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�H�K�G�H�<�G�1���<�B�F�H�=�B���>�H���J�?�C�H�D���A�=�1�>�G�H���>�K�L�M��EN 13674-1:2018  
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�:�G�:�E�1�A�� �:�E�V�L�?�J�G�:�L�B�<�G�B�O�� �F�:�L�?�J�1�:�E�1�<�� �>�E�Y�� �R�I�:�E 
�F�?�L�J�H�I�H�E�1�L�?�G�1�< 
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�K�?�D�P�1�Y 
�;�M�>�1�<�?�E�V�G�1���D�H�G�K�L�J�M�D�P�1�2�����;�M�>�1�<�E�1���L�:���K�I�H�J�M�>�B 
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�?�L�:�I�B�� �>�H�K�E�1�>�@�?�G�G�Y�� �K�:�F�H�G�:�I�J�M�@�?�G�G�Y�� �M�� �G�?�J�H�A�J�1�A�G�B�O��
�K�L�:�E�?�A�:�E�1�A�H�;�?�L�H�G�G�B�O���I�E�B�L�:�O���I�J�H�=�H�G�H�<�B�O���D�H�G�K�L�J�M�D�P�1�C 
�:���<�����=�Z�k�_�g�d�h�� �D���=�����R�l�Z�g�v�d�h���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  
�I�J�H�� �:�G�:�E�1�L�B�Q�G�B�C�� �J�H�A�J�:�O�M�G�H�D�� �D�1�E�V�P�?�<�B�O�� �I�E�:�K�L�B�G�� �G�:��
�G�?�H�>�G�H�J�1�>�G�1�C���I�J�M�@�G�1�C���H�K�G�H�<�1 
�X���K�� �D�j�m�l�•�c�����F���=�� �K�m�j�¶�y�g�•�g�h�\�����:���H�� �I�_�j�i�_�j�•�����=���K�� �D�Z�j�g�Z�m�o�h�\�Z����
�H���<�� �D�e�b�f�_�g�d�h���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«����  
�J�H�A�J�:�O�M�G�H�D�� �G�:�� �<�H�=�G�?�K�L�1�C�D�1�K�L�V�� �A�:�E�1�A�H�;�?�L�H�G�G�B�O��
�D�H�G�K�L�J�M�D�P�1�C���1�A���A�:�K�L�H�K�M�<�:�G�G�Y�F��IDEASTATICA �1���E�1�J�:-�K�:�I�J�� 
�H���:�����N�_�k�_�g�d�h�����<���F�����D�h�e�y�d�h�\�Z�����E�����:�g�^�j�•�c�q�_�g�d�h�� �:�����L�j�_�l�y�d���«�«�«�«�«�«���� 
�>�H�<�=�H�<�1�Q�G�1�K�L�V���L�J�:�G�K�I�H�J�L�G�B�O���K�I�H�J�M�>���1�A���A�:�E�1�A�H�;�?�L�H�G�M 
�H���E�����L�x�l�v�d�•�g�����H���1�����>�m�[�•�g�q�b�d���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�« 
�?�D�K�I�?�J�B�F�?�G�L�:�E�V�G�1�� �>�H�K�E�1�>�@�?�G�G�Y�� �>�H�<�=�B�O �P�B�E�1�G�>�J�B�Q�G�B�O��
�H�;�H�E�H�G�H�D���A���;�?�L�H�G�M���1���N�1�;�J�H�;�?�L�H�G�M 
�F���=�����K�m�j�¶�y�g�•�g�h�\�����K���I�����G�_�m�l�h�\�����1���;�����D�h�j�g�_�}�\�Z �«�«�«�«�«�«�«�«�«�«���«�«  
�G�H�<�1�L�G�1���I�1�>�O�H�>�B���>�H���I�J�H�?�D�L�M�<�:�G�G�Y���D�H�F�;�1�G�H�<�:�G�B�O��
�K�L�:�E�?�<�B�O���N�?�J�F 
�F���<�����=�h�]�h�e�v�����L���:�����=�Z�e�•�g�k�v�d�Z�������>���I�����K�b�^�h�j�Z�d�����F���F�����=�h�]�h�e�v���«�«�«���«�«�«���� 
�<�B�A�G�:�Q�:�E�V�G�1�� �I�:�J�:�F�?�L�J�B�� �>�1�:�=�J�:�F�B�� �>�?�N�H�J�F�M�<�:�G�G�Y��
�K�L�B�K�G�M�L�H�=�H���;�?�L�H�G�M���A�:���>�B�G�:�F�1�Q�G�B�O���G�:�<�:�G�L�:�@�?�G�V 
�H���<�����J�h�f�Z�r�d�h-�F�Z�c�k�l�j�m�d�����<���F�����J�h�f�Z�r�d�h�����F���H�����F�Z�f�q�m�j �«���«�« ...�«�«�«  
�:�E�=�H�J�B�L�F�� �>�H�K�E�1�>�@�?�G�G�Y�� �G�:�I�J�M�@�?�G�H-�>�?�N�H�J�F�H�<�:�G�H�=�H��
�K�L�:�G�M�� �:�J�F�H�<�:�G�B�O�� �;�1�;�?�L�H�G�G�B�O�� �;�:�E�H�D�� �I�J�Y�F�H�D�M�L�G�H�=�H��
�I�H�I�?�J�?�Q�G�H�=�H���I�?�J�?�J�1�A�M 
�>���;�� �J�h�f�Z�g�_�g�d�h �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«�«��  
�>�H�K�E�1�>�@�?�G�G�Y�� �D�J�B�L�?�J�1�2�<�� �H�P�1�G�D�B�� �L�?�O�G�1�Q�G�B�O�� �K�L�:�G�1�< 
�:�G�L�?�G�G�B�O �K�I�H�J�M�>���A�<�¶�Y�A�D�M 
�F���<�����;�•�[�•�d�� �X���H�����I�Z�^�m�g���«�«�«�«�«�«�«�«�«�«�«�����«�«�«�«�«�«�«�«�«�«  
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�F�:�L�?�F�:�L�B�Q�G�:�� �F�H�>�?�E�V���=�H�E�H�<�G�B�O���;�:�E�H�D���F�H�K�L�H�<�B�O���D�J�:�G�1�<��
�1�A���I�H�I�?�J�?�>�G�V�H�X���G�:�I�J�M�=�H�X 
�:���<���7�d�Z�q�v�h�\�� �H���:�����L�d�Z�q�v�h�\�����K���<�����F�b�j�h�g�_�g�d�h���«�«�«�«�«�«�«�«�«���� �«�«�«  
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�>�H�K�E�1�>�@�?�G�G�Y�� �J�1�<�G�H�F�1�J�G�H�K�L�1�� �G�:�=�J�1�<�:�G�G�Y�� �N�J�:�=�F�?�G�L�M��
�K�L�:�E�?�A�:�E�1�A�H�;�?�L�H�G�G�H�2�� �I�E�B�L�B�� �A�:�� �K�L�:�G�>�:�J�L�G�B�F��
�L�?�F�I�?�J�:�L�M�J�G�B�F���J�?�@�B�F�H�F���I�H�@�?�@�1 
�H���F�� �G�m�y�g�a�•�g�� �<���H�� �K�l�_�i�Z�g�_�g�d�h�� �<���?�� �Y�g�•�r�_�\�k�v�d�b�c, �:���<�� �I�_�j�_�]�•�g��  
�:���H�� �F�Z�c�[�h�j�h�^�Z �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«��  
�F�?�L�H�>���I�J�H�=�G�H�A�M�<�:�G�G�Y���J�H�A�R�B�J�?�G�G�Y���L�J�1�S�B�G���>�E�Y���;�?�L�H�G�G�B�O��
�L�:���A�:�E�1�A�H�;�?�L�H�G�G�B�O���?�E�?�F�?�G�L�1�< 
�<���I�� �F�•�l�j�h�n�Z�g�h�\�����I���;�� �F�b�l�j�h�n�Z�g�h�\ �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  

�F�H�>�?�E�X�<�:�G�G�Y�� �=�J�:�G�B�Q�G�H�=�H�� �K�L�:�G�M�� �H�;�¶�/�D�L�1�<�� �A�:�O�B�K�G�B�O��
�K�I�H�J�M�>�� �P�B�<�1�E�V�G�H�=�H�� �A�:�O�B�K�L�M�� �A�:�� �?�D�K�L�J�?�F�:�E�V�G�B�F��
�D�J�B�L�?�J�1�/�F���I�J�B���G�:�<�:�G�L�:�@�?�G�G�Y�O���<�1�>���<�B�;�M�O�H�<�H�2���O�<�B�E�1 
�H���<�����E�h�[�y�d�����H���<�����H�i�Z�g�Z�k�_�g�d�h�����H���I�����<�h�k�d�h�[�•�c�g�b�d���«�«�«�«�«�«�«�«�«�«���� 
�I�J�H���:�G�:�E�1�L�B�Q�G�B�C���J�H�A�J�:�O�M�G�H�D���;�:�E�D�B���G�:���I�J�M�@�G�1�C���H�K�G�H�<�1���A�1��
�K�L�?�I�?�G�?�<�H�X���G�?�H�>�G�H�J�1�>�G�1�K�L�X 
�X���K�� �D�j�m�l�•�c�����F���=�� �K�m�j�¶�y�g�•�g�h�\�����:���H�� �I�_�j�i�_�j�•�����<���<�� �<�Z�d�m�e�_�g�d�h���«�«�������«�«�� 
�L�H�Q�G�B�C�� �J�H�A�<�¶�Y�A�H�D�� �>�B�N�?�J�?�G�P�1�:�E�V�G�H�=�H�� �J�1�<�G�Y�G�G�Y�� �<�1�E�V�G�B�O��
�D�H�E�B�<�:�G�V���;�:�E�D�B���G�:���G�?�H�>�G�H�J�1�>�G�1�C���I�J�M�@�G�1�C���H�K�G�H�<�1 
�X���K�� �D�j�m�l�•�c�����:���H�����I�_�j�i�_�j�•�����G���:�� �L�_�h�j�e�h���«�«�«�«�«�«�«�������«�«�«�«�«�«�� 
DETERMINATION OF RATIONAL GEOMETRIC PARAMETERS OF 
ROPE DRUM 
L.M. Kozar, A.V. Yevtushenko, Y.V. Romanovych, M.L. Kozar �«�������«�«�«�«�� 
�>�H�K�E�1�>�@�?�G�G�Y�� �I�J�H�=�B�G�1�<�� �<�� �A�:�E�1�A�H�;�?�L�H�G�G�B�O�� �>�<�H�R�:�J�G�1�J�G�B�O��
�:�J�D�:�O�� �A�� �<�B�K�H�D�H�F�1�P�G�H�=�H�� �;�?�L�H�G�M�� �G�:�� �>�1�X�� �D�H�J�H�L�D�H�Q�:�K�G�B�O��
�K�L�:�L�B�Q�G�B�O���H�>�G�H�J�:�A�H�<�B�O���G�:�<�:�G�L�:�@�?�G�V 
�;���<�����D�Z�j�Z�\�Z�g�� �<���<�����D�Z�j�Z�\�Z�g�� �K���<�����N�•�e�•�i�q�m�d�� �I���I�����I�h�i�j�h�`�m�d���«�«�«���«�«�� 
�=�G�M�Q�D�1���I�E�:�K�L�B�G�B���G�:�� �K�L�H�<�I�:�O���1�� �<�1�E�V�G�B�F���H�I�B�J�:�G�G�Y�F���>�<�H�O��
�I�J�H�F�1�@�G�B�O���K�L�H�J�1�G 
�<���I�����D�h�`�m�r�d�h�����K���H�����;�m�]�Z�}�\�k�v�d�b�c�����K���F�����D�j�Z�k�g�h�\���«�«�«�«�«�«�«�«�«���«���� 
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�1�A���D�<�:�A�1�D�J�B�O�D�B�O���F�:�L�?�J�1�:�E�1�<���I�J�B���A�K�M�<�1 
�H���H�����>�h�\�`�_�g�d�h�����<���<�����I�h�]�j�•�[�g�b�c�����<���E�����R�\�Z�c�d�h�\�k�v�d�b�c�����F���H�����F�•�s�_�g�d�h����
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�J�H�A�J�:�O�M�G�H�D�� �G�?�K�M�Q�H�2�� �A�>�:�L�G�H�K�L�1�� �R�I�H�G�D�H�<�H�=�H�� �A�¶�/�>�G�:�G�G�Y��
�I�J�B���J�M�C�G�M�<�:�G�G�1���R�<�:���A�:���K�L�B�K�G�M�L�H�X���K�F�M�=�H�X 
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8 

�I�1�>�=�H�L�H�<�D�:�� �N�1�;�J�H�;�?�L�H�G�G�B�O�� �D�M�;�B�D�1�<���� �Y�D�1�� �A�:�A�G�:�E�B�� �<�I�E�B�<��
�<�B�K�H�D�H�2�� �L�?�F�I�?�J�:�L�M�J�B���� �>�H�� �?�D�K�I�?�J�B�F�?�G�L�:�E�V�G�B�O��
�>�H�K�E�1�>�@�?�G�V�� 
�K���X�����;�_�j�_�k�l�y�g�k�v�d�Z�����/���1�����=�Z�e�Z�]�m�j�y�����E���;�������D�j�Z�\�p�•�\�����F���H�����D�h�\�Z�e�v�h�\����
�1���>���I�h�l�Z�i�h�\���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«  
�?�N�?�D�L�B�<�G�:�� �D�H�G�K�L�J�M�D�P�1�Y�� �I�H�D�J�B�L�L�Y���L�J�:�G�K�I�H�J�L�G�H�=�H��
�K�D�E�:�>�M���D�E�:�K�M���<�� 
�>���H�����;�Z�g�g�•�d�h�\�����/���:�����F�•�k�x�j�Z���«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«�«�«�� 
�<�I�E�B�<�� �I�H�<�L�H�J�G�B�O�� �F�:�E�H�P�B�D�E�H�<�B�O�� �G�:�<�:�G�L�:�@�?�G�V�� �G�:��
�G�:�I�J�M�@�?�G�H-�>�?�N�H�J�F�H�<�:�G�B�C���K�L�:�G�� 
�K�L�:�E�?�N�1�;�J�H�;�?�L�H�G�G�B�O���E�H�L�D�1�<���<�H�>�H�<�1�>�<�?�>�?�G�G�Y 
�H���<�����:�g�^�j�•�c�q�m�d�����1���F�����Y�k�x�d�����K���H�����M�`�_�]�h�\�����E���H�����L�Z�e�Z�o���«�«�«�«�������«�«�«�« 
�I�J�H�� �A�:�;�?�A�I�?�Q�?�G�G�Y�� �I�J�H�K�L�H�J�H�<�H�2�� �@�H�K�L�D�H�K�L�1�� �;�M�>�1�<�?�E�V��
���K�I�H�J�M�>������ �S�H�� �A�:�A�G�:�E�B�� �G�?�J�1�<�G�H�F�1�J�G�H�2�� �>�?�N�H�J�F�:�P�1�2�� �H�K�G�H�<�� �1��
�N�M�G�>�:�F�?�G�L�1�<�����G�:�I�J�M�@�?�G�B�F�B���K�L�:�E�?�<�B�F�B���I�H�Y�K�:�F�B 
�<���<�� �I�h�]�j�•�[�g�b�c�����H���<�� �K�_�f�d�h�����>���F�� �H�\�k�•�c�����H���F�� �H�\�k�•�c���«�«�«�«�«�«�����«�«���� 
ABOUT DYNAMIC CALCULATION OF CIRCULAR SOLID PLATES ON 
AN INHOMOGENEOUS ELASTIC FOUNDATION 
Yu.S. Krutii, A.O. Perperi, D.V. Velychko �«�«�«�«�«�«�«�«���«�«�«�«�«�«��  
�I�H�J�1�<�G�Y�G�G�Y���<�:�J�1�:�G�L�1�<�� �H�I�H�J�G�H�2�� �K�B�K�L�?�F�B�� �>�E�Y��
�<�K�L�:�G�H�<�E�?�G�G�Y���A�:�E�1�A�G�B�Q�G�B�O���L�?�G�A�H�F�?�L�J�B�Q�G�B�O���<�:�= 
�>.�H. �;�Z�g�g�•�d�h�\, �E.�1�� �D�e�h�q�d�h �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������������«�«�«����  
�L�?�O�G�H�E�H�=�1�Y�� �<�E�:�R�L�M�<�:�G�G�Y�� �I�E�B�L�G�B�O�� �N�M�G�>�:�F�?�G�L�1�<�� �A��
�K�M�F�1�K�G�H�X�� �R�I�M�G�L�H�<�H�X�� �K�L�1�G�D�H�X�� �<�� �M�F�H�<�:�O�� �M�S�1�E�V�G�?�G�H�2��
�A�:�;�M�>�H�<�B 
�1���;�����F�m�^�j�b�c�����F���F�����N�j�_�q�d�Z���«�«�«�«�«�«�«�«�«�«�«�«�«�������«�«�«�«�«�«��  
�:�G�:�E�1�A�� �N�:�D�L�H�J�1�<�� �<�I�E�B�<�M�� �G�:�� �G�:�I�J�M�@�?�G�H-�>�?�N�H�J�F�H�<�:�G�B�C��
�K�L�:�G�� �A�:�E�1�A�H�;�?�L�H�G�G�B�C�� �;�:�E�H�D���� �Y�D�1�� �I�1�>�K�B�E�?�G�1�� �R�E�Y�O�H�F��
�G�:�J�H�S�M�<�:�G�G�Y���I�H�A�>�H�<�@�G�V�H�2���:�J�F�:�L�M�J�B 
�:���=�� �:�a�•�a�h�\�Z�����>���F�� �H�\�k�•�c�����H���F�� �H�\�k�•�c���«�«�«�«�«�«�«�«�«�«�«�����«�«�«�«��  
�I�J�H�� �M�>�H�K�D�H�G�:�E�?�G�G�Y�� �D�H�G�K�L�J�M�D�L�B�<�G�B�O�� �J�1�R�?�G�V��
�F�:�E�H�=�:�;�:�J�B�L�G�B�O�� �R�<�B�>�D�H�K�I�H�J�M�>�@�M�<�:�G�B�O�� �A�:�O�B�K�G�B�O��
�K�I�H�J�M�>���P�B�<�1�E�V�G�H�=�H���A�:�O�B�K�L�M���F�H�>�M�E�V�G�H�=�H���L�B�I�M 
�H���<�� �K�_�f�d�h�����L���:�� �=�Z�e�•�g�k�v�d�Z�����>���F�� �H�\�k�•�c�����H���F�� �H�\�k�•�c���«�«�«�«�«�«�«�«�«��  
�N�H�J�F�M�<�:�G�G�Y�� �M�A�:�=�:�E�V�G�?�G�B�O�� �F�H�>�?�E�?�C�� ���<�B�I�:�>�D�1�<����
�D�H�J�H�A�1�C�G�H�=�H�� �M�R�D�H�>�@�?�G�G�Y�� �I�H�I�?�J�?�Q�G�H�=�H�� �I�?�J�?�J�1�A�M��
�K�L�:�E�V�G�B�O���?�E�?�F�?�G�L�1�<���;�M�>�1�<�?�E�V�G�B�O���D�H�G�K�L�J�M�D�P�1�C 
�L���:�� �=�Z�e�•�g�k�v�d�Z�����>���F�� �H�\�k�•�c�����H���F�� �H�\�k�•�c���«�«�«�«�«�«�«�«�«�«�«�«�«���«����  
 
