunnel lining inspection devices. 

3.1 Japanese Tunnel Inspection Devices 

In 2001, East Japan Railway Company (JR East) [25] and Mitsui Engineering & 
Shipbuilding (MES) jointly developed a self-powered tunnel lining inspection 
vehicle installed with radar antennas. Relying on two radar antennas on the crank 
arm, and one radar antenna on the straight arm, the inspection device can detect 
the lining within a range above the arched line, having the function of three-
dimensional inspection of lining cavity within a range of 40 cm [26, 27].  
The working condition of inspection is shown in Figure 4.  

 
Figure4 

Working condition of JR East’s geological radar inspection vehicle 

In order to realize the fine inspection of surface conditions of normal-speed 
railway tunnels, JR East introduced the vehicle for detecting surface conditions of 
lining using the laser scanner (1# vehicle) in 1999. In 2010, JR East successively 
introduced the 2# and 3# inspection vehicles. Currently, the three inspection 
vehicles are still used to detect the surface conditions of normal-speed railway 
tunnel lining at a speed of 8.5 km/h. The general view of the inspection vehicles is 
shown in Figure 5 (a). In order to detect the JR East upgraded the original tunnel 
inspection system used for nearly 20 years in 2020. The upgraded version of 
inspection vehicle is equipped with 12 sensors (lasers + cameras), which can 
realize the continuous inspection of surface conditions and 3D shapes of linings at 
a speed of up to 20 km/h. Currently, new inspection vehicles were put in to use for 
the Shinkansen tunnels in February 2020 [28]. A inspection vehicle for 
Shinkansen tunnels is shown in Figure 5 (b). 
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(a) A inspection vehicle for normal-

speed railway tunnels 
 (b) A inspection vehicle for Shinkansen tunnels put 

into use in 2020 

Figure 5 

Japanese vehicles for detecting surface conditions of railway tunnel linings  

3.2 Chinese Tunnel Inspection Devices 

In 2012, China Academy of Railway Sciences developed a inspection vehicle for 
normal-speed railway tunnels [29, 30]. This vehicle with the 25T passenger train 
body is equipped with 5 sets of medium-and-high-frequency geological radar 
antennas. With a maximum antenna inspection depth of 1.5 m, and a inspection 
speed of 3~5 km/h, it is used to detect normal-speed railway tunnels. An 
inspection vehicle for normal-speed railway tunnels is shown in Figure 6. 

Based on the inspection technology for normal-speed railway tunnels, China 
Academy of Railway Sciences developed a inspection vehicle for high-speed 
railway tunnels in 2018 [31, 32]. This vehicle is equipped with 9 sets of high-and-
low-frequency radar antennas, and a CCD imaging system. With 8 industrial 
cameras, the CCD imaging system achieves a crack recognition accuracy of 1mm. 
In addition, its geological radar inspection speed is 3 km/h, and its imaging 
inspection speed is 50 km/h [33]. Figure 7 shows the general view of a inspection 
vehicle for high-speed railway tunnels, as well as the distribution of imaging 
systems. 

 

�&�$�0�(�5�$�����&�$�0�(�5�$�����&�$�0�(�5�$�����&�$�0�(�5�$����

�&�$�0�(�5�$����

�&�$�0�(�5�$����
�&�$�0�(�5�$����

�&�$�0�(�5�$����

 
Figure 6 

An inspection vehicle for normal-
speed railway tunnels 

Figure 7 

An inspection vehicle for high-speed railway tunnels 
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3.3 Comparison of Inspection Devices 

Japanese tunnel inspection vehicles are all self-powered, with geological radars 
and cameras mounted on different vehicles. In contrast, Chinese tunnel inspection 
vehicles refitted from the 25 T passenger train body are not self-powered, but are 
towed by other vehicles. In addition, geological radars and cameras are mounted 
on the same vehicle. It’ s worth noting that in terms of the imaging inspection 
speed, Chinese vehicles for detecting surface conditions of tunnel linings are 
superior to Japanese ones. 

4 Suggestions on Improvement of Railway Tunnel 
Inspection System 

It is important to effectively detect and conduct quantitative and scientific 
assessment of railway tunnel defects and diseases developing constantly. However, 
the current railway tunnel inspection system is hard to meet such needs. In 
consideration of the actual conditions, scale and development law of China's 
railway tunnels, China should establish a sound system of railway tunnel 
inspection throughout the process of management. 

4.1 Establishing a Railway Tunnel Inspection System 

The overall framework of the railway tunnel inspection system composed of four 
modules (inspection items, inspection system, inspection technology and devices, 
data analysis and evaluation) is shown in Figure 8. 