 

 
 
 
 

120 
 
 

123 
 
 
 

126 
 
 
 

128 
 
 

130 
 
 

133 
 
 
 

136 
 
 
 

138 
 
 
 

140 
 
 
 

143 
 
 



9 

�1�G�@�?�G�?�J�G�H-�=�?�H�>�?�A�B�Q�G�1�� �<�B�R�M�D�M�<�:�G�G�Y�� �>�E�Y�� �;�M�>�1�<�G�B�P�L�<�:��
�1�G�@�?�G�?�J�G�B�O�� �K�I�H�J�M�>�� �L�:�� �;�M�>�1�<�?�E�V�� �G�:�� �A�:�E�1�A�G�B�Q�G�H�F�M��
�L�J�:�G�K�I�H�J�L�1 
�J���:�����F�•�s�_�g�d�h�� �>���F�����H�\�k�•�c���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«�«��  
BASIC APPROACHES TO FORECASTING ENERGY NEEDS OF 
OPERATED BUILDINGS TAKING INTO ACCOUNT THE FACTOR OF 
ACHIEVING THE EXPEDIENT LEVEL OF ENERGY EFFICIENCY 
V.V. Hrankina, O.M. Xrenov�����H��M. Milanko, I .O. Khudyakov, 
S.V.Romanenko �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«���«�«�«�«�«�«����  
�K�L�1�C�D�1�K�L�V�� �;�M�>�1�<�?�E�V�G�B�O�� �D�H�F�I�H�A�B�L�1�< �>�H�� �J�1�A�G�H�=�H�� �L�B�I�M��
�<�I�E�B�<�M���L�?�F�I�?�J�:�L�M�J 
�<���<�����R�_�\�q�_�g�d�h�����H���F�����G�_�i�h�f�y�s�b�c�����<���F�����<�b�j�h�\�h�c���«�«�«�«�«�������«�«�«�«���� 
�I�1�>�<�B�S�?�G�G�Y���>�H�<�=�H�<�1�Q�G�H�K�L�1���<�:�G�L�:�@�G�H�=�H���D�:�G�:�L�M 
�G���F�����N�•�^�j�h�\�k�v�d�Z �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«  
�>�H�K�E�1�>�@�?�G�G�Y�� �<�H�=�G�?�K�L�1�C�D�H�K�L�1�� �K�L�:�E�?�<�B�O�� �;�:�E�H�D��
�I�?�J�?�D�J�B�L�L�Y���I�J�B���J�?�D�H�G�K�L�J�M�D�P�1�C���;�M�>�1�<�E�1���I�J�H�H�G���M�D�J�:�2�G�B�� 
�G���H�����D�h�k�l�b�j�Z�����H���<�����;�Z�r�b�g�k�v�d�b�c���«�«�«�«�«�«�«�«�«�«�«�«�������«�«�«�«���� 
�H�K�H�;�E�B�<�H�K�L�1�� �<�B�=�H�L�H�<�E�?�G�G�Y�� �;�:�E�D�H�<�B�O�� �A�=�B�G�:�E�V�G�B�O��
�?�E�?�F�?�G�L�1�<���A���:�J�F�M�<�:�G�G�Y�F���E�B�K�L�:�F�B 
�G���<�����L�Z�[�Z�j�d�_�\�b�q�����:���K�����<�•�a�•�j���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«���� 

�<�B�A�G�:�Q�?�G�G�Y���A�:�E�B�R�D�H�<�H�2���F�1�P�G�H�K�L�1���:�J�F�:�L�M�J�B���<��
�A�J�M�C�G�H�<�:�G�H�F�M���A�:�E�1�A�H�;�?�L�H�G�G�H�F�M���I�1�E�H�G�1 
�K���F�����K�d�j�_�[�g�}�\�Z�����H���H�����L�Z�[�Z�j�d�_�\�b�q���«�«�«�«�«�«�«�«�«�«�����«�«�«�«�«�«���� 

�Q�B�K�?�E�V�G�H-�:�G�:�E�1�L�B�Q�G�:���F�?�L�H�>�B�D�:���<�B�A�G�:�Q�?�G�G�Y���<�G�M�L�J�1�R�G�1�O��
�A�M�K�B�E�V���M���I�?�J�?�J�1�A�:�O���;�M�>�1�<�?�E�V�G�B�O���D�H�G�K�L�J�M�D�P�1�C 
�:���<�����L�h�f�Z�r�_�\�k�v�d�b�c���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«�«�«���� 
�I�H�J�1�<�G�Y�E�V�G�B�C���:�G�:�E�1�A���:�?�J�H�>�B�G�:�F�1�Q�G�B�O���O�:�J�:�D�L�?�J�B�K�L�B�D��
�D�J�M�=�E�B�O���H�I�H�J���M���K�<�1�L�H�<�B�O���K�L�:�G�>�:�J�L�:�O 
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�:�I�J�H�;�:�P�1�Y�� �F�?�L�H�>�B�D�B�� �H�P�1�G�X�<�:�G�G�Y�� �?�N�?�D�L�B�<�G�H�K�L�1��
�: �J�F�M�<�:�G�G�Y�� �ˆ�J�M�G�L�H�P�?�F�?�G�L�G�B�F�B�� �?�E�?�F�?�G�L�:�F�B�� �H�K�G�H�<�B��
�N�M�G�>�:�F�?�G�L�M���J�?�A�?�J�<�M�:�J�: 
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�K�?�D�P�1�Y���;�M�>�1�<�?�E�V�G�1���F�:�L�?�J�1�:�E�B�����A�:�O�B�K�L���1���J�?�F�H�G�L�� 
�D�H�G�K�L�J�M�D�P�1�C �L�: �K�I�H�J�M�> 

 
SECTION  

CONSTRUCTION MATERIALS, PROTECTION AND REPAIR  
OF STRUCTURES AND BUILDINGS 

 
THE INFLUENCE OF CARBONATE ADDITIVES ON THE FORMATION 
OF THE STRUCTURE OF CEMENT STONE 
O. Borziak, T. �5�X�F�L���V�N�D, V. �=�K�X�U�D�Y�H�O���«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�« 
THE RELEVANCE OF INCREASING THE CORROSION RESISTANCE 
OF CONCRETE AND REINFORCED CONCRETE STRUCTURES UNDER 
EXPOSURE TO SEA WATER 
�<�X���:�H�L���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«���«  
�F�?�L�H�>�B�� �>�H�K�E�1�>�@�?�G�G�Y�� �K�I�1�E�V�G�H�2�� �>�1�2���:�=�J�?�K�B�<�G�B�O�� �<�H�>�G�B�O��
�K�?�J�?�>�H�<�B�S�� �L�:�� �?�E�?�D�L�J�B�Q�G�H�=�H�� �K�L�J�M�F�M�� �G�:�� �P�?�F�?�G�L�G�1��
�D�H�F�I�H�A�B�L�G�1���F�:�L�?�J�1�:�E�B 
�F���K�����=�m�^�b�f�_�g�d�h�����<���<�����@�m�j�Z�\�_�e�v�����H���K�� �;�h�j�a�y�d�����=���F�����R�Z�[�Z�g�h�\�Z���«�«�������«�« 
�>�H�K�E�1�>�@�?�G�G�Y�� �I�?�G�?�L�J�:�P�1�2�� �O�E�H�J�B�>-�1�H�G�1�<�� �<�� �K�L�J�M�D�L�M�J�1��
�P�?�F�?�G�L�G�B�O�� �D�H�F�I�H�A�B�L�1�<�� �A�� �<�H�>�G�B�O�� �J�H�A�Q�B�G�1�<�� �I�1�>�� �<�I�E�B�<�H�F��
�?�E�?�D�L�J�B�Q�G�H�=�H���I�H�E�Y 
�<���<�����@�m�j�Z�\�_�e�v���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«�«�«  
�>�H�K�E�1�>�@�?�G�G�Y�� �H�K�G�H�<�G�B�O�� �<�E�:�K�L�B�<�H�K�L�?�C�� �=�?�H�P�?�F�?�G�L�G�B�O��
�F�:�L�J�B�P�V�� �I�J�B�A�G�:�Q�?�G�B�O�� �>�E�Y�� �1�F�F�H�;�1�E�1�A�:�P�1�2�� �L�<�?�J�>�B�O�� �1��
�M�I�:�J�?�G�B�O���J�:�>�1�H�:�D�L�B�<�G�B�O���<�1�>�O�H�>�1�< 
�K���=�����=�m�a�•�c���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«�«�«����  
�<�K�L�:�G�H�<�E�?�G�G�Y�� �I�:�J�:�F�?�L�J�1�<���>�B�N�M�A�1�2�� �<�H�>�B�� �I�J�B�� �A�:�O�B�K�L�1��
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�X���<�����P�Z�i�d�h�����L���F�����L�d�Z�q�_�g�d�h�����H���X�����P�Z�i�d�h�����H���I�����;�h�g�^�Z�j�_�g�d�h���«�«�«�«�«���� 
�<�1�;�J�H�I�J�?�K�H�<�:�G�1�� �>�J�1�;�G�H�A�?�J�G�B�K�L�1�� �G�:�>�@�H�J�K�L�D�1�� �;�?�L�H�G�B�� �1�A��
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�1���K�����E�•�q�g�h�\�����F���:�����K�Z�g�b�p�v�d�b�c�����<���H�����D�Z�]�Z�g�h�\���«�«�«�«�«�«�«�«�«�«�«�«�������� 
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�G�B�A�V�D�H�<�M�=�E�?�P�?�<�1�� �K�:�F�H�M�S�1�E�V�G�X�<�:�E�V�G�1�� �N�1�;�J�H�:�J�F�H�<�:�G�1��
�;�?�L�H�G�B�� �G�:�� �H�K�G�H�<�1�� �G�:�G�H�F�H�>�B�N�1�D�H�<�:�G�B�O�� �P�?�F�?�G�L�M�X�Q�B�O��
�K�B�K�L�?�F 
�;���=�����J�m�k�b�g�����F���:�����K�Z�g�b�p�v�d�b�c�����G���1�������K�b�^�h�j�����L���K�����D�j�h�i�b�\�g�b�p�v�d�b�c���«���«�«�«�� 
�>�H�K�E�1�>�@�?�G�G�Y�� �<�I�E�B�<�M�� �>�H�;�:�<�D�B�� �0�$�6�7�(�5�� �)�,�;�� �G�:�� �F�1�P�G�1�K�G�1��
�L�: �>�?�N�H�J�F�:�P�1�C�G�1�� �O�:�J�:�D�L�?�J�B�K�L�B�D�B�� �=�J�M�G�L�1�<�� �A�?�F�E�Y�G�H�=�H��
�I�H�E�H�L�G�:���:�<�L�H�F�H�;�1�E�V�G�H�2���>�H�J�H�=�B 
�<���H�����I�j�h�p�x�d�� �H���I�����R�b�f�q�m�d�� �K���Y�����>�j�h�[�b�r�b�g�_�p�v �«�«�«���«�«�«�«�«�«�«��  
�<�K�L�:�G�H�<�E�?�G�G�Y�� �L�?�I�E�H�N�1�A�B�Q�G�B�O�� �I�:�J�:�F�?�L�J�1�<�� �D�H�G�H�I�E�Y�G�H�=�H��
�M�L�?�I�E�X�<�:�Q�: 
�X���<�����P�Z�i�d�h�����H���X�����P�Z�i�d�h�����H���I�����;�h�g�^�Z�j�_�g�d�h�����J���<�����E�•�o�g�v�h�\�k�v�d�b�c���«�«�����«�« 
�K�L�:�;�1�E�1�A�:�P�1�C�G�1�� �I�J�H�L�B�:�<�:�J�1�C�G�1�� �A�:�O�H�>�B�� �<�� �@�B�L�E�H�<�H�F�M��
�;�M�>�B�G�D�M�����I�H�R�D�H�>�@�?�G�H�F�M���<�G�:�K�E�1�>�H�D���<�H�/�G�G�B�O���>�1�C  
�L���I�����>�h�g�_�p�v �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  
�J�H�A�J�H�;�D�:�� �F�?�L�H�>�B�D�B�� �I�J�H�=�G�H�A�M�<�:�G�G�Y�� �A�:�E�B�R�D�H�<�H�=�H��
�J�?�K�M�J�K�M�� �F�?�L�:�E�?�<�B�O�� �1�� �A�:�E�1�A�H�;�?�L�H�G�G�B�O�� �D�H�G�K�L�J�M�D�P�1�C��
�D�1�E�V�P�?�<�H�=�H���I�?�J�?�J�1�A�M���<���M�F�H�<�:�O���:�=�J�?�K�B�<�G�B�O���<�I�E�B�<�1�< 
�:���:�� �I�e�m�]�•�g�����<���>�����@�\�Z�g�����H���<�����E�h�[�y�d�����H���:�� �D�Z�e�•�g�•�g�����H���H�����H�\�q�b�g�g�•�d�h�\���«�«���� 
�L�?�O�G�H�E�H�=�1�Q�G�1�� �:�K�I�?�D�L�B�� �;�?�L�H�G�M�<�:�G�G�Y�� �R�<�B�>�D�H�L�<�?�J�>�G�M�Q�B�O��
�;�?�L�H�G�1�< 
�/���/�����;�Z�[�•�q�����<���<�����E�Z�s�•�\�k�v�d�b�c�����<���<�����F�Z�j�q�m�d�����H���/�����I�h�e�y�g�h�\�k�v�d�Z���«�«�«�«�« 
�P�?�F�?�G�L�B���� �F�H�>�B�N�1�D�H�<�:�G�1�� �>�B�K�I�?�J�K�1�Y�F�B�� �<�M�=�E�?�P�?�<�B�O��
�G�:�G�H�L�J�M�;�H�D���� �Y�D�� �H�K�G�H�<�:�� �>�E�Y�� �;�M�>�1�<�?�E�V�G�B�O�� �J�H�A�Q�B�G�1�<�� �A��
�I�H�D�J�:�S�?�G�B�F�B�� �N�1�A�B�D�H-�F�?�O�:�G�1�Q�G�B�F�B�� �L�:��
�?�D�K�I�E�M�:�L�:�P�1�C�G�B�F�B���<�E�:�K�L�B�<�H�K�L�Y�F�B 
�D���D�����I�m�r�d�Z�j�v�h�\�Z�����H���I�����;�h�g�^�Z�j�_�g�d�h�� �:���K�����F�Z�j�p�•�o���«�«�«�«�«�«�«�«�«�«�� 
�>�H�K�E�1�>�@�?�G�G�Y�� �D�1�G�?�L�B�D�B�� �<�H�>�H�I�H�=�E�B�G�:�G�G�Y�� �P�?�F�?�G�L�G�H-
�I�1�S�:�G�B�O���A�J�:�A�D�1�<���A���F�1�D�J�H�G�:�I�H�<�G�X�<�:�Q�:�F�B 
�E���<�����L�j�b�d�h�a�����H���K�����A�•�g�q�_�g�d�h�����H���:�����D�Z�e�•�g�•�g�����:���<�� �G�b�d�b�l�b�g�k�v�d�b�c���«�«�����«�« 
�>�H�K�E�1�>�@�?�G�G�Y�� �N�1�A�B�D�H-�F�?�O�:�G�1�Q�G�B�O�� �<�E�:�K�L�B�<�H�K�L�?�C��
�ˆ�J�M�G�L�H�I�H�E�1�F�?�J�G�B�O�� �D�H�F�I�H�A�B�L�1�<�� �>�E�Y�� �I�1�>�K�B�E�?�G�G�Y�� �H�K�G�H�<��
�R�L�M�Q�G�B�O���K�I�H�J�M�> 
�H���:�����>�m�^�•�g�� �:���K�����A�\�}�j�}�\�Z�� M. Faccin, �1���K�� �D�h�\�Z�e�_�g�d�h�����H���:�����N�h�f�_�g�d�h�� 
�H���H�����N�•�e�•�f�h�g�h�\���«�«�«�«�«�«�«�«�«�«���«�«�«�«�«�«�«�«�«�«�«�«���«�«  
�I�B�L�:�G�G�Y���<�1�>�G�H�<�E�?�G�G�Y���L�J�:�G�K�I�H�J�L�G�B�O���=�:�E�?�J�?�C���K�B�E�H�K�1�< 
�<���F�����E�m�p�v�d�h�\�k�v�d�b�c��  �E���:�����P�b�]�Z�g�_�g�d�h�����=���F�� �P�b�]�Z�g�_�g�d�h�����>���=�����<�h�e�d�h�\���«���«�� 
�<�B�A�G�:�Q�?�G�G�Y�� �F�?�O�:�G�1�Q�G�B�O�� �<�E�:�K�L�B�<�H�K�L�?�C�� �N�1�;�J�H�;�?�L�H�G�M�� �A��
�N�1�;�J�H�X�� �J�1�A�G�H�=�H�� �L�B�I�M �I�J�B�� �<�B�I�J�H�;�M�<�:�G�G�Y�O�� �I�J�B�A�F�� �G�:��
�J�H�A�L�Y�=���I�J�B���A�=�B�G�1 
�F���=�����K�m�j�¶�y�g�•�g�h�\�����K���I�� �G�_�m�l�h�\�� �1���;�� �D�h�j�g�_�}�\�Z���«�«�«�«�«�«�«�«�«�«���«�«  
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�;�:�=�:�L�H�H�K�?�J�?�>�D�H�<�?�� �K�L�J�M�D�L�M�J�H�M�L�<�H�J�?�G�G�Y�� �L�:�� �C�H�=�H�� �<�I�E�B�<��
�G�:���<�E�:�K�L�B�<�H�K�L�1���;�M�>�1�<�?�E�V�G�B�O���D�H�G�K�L�J�M�D�P�1�C 
�<���F�����<�b�j�h�\�h�c�����H���H�����D�h�j�h�[�d�h�����<���=�����K�m�o�Z�g�h�\�����K���<�����K�_�f�_�g�h�\�Z���«�«�«��.�«�«����  
�<�B�D�H�J�B�K�L�:�G�G�Y�� �F�H�>�B�N�1�D�H�<�:�G�H�=�H�� �I�H�E�1�F�?�J�G�H�=�H�� �K�D�E�:�>�M��
�I�H�D�J�B�L�L�Y�� �>�E�Y�� �I�H�D�J�:�S�?�G�G�Y�� �A�Q�?�I�E�?�G�G�Y�� �F�1�@��
�K�L�?�D�E�H�I�E�:�K�L�B�D�H�<�B�F�B�� �L�:�� �;�:�A�:�E�V�L�H�I�E�:�K�L�B�D�H�<�B�F�B��
�K�L�?�J�@�G�Y�F�B���1���;�?�L�H�G�H�F  
�<���X�����F�•�j�h�r�g�•�d�h�\�����;�����X�g�•�k�����<���F�����K�h�[�h�e�v�����G���<�����K�Z�}�g�d�h���«�«�«�« ...�«�«�«���� 
�?�D�K�I�?�J�B�F�?�G�L�:�E�V�G�B�C�� �:�G�:�E�1�A�� �<�I�E�B�<�M�� �P�B�D�E�1�Q�G�B�O��
�D�E�1�F�:�L�B�Q�G�B�O�� �N�:�D�L�H�J�1�<�� �G�:�� �F�1�P�G�1�K�L�V�� �D�E�?�/�<�H�=�H�� �A�
�/�>�G�:�G�G�Y��
�;�?�L�H�G�G�B�O���;�E�H�D�1�<  
�<���X�����F�•�j�h�r�g�•�d�h�\�����;�����X�g�•�k�����<���F�����K�h�[�h�e�v�����G���<�����K�Z�}�g�d�h���«�«�«�«�����«�«�������« 
�I�H�=�E�Y�>�� �G�:�� �F�1�K�L�� �I�H�G�L�H�G�G�H-�D�:�G�:�L�G�H�2�� �D�H�G�K�L�J�M�D�P�1�2�� �A�� �L�H�Q�D�B��
�A�H�J�M���D�H�G�P�?�I�P�1�2���L�?�G�K�?�ˆ�J�1�L�1 
�I���:�����H�\�q�b�g�g�b�d�h�\�����H���E�����L�x�l�v�d�•�g �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����  

�<�I�E�B�<�� �F�1�G�?�J�:�E�H�=�1�Q�G�H�=�H�� �K�D�E�:�>�M�� �G�:�� �I�J�H�P�?�K�B��
�K�L�J�M�D�L�M�J�H�M�L�<�H�J�?�G�G�Y�� �G�:�G�H�F�H�>�B�N�1�D�H�<�:�G�H�=�H�� �;�1�E�H�=�H��
�I�H�J�L�E�:�G�>�P�?�F�?�G�L�M 
�D���D�����I�m�r�d�Z�j�v�h�\�Z, �F���H�����D�h�q�_�\�b�o, �E���H�����D�m�r�g�}�j�h�\�Z, �E���<�����L�_�j�_�s�_�g�d�h���«�«���� 
�L�?�O�G�H�E�H�=�1�Y�� �<�B�=�H�L�H�<�E�?�G�G�Y�� �J�:�>�1�:�P�1�C�G�H�A�:�O�B�K�G�B�O��
�F�?�L�:�E�H�G�:�K�B�Q�?�G�B�O���D�H�F�I�H�A�B�L�1�< 
�>���<�� �:�g�h�i�d�h�����H���:�� �=�h�g�q�Z�j�� �F���H�� �D�h�q�_�\�b�o�����E���H�� �D�m�r�g�}�j�h�\�Z���«�«�����«�«�«���«  
�A�:�;�?�A�I�?�Q�?�G�G�Y�� �G�:�>�1�C�G�H�K�L�1�� �H�;�¶�/�D�L�1�<�� �;�M�>�1�<�G�B�P�L�<�:��
�<�I�J�H�<�:�>�@�?�G�G�Y�F�� �I�:�J�:�F�?�L�J�B�Q�G�H�=�H�� �H�;�ˆ�J�M�G�L�M�<�:�G�G�Y��
�>�H�<�=�H�<�1�Q�G�H�K�L�1���;�M�>�1�<�?�E�V�G�B�O���D�H�F�I�H�A�B�P�1�C�G�B�O���F�:�L�?�J�1�:�E�1�< 
�H���K�����=�_�j�Z�k�b�f�_�g�d�h�����H���<�����J�h�f�Z�g�_�g�d�h�� �1���<�����I�h�^�l�_�e�_�`�g�•�d�h�\�Z������������
�G���H���F�m�j�b�]�•�g�Z��  �X���H�����;�Z�j�Z�g���«�«�«�«�«�«�«�«�«�«�«�«�«���«�«�«�«�«�«��  
�<�I�E�B�<�� �F�1�D�J�H�G�:�I�H�<�G�X�<�:�Q�1�<�� �L�?�O�G�H�=�?�G�G�H�=�H�� �I�H�O�H�>�@�?�G�G�Y��
�G�:���M�K�:�>�D�H�<�1���>�?�N�H�J�F�:�P�1�2���J�H�A�Q�B�G�1�<���>�E�Y���G�:�E�B�<�G�H�2���I�1�>�E�H�=�B 
�K���X�����R�_�i�l�m�g�� �F���:�����D�m�k�d�h�\ �«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�����«�«�«  
PERSPECTIVE FOR CREATING GRADIENT CONCRETE FOR 
ELECTROCORROSION-RESISTANT PRODUCTS AND STRUCTURES 
Y. Zhenhua, D. Plugin, I. Rusu �«�«�« �«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«  
�H�K�H�;�E�B�<�H�K�L�1�� �<�E�:�R�L�M�<�:�G�G�Y�� �N�M�G�>�:�F�?�G�L�1�<�� �G�:��
�I�1�>�L�H�I�E�?�G�B�O���1���I�H�L�?�G�P�1�C�G�H���I�1�>�L�H�I�E�X�<�:�G�B�O���L�?�J�B�L�H�J�1�Y�O 
�H���1�� �;�h�g�^�Z�j�_�g�d�h�����=���=�� �K�l�j�•�`�_�e�v�q�b�d�����1���<�� �O�j�Z�i�Z�l�h�\�Z�����/���I�� �<�Z�k�b�e�_�g�d�h����
�H���/�����E�y�i�•�g�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��  
�<�I�E�B�<�� �A�<�H�E�H�@�?�G�H�2���A�H�E�B-�<�B�G�?�K�?�G�G�Y�� �G�:�� �O�:�J�:�D�L�?�J�B�K�L�B�D�B��
�G�B�A�V�D�H�<�M�=�E�?�P�?�<�H�=�H���;�?�L�H�G�M 
�F���:�����K�Z�g�b�p�v�d�b�c�� �L���I�����D�j�h�i�b�\�g�b�p�v�d�Z�� �1���F�����=�_�\�C�x�d�«�«�«�«�«�«�«�«�«�« 
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Tram systems play a critical role in urban transportation, offering a sustainable, 
cost-effective, and efficient mode of public transportation [1], [2]. However, the 
characteristics of tram infrastructure and vehicles varies significantly across cities 
and countries, influenced by diverse historical, technical, operational, topological, 
and socioeconomic factors [3]. This paper presents an extensive benchmarking 
framework [4] designed to evaluate and compare tram infrastructure across multiple 
urban contexts. The benchmarking questionnaire consists of 76 questions integrating 
key performance indicators (KPIs) related to operation, topology, track infrastructure, 
maintenance, and repair, as well as traction power installation and 
telecommunications. Comparable benchmarks are scarce and have been undertaken 
mostly in less detail, confidential and mostly focusing operational characteristics (e.g. 
Verein �I�•r den zwischenbetrieblichen Vergleich ���=�%�9���� �>���@���� �6���I�R�U���7�� �0�D�Q�D�J�H�P�H�Q�W��
Consultants GmbH & Co. KG [6] and BOLTS International Light Rail and Tram 
Benchmarking Group [7]) or on new construction projects (e.g. Andersson P. G. 
(2010) [8]). In total 213 questionnaires were sent to tram and light rail operators 
worldwide in October 2023 with 38 usable returns from cities in Europe and Oceania, 
a response rate of 17.8 % has been achieved. Considering the extent of the 
questionnaire, this is a reasonable response rate considering response rates for e-mail 
notification surveys [9]. 

To compare the anonymized results of tram networks with different sizes and 
characteristics, the data has been normalized by total length of track and the number 
of available seat kilometers in the network. Results highlight the disparities in 
infrastructure performance and offer insights into best practices for optimizing tram 
systems. 

With focus on the reliability of structures and buildings in Railway Transport, the 
benchmark shows the differences in service life of rails (straight and curved), 
turnouts, track covering, slab track as well as the great varieties of maintenance 
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principles, immediate action limits, interventions, and track renewal rates. Moreover, 
it is greatly visible that open track is more standardized than closed track. 

The benchmarking approach can serve as a decision-making tool for scientists, 
policymakers, transit authorities, and urban planners, promoting targeted investments 
and policy interventions to enhance the effectiveness and sustainability of tram 
networks globally. Based on the results, standardization is desirable, as it can foster 
uniformity in best practices and facilitate the exchange of knowledge and resources 
across regions, leading to more efficient and scalable improvements in tram systems 
worldwide. 
 
[1] Pietrzak, K., & Pietrzak, O. (2022). Tram system as a challenge for smart and sustainable urban public transport: 
Effects of Applying Bi-Directional Trams. Energies, 15(15), 5685. https://doi.org/10.3390/en15155685. 
[2] Moreno, T., �5�H�F�K�H�����&�������5�L�Y�D�V�����,�������0�L�Q�J�X�L�O�O�y�Q�����0�����&�������0�D�U�W�L�Q�V����V., Vargas, C., Buonanno, G., Parga, J., Pandolfi, M., 
Brines, M., Ealo, M., Fonseca, A. S., Amato, F., Sosa, G., Capdevila, M., De Miguel, E., Querol, X., & Gibbons, W. 
(2015). Urban air quality comparison for bus, tram, subway and pedestrian commutes in Barcelona. Environmental 
Research, 142, 495�±510.  https://doi.org/10.1016/j.envres.2015.07.022. 
[3] Megna, G., & Bracciali, A. (2022). Technical comparison of commercially available trams and review of standardization 
frame and design principles. Urban Rail Transit, 8(1), 16�±31. https://doi.org/10.1007/s40864- 021-00163-6. 
[4] Stapenhurst, T. (2009). The Benchmarking Book: A How-to-guide to Best Practice for Managers and Practitioners. 
Routledge. 
[5] Verein �I�•�U���G�H�Q���]�Z�L�V�F�K�H�Q�E�H�W�U�L�H�E�O�L�F�K�H�Q��Vergleich. . (n.d.). http://www.z-b-v.de/. 
[6] �6���I�R�U���7���0�D�Q�D�J�H�P�H�Q�W���&�R�Q�V�X�O�W�D�Q�W�V���*�P�E�+���	���&�R�����.�*�������Q���G��������S-for-T. https://s-for-t.de/home. 
[7] BOLTS �± International Light Rail and Tram Benchmarking Group. (n.d.). https://trambenchmarking.org/. 
[8] Andersson P. G. et. al., Investment and maintenance costs of tramways �± benchmarking European tramway systems, 
Lund 2010. 
[9] Moffett, S., �$�Q�G�H�U�V�R�Q�(�*�L�O�O�H�V�S�L�H�� K., &  McAdam, R. (2008). Benchmarking and performance measurement: a 
statistical analysis. Benchmarking an International Journal, 15(4), 368�±381.  
https://doi.org/10.1108/14635770810887203 . 
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The infrastructure was almost the first to take the brunt of a full-scale war at dawn 
on February 24, 2022, and the enemy still does not stop his attacks. In addition to 
damage, infrastructure suffers less visible but no less painful financial and economic 
losses (fig. 1-2). 
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Fig. 1. Sleepy district of Mykolaiv  

(April 27, 2023) 

 
Fig. 2. Destruction of the Kakhovka 

hydroelectric dam (June 6, 2023) 
 
The situation is given for constant monitoring and watchfulness for damages and 

ruins for further analysis and assessment of damages, restoration and survival of 
entrances for reconstruction, as well as for the investigation of victims in importantly 
accessible areas, or places with active combat actions. 

Modern technologies of monitoring systems and safeguarding effective tools for 
capturing and removing objective information about the camp of the territory, 
damage and destruction caused by combat actions. The variety of drones, satellites, 
video surveillance systems, seismic sensors and other advanced technologies allow 
the collection of many data and images, so that we can then analyze that aria to 
understand the conflict. 

Drone is a mobile tool with high detail of data. If the height of th�H���G�U�R�Q�H�¶�V���V�N�\�O�L�Q�H��
sounds within the range of 100 to 300 meters above the ground, then you can take 
pictures of the building in centimeters per pixel. 

Drones allow you to collect a large amount of information in the shortest terms. 
The peculiarity of drones is the possibility of using spectral cameras, which allow 

take photographs in the near infrared spectrum. On the basis of such signs, NEVI-
indexes are considered. 

Drones can be both strong and weak sides. 
Among the pluses are the efficiency of capture, mo�E�L�O�L�W�\�����K�L�J�K���D�F�F�X�U�D�F�\�����‘�������F�P������

the possibility of capture in the minds of darkness. 
And among the minuses - the influx of weather minds on the quality of the results, 

the visibility of the zones, where it is not possible to carry out a survey (the territory 
of airports, military and regime facilities), the height of the yoke drone. 

Today, drones are one of the best technologies that open up new horizons. But, 
unfortunately, the russian federation of victorious advanced technologies for driving 
in, ruining �W�K�D�W���J�U�L�H�I���� �/�D�X�Q�F�K�L�Q�J���X�Q�P�D�Q�Q�H�G���D�S�D�U�W���D�W���Q�L�J�K�W�����€�o���U�L�F�K�O�\�� �I�R�O�G�H�G���L�Q���W�K�H���D�L�U��
and hitting the targets at the hour. 

The analysis of the received data allows us to find out the scale of destruction and 
damage, to determine the priorities of recovery and reconstruction, as well as to direct 
the necessary resources to the recovery of the most affected areas. A comprehensive 
overview of the situation also helps the government, international organizations and 
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humanitarian agencies to make informed decisions and provide the necessary 
assistance to rebuild and support affected communities. 

The purpose of surveying the area with monitoring and surveillance systems is not 
only to record damage and destruction, but also to provide a reliable basis for 
reconstruction and recovery. Analyzing the collected data, it is possible to reveal the 
adequacy of housing, medical and social services, which are necessary for the return 
of people to a normal life. Surveying the area also helps to identify environmental 
problems, such as pollution of water sources or damage to the natural environment, 
which can have long-term consequences for the ecosystem and the health of 
residents. 

Scientific analysis of the collected data allows establishing the causes and 
consequences of hostilities, to determine the dependence between destruction and the 
use of certain weapons or tactics, as well as to improve the strategies of international 
organizations and humanitarian agencies in the prevention and management of 
conflicts. In addition, this data can be used to formulate recovery policies, spatial 
planning and prevention of similar conflicts in the future. 

Ukraine faced great challenges as a result of hostilities on its territory. Analyzing 
damage and destruction using monitoring and surveillance systems has become an 
integral part of the recovery and reconstruction process. Such an analysis allows 
obtaining objective data, setting priorities and developing a recovery strategy, and 
also contributes to the safety of residents and the creation of a stable and ecologically 
clean environment. 

However, it is important to remember that proper recovery and promotion of 
peaceful life in the affected areas requires not only technology and analytical 
approach, but also great efforts and joint action on the part of the government, 
international partners, public and local residents. It is necessary to ensure the 
effective coordination of works, as well as the involvement of the necessary financial, 
technical and human resources for the restoration of the affected areas and the 
support of communities. 

As a result of the study, it will be possible to draw a conclusion about the 
importance of monitoring and surveillance systems in the process of restoration and 
reconstruction of the affected regions of Ukraine. Such systems provide an 
opportunity to obtain objective information necessary for making informed decisions 
and implementing effective recovery measures. 
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�i�j�h�k�l�h�j�h�\�h�€�� �d�h�g�k�l�j�m�d�p�•�€���� �y�d�Z�� �k�d�e�Z�^�Z�e�Z�k�y�� �a�� �j�_�c�h�d���± �[�Z�e�h�d���� �y�d�•�� �k�i�b�j�Z�x�l�v�k�y�� �g�Z��
�[�Z�]�Z�l�h�� �i�j�m�`�g�h���± �^�b�k�b�i�Z�l�b�\�g�b�o�� �h�i�h�j�� ���\�m�a�e�•�\�� �i�j�h�f�•�`�g�b�o�� �k�d�j�•�i�e�_�g�v�� �•�� �r�i�Z�e������ �a��
�m�j�Z�o�m�\�Z�g�g�y�f���€�o���i�j�h�k�l�h�j�h�\�h�€���`�h�j�k�l�d�h�k�l�•���•���^�b�k�b�i�Z�l�b�\�g�b�o���\�e�Z�k�l�b�\�h�k�l�_�c������ 

�G�Z�� �i�j�h�k�l�h�j�h�\�m�� �`�h�j�k�l�d�•�k�l�v�� �i�j�h�f�•�`�g�b�o�� �k�d�j�•�i�e�_�g�v�� �\�� �h�k�g�h�\�g�h�f�m�� �\�i�e�b�\�Z�x�l�v��
�i�j�m�`�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�f�h�j�l�b�a�m�x�q�b�� �i�j�h�d�e�Z�^�h�d�� �•�� �i�j�b�d�j�•�i�e�x�\�Z�q�•�\���� �d�e�_�f�g�b�o�� �•��
�a�Z�d�e�Z�^�g�b�o���[�h�e�l�•�\�� 

�<�b�d�h�g�m�x�q�b�� �j�h�a�j�Z�o�m�g�d�b�� �g�Z�i�j�m�`�_�g�h�]�h�� �k�l�Z�g�m�� �j�_�c�d�h�r�i�Z�e�v�g�h�€�� �h�k�g�h�\�b��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v�� �q�b�k�_�e�v�g�• �a�g�Z�q�_�g�g�y�� �m�k�•�o�� �p�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d���� �y�d�•�� �[�m�e�b��
�h�l�j�b�f�Z�g�•���\���j�_�a�m�e�v�l�Z�l�•���_�d�k�i�_�j�b�f�_�g�l�•�\���>���@���� 
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�I�j�b�� �i�j�h�\�_�^�_�g�g�•�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �j�h�[�•�l�� �[�m�e�h�� �\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �\�� �i�j�h�p�_�k�•��
�_�d�k�i�e�m�Z�l�Z�p�•�€�� �h�a�g�Z�q�_�g�g�•�� �i�Z�j�Z�f�_�l�j�b�� �f�h�`�m�l�v�� �a�f�•�g�x�\�Z�l�b�k�y�� �\�� �r�b�j�h�d�h�f�m�� �^�•�Z�i�Z�a�h�g�•����
�L�h�f�m���\�b�g�b�d�e�Z���g�_�h�[�o�•�^�g�•�k�l�v���k�i�_�p�•�Z�e�v�g�h�]�h���\�b�\�q�_�g�g�y���p�b�o���i�j�h�p�_�k�•�\�� 