4.2 Establishing a System of Railway Tunnel Inspection 
Throughout the Process of Management 

With reference to foreign railway tunnel inspection systems, relevant tunnel 
inspection systems should be further optimized based on existing tunnel 
inspection systems according to the scale of China's railway tunnels and the actual 
conditions in application of new technology and devices, so as to realize the 
whole-process management of tunnel diseases. Tunnel inspections mainly include 
routine inspection, cyclic inspection, temporary inspection, special inspection, and 
key tunnel calibration and monitoring. Different types of inspections vary greatly 
in the inspection objects, frequency, operation requirements, data accuracy, 
personnel (organization), etc. Details are shown in Table 8. 
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Figure 8 
Framework of railway tunnel inspection system 

Table 8 

Attributes of different inspections 

Inspection 
type 

Object Frequency Operation 
requirement 

Personnel/or
ganization 

Routine 
inspection 

Surrounding 
environment; 
 Overall condition 
seen visually; 
 Diseases that 
need special 
attention; 

Daily Simple tools Trackwalker  

Cyclic 
inspection 

Full contact 
Cyclic  

(4~6 years) 

Professional 
auxiliary 

inspection 
devices  

Inspector 

Temporary 
inspection Key parts 

After a natural 
disaster; 

Professional 
auxiliary 

Inspection 
engineer 
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 Adjacent 
engineering; 
Affecting third-
party safety 

inspection 
devices 

Special 
inspection 

Uncertain defects 
and diseases As required 

Professional 
technology 
or devices 

Inspection 
engineer 
Testing 
agency 

External 
environment\tunn
el boundaries 

As required 

Key 
calibration 

and 
monitoring 

 Complex 
geological tunnel; 
Rapid disease 
development; 
Occurrence of 
geological 
disasters 

�&�\�F�O�H�����”������
years) or  

real-time online  

Professional 
technology 
and devices 

Inspection 
engineer 

Analytical 
engineer 
Testing 
agency 

Routine inspection shall refer to the ordinary inspection of accessible parts along 
the ground or rail surface in the visual manner or by using simple tools without the 
help of professional auxiliary facilities. The objects of routine inspection mainly 
include the surrounding environment, overall tunnel condition in a visual range, 
and diseases that need special attention as indicated in the cyclic inspection list. 

Cyclic inspection shall refer to a comprehensive and detailed contact inspection 
of tunnels according to the inspection plan. It is necessary to issue a detailed 
inspection report, update and distribute the disease records to all the parties of 
maintenance management, and clarify the maintenance work recommendations 
and their urgency in the report. 

Temporary inspection shall refer to the inspection of exceptions after the 
occurrence of any natural disaster. A random inspection is required if concrete 
spalling might seriously affect the safety of any third party or adjacent engineering 
might affect the target structure. 

Special inspection shall refer to the special inspection of structural condition, 
material performance, defects and diseases, and external environment of a tunnel 
in operation with the help of professional technology or devices. The inspection 
objects include the safety condition of tunnel lining, and tunnel boundaries.  
A special inspection is required if the distribution and impact of defects and 
diseases are uncertain. Supervisory tunnel inspection belongs to the scope of 
special inspection. 

Calibration and monitoring of important tunnels  shall refer to the 
comprehensive calibration and assessment of surrounding environments of 
complex geological tunnels, to assess their safety levels. If the diseases develop 
rapidly and geological disasters may affect the traffic safety, the monitoring 
system is required for real-time monitoring, forecasting and warning. 
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Conclusions 

This paper compares and analyzes the status quo and practical experience of Japan, 
Europe, the United States, and China in terms of railway tunnel inspection. 
Results show that Japanese tunnel condition assessment standards focus on 
inplying and predicting the causes of changes in tunnel performance. In addition, 
they are more hierarchical and systematic in the integrated application related to 
lining damages, deformations and defects, but are insufficient in the assessment of 
serious internal lining defects. In contrast, European standards focus on the 
impacts of diseases on the overall performance of the tunnel structure, and the 
review of discovered diseases, regarding inspection as an important part of tunnel 
maintenance. In accordance with American standards, the inspection cycle shall 
depend on the service time of the tunnel in operation. Because American railways 
are privately owned, currently there are no uniform rating methods for railway 
tunnel structures. In accordance with Chinese standards, the inspection cycle shall 
depend on the operating speed of the railway in operation. Chinese standards 
highlight the single-indicator assessment, but ignore the correction of assessment 
results in case of multiple deterioration types. To overcome the deficiencies of 
manual inspection, Japan and China have respectively developed their own rail-
mounted tunnel inspection devices. 

In consideration of the operation characteristics, scale and development law of 
China's railway tunnels, this paper proposes to optimize the railway tunnel 
inspection system. The framework of a sound system of railway tunnel inspection 
throughout the process of management has been established. The railway tunnel 
inspection system is composed of four modules, namely inspection items, 
inspection system, inspection technology and devices, data analysis and evaluation. 
Railway tunnel inspections throughout the process of management mainly include 
routine inspection, cyclic inspection, temporary inspection, special inspection, and 
key tunnel calibration and monitoring. Different types of inspections vary greatly 
in the inspection objects, frequency, operation requirements, data accuracy, 
personnel (organization), etc. 
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