 
�L�Z�[�e�b�p�y�������± �A�Z�e�_�`�g�•�k�l�v���a�f�•�g���`�h�j�k�l�d�h�k�l�_�c���i�j�h�d�e�Z�^�h�d���i�j�b���k�l�b�k�g�_�g�g�•���\�•�^��

�l�_�j�f�•�g�m���€�o���k�e�m�`�[�b���\���d�h�e�•�€�����j�h�d�•�\) 
�L�b�i��

�k�d�j�•�i�e�_�g�g�y 
�L�b�i��

�i�j�h�d�e�Z�^�d�b 

�?�f�i�•�j�b�q�g�Z���a�Z�e�_�`�g�•�k�l�v��

 

�K�_�j�_�^�g�y���i�h�f�b�e�d�Z��
�Z�i�j�h�d�k�b�f�Z�p�•�€��(%) 

1 2 3 4 

�D�; 

�P�I-143 
 

4,17 

�P�I-260 
 

2,17 

�P�I-4 
 

2,84 

�P�I-153 
 

3,33 

�P�I-163 
 

4,34 

 
�I�j�b���\�b�d�h�g�Z�g�g�•���\�b�i�j�h�[�m�\�Z�g�v���i�j�h�d�e�Z�^�h�d�����y�d�•���[�m�e�b���\���_�d�k�i�e�m�Z�l�Z�p�•�€���i�j�b���k�m�f�•�k�g�•�c��

�^�•�€�� �g�Z�� �g�b�o�� �k�l�b�k�d�Z�x�q�b�o�� �•�� �a�k�h�\�m�x�q�b�o�� �k�b�e�� �[�m�e�h�� �h�^�_�j�`�Z�g�h�� �_�f�i�•�j�b�q�g�m�� �a�Z�e�_�`�g�•�k�l�v��
�a�f�•�g�� �`�h�j�k�l�d�h�k�l�•�� �i�j�h�d�e�Z�^�h�d�� �i�j�b�� �a�k�m�\�•�� �\�•�^�� �k�l�j�h�d�m�� �j�h�[�h�l�b�� �€�o�� �\�� �d�h�e�•�€���� �A�[�•�e�v�r�_�g�g�y��
�p�•�}�€�� �`�h�j�k�l�d�h�k�l�•�� �i�•�k�e�y�� ����-������ �j�h�d�•�\�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �^�e�y�� �]�m�f�h�\�b�o�� �•�� �]�m�f�h�\�h�d�h�j�^�h�\�b�o��
�i�j�h�d�e�Z�^�h�d���k�d�j�•�i�e�_�g�g�y���D�;���k�d�e�Z�^�Z�}���\���k�_�j�_�^�g�v�h�f�m������-�����������A�Z�k�l�h�k�h�\�m�x�q�b���e�•�g�•�c�g�b�c��
�a�Z�d�h�g���a�f�•�g�b���`�h�j�k�l�d�h�k�l�•���i�j�h�d�e�Z�^�h�d���i�j�b���a�k�m�\�•���\�•�^���l�_�j�f�•�g�m���k�e�m�`�[�b�����[�m�e�b���h�^�_�j�`�Z�g�•��
�h�j�•�}�g�l�h�\�g�•���a�Z�e�_�`�g�h�k�l�•�����i�j�b�\�_�^�_�g�•���\���l�Z�[�e�b�p�•������ 
 
�>���@�� �>�Z�j�_�g�k�v�d�b�c�� �H���F������ �;�m�]�Z�}�p�v�� �G���<������ �:�g�Z�e�•�a�� �j�_�a�m�e�v�l�Z�l�•�\�� �j�h�a�j�Z�o�m�g�d�•�\�� �g�Z�i�j�m�`�_�g�h�]�h�� �k�l�Z�g�m�� �j�_�c�d�h�r�i�Z�e�v�g�h�€�� �h�k�g�h�\�b��
�a�Z�e�•�a�g�b�q�g�b�o�� �d�h�e�•�c�� �i�j�h�f�b�k�e�h�\�h�]�h�� �l�j�Z�g�k�i�h�j�l�m���� �1�g�n�h�j�f�Z�p�•�c�g�h���± �d�_�j�m�x�q�•�� �k�b�k�l�_�f�b�� �g�Z�� �a�Z�e�•�a�g�b�q�g�h�f�m�� �l�j�Z�g�k�i�h�j�l�•������
�g�Z�m�d�h�\�h-�l�_�o�g�•�q�g�b�c���`�m�j�g�Z�e�����± �O�Z�j�d�•�\�����M�d�j�>�M�A�L�����������������± �<�b�i�����������± �K��������-70. 
�>���@���>�Z�j�_�g�k�v�d�b�c���H���F�������<�•�l�h�e�v�[�_�j�]���<���=�������D�h�i�b�e�h�\���1���E�������I�j�h�k�l�h�j�h�\�Z���`�h�j�k�l�d�•�k�l�v���i�j�h�f�•�`�g�h�]�h���k�d�j�•�i�e�_�g�g�y���l�b�i�m���D�I�I-
������ ������ �A�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v�� �M�d�j�Z�€�g�k�v�d�h�€�� �^�_�j�`�Z�\�g�h�€�� �Z�d�Z�^�_�f�•�€�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�m����- 2014. - �<�b�i���� ����������- �K����
113-118. http://nbuv.gov.ua/UJRN/Znpudazt_2014_144_22. 
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�G�Z�� �k�m�q�Z�k�g�b�c�� �f�h�f�_�g�l�� �i�j�h�p�_�k�b�� �m�i�j�Z�\�e�•�g�g�y�� �\�b�j�h�[�g�b�q�b�f�b�� �k�b�k�l�_�f�Z�f�b��
�\�Z�]�h�g�h�j�_�f�h�g�l�g�b�o�� �i�•�^�i�j�b�}�f�k�l�\�� ���<�J�I������ �h�j�]�Z�g�•�a�Z�p�•�€�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�•�\��
�h�k�g�h�\�g�h�]�h���l�Z���^�h�i�h�f�•�`�g�h�]�h���\�b�j�h�[�g�b�p�l�\���l�Z���i�•�^�l�j�b�f�Z�g�g�y���m���q�Z�k�•���l�_�o�g�h�e�h�]�•�q�g�h�€���[�Z�a�b��
�o�Z�j�Z�d�l�_�j�b�a�m�x�l�v�k�y�� �g�_�k�l�Z�[�•�e�v�g�•�k�l�x�� �l�Z�� �g�_�\�b�a�g�Z�q�_�g�•�k�l�x�� �>���@���� �<�d�Z�a�Z�g�b�c�� �k�l�Z�g��
�i�•�^�i�j�b�}�f�k�l�\�� �i�h�l�j�_�[�m�}�� �j�h�a�j�h�[�d�b�� �l�Z�� �\�i�j�h�\�Z�^�`�_�g�g�y�� �^�•�}�\�b�o�� �f�_�o�Z�g�•�a�f�•�\�� �\�i�e�b�\�m�� �g�Z��
�\�b�j�h�[�g�b�q�•�� �k�b�k�l�_�f�b�� �a�� �f�_�l�h�x�� �a�g�b�`�_�g�g�y�� �g�_�a�Z�i�e�Z�g�h�\�Z�g�b�o�� �\�b�j�h�[�g�b�q�b�o�� �\�l�j�Z�l�� �l�Z��
�g�•�\�_�e�x�\�Z�g�g�y���g�_�]�Z�l�b�\�g�b�o���n�Z�d�l�h�j�•�\���\�b�j�h�[�g�b�p�l�\�Z���� 

�<�i�j�h�\�Z�^�`�_�g�g�y���k�b�k�l�_�f�b���a���h�p�•�g�x�\�Z�g�g�y���•���Z�g�Z�e�•�a�m���\�b�j�h�[�g�b�q�b�o���j�b�a�b�d�•�\���^�h�a�\�h�e�b�l�v��
�a�Z�[�_�a�i�_�q�b�l�b�� �g�_�h�[�o�•�^�g�b�c�� �j�•�\�_�g�v�� �g�Z�^�•�c�g�h�k�l�•�� �\�b�j�h�[�g�b�q�b�o�� �i�j�h�p�_�k�•�\�� �j�_�f�h�g�l�m��
�\�Z�]�h�g�•�\���i�j�b���f�•�g�•�f�Z�e�v�g�b�o���\�b�l�j�Z�l�Z�o���\�k�•�o���\�b�^�•�\���j�_�k�m�j�k�•�\���>���@�� 

�>�e�y�� �m�i�j�Z�\�e�•�g�g�y�� �j�b�a�b�d�Z�f�b�� �f�h�`�g�Z�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �d�e�Z�k�b�q�g�m�� �f�h�^�_�e�v���� �y�d�Z��
�\�d�e�x�q�Z�}���g�Z�k�l�m�i�g�•���_�l�Z�i�b���>���@�� 

- �•�g�•�p�•�x�\�Z�g�g�y���i�j�h�p�_�k�m���m�i�j�Z�\�e�•�g�g�y���j�b�a�b�d�Z�f�b���� 
- �a�Z�]�Z�e�v�g�_���h�p�•�g�x�\�Z�g�g�y���j�b�a�b�d�•�\�����•�^�_�g�l�b�n�•�d�Z�p�•�y�����h�p�•�g�d�Z���•���Z�g�Z�e�•�a���j�b�a�b�d�m������ 
- �d�h�g�l�j�h�e�v���j�b�a�b�d�•�\�����a�g�b�`�_�g�g�y���j�•�\�g�y���j�b�a�b�d�m���Z�[�h���i�h�\�g�_���€�o���m�k�m�g�_�g�g�y������ 
- �•�g�n�h�j�f�m�\�Z�g�g�y���i�j�h���j�b�a�b�d�b�����\�k�_�j�_�^�b�g�•���i�•�^�i�j�b�}�f�k�l�\�Z���� 
- �Z�g�Z�e�•�a���h�l�j�b�f�Z�g�b�o���j�_�a�m�e�v�l�Z�l�•�\�����f�h�g�•�l�h�j�b�g�]������ 
�<�k�•�� �\�b�^�b�� �j�b�a�b�d�•�\�� �m�� �\�b�j�h�[�g�b�q�•�c�� �k�b�k�l�_�f�•�� �l�Z�� �\�b�i�Z�^�d�b�� �€�o�� �i�j�h�y�\�m�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f��

�j�_�a�m�e�v�l�Z�l�•�\���h�p�•�g�d�b���€�o���•�f�h�\�•�j�g�h�k�l�•�� �•�� �g�Z�k�e�•�^�d�•�\���� �Z�� �l�Z�d�h�`�� �\�b�[�h�j�m���a�Z�k�h�[�•�\�� �d�h�g�l�j�h�e�x��
�n�•�d�k�m�x�l�v�k�y���\���j�_�}�k�l�j�•���j�b�a�b�d�•�\�����l�Z�[�e���������� 

�>�e�y�� �n�h�j�f�Z�e�•�a�Z�p�•�€�� �i�j�b�q�b�g�g�h-�g�Z�k�e�•�^�d�h�\�b�o�� �a�\�
�y�a�d�•�\���� �s�h�� �h�[�m�f�h�\�e�x�x�l�v��
�\�b�g�b�d�g�_�g�g�y�� �j�•�a�g�h�]�h�� �\�b�^�m�� �\�•�^�f�h�\�� �m�� �\�b�j�h�[�g�b�q�•�c�� �k�b�k�l�_�f�•�� �f�h�`�e�b�\�b�f�� �}��
�\�b�d�h�j�b�k�l�Z�g�g�y�� �i�j�h�p�_�^�m�j�g�b�o�� �f�_�o�Z�g�•�a�f�•�\�� �:�<�G�D�<���± �©�:�g�Z�e�•�a�m�� �\�b�^�•�\���� �g�Z�k�e�•�^�d�•�\�� �•��
�d�j�b�l�b�q�g�h�k�l�•���\�•�^�f�h�\�ª [4].  

�H�k�h�[�e�b�\�•�k�l�x�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�]�h�� �i�•�^�o�h�^�m�� �}�� �\�b�y�\�e�_�g�g�y�� �l�Z�d�� �a�\�Z�g�b�o�� �©�d�j�b�l�b�q�g�b�o��
�_�e�_�f�_�g�l�•�\�� �\�b�j�h�[�g�b�p�l�\�Z�ª�� �Z�[�h�� �©�d�j�b�l�b�q�g�b�o�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�•�\�ª���� �>�h�� �g�b�o��
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�\�•�^�g�h�k�y�l�v�� �l�Z�d�•���� �\�i�e�b�\�� �y�d�b�o�� �g�Z�� �\�b�j�h�[�g�b�q�_�� �k�_�j�_�^�h�\�b�s�_�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �\�•�^�f�h�\�b��
�a�Z�]�Z�e�v�g�h�€���k�b�k�l�_�f�b���l�Z���m�g�_�f�h�`�e�b�\�e�x�}���\�b�d�h�g�Z�g�g�y���\�b�j�h�[�g�b�q�h�]�h���a�Z�\�^�Z�g�g�y���>���@���� 

 
�L�Z�[�e�b�p�y�������± �I�j�b�d�e�Z�^���j�_�}�k�l�j�m���j�b�a�b�d�•�\���^�e�y���<�J�I 

�‹  
�G�Z�c�f�_�g�m�\�Z�g�g�y���i�h�a�b�p�•�€��

�j�_�}�k�l�j�m �A�f�•�k�l���i�h�a�b�p�•�€���j�_�}�k�l�j�m 

1 �:�g�Z�e�•�a���j�b�a�b�d�m �H�i�b�k���f�h�`�e�b�\�b�o���h�[�k�l�Z�\�b�g���\�b�g�b�d�g�_�g�g�y���j�b�a�b�d�m 

2 �<�b�^���j�b�a�b�d�m 
�<�b�^���j�b�a�b�d�m���\�•�^�i�h�\�•�^�g�h���^�h���i�j�b�c�g�y�l�h�]�h���g�Z���<�J�I��

�d�e�Z�k�b�n�•�d�Z�l�h�j�Z���j�b�a�b�d�•�\ 

3 �E�h�d�Z�e�•�a�Z�p�•�y���j�b�a�b�d�m �K�l�j�m�d�l�m�j�g�b�c���i�•�^�j�h�a�^�•�e�����m���f�_�`�Z�o���^�•�y�e�v�g�h�k�l�•���y�d�h�]�h��
�\�b�y�\�e�_�g�b�c���j�b�a�b�d 

�«  �«  �«  

 
�Y�d�•�k�g�Z���h�p�•�g�d�Z���i�h�d�Z�a�g�b�d�Z���d�j�b�l�b�q�g�h�k�l�•���h�d�j�_�f�h�€���\�•�^�f�h�\�b�� �_�e�_�f�_�g�l�Z���\�b�j�h�[�g�b�q�h�€��

�k�b�k�l�_�f�b���\�b�a�g�Z�q�Z�e�Z�k�y�����y�d�� 

n�D�D�D�D �˜�˜�˜� ...21      (1) 
�^�_��Kn �± �[�Z�e�v�g�•���h�p�•�g�d�b���i�h�d�Z�a�g�b�d�Z���d�j�b�l�b�q�g�h�k�l�•���\�•�^�f�h�\�b���_�e�_�f�_�g�l�•�\�� 

�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �i�j�h�\�_�^�_�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �[�m�e�b�� �\�b�a�g�Z�q�_�g�•�� �i�h�d�Z�a�g�b�d�b��
�h�p�•�g�x�\�Z�g�g�y���j�b�a�b�d�•�\�����l�Z�[�e���������� 

 
�L�Z�[�e�b�p�y�������± �J�_�a�m�e�v�l�Z�l�b���j�h�a�j�Z�o�m�g�d�m���h�d�j�_�f�b�o���i�h�d�Z�a�g�b�d�•�\���j�b�a�b�d�m 

�G�Z�c�f�_�g�m�\�Z�g�g�y���i�h�d�Z�a�g�b�d�Z �J�_�a�m�e�v�l�Z�l �H�^�b�g�b�p�y��
�\�b�f�•�j�x�\�Z�g�g�y 

�A�Z�[�_�a�i�_�q�_�g�•�k�l�v���l�j�m�^�h�\�b�f�b���j�_�k�m�j�k�Z�f�b 85 % 
�?�n�_�d�l�b�\�g�•�k�l�v���l�j�m�^�h�\�b�o���j�_�k�m�j�k�•�\ 80 % 
�?�n�_�d�l�b�\�g�•�k�l�v���l�_�o�g�h�e�h�]�•�q�g�b�o���j�_�k�m�j�k�•�\ 70 % 
�G�Z�^�•�c�g�•�k�l�v���l�_�o�g�h�e�h�]�•�q�g�h�]�h���h�[�e�Z�^�g�Z�g�g�y 50 % 
�?�n�_�d�l�b�\�g�•�k�l�v���k�b�k�l�_�f�b���f�Z�l�_�j�•�Z�e�v�g�h-�l�_�o�g�•�q�g�h�]�h��
�i�h�k�l�Z�q�Z�g�g�y 60 % 

 
�>�e�y���h�l�j�b�f�Z�g�g�y�� �i�h�\�g�h�€���•�g�n�h�j�f�Z�p�•�€���i�j�h���i�h�\�_�^�•�g�d�m���\�b�j�h�[�g�b�q�h�€���k�b�k�l�_�f�b�� �m���q�Z�k�•��

�l�Z�� �f�h�`�e�b�\�•�� �k�p�_�g�Z�j�•�€�� �j�h�a�\�b�l�d�m�� �€�€�� �k�l�Z�g�•�\�� �\�� �f�_�`�Z�o�� �^�h�k�e�•�^�`�_�g�g�y�� �[�m�e�h��
�a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �i�j�b�q�b�g�h-�g�Z�k�e�•�^�d�h�\�h�]�h�� �Z�g�Z�e�•�a�m���� �C�h�]�h�� �h�k�h�[�e�b�\�•�k�l�x��
�}�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �d�h�f�i�e�_�d�k�g�h�]�h�� �i�•�^�o�h�^�m�� �g�Z�� �h�k�g�h�\�•�� �d�h�f�[�•�g�m�\�Z�g�g�y�� �^�\�h�o�� �\�•�^�h�f�b�o��
�f�_�l�h�^�•�\���± �©�^�_�j�_�\�Z���\�•�^�f�h�\�ª���l�Z���©�^�_�j�_�\�Z���i�h�^�•�c�ª�� 
 
�>���@�� �<�h�e�h�r�b�g�� �>���1���� �>�h�� �i�b�l�Z�g�g�y�� �i�•�^�\�b�s�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•�� �j�h�[�h�l�b�� �\�b�j�h�[�g�b�q�b�o�� �i�•�^�j�h�a�^�•�e�•�\�� �i�•�^�i�j�b�}�f�k�l�\�� �a�� �j�_�f�h�g�l�m��
�\�Z�]�h�g�•�\���������A�[�����g�Z�m�d���i�j�Z�p�v�����O�Z�j�d�•�\�������M�d�j�>�M�A�L�����������������<�b�i�������������K����������-131. 
�>���@�� �<�h�e�h�r�b�g�� �>���1������ �<�h�e�h�r�b�g�Z�� �E���<���� �A�Z�[�_�a�i�_�q�_�g�g�y�� �i�•�^�l�j�b�f�d�b�� �m�i�j�Z�\�e�•�g�g�y�� �e�h�]�•�k�l�b�q�g�b�f�b�� �k�b�k�l�_�f�Z�f�b��
�\�Z�]�h�g�h�j�_�f�h�g�l�g�b�o���i�•�^�i�j�b�}�f�k�l�\�����A�[�•�j�g�b�d���f�Z�l�_�j�•�Z�e�•�\���9���F�•�`�g�Z�j�h�^�g�h�€���d�h�g�n�_�j�_�g�p�•�€���©�1�g�g�h�\�Z�p�•�c�g�•���l�_�o�g�h�e�h�]�•�€���\���g�Z�m�p�•��
�l�Z�� �h�k�\�•�l�•���� �/�\�j�h�i�_�c�k�v�d�b�c�� �^�h�k�\�•�^�ª�� �������� �e�b�k�l�h�i�Z�^�Z�� ���������� �j������ �>�g�•�i�j�h���� �M�d�j�Z�€�g�Z���� �F�Z�l�_�j�•�Z�e�b���� �?�e�_�d�l�j�h�g�g�_�� �\�b�^�Z�g�g�y�����± 
�>�g�•�i�j�h�����@�m�j�n�h�g�^�������������������k���������±140. 
[3] Bilal M. Ayyub. Risk Analysis in Engineering and Economics. A Chap-man & Hall Book, 2014. 640p. 
�>���@���?�K���������������$�Q�D�O�\�V�L�V���W�H�F�K�Q�L�T�X�H�V���I�R�U���V�\�V�W�H�P���U�H�O�L�D�E�L�O�L�W�\��- Procedures for failure mode and effect analisys (FMEA). 
�>���@���<�h�e�h�r�b�g�� �>���1���� �I�j�h�[�e�_�f�b�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•�� �\�b�j�h�[�g�b�q�b�o�� �i�•�^�j�h�a�^�•�e�•�\�� �a�� �j�_�f�h�g�l�m���\�Z�]�h�g�•�\���� �<�k�_�m�d�j�Z�€�g�k�v�d�Z��
�g�Z�m�d�h�\�h-�l�_�o�g�•�q�g�Z�� �d�h�g�n�_�j�_�g�p�•�y�� �©�K�m�q�Z�k�g�•�� �l�_�g�^�_�g�p�•�€�� �j�h�a�\�b�l�d�m�� �f�Z�r�b�g�h�[�m�^�m�\�Z�g�g�y�� �l�Z�� �l�j�Z�g�k�i�h�j�l�m�ª�� �F�Z�l�_�j�•�Z�e�b��
�d�h�g�n�_�j�_�g�p�•�€�����D�j�_�f�_�g�q�m�d�����D�j�G�M�� �������������K���������±82. 
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�<�>�H�K�D�H�G�:�E�?�G�G�Y���I�:�J�:�F�?�L�J�1�<���F�H�;�1�E�V�G�H�=�H��
�J�?�C�D�H�A�F�:�S�M�<�:�Q�:���>�E�Y���?�N�?�D�L�B�<�G�H�=�H���A�:�K�L�H�K�M�<�:�G�G�Y��

�F�:�K�L�B�E���J�1�A�G�H�2���<�¶�Y�A�D�H�K�L�1 
 

IMPROVEMENT OF THE PARAMETERS OF A MOBILE RAIL 
LUBRICATOR FOR EFFICIENT APPLICATION OF LUBRICANT  

 
� -̂�j���l�_�o�g�����g�Z�m�d���K���<�����<�h�j�h�g�•�g1�����d�Z�g�^�����l�_�o�g�����g�Z�m�d���<���H�����K�l�_�n�Z�g�h�\1,  

� -̂�j���x�j�b�^�����g�Z�m�d���H���<�����;�Z�l�x�d2�����Z�k�i�•�j�Z�g�l���<���H�����=�Z�f�h�j�Z1, 
�Z�k�i�•�j�Z�g�l���K���H�����K�l�_�n�Z�g�h�\1 

1�M�d�j�Z�€�g�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m�����f�����O�Z�j�d�•�\�� 
2�<�h�e�b�g�k�v�d�b�c���g�Z�p�•�h�g�Z�e�v�g�b�c���m�g�•�\�_�j�k�b�l�_�l���•�f�_�g�•���E�_�k�•���M�d�j�Z�€�g�d�b�����f�����E�m�p�v�d�� 

 
S.V. Voronin1�����'�U���6�F�������7�H�F�K���������9���H�����6�W�H�I�D�Q�R�Y1, PhD (Tech.),  

O.V. Batiuk2, Dr.Sc. (Law), V.O. Hamora1, PhD student,  
S.O. Stefanov1, PhD student 

1Ukrainian State University of Railway Transport (Kharkiv) 
2Lesya Ukrainka Volyn National University (Lutsk) 

 
�M�� �k�m�q�Z�k�g�h�f�m�� �a�Z�e�•�a�g�b�q�g�h�f�m�� �l�j�Z�g�k�i�h�j�l�•�� �a�f�Z�s�m�\�Z�g�g�y�� �j�_�c�h�d�� �•�� �d�h�e�•�k�� �\�� �d�j�b�\�b�o��

�^�•�e�y�g�d�Z�o�� �d�h�e�•�€�� �}�� �d�e�x�q�h�\�b�f�� �n�Z�d�l�h�j�h�f�� �^�e�y�� �a�f�_�g�r�_�g�g�y�� �a�g�h�r�m�\�Z�g�g�y�� �_�e�_�f�_�g�l�•�\��
�j�m�o�h�f�h�]�h���k�d�e�Z�^�m���l�Z���i�•�^�\�b�s�_�g�g�y���_�n�_�d�l�b�\�g�h�k�l�•���_�d�k�i�e�m�Z�l�Z�p�•�€���a�Z���j�Z�o�m�g�h�d���a�g�b�`�_�g�g�y��
�d�h�_�n�•�p�•�}�g�l�Z���l�_�j�l�y���>���������@�����L�j�Z�^�b�p�•�c�g�•���f�_�l�h�^�b���a�f�Z�s�m�\�Z�g�g�y���q�Z�k�l�h���g�_���a�Z�[�_�a�i�_�q�m�x�l�v��
�j�•�\�g�h�f�•�j�g�h�]�h�� �i�h�d�j�b�l�l�y�� �•�� �i�h�l�j�_�[�m�x�l�v�� �a�g�Z�q�g�b�o�� �j�_�k�m�j�k�•�\�� �^�e�y�� �\�k�l�Z�g�h�\�e�_�g�g�y��
�\�•�^�i�h�\�•�^�g�h�]�h�� �h�[�e�Z�^�g�Z�g�g�y [3]���� �M�� �\�•�^�i�h�\�•�^�v�� �g�Z�� �p�•�� �\�b�d�e�b�d�b���� �[�m�e�Z�� �\�^�h�k�d�h�g�Z�e�_�g�Z�� �l�Z��
�^�h�k�e�•�^�`�_�g�Z�� �k�b�k�l�_�f�Z�� �Z�_�j�h�a�h�e�v�g�h�]�h�� �a�f�Z�s�m�\�Z�g�g�y�� �s�h�� �^�h�a�\�h�e�y�}�� �_�n�_�d�l�b�\�g�h��
�g�Z�g�h�k�b�l�b���f�Z�k�l�b�e�v�g�•���f�Z�l�_�j�•�Z�e�b���j�•�a�g�h�€���\�¶�y�a�d�h�k�l�•���g�Z���j�_�c�d�b���l�Z���]�j�_�[�_�g�•���d�h�e�•�k�� 

�?�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�� �n�h�j�k�m�g�d�Z�� ���j�b�k���������� �a�Z�� �^�h�i�h�f�h�]�h�x�� �y�d�h�€�� �i�j�h�\�h�^�b�e�b�k�v��
�^�h�k�e�•�^�`�_�g�g�y�����k�d�e�Z�^�Z�}�l�v�k�y���a���g�Z�k�l�m�i�g�b�o���h�k�g�h�\�g�b�o���_�e�_�f�_�g�l�•�\�����d�h�j�i�m�k�Z���n�h�j�k�m�g�d�b���a��
�j�•�a�g�b�f�b�� �^�•�Z�f�_�l�j�Z�f�b���h�l�\�h�j�m�� ���i�h�a�b�p�•�y�� �������� �k�h�i�e�h�� �^�e�y�� �i�h�^�Z�q�•�� �f�Z�k�l�b�e�Z�� ���i�h�a�b�p�•�y�� ��������
�d�h�g�l�j�]�Z�c�d�b�� ���i�h�a�b�p�•�y�� ������ �^�e�y�� �j�_�]�m�e�x�\�Z�g�g�y�� �Z�_�j�h�a�h�e�v�g�h�]�h�� �n�Z�d�_�e�Z���� �l�j�•�c�g�b�d�Z��
���i�h�a�b�p�•�y�� ������ �^�e�y�� �a�f�•�r�m�\�Z�g�g�y�� �i�h�\�•�l�j�y�� �a�� �f�Z�k�l�b�e�v�g�b�f�� �f�Z�l�_�j�•�Z�e�h�f���� �i�j�m�`�b�g�h�x��
���i�h�a�b�p�•�y�����������d�m�e�v�d�h�x�����i�h�a�b�p�•�y���������l�Z���k�•�^�e�h�f���d�e�Z�i�Z�g�m�����i�h�a�b�p�•�y��7). 

 

 
�J�b�k������. �D�h�g�k�l�j�m�d�l�b�\�g�•���_�e�_�f�_�g�l�b���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�€���n�h�j�k�m�g�d�b 

1 �± �d�h�j�i�m�k���n�h�j�k�m�g�d�b���������± �k�h�i�e�h�����������± �d�h�g�l�j�]�Z�c�d�Z���������± �l�j�•�c�g�b�d���������± �i�j�m�`�b�g�Z���� 
6 �± �d�m�e�v�d�Z���a�\�h�j�h�l�g�h�]�h���d�e�Z�i�Z�g�m���������± �k�•�^�e�h���d�e�Z�i�Z�g�m 
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�>�e�y�� �i�j�h�\�_�^�_�g�g�y�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �[�m�\�� �h�[�j�Z�g�b�c�� �g�Z�k�l�m�i�g�b�c��
�^�•�Z�i�Z�a�h�g���i�Z�j�Z�f�_�l�j�•�\�����^�•�Z�f�_�l�j���h�l�\�h�j�m���d�h�j�i�m�k�Z���n�h�j�k�m�g�d�b���± 1-�����f�f�����l�b�k�d���i�h�\�•�l�j�y �±  
0-�������� �F�I�Z���� �<�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v�� �g�Z�k�l�m�i�g�•�� �f�Z�k�l�b�e�Z�� �j�•�a�g�h�€�� �\�¶�y�a�d�h�k�l�•���� �J�K-���� �©�<�ª����
�J�_�e�v�k�h�e-�F �l�Z�� �J�_�e�v�k�h�e-�=�K���� �J�_�a�m�e�v�l�Z�l�b�� �i�h�d�Z�a�Z�e�b���� �s�h�� �^�Z�g�Z�� �n�h�j�k�m�g�d�Z�� �f�h�`�_��
�j�•�\�g�h�f�•�j�g�h�� �j�h�a�i�b�e�x�\�Z�l�b�� �\�k�•�� �^�h�k�e�•�^�`�m�\�Z�g�•�� �f�Z�k�l�b�e�Z�� �a�Z�� �m�f�h�\�b�� �h�i�l�b�f�Z�e�v�g�b�o��
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�_�n�_�d�l�b�\�g�h�k�l�•�� �i�_�j�_�\�_�a�_�g�v���� �<�_�^�_�g�g�y�� �i�h�€�a�^�Z�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �j�_�`�b�f�g�b�o�� �d�Z�j�l�� �f�Z�} 
�i�_�\�g�b�c���a�\�¶�y�a�h�d�����a���•�g�g�h�\�Z�p�•�y�f�b:  �k�m�q�Z�k�g�•���k�b�k�l�_�f�b���d�_�j�m�\�Z�g�g�y�����s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v��
�r�l�m�q�g�b�c�� �•�g�l�_�e�_�d�l�� �•�� �\�_�e�b�d�•�� �f�Z�k�b�\�b�� �^�Z�g�b�o���� �f�h�`�m�l�v�� �Z�\�l�h�f�Z�l�b�q�g�h�� �d�h�j�b�]�m�\�Z�l�b��
�j�_�`�b�f�b�� �j�m�o�m�� �i�h�€�a�^�•�\�� �g�Z�� �h�k�g�h�\�•�� �•�g�n�h�j�f�Z�p�•�€�� �i�j�h�� �k�l�Z�g�� �d�h�e�•�€���� �i�h�]�h�^�g�b�o�� �m�f�h�\�� �l�Z��
�•�g�r�b�o�� �n�Z�d�l�h�j�•�\���� �s�h�� �^�h�i�h�f�Z�]�Z�}�� �a�f�_�g�r�b�l�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �g�Z�� �d�h�e�•�€�� �l�Z�� �i�•�^�\�b�s�b�l�b��
�[�_�a�i�_�d�m���� �•�g�g�h�\�Z�p�•�c�g�•�� �k�b�k�l�_�f�b�� �d�h�g�l�j�h�e�x�� �r�\�b�^�d�h�k�l�•�� �^�h�a�\�h�e�y�x�l�v�� �j�_�]�m�e�x�\�Z�l�b��

https://uk.wikipedia.org/wiki/%D0%A2%D0%B5%D1%85%D0%BD%D1%96%D1%87%D0%BD%D0%B8%D0%B9_%D0%BE%D0%B1%27%D1%94%D0%BA%D1%82
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�r�\�b�^�d�•�k�l�v���i�h�€�a�^�•�\�� �g�Z���h�k�g�h�\�•�� �k�l�Z�g�m���d�h�e�•�€�� �l�Z�� �•�g�r�b�o���i�Z�j�Z�f�_�l�j�•�\���� �s�h�� �a�g�b�`�m�}�� �a�g�h�k�� �•��
�j�b�a�b�d���Z�\�Z�j�•�c���>���@�� 

�I�_�j�_�j�Z�o�h�\�Z�g�•���•�g�g�h�\�Z�p�•�c�g�•���l�_�o�g�h�e�h�]�•�€���g�_�����j�h�a�]�e�y�^�Z�x�l�v�k�y���\���i�h�\�g�h�f�m���h�[�k�y�a�•���\���p�•�c��
�j�h�[�h�l�•�� �Z�e�_�� �h�d�j�_�f�•�� �j�_�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�v�� �Z�\�l�h�j�•�\�� �g�Z�\�h�^�y�l�v�k�y�� �m�� �\�•�^�i�h�\�•�^�g�b�o��
�i�j�Z�p�y�o���� �P�_�� �� �•�g�g�h�\�Z�p�•�€�� �\�� �i�j�h�}�d�l�m�\�Z�g�g�•�� �a�Z�e�•�a�g�b�q�g�b�o�� �d�j�b�\�b�o�� �>���@���� �<�k�l�Z�g�h�\�e�_�g�h���� �s�h��
�\�•�^�� �l�h�q�g�h�k�l�•�� �l�Z�� �i�j�Z�\�b�e�v�g�h�k�l�•�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �a�Z�e�_�`�b�l�v�� �^�b�g�Z�f�•�q�g�Z�� �i�h�\�_�^�•�g�d�Z��
�i�h�€�a�^�•�\���m���d�j�b�\�b�o�����€�o�g�y���k�l�•�c�d�•�k�l�v���l�Z���d�h�f�n�h�j�l���i�Z�k�Z�`�b�j�•�\�����A�\�
�y�a�h�d���a���•�g�g�h�\�Z�p�•�y�f�b:  

�k�m�q�Z�k�g�_�� �i�j�h�]�j�Z�f�g�_�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �^�e�y�� �i�j�h�_�d�l�m�\�Z�g�g�y�� ���i�j�h�]�j�Z�f�g�•�� �d�h�f�i�e�_�d�k�b��
MoveRW, RWPlan);  

�f�h�^�_�e�x�\�Z�g�g�y�� �l�Z�� �k�b�f�m�e�y�p�•�y���± �\�Z�j�•�Z�g�l�g�_�� �i�j�h�}�d�l�m�\�Z�g�g�y���� �j�•�a�g�•�� �f�_�l�h�^�b�� �a�c�h�f�d�b��
�i�e�Z�g�m�� �a�Z�e�•�a�g�b�p�•�� �c���]�_�h�^�_�a�b�q�g�b�c�� �d�h�g�l�j�h�e�v; �f�h�^�_�e�x�\�Z�g�g�y�� �^�b�g�Z�f�•�d�b�� �j�m�o�m �^�e�y��
�j�•�a�g�b�o���d�Z�l�_�]�h�j�•�c���i�h�€�a�^�•�\���� 

�a�\�
�y�a�h�d�� �f�•�`�� �\�b�^�h�f�� �d�j�b�\�b�o�� �l�Z�� �•�g�g�h�\�Z�p�•�c�g�b�f�b�� �l�_�o�g�h�e�h�]�•�y�f�b���� �i�h�\�
�y�a�Z�g�b�f�b�� �a��
�m�l�j�b�f�Z�g�g�y�f���d�j�b�\�b�o���^�•�e�y�g�h�d���d�h�e�•�€���>���������@���� 

�f�h�g�•�l�h�j�b�g�]���l�Z���^�•�Z�]�g�h�k�l�b�d�Z���k�l�Z�g�m���d�h�e�•�€.  
�1�g�g�h�\�Z�p�•�c�g�•�� �l�_�o�g�h�e�h�]�•�€�� �\�•�^�•�]�j�Z�x�l�v�� �d�e�x�q�h�\�m�� �j�h�e�v�� �m�� �f�h�^�_�j�g�•�a�Z�p�•�€����

�j�_�d�h�g�k�l�j�m�d�p�•�€���� �l�_�o�g�•�q�g�h�f�m�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�•�� �l�Z�� �j�_�f�h�g�l�•�� �a�Z�e�•�a�g�b�q�g�b�o�� �d�h�e�•�c���� �<�h�g�b��
�^�h�a�\�h�e�y�x�l�v�� �i�•�^�\�b�s�b�l�b�� �i�j�Z�p�_�a�^�Z�l�g�•�k�l�v�� �a�Z�e�•�a�g�b�q�g�h�€�� �d�h�e�•�€���� �g�Z�^�•�c�g�•�k�l�v�� �m�l�j�b�f�Z�g�g�y��
�a�Z�e�•�a�g�b�q�g�b�o�� �d�j�b�\�b�o���� �a�g�b�`�m�x�q�b�� �j�b�a�b�d�� �Z�\�Z�j�•�c�� �l�Z�� �i�h�d�j�Z�s�m�x�q�b�� �a�Z�]�Z�e�v�g�m��
�_�n�_�d�l�b�\�g�•�k�l�v���j�h�[�h�l�b���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m�� 
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�E�h�]�•�k�l�b�d�Z�� �y�\�e�y�}�l�v�k�y�� �d�e�x�q�h�\�h�x�� �k�d�e�Z�^�h�\�h�x�� �[�m�^�v-�y�d�h�]�h�� �e�Z�g�p�x�]�Z�� �i�h�k�l�Z�q�Z�g�g�y��
�\�Z�g�l�Z�`�•�\�� �l�Z�� �i�Z�k�Z�`�b�j�•�\���� �:�e�_�� �\�h�^�g�h�q�Z�k�� �e�h�]�•�k�l�b�d�Z�� �}�� �h�^�g�b�f�� �•�a�� �g�Z�c�[�•�e�v�r�b�o�� �^�`�_�j�_�e��
�a�Z�[�j�m�^�g�_�g�g�y�� �g�Z�\�d�h�e�b�r�g�v�h�]�h�� �k�_�j�_�^�h�\�b�s�Z���� �A�Z�� �^�Z�g�b�f�b�� �K�\�•�l�h�\�h�]�h�� �[�Z�g�d�m����
�l�j�Z�g�k�i�h�j�l�� �\�•�^�i�h�\�•�^�Z�}�� �a�Z�� �\�b�d�b�^�b�� �i�Z�j�g�b�d�h�\�b�o�� �]�Z�a�•�\�� �m�� �k�\�•�l�•�� �\�� �j�h�a�f�•�j�•�� ���������� �>�e�y��
�a�[�_�j�_�`�_�g�g�y���d�e�•�f�Z�l�m���l�Z���a�Z�[�_�a�i�_�q�_�g�g�y���_�d�h�e�h�]�•�q�g�h�k�l�•���g�Z�\�d�h�e�b�r�g�v�h�]�h���k�_�j�_�^�h�\�b�s�Z����
�[�m�e�Z�� �j�h�a�j�h�[�e�_�g�Z�� �k�\�•�l�h�\�Z�� �k�l�j�Z�l�_�]�•�y�� �a�f�_�g�r�_�g�g�y�� �\�b�d�b�^�•�\�� �&�22 �^�h�� ���������� �j�h�d�m���� �P�y��
�k�l�j�Z�l�_�]�•�y�� �h�o�h�i�e�x�}�� �j�•�a�g�•�� �\�b�^�b�� �l�j�Z�g�k�i�h�j�l�m���� �\�d�e�x�q�Z�x�q�b�� �a�Z�e�•�a�g�b�q�g�b�c���� �f�h�j�k�v�d�b�c����
�Z�\�l�h�f�h�[�•�e�v�g�b�c���l�Z���Z�\�•�Z�p�•�c�g�b�c���>���@�� 

�>�e�y�� �_�d�h�e�h�]�•�q�g�b�o�� �i�_�j�_�\�_�a�_�g�v�� �\�� �e�h�]�•�k�l�b�p�•�� �[�m�e�h�� �\�\�_�^�_�g�h�� �i�h�g�y�l�l�y�� �a�_�e�_�g�Z��
�e�h�]�•�k�l�b�d�Z���� �A�_�e�_�g�Z�� �e�h�]�•�k�l�b�d�Z���± �p�_�� �a�f�_�g�r�_�g�g�y�� �\�b�d�b�^�•�\�� �•�� �\�i�e�b�\�m�� �g�Z�� �g�Z�\�d�h�e�b�r�g�}��
�k�_�j�_�^�h�\�b�s�_�� �e�h�]�•�k�l�b�q�g�h�€�� �^�•�y�e�v�g�h�k�l�•�� �r�e�y�o�h�f�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �k�l�Z�e�h�€�� �i�h�e�•�l�b�d�b�� �i�•�^��
�q�Z�k�� �m�k�•�o�� �h�i�_�j�Z�p�•�c�g�b�o�� �i�j�h�p�_�k�•�\���� �\�•�^�� �\�b�j�h�[�g�b�p�l�\�Z�� �^�h�� �m�l�b�e�•�a�Z�p�•�€�� �i�j�h�^�m�d�l�m���� �s�h��
�h�o�h�i�e�x�}���\�_�k�v���`�b�l�l�}�\�b�c���p�b�d�e���i�j�h�^�m�d�l�m���>���@�� 

�G�Z���a�Z�e�•�a�g�b�q�g�h�f�m���l�j�Z�g�k�i�h�j�l�•���M�d�j�Z�€�g�b���a�_�e�_�g�Z���e�h�]�•�k�l�b�d�Z���f�h�`�_���[�m�l�b���^�h�k�y�]�g�m�l�Z���a�Z��
�^�h�i�h�f�h�]�h�x���_�d�h�e�h�]�•�q�g�h���q�b�k�l�b�o���•���k�l�•�c�d�b�o���i�j�Z�d�l�b�d���m���e�h�]�•�k�l�b�q�g�•�c���]�Z�e�m�a�•�����>�h���l�Z�d�b�o��
�i�j�Z�d�l�b�d���\�•�^�g�h�k�y�l�v�� 

- �_�d�h�e�h�]�•�q�g�b�c���l�j�Z�g�k�i�h�j�l�� 
- �_�d�h�e�h�]�•�q�g�•���i�j�Z�d�l�b�d�b���m�i�j�Z�\�e�•�g�g�y���e�Z�g�p�x�]�h�f���i�h�k�l�Z�q�Z�g�g�y�� 
- �_�d�h�e�h�]�•�q�g�Z���m�i�Z�d�h�\�d�Z�� 
- �_�d�h�e�h�]�•�q�g�_���k�d�e�Z�^�m�\�Z�g�g�y�� 
�>�h���_�d�h�e�h�]�•�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m���\�•�^�g�h�k�y�l�v���g�Z�k�l�m�i�g�•���i�j�Z�d�l�b�d�b�� 

- �h�i�l�b�f�•�a�Z�p�•�y�� �f�Z�j�r�j�m�l�m�����h�i�l�b�f�•�a�Z�p�•�y�� �l�j�Z�g�k�i�h�j�l�g�h�]�h�� �f�Z�j�r�j�m�l�m�� �a�Z�� �j�Z�o�m�g�h�d��
�\�b�d�h�j�b�k�l�Z�g�g�y�� �l�_�o�g�h�e�h�]�•�€�� �*�3�6�� �l�Z�� �i�j�h�]�j�Z�f�g�h�]�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �^�e�y�� �h�i�l�b�f�•�a�Z�p�•�€��
�f�Z�j�r�j�m�l�m�� 

- �\�b�d�h�j�b�k�l�Z�g�g�y�� �i�Z�e�b�\�g�h-�_�n�_�d�l�b�\�g�b�o�� �l�j�Z�g�k�i�h�j�l�g�b�o�� �a�Z�k�h�[�•�\���� �\�b�d�h�j�b�k�l�Z�g�g�y��
�l�j�Z�g�k�i�h�j�l�g�b�o�� �a�Z�k�h�[�•�\���� �y�d�•�� �f�Z�x�l�v�� �k�b�k�l�_�f�m�� �_�d�h�g�h�f�•�€�� �i�Z�e�b�\�Z���� �Z�[�h�� �\�b�d�h�j�b�k�l�Z�g�g�y��
�_�e�_�d�l�j�b�q�g�b�o���q�b���]�•�[�j�b�^�g�b�o���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\�����y�d�•���a�f�_�g�r�Z�l�v���\�b�d�b�^�b���\�m�]�e�_�p�x�� 
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�y�d�•�� �\�k�l�Z�g�h�\�e�_�g�•�� �g�Z�� �^�Z�g�b�c�� �q�Z�k���� �m�� �i�_�\�g�b�o�� �\�b�i�Z�^�d�Z�o�� �g�_�� �\�b�d�e�x�q�Z�}�l�v�k�y�� �f�h�`�e�b�\�•�k�l�v��
�a�j�h�k�l�Z�g�g�y���^�b�g�Z�f�•�q�g�b�o���k�b�e���\�a�Z�}�f�h�^�•�€���d�h�e�•�€���l�Z���j�m�o�h�f�h�]�h���k�d�e�Z�^�m�� 

�H�^�g�b�f�� �•�a�� �l�Z�d�b�o�� �\�b�i�Z�^�d�•�\�� �}�� �d�h�g�k�l�j�m�d�p�•�y�� �l�Z�� �i�Z�j�Z�f�_�l�j�b�� �a�Z�e�•�a�g�b�q�g�b�o�� �i�_�j�_�€�a�^�•�\����
�L�Z�d���� �\�g�Z�k�e�•�^�h�d�� �a�[�•�e�v�r�_�g�g�y�� �r�b�j�b�g�b�� �d�h�e�•�€�� �^�h�� �]�j�Z�g�b�q�g�h�� �^�h�i�m�k�l�b�f�b�o���a�g�Z�q�_�g�v 
�a�¶�y�\�e�y�}�l�v�k�y�� �g�_�[�_�a�i�_�d�Z�� �m�^�Z�j�m���g�_�j�h�[�h�q�h�€�� �q�Z�k�l�b�g�b���]�j�_�[�_�g�y�� �d�h�e�_�k�Z�� �m�� �\�•�^�\�•�^��
�d�h�g�l�j�j�_�c�d�b���� �y�d�Z�� �\�d�e�Z�^�Z�}�l�v�k�y�� �m�� �`�h�e�h�[�� �g�Z�k�l�b�e�m�� �i�_�j�_�€�a�^�m���� �s�h���i�j�b�a�\�h�^�b�l�v�� �^�h��
�i�h�j�m�r�_�g�g�y �d�h�f�n�h�j�l�Z�[�_�e�v�g�h�k�l�•���l�Z���[�_�a�i�_�d�b���j�m�o�m. 

�<�•�^�i�h�\�•�^�g�h�� �^�h�� �I�L�?��[1] �m�� �i�j�y�f�b�o�� �^�•�e�y�g�d�Z�o�� �d�h�e�•�€�� �i�_�j�_�^�[�Z�q�_�g�Z�� �r�b�j�b�g�Z�� �f�•�`��
�]�h�e�h�\�d�Z�f�b�� �j�_�c�h�d�� ���������� �f�f���� �:�e�_�� �m�� �d�j�b�\�b�o�� �^�•�e�y�g�d�Z�o�� �d�h�e�•�€���� �^�e�y�� �\�•�e�v�g�h�]�h��
�\�i�b�k�m�\�Z�g�g�y�� �\�� �g�b�o�� �d�h�e�•�k�� �j�m�o�h�f�h�]�h�� �k�d�e�Z�^�m���� �i�_�j�_�^�[�Z�q�Z�}�l�v�k�y�� �a�[�•�e�v�r�m�\�Z�l�b�� �r�b�j�b�g�m��
�d�h�e�•�€�� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �j�Z�^�•�m�k�m�� �d�j�b�\�h�€�� �^�h�� �����������f�f�� ���g�Z�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �r�i�Z�e�Z�o���� �•��
�^�h�������������f�f�����g�Z���^�_�j�_�\�¶�y�g�b�o���r�i�Z�e�Z�o�������I�j�b���p�v�h�f�m�����s�_���}���^�h�i�m�k�d�b���\���m�l�j�b�f�Z�g�g�•���d�h�e�•�€��
�\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �r�\�b�^�d�h�k�l�•�� �j�m�o�m�� �j�m�o�h�f�h�]�h�� �k�d�e�Z�^�m���� �L�Z�d�b�f�� �q�b�g�h�f���� �g�Z�c�[�•�e�v�r�Z��
�^�h�i�m�k�l�b�f�Z���r�b�j�b�g�Z���d�h�e�•�€���f�h�`�_���^�h�k�y�]�Z�l�b�������������f�f�� 

�<�•�^�i�h�\�•�^�g�h�� �^�h�� �I�L�?�� �l�Z�� �1�g�k�l�j�m�d�p�•�€�� �a�� �m�e�Z�r�l�m�\�Z�g�g�y�� �l�Z�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �a�Z�e�•�a�g�b�q�g�b�o��
�i�_�j�_�€�a�^�•�\�� �>���@�� �^�e�y�� �i�_�j�_�k�•�q�_�g�g�y�� �a�Z�e�•�a�g�b�p�v�� �a�� �Z�\�l�h�^�h�j�h�]�Z�f�b�� �\�� �h�^�g�h�f�m�� �j�•�\�g�•��
�\�e�Z�r�l�h�\�m�x�l�v�k�y�� �a�Z�e�•�a�g�b�q�g�•�� �i�_�j�_�€�a�^�b���� �>�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �[�_�a�i�_�j�_�r�d�h�^�g�h�]�h��
�i�j�h�o�h�^�`�_�g�g�y�� �]�j�_�[�g�•�\�� ���j�_�[�h�j�^���� �d�h�e�•�k�� �j�m�o�h�f�h�]�h�� �k�d�e�Z�^�m�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�m��
�\�� �f�_�`�Z�o�� �g�Z�k�l�b�e�m�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �i�_�j�_�€�a�^�m�� �\�d�e�Z�^�Z�x�l�v�k�y�� �d�h�g�l�j�j�_�c�d�b���� �k�i�_�p�•�Z�e�v�g�•��
�[�j�m�k�b���� �•�g�r�•�� �i�j�b�k�l�h�k�m�\�Z�g�g�y���� �i�j�b�� �p�v�h�f�m�� �\�•�^�i�h�\�•�^�g�h�� �^�h�� �^�•�x�q�b�o�� �g�h�j�f�Z�l�b�\�g�b�o��
�^�h�d�m�f�_�g�l�•�\���>���@���r�b�j�b�g�Z���`�h�e�h�[�Z���\�e�Z�r�l�h�\�m�}�l�v�k�y���\�•�^���������f�f���^�h�����������f�f�� 

�I�j�b�� �m�l�j�b�f�Z�g�g�•�� �r�b�j�b�g�b�� �d�h�e�•�€�� �\�� �f�_�`�Z�o�� �f�Z�d�k�b�f�Z�e�v�g�h���^�h�i�m�k�l�b�f�b�o�� �j�h�a�f�•�j�•�\��
������������ �f�f������ �f�•�g�•�f�Z�e�v�g�h�]�h�� �j�h�a�f�•�j�m�� �`�h�e�h�[�Z�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �i�_�j�_�€�a�^�m�� �������� �f�f���� �l�Z��
�_�d�k�i�e�m�Z�l�Z�p�•�€�� �d�h�e�•�k�g�b�o�� �i�Z�j�� �j�m�o�h�f�h�]�h�� �k�d�e�Z�^�m�� �a�� �f�•�g�•�f�Z�e�v�g�h�� �^�h�i�m�k�l�b�f�b�f�b��
�j�h�a�f�•�j�Z�f�b�� �g�Z�k�Z�^�d�b�� ���a�]�•�^�g�h�� �I�L�?��- ���������� �f�f���� �•�� �l�h�\�s�b�g�h�x�� �]�j�_�[�_�g�x�� ������ �f�f�� �}��
�\�•�j�h�]�•�^�g�•�k�l�v���� �i�j�b�� �g�Z�k�l�Z�g�g�•�� �i�_�\�g�b�o�� �m�f�h�\���� �s�h�� �]�j�_�[�_�g�v�� �d�h�e�_�k�Z�� �[�m�^�_�� �m�^�Z�j�y�l�b�� �m��
�\�•�^�\�•�^ �d�h�g�l�j�j�_�c�d�b���`�h�e�h�[�m���a�Z�e�•�a�g�b�q�g�h�]�h���i�_�j�_�€�a�^�m�����P�_�c���\�b�k�g�h�\�h�d���k�l�h�k�h�\�g�h���m�^�Z�j�m��
�]�j�_�[�g�y�� �d�h�e�_�k�Z�� �m���\�•�^�\�•�^ �d�h�g�l�j�j�_�c�d�b�� �`�h�e�h�[�m�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �i�_�j�_�€�a�^�m�� �f�h�`�e�b�\�h��
�a�j�h�[�b�l�b���\�b�o�h�^�y�q�b���a���g�Z�k�l�m�i�g�h�]�h���j�h�a�j�Z�o�m�g�d�m�� 

L�d= S�d �± l �`, 
�^�_��L�d �± �\�•�^�k�l�Z�g�v���f�•�`���j�h�[�h�q�h�x���]�j�Z�g�g�x���j�_�c�d�b���a���h�^�g�•�}�€���k�l�h�j�h�g�b���^�h���j�h�[�h�q�h�€���]�j�Z�g�•��

�d�h�g�l�j�j�_�c�d�b���a���•�g�r�h�€���k�l�h�j�h�g�b���d�h�e�•�€����l �` �± �f�•�g�•�f�Z�e�v�g�b�c���j�h�a�f�•�j���r�b�j�b�g�b���`�h�e�h�[�Z����S�d �± 
�f�Z�d�k�b�f�Z�e�v�g�h���^�h�i�m�k�l�b�f�b�c���j�h�a�f�•�j���r�b�j�b�g�b���d�h�e�•�€�� 

�L�h�[�l�h���� 
L�d=1548-����� �����������f�f�� 

�<�•�^�i�h�\�•�^�g�•���j�h�a�f�•�j�b���d�h�e�•�k�g�h�€���i�Z�j�b���k�l�Z�g�h�\�e�y�l�v 
L�d�i= l �d�i + h�]�j���f�•�g, 

�^�_��L�d�i �± �\�•�^�k�l�Z�g�v���f�•�`���j�h�[�h�q�h�x���]�j�Z�g�g�x���]�j�_�[�g�y���d�h�e�•�k�g�h�€���i�Z�j�b���a���h�^�g�•�}�€���k�l�h�j�h�g�b��
�^�h�� �g�_�j�h�[�h�q�h�€�� �]�j�Z�g�•�� �]�j�_�[�g�y�� �d�h�e�•�k�g�h�€�� �i�Z�j�b�� �a�� �•�g�r�h�€�� �k�l�h�j�h�g�b����l �d�i �± �f�•�g�•�f�Z�e�v�g�Z��
�\�•�^�k�l�Z�g�v�� �f�•�`�� �\�g�m�l�j�•�r�g�•�f�b�� �]�j�Z�g�y�f�b�� �]�j�_�[�g�•�\�� �d�h�e�•�k����h�]�j�� �f�•�g �± �f�•�g�•�f�Z�e�v�g�b�c�� �j�h�a�f�•�j 
�l�h�\�s�b�g�b���]�j�_�[�g�y�� 

�L�h�[�l�h���� 
L�d�i� ��������������� �����������f�f�� 

�L�Z�d�b�f�� �q�b�g�h�f���� �i�j�b�� �g�Z�c�[�•�e�v�r�� �g�_�k�i�j�b�y�l�e�b�\�b�o�� �m�f�h�\�Z�o�� ���j�h�a�f�•�j�Z�o���� �y�d�•�� �^�h�i�m�k�l�b�f�•��
�^�•�x�q�b�f�b�� �g�h�j�f�Z�l�b�\�g�b�f�b�� �^�h�d�m�f�_�g�l�Z�f�b������ �\�•�^�k�l�Z�g�v�� �f�•�`�� �j�h�[�h�q�h�x�� �]�j�Z�g�g�x�� �]�j�_�[�_�g�x��
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�d�h�e�•�k�g�h�€���i�Z�j�b���a���h�^�g�•�}�€���k�l�h�j�h�g�b���^�h���g�_�j�h�[�h�q�h�€���]�j�Z�g�•���]�j�_�[�_�g�x���d�h�e�•�k�g�h�€���i�Z�j�b���a���•�g�r�h�€��
�k�l�h�j�h�g�b�� �g�Z�� ������ �f�f�� �f�_�g�r�_�� �g�•�`�� �\�•�^�k�l�Z�g�v�� �f�•�`�� �j�h�[�h�q�h�x�� �]�j�Z�g�g�x�� �j�_�c�d�b�� �a�� �h�^�g�•�}�€��
�k�l�h�j�h�g�b���^�h���j�h�[�h�q�h�€���]�j�Z�g�•���d�h�g�l�j�j�_�c�d�b���a���•�g�r�h�€���k�l�h�j�h�g�b���d�h�e�•�€�����L�h�[�l�h�����y�d�s�h���]�j�_�[�•�g�v��
�h�^�g�h�]�h�� �d�h�e�_�k�Z�� �d�h�e�•�k�g�h�€�� �i�Z�j�b �s�•�e�v�g�h�� �i�j�b�l�b�k�d�Z�}�l�v�k�y�� �^�h�� �j�_�c�d�b�� ���s�h�� �i�h�k�l�•�c�g�h��
�\�•�^�[�m�\�Z�}�l�v�k�y�� �i�j�b�� �\�i�b�k�m�\�Z�g�g�•�� �m�� �d�j�b�\�•�� �^�•�e�y�g�d�b�� �d�h�e�•�€������ �l�h�� �a�� �•�g�r�h�]�h�� �[�h�d�m�� �]�j�_�[�•�g�v��
�d�h�e�•�k�g�h�€���i�Z�j�b���h�[�h�\�¶�y�a�d�h�\�h���[�m�^�_���g�_�j�h�[�h�q�h�x���]�j�Z�g�g�x���m�^�Z�j�y�l�b���m���\�•�^�\�•�^ �d�h�g�l�j�j�_�c�d�b��
�a�� �i�h�^�Z�e�v�r�b�f�� �^�b�g�Z�f�•�q�g�b�f�� �g�Z�i�j�Z�\�e�_�g�g�y�f�� �d�h�e�•�k�g�h�€�� �i�Z�j�b�� �m�� �`�h�e�h�[�� �g�Z�k�l�b�e�m��
�i�_�j�_�€�a�^�m�����s�h���i�j�b�a�\�_�^�_���^�h���i�h�]�•�j�r�_�g�v���i�e�Z�\�g�h�k�l�•���l�Z���[�_�a�i�_�d�b���j�m�o�m�����I�j�b���a�[�•�e�v�r�_�g�g�•��
�r�\�b�^�d�h�k�l�•�� �j�m�o�m�� �k�b�e�Z�� �l�Z�d�h�]�h�� �m�^�Z�j�m�� �[�m�^�_�� �[�_�a�m�f�h�\�g�h�� �i�•�^�\�b�s�m�\�Z�l�b�k�v���� �Z��
�d�h�f�n�h�j�l�Z�[�_�e�v�g�•�k�l�v���i�h�]�•�j�r�m�\�Z�l�b�k�y���� 
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�\�b�j�h�[�e�y�x�l�v�� �•�a�� �[�_�l�h�g�m�� �\�b�k�h�d�b�o�� �d�e�Z�k�•�\�� �i�h�i�_�j�_�^�g�v�h�� �g�Z�i�j�m�`�_�g�b�f�b�� �a�•�� �k�l�Z�e�_�\�h�x��
�k�l�_�j�`�g�_�\�h�x�� �Z�[�h�� �^�j�h�l�y�g�h�x�� �Z�j�f�Z�l�m�j�h�x���� �<�� �g�Z�c�[�•�e�v�r�� �k�m�q�Z�k�g�b�o���l�_�o�g�h�e�h�]�•�y�o���>������ ���@��
�a�Z�k�l�h�k�h�\�m�}�l�v�k�y�� �]�e�Z�^�d�Z�� �Z�j�f�Z�l�m�j�Z���� �Z�� �€�€�� �i�h�i�_�j�_�^�g�}�� �g�Z�i�j�m�`�_�g�g�y�� �i�_�j�_�^�Z�}�l�v�k�y�� �g�Z��
�[�_�l�h�g�� �g�_�� �i�h�� �\�k�•�c�� �€�€�� �^�h�\�`�b�g�•���� �Z�� �q�_�j�_�a�� �Z�g�d�_�j�g�•�� �i�e�Z�k�l�b�g�b���� �a�Z�]�e�b�[�e�_�g�•�� �\�� �[�_�l�h�g�� �g�Z��
�l�h�j�p�y�o�� �r�i�Z�e�b���� �K�m�^�y�q�b�� �a�� �f�Z�l�_�j�•�Z�e�•�\�� �>������ ���@�� �i�h�i�_�j�_�^�g�}�� �g�Z�i�j�m�`�_�g�g�y�� �f�h�`�_��
�a�^�•�c�k�g�x�\�Z�l�b�k�v���g�_�� �l�•�e�v�d�b���g�Z���n�h�j�f�m�����Z�� �c���g�Z���[�_�l�h�g�����y�d�b�c���g�Z�[�m�\�� �i�_�\�g�h�€���i�h�q�Z�l�d�h�\�h�€��
�f�•�p�g�h�k�l�•���� �>�e�y�� �p�v�h�]�h�� �a�Z�k�l�h�k�h�\�m�}�l�v�k�y�� �]�e�Z�^�d�Z�� �Z�j�f�Z�l�m�j�Z�� �i�h�� ���� �k�l�_�j�`�g�•�� �g�Z�� �r�i�Z�e�m����
�g�Z�l�y�]�� �y�d�h�€�� �a�^�•�c�k�g�x�}�l�v�k�y�� �]�Z�c�d�h�\�_�j�l�Z�f�b�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �]�Z�c�h�d�� �l�Z�� �g�Z�j�•�a�Z�g�h�€�� �g�Z��
�d�•�g�p�y�o���k�l�_�j�`�g�•�\���j�•�a�v�[�b���•���i�_�j�_�^�Z�}�l�v�k�y���g�Z���[�_�l�h�g���q�_�j�_�a���Z�g�d�_�j�g�•���i�e�Z�k�l�b�g�b�����i�_�l�e�•���g�Z��
�i�j�h�l�b�e�_�`�g�h�f�m�� �l�h�j�p�•�� �r�i�Z�e�b�� �l�h�s�h���� �H�k�d�•�e�v�d�b�� �\�k�•�� �p�•�� �_�e�_�f�_�g�l�b�� �j�h�a�l�Z�r�h�\�Z�g�•�� �m��
�k�n�h�j�f�h�\�Z�g�b�o�� �i�m�k�l�h�l�h�m�l�\�h�j�x�\�Z�q�Z�f�b�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �a�Z�]�e�b�[�e�_�g�g�y�o�� �\�� �l�h�j�p�y�o 
�r�i�Z�e���� �d�•�g�p�•�� �Z�j�f�Z�l�m�j�b�� �a�Z�o�b�s�Z�x�l�v�� �p�_�f�_�g�l�g�h-�i�•�s�Z�g�b�f�� �j�h�a�q�b�g�h�f�� �l�h�\�s�b�g�h�x��
�^�_�d�•�e�v�d�Z�� �^�_�k�y�l�d�•�\�� �f�f���� �s�h�� �f�•�g�•�f�•�a�m�}�� �m�q�Z�k�l�v�� �Z�j�f�Z�l�m�j�b�� �\�� �d�h�e�Z�o���k�l�j�m�f�•�\�� �\�b�l�h�d�m���g�Z��
�_�e�_�d�l�j�b�n�•�d�h�\�Z�g�b�o���a�Z�e�•�a�g�b�p�y�o�����f�•�g�•�f�•�a�m�x�q�b���m���k�\�h�x���q�_�j�]�m���\�l�j�Z�l�m���l�y�]�h�\�b�o���k�l�j�m�f�•�\��
�l�Z���_�e�_�d�l�j�h�d�h�j�h�a�•�c�g�•���i�j�h�p�_�k�b�� 

�G�Z�� �i�h�k�l�j�Z�^�y�g�k�v�d�h�f�m�� �i�j�h�k�l�h�j�•�� �^�e�y�� �r�i�Z�e�� �a�Z�k�l�h�k�h�\�m�}�l�v�k�y�� �k�l�Z�e�_�\�Z�� �^�j�h�l�y�g�Z��
�Z�j�f�Z�l�m�j�Z�� ���j�b�k���� �������Z������ �g�Z�l�y�]�� �y�d�h�€�� �a�^�•�c�k�g�x�}�l�v�k�y�� �g�Z�� �n�h�j�f�m�� �•�� �i�_�j�_�^�Z�}�l�v�k�y�� �g�Z�� �[�_�l�h�g��
�i�•�k�e�y�� �^�h�k�y�]�g�_�g�g�y�� �g�b�f�� �i�_�j�_�^�Z�l�h�q�g�h�€�� �f�•�p�g�h�k�l�•���� �Q�_�j�_�a�� �p�_�� �g�Z�� �l�h�j�p�y�o�� �r�i�Z�e��
�a�Z�e�b�r�Z�x�l�v�k�y���^�h�i�m�s�_�g�•���q�b�g�g�b�f�b���g�h�j�f�Z�f�b���\�b�i�m�k�d�b���Z�j�f�Z�l�m�j�b�����s�h���i�j�b�a�\�h�^�b�l�v���^�h��
�m�q�Z�k�l�•���Z�j�f�Z�l�m�j�b���\���d�h�e�Z�o���k�l�j�m�f�•�\���\�b�l�h�d�m���l�Z�����\�•�^�i�h�\�•�^�g�h�����\�l�j�Z�l���l�y�]�h�\�b�o���k�l�j�m�f�•�\���l�Z��
�_�e�_�d�l�j�h�d�h�j�h�a�•�g�b�o���i�j�h�p�_�k�•�\�����H�k�d�•�e�v�d�b���i�_�j�_�o�•�^���•�k�g�m�x�q�b�o���\���d�j�Z�€�g�•���i�•�^�i�j�b�}�f�k�l�\���g�Z��
�h�i�b�k�Z�g�m���\�b�s�_���l�_�o�g�h�e�h�]�•�x���a�•���k�l�_�j�`�g�_�\�h�x���Z�j�f�Z�l�m�j�h�x���}���g�Z�^�l�h���j�_�k�m�j�k�h�\�b�l�j�Z�l�g�b�f����
� �̂e�y�� �•�k�g�m�x�q�h�€�� �l�_�o�g�h�e�h�]�•�€�� �y�d�� �\�Z�j�•�Z�g�l�� �r�i�Z�e�� �a�� �i�•�^�\�b�s�_�g�b�f�� �_�e�_�d�l�j�b�q�g�b�f�� �h�i�h�j�h�f�� �•��
�_�e�_�d�l�j�h�d�h�j�h�a�•�c�g�h�x�� �k�l�•�c�d�•�k�l�x�� �\�� �M�d�j�>�M�A�L�� �j�h�a�j�h�[�e�_�g�h�� �d�h�g�k�l�j�m�d�l�b�\�g�h-
�l�_�o�g�h�e�h�]�•�q�g�_�� �j�•�r�_�g�g�y�� �a�� �d�h�f�i�h�a�b�l�g�h�x�� �Z�j�f�Z�l�m�j�h�x�� ���[�Z�a�Z�e�v�l�h�\�_�� �\�h�e�h�d�g�h�� �l�Z��
�_�i�h�d�k�b�^�g�b�c���i�h�e�•�f�_�j�����j�b�k�����������[) [3, 4].  
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�g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m�� �r�i�Z�e�� �a�•�� �k�l�Z�e�_�\�h�x�� �^�j�h�l�y�g�h�x�� �l�Z�� �d�h�f�i�h�a�b�l�g�h�x��
�Z�j�f�Z�l�m�j�h�x��[3]���� �I�h�d�Z�a�Z�g�h���� �s�h�� �g�Z�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�b�c�� �k�l�Z�g�� �r�i�Z�e�b�� �\��
�[�•�e�v�r�h�f�m���k�l�m�i�_�g�•���\�i�e�b�\�Z�}���\�_�e�b�q�b�g�Z���i�h�i�_�j�_�^�g�v�h�]�h���g�Z�l�y�]�m���Z�j�f�Z�l�m�j�g�h�]�h���i�Z�d�_�l�m�����\��
�f�_�g�r�h�f�m�� �k�l�m�i�_�g�•���± �\�b�^�� �Z�j�f�Z�l�m�j�b���� �A�Z�� �k�b�e�b�� �g�Z�l�y�]�m�� �i�Z�d�_�l�m�� �������� �d�G�� �f�Z�d�k�b�f�Z�e�v�g�•��
�k�l�b�k�d�Z�x�q�•�� �g�Z�i�j�m�`�_�g�g�y�� �m�� �a�Z�a�g�Z�q�_�g�b�o�� �r�i�Z�e�Z�o�� �h�^�g�Z�d�h�\�•���± ������ �F�I�Z���� �I�j�h�l�_�� �a��
�d�h�f�i�h�a�b�l�g�h�x�� �Z�j�f�Z�l�m�j�h�x�� �i�h�]�•�j�r�m�}�l�v�k�y���l�j�•�s�b�g�h�k�l�•�c�d�•�k�l�v�� �r�i�Z�e�b���± �f�Z�d�k�b�f�Z�e�v�g�_��
�j�h�a�l�y�]�m�\�Z�e�v�g�_�� �g�Z�i�j�m�`�_�g�g�y�� �m�� �€�€�� �k�_�j�_�^�g�v�h�f�m�� �i�_�j�_�j�•�a�•�� �������� �F�I�Z�� �g�Z�� �i�h�j�y�^�h�d��
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�i�_�j�_�\�b�s�m�}�� �g�Z�i�j�m�`�_�g�g�y�� �m�� �r�i�Z�e�•�� �a�•�� �k�l�Z�e�_�\�h�x�� �Z�j�f�Z�l�m�j�h�x�� ���������� �F�I�Z���� �o�h�q�Z�� �c�� �g�_��
�k�i�j�b�q�b�g�y�}�� �m�l�\�h�j�_�g�g�y�� �l�j�•�s�b�g���� �A�g�b�`�_�g�g�y�� �\�^�\�•�q�•�� �g�Z�l�y�]�m�� �i�Z�d�_�l�m�� �d�h�f�i�h�a�b�l�g�h�€��
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�d�h�g�k�l�j�m�d�p�•�c���± �k�h�j�h�q�h�d���� �h�[�h�c�f���� �y�d�•�� �\�e�Z�r�l�h�\�m�x�l�v�k�y�� �g�Z�� �i�h�r�d�h�^�`�_�g�b�o�� �_�e�_�f�_�g�l�Z�o��
�k�i�h�j�m�^�b���r�e�y�o�h�f�� �m�e�Z�r�l�m�\�Z�g�g�y�� �k�l�Z�e�_�\�b�o���h�[�h�e�h�g�h�d���g�Z���Z�g�d�_�j�Z�o���l�Z���•�g�¶�}�d�l�m�\�Z�g�g�y�� �\��
�a�Z�a�h�j���f�•�`���g�b�f�b���l�Z���i�h�r�d�h�^�`�_�g�h�x���d�h�g�k�l�j�m�d�p�•�}�x���j�_�f�h�g�l�g�b�o���d�h�f�i�h�a�b�p�•�c�����j�b�k������������
�I�j�h�l�_���a�Z�a�g�Z�q�_�g�•���d�h�g�k�l�j�m�d�l�b�\�g�h-�l�_�o�g�h�e�h�]�•�q�g�•���j�•�r�_�g�g�y���i�_�j�_�^�[�Z�q�Z�e�b���\�•�^�g�h�\�e�_�g�g�y��
�\�b�o�•�^�g�h�]�h�� �i�_�j�_�j�•�a�m�� �d�h�g�k�l�j�m�d�p�•�€�� �p�_�f�_�g�l�g�h�x�� �d�h�f�i�h�a�b�p�•�}�x���� �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �y�d�h�€�� �g�_�� �g�b�`�q�•���� �g�•�`�� �\�b�o�•�^�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �d�h�g�k�l�j�m�d�p�•�€���� �>�e�y��
�k�d�e�_�i�•�g�q�Z�k�l�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �g�_�k�m�q�Z�� �a�^�Z�l�g�•�k�l�v�� �k�l�Z�e�_�\�h�€�� �h�[�h�e�h�g�d�b�� �g�_��
�\�j�Z�o�h�\�m�\�Z�e�Z�k�v�� �•�� �c�r�e�Z�� �\�� �a�Z�i�Z�k�� �f�•�p�g�h�k�l�•�� �g�Z�\�•�l�v�� �m�� �j�Z�a�•�� �j�h�a�j�Z�o�m�g�d�m�� �d�h�g�k�l�j�m�d�p�•�€��
�k�m�q�Z�k�g�b�f�� �f�_�l�h�^�h�f�� �k�d�•�g�q�_�g�b�o�� �_�e�_�f�_�g�l�•�\���� �I�j�b�q�b�g�h�x�� �p�v�h�]�h�� �[�m�e�Z�� �k�d�e�Z�^�g�•�k�l�v��
�\�_�j�b�n�•�d�Z�p�•�€���j�_�a�m�e�v�l�Z�l�•�\���l�Z�d�b�o���j�h�a�j�Z�o�m�g�d�•�\�� 
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                    �Z)                                 �[)                                     �\)                                   �]) 
�J�b�k������. �<�•�^�g�h�\�e�_�g�g�y���l�j�b�f�Z�x�q�h�€���a�^�Z�l�g�h�k�l�•���k�d�e�_�i�•�g�g�y���\�h�^�h�i�j�h�i�m�k�d�g�h�€���l�j�m�[�b���g�Z���^�•�e�y�g�p�•�� 

�O�Z�j�d�•�\���± �D�m�i�¶�y�g�k�v�d���I�•�\�^�_�g�g�h�€���a�Z�e�•�a�g�b�p�•���a�Z���^�h�i�h�f�h�]�h�x���f�_�l�Z�e�h�•�g�¶�}�d�p�•�c�g�h�€���k�h�j�h�q�d�b���� 
�Z, �[ �± �g�Z�k�d�j�•�a�g�b�c���\�b�\�Z�e���m���k�d�e�_�i�•�g�g�•�����\, �] �± �d�h�g�k�l�j�m�d�p�•�y���l�Z���\�b�]�e�y�^���f�_�l�Z�e�h�•�g�¶�}�d�p�•�g�h�€���k�h�j�h�q�d�b 

 
�F�_�l�h�x���p�v�h�]�h���^�h�k�e�•�^�`�_�g�g�y���}���Z�^�Z�i�l�Z�p�•�y���k�d�•�g�q�_�g�h-�_�e�_�f�_�g�l�g�h�€���f�h�^�_�e�•���k�d�e�_�i�•�g�g�y��

�a�� �f�_�l�Z�e�h�•�g�¶�}�d�p�•�c�g�h�x�� �k�h�j�h�q�d�h�x�� �^�h�� �j�_�Z�e�v�g�h�€�� �j�h�[�h�l�b�� �p�•�}�€�� �d�h�g�k�l�j�m�d�p�•�€�� �^�e�y��
�d�h�j�_�d�l�g�h�]�h�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �i�•�^�� �q�Z�k�� �i�j�h�}�d�l�m�\�Z�g�g�y���� �A�Z�\�^�Z�g�g�y�� �^�h�k�e�•�^�`�_�g�v���� �i�h�r�m�d��
�e�•�l�_�j�Z�l�m�j�g�b�o�� �^�`�_�j�_�e�� �a�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�f�b�� �l�Z�� �j�h�a�j�Z�o�m�g�d�h�\�b�f�b�� �^�Z�g�b�f�b�� �s�h�^�h��
�j�h�[�h�l�b�� �Z�g�Z�e�h�]�•�q�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �i�h�[�m�^�h�\�Z�� �k�d�•�g�q�_�g�h-�_�e�_�f�_�g�l�g�h�€�� �f�h�^�_�e�•�� �l�Z�d�h�€��
�d�h�g�k�l�j�m�d�p�•�€�����j�h�a�j�Z�o�m�g�d�h�\�b�c���_�d�k�i�_�j�b�f�_�g�l���l�Z���Z�g�Z�e�•�a���€�€���g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h��
�k�l�Z�g�m���� �i�h�j�•�\�g�y�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\�� �Z�g�Z�e�•�a�m���a�� �e�•�l�_�j�Z�l�m�j�g�b�f�b�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�f�b�� �l�Z��
�j�h�a�j�Z�o�m�g�d�h�\�b�f�b���^�Z�g�b�f�b�� 

�M�� �>���@�� �[�m�e�h�� �^�h�k�e�•�^�`�_�g�h�� �j�h�[�h�l�m�� �k�l�Z�e�_�[�_�l�h�g�g�b�o�� �Z�j�h�d�� �a�� �j�h�a�j�Z�o�m�g�d�h�f�� �€�o��
�g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h���k�l�Z�g�m���f�_�l�h�^�h�f���k�d�•�g�q�_�g�b�o���j�•�a�g�h�k�l�_�c���l�Z���\�_�j�b�n�•�d�Z�p�•�}�x��
�j�_�a�m�e�v�l�Z�l�•�\���j�h�a�j�Z�o�m�g�d�•�\���g�Z�l�m�j�g�b�f���_�d�k�i�_�j�b�f�_�g�l�h�f�����j�b�k���������� �G�Z���j�b�k�����������Z���g�Z�\�_�^�_�g�h��
�^�•�Z�]�j�Z�f�b�� �j�Z�^�•�Z�e�v�g�b�o�� �i�_�j�_�f�•�s�_�g�v�� �Z�j�d�b���� �\�b�a�g�Z�q�_�g�b�o�� �j�h�a�j�Z�o�m�g�d�h�f�� �l�Z��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���� �1�a�� �j�b�k���� �������Z �\�b�^�g�h���� �s�h�� �j�_�a�m�e�v�l�Z�l�b�� �j�h�a�j�Z�o�m�g�d�•�\�� �\�� �p�•�e�h�f�m��
�\�•�^�i�h�\�•�^�Z�x�l�v�� �j�_�a�m�e�v�l�Z�l�Z�f�� �\�b�i�j�h�[�m�\�Z�g�v�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�f���� �i�j�b�q�h�f�m�� �j�h�a�j�Z�o�m�g�d�h�\�•��
�\�_�e�b�q�b�g�b�����^�_�n�h�j�f�Z�p�•�c���^�_�s�h���i�_�j�_�\�b�s�m�x�l�v���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•�� 

 

 

 
 

 

                    �Z)                                 �[)                                     �\)                                   �]) 
�J�b�k������. �>�h�k�e�•�^�`�_�g�g�y���j�h�[�h�l�b���k�l�Z�e�_�[�_�l�h�g�g�b�o���Z�j�h�d���>���@�����Z �± �g�Z�l�m�j�g�Z���f�h�^�_�e�v���Z�j�d�b�����[ �± �k�l�Z�e�_�\�•��

�e�b�k�l�b���Z�j�h�d���a���Z�g�d�_�j�g�b�f�b���k�d�h�[�Z�f�b���a �d�j�h�d�h�f�������������������•�����������f�f�����\ �± �j�h�a�j�Z�o�m�g�d�h�\�Z���k�o�_�f�Z�����] �± �k�o�_�f�Z��
�g�Z�\�Z�g�l�Z�`�_�g�g�y���i�•�^���q�Z�k���g�Z�l�m�j�g�h�]�h���_�d�k�i�_�j�b�f�_�g�l�m 

 
�>�e�y�� �g�Z�l�m�j�g�b�o�� �f�h�^�_�e�_�c�� �j�b�k���� ���� �>���@�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �i�j�h�]�j�Z�f�g�h�]�h�� �d�h�f�i�e�_�d�k�m��

�E�1�J�:-�K�:�I�J�� �i�h�[�m�^�h�\�Z�g�h�� �k�d�•�g�q�_�g�h-�_�e�_�f�_�g�l�g�•�� �f�h�^�_�e�•�� ���j�b�k���� �������[���� �l�Z�� �\�b�d�h�g�Z�g�h��
�j�h�a�j�Z�o�m�g�d�b�� �€�o�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m�� �\�� �g�_�e�•�g�•�c�g�•�� �i�h�k�l�Z�g�h�\�p�•�� �i�•�^��
�g�Z�\�Z�g�l�Z�`�_�g�g�y�f�b���� �g�Z�\�_�^�_�g�b�f�b�� �g�Z�� �j�b�k���� �������Z���� �A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �j�h�a�j�Z�o�m�g�d�•�\��
�i�h�[�m�^�h�\�Z�g�h���^�•�Z�]�j�Z�f�b���j�Z�^�•�Z�e�v�g�b�o���i�_�j�_�f�•�s�_�g�v���\���k�d�e�_�i�•�g�g�•���Z�j�d�b�����g�Z�\�_�^�_�g�•���g�Z���j�b�k����
3, �[. 
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�J�b�k������. �J�_�a�m�e�v�l�Z�l�b���^�h�k�e�•�^�`�_�g�g�y���j�h�[�h�l�b���k�l�Z�e�_�[�_�l�h�g�g�b�o���Z�j�h�d�����Z �± �^�•�Z�]�j�Z�f�b���j�Z�^�•�Z�e�v�g�b�o��
�i�_�j�_�f�•�s�_�g�v���Z�j�d�b���Z�����\�b�a�g�Z�q�_�g�b�o���j�h�a�j�Z�o�m�g�d�h�f���f�_�l�h�^�h�f���k�d�•�g�q�_�g�b�o���j�•�a�g�h�k�l�_�c�����k�m�p�•�e�v�g�Z���e�•�g�•�y���� 
�l�Z���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�����r�l�j�b�o�h�\�Z���e�•�g�•�y�����>���@�����[ �± �a�h�g�b���j�m�c�g�m�\�Z�g�g�y���k�d�•�g�q�_�g�h�_�e�_�f�_�g�l�g�h�€���f�h�^�_�e�•���� 

�\ �± �^�•�Z�]�j�Z�f�b���j�Z�^�•�Z�e�v�g�b�o���i�_�j�_�f�•�s�_�g�v���\���a�Z�f�d�m���Z �k�d�•�g�q�_�g�h�_�e�_�f�_�g�l�g�h�€���f�h�^�_�e�•���Z�j�d�b���a���d�j�h�d�h�f��
�Z�g�d�_�j�g�b�o���i�_�l�_�e�v�������������������•�����������f�f 

 
�<�� �l�Z�[�e���� ���� �g�Z�\�_�^�_�g�h�� �\�_�e�b�q�b�g�b�� �l�j�b�f�Z�x�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �a�Z�� �f�•�p�g�•�k�l�x�� �f�h�^�_�e�_�c����

�h�l�j�b�f�Z�g�•�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �l�Z�� �j�h�a�j�Z�o�m�g�d�Z�f�b���� �1�a�� �l�Z�[�e������ �\�b�^�g�h���� �s�h�� �j�h�a�j�Z�o�m�g�h�d��
�f�_�l�h�^�h�f�� �k�d�•�g�q�_�g�b�o�� �j�•�a�g�h�k�l�_�c�� �^�Z�}�� �\�_�e�b�q�b�g�b�� �l�j�b�f�Z�x�q�h�€�� �a�^�Z�l�g�h�k�l�•���� �s�h�� �\��
�k�_�j�_�^�g�v�h�f�m�� �g�Z�� �������� ���� �i�_�j�_�\�b�s�m�x�l�v�� �h�l�j�b�f�Z�g�•�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �n�Z�d�l�b�q�g�•��
�\�_�e�b�q�b�g�b�����J�h�a�j�Z�o�m�g�h�d���f�_�l�h�^�h�f���k�d�•�g�q�_�g�b�o���_�e�_�f�_�g�l�•�\���\���g�_�e�•�g�•�c�g�•�c���i�h�k�l�Z�g�h�\�p�•���^�Z�}��
�\�_�e�b�q�b�g�b�� �l�j�b�f�Z�x�q�h�€�� �a�^�Z�l�g�h�k�l�•���� �y�d�•�� �\�� �k�_�j�_�^�g�v�h�f�m�� �f�_�g�r�•�� �g�Z�� ���������� ���� �h�l�j�b�f�Z�g�b�o��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���n�Z�d�l�b�q�g�b�o���a�g�Z�q�_�g�v���� 

�L�Z�d�b�f�� �q�b�g�h�f���� �\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �j�h�a�j�Z�o�m�g�d�b�� �f�_�l�h�^�h�f�� �k�d�•�g�q�_�g�b�o�� �_�e�_�f�_�g�l�•�\�� �\  
�g�_�e�•�g�•�c�g�•�c�� �i�h�k�l�Z�g�h�\�p�•�� �f�_�l�Z�e�h�•�g�¶�}�d�p�•�c�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �k�d�e�_�i�•�g�v�� �^�Z�x�l�v��
�a�Z�^�h�\�•�e�v�g�m�� �\�•�^�i�h�\�•�^�g�•�k�l�v�� �n�Z�d�l�b�q�g�b�f�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�� �g�Z�i�j�m�`�_�g�h-
�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m���� �H�l�j�b�f�Z�g�•�� �\�_�e�b�q�b�g�b�� �l�j�b�f�Z�x�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �\�� �k�_�j�_�^�g�v�h�f�m��
�f�_�g�r�•�� �g�Z�� ���������� ���� �n�Z�d�l�b�q�g�b�o�� �a�g�Z�q�_�g�v���� �s�h�� �g�_�h�[�o�•�^�g�h�� �\�j�Z�o�h�\�m�\�Z�l�b�� �i�•�^�� �q�Z�k��
�i�j�h�}�d�l�m�\�Z�g�g�y���� 
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�L�Z�[�e�b�p�y�������± �I�h�j�•�\�g�y�e�v�g�Z���l�Z�[�e�b�p�y���l�j�b�f�Z�x�q�h�€���a�^�Z�l�g�h�k�l�•���f�h�^�_�e�_�c�� 
�h�l�j�b�f�Z�g�h�€�����_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���l�Z���j�h�a�j�Z�o�m�g�d�Z�f�b 

�D�j�h�d��
�Z�g�d�_�j�g�b�o��

�i�_�l�_�e�v���f�h�^�_�e�•����
�f�f  

�L�j�b�f�Z�x�q�Z���a�^�Z�l�g�•�k�l�v�����j�m�c�g�•�\�g�_���g�Z�\�Z�g�l�Z�`�_�g�g�y����P 
�l�Z���\�•�^�o�b�e�_�g�g�y���\�•�^���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h���a�g�Z�q�_�g�g�y �'  

�?�d�k�i�_�j�b-
�f�_�g�l�Z�e�v�g�Z��
�\�_�e�b�q�b�g�Z 

F, �d�G 

�J�h�a�j�Z�o�m�g�d�h�\�•���\�_�e�b�q�b�g�b�����h�l�j�b�f�Z�g�•���f�_�l�h�^�h�f 
�k�d�•�g�q�_�g�b�o���j�•�a�g�h�k�l�_�c 

�k�d�•�g�q�_�g�b�o��
�_�e�_�f�_�g�l�•�\ �a�Z���]�j�Z�g�b�q�g�h�x��

�j�•�\�g�h�\�Z�]�h�x 

�a�Z���g�Z�i�j�m�`�_�g�h-
�^�_�n�h�j�f�h�\�Z�g�b�f��

�k�l�Z�g�h�f 
F�����d�G �' , % F�����d�G �' , % F�����d�G �' , % 

50 70 72 +2,8 74 +7,0 69 �±1,4 
100 71 72 0 74 +4,1 54 �±24,7 
150 66 72 +7,4 74 +11,8 49 �±26,4 
�K�_�j��   +3,4  +7,6  �±17,5 

 
�>���@�� �I�e�m�]�•�g�� �:���:������ �� �F�•�j�h�r�g�•�q�_�g�d�h�� �K���<������ �D�Z�e�•�g�•�g�� �H���:������ �G�b�d�b�l�b�g�k�v�d�b�c�� �:���<������ �E�x�l�b�c�� �<���:������ �:�n�Z�g�Z�k�v�}�\�� �H���<���� �G�h�\�•��
�d�h�g�k�l�j�m�d�l�b�\�g�h-�l�_�o�g�h�e�h�]�•�q�g�•���j�•�r�_�g�g�y���j�_�f�h�g�l�m���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���•���d�Z�f�¶�y�g�b�o���f�h�k�l�•�\���•���\�h�^�h�i�j�h�i�m�k�d�g�b�o���l�j�m�[�����>�h�k�\�•�^��
�_�d�k�i�e�m�Z�l�Z�p�•�€���i�•�k�e�y���j�_�f�h�g�l�m�����M�d�j�Z�€�g�k�v�d�Z���a�Z�e�•�a�g�b�p�y�������������������������������������±24. 
�>���@���F�h�e�^�Z�\�k�v�d�Z���L���:�����G�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�b�c���•���]�j�Z�g�b�q�g�b�c���k�l�Z�g���k�l�Z�e�_�[�_�l�h�g�g�b�o���k�d�e�_�i�•�g�v�����>�b�k�«���d���l���g��������������������������
�������������O�Z�j�>�:�A�L�����O�Z�j�d�•�\�� 

 
 

�M�>�D���������������������� 
 

�G�H�<�B�C �D�H�F�I�H�A�B�P�1�C�G�B�C���F�:�L�?�J�1�:�E���>�E�Y���A�:�E�1�A�H�;�?�L�H�G�G�H�=�H��
�;�?�A�;�:�E�:�K�L�G�H�=�H���F�H�K�L�H�<�H�=�H���I�H�E�H�L�G�:���A�:�E�1�A�G�B�Q�G�B�O���F�H�K�L�1�< 

 
NEW COMPOSITE MATERIAL FOR REINFORCED CONCRETE 

BALLASTLESS BRIDGE DECK OF RAILWAY BRIDGES  
 

� -̂�j���l�_�o�g�����g�Z�m�d���:���:�����I�e�m�]�•�g1, �d�Z�g�^�����l�_�o�g�����g�Z�m�d���X���E�����L�m�e�_�c2,  
�Z�k�i�•�j�Z�g�l�d�Z���G���H�����F�m�j�b�]�•�g�Z1�����d�Z�g�^�����l�_�o�g�����g�Z�m�d���H���:�����I�e�m�]�•�g1,  

�Z�k�i�•�j�Z�g�l���F���:�����F�m�j�b�]�•�g1�����Z�k�i�•�j�Z�g�l���K���F�����F�m�k�•�}�g�d�h1 
1�M�d�j�Z�€�g�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m�����f�����O�Z�j�d�•�\�� 

2�:�L���©�M�d�j�a�Z�e�•�a�g�b�p�y�ª 
 

Dr. Sc. (Tech.) A.A. Plugin1, PhD (Tech.) Yu.L. Tulei2,  
postgraduate student N.O. Murygina1, PhD (Tech.) O.A. Pluhin1,  

 postgraduate student M.A. Murygin1, postgraduate student S.M. Musienko1 
1Ukrainian State University of Railway Transport (Kharkiv) 

2JSC "Ukrzaliznytsia"  
 

 
�G�Z�� �[�•�e�v�r�h�k�l�•�� �f�_�l�Z�e�_�\�b�o�� �a�Z�e�•�a�g�b�q�g�b�o�� �f�h�k�l�•�\�� �i�•�^�j�_�c�d�h�\�h�x�� �h�k�g�h�\�h�x�� �}��

�a�Z�e�•�a�h�[�_�l�h�g�g�•�� �i�e�b�l�b�� �[�_�a�[�Z�e�Z�k�l�g�h�]�h�� �f�h�k�l�h�\�h�]�h�� �i�h�e�h�l�g�Z���� �I�e�b�l�b�� �m�d�e�Z�^�Z�x�l�v�k�y�� �g�Z��
�i�h�^�h�\�`�g�•�� �f�_�l�Z�e�_�\�•�� �[�Z�e�d�b�� �i�j�h�]�h�g�h�\�b�o�� �[�m�^�h�\���� �F�•�`�� �g�b�f�b�� �^�e�y�� �\�b�j�•�\�g�x�\�Z�g�g�y����
�h�k�g�h�\�b�� �•�� �j�•�\�g�h�f�•�j�g�h�]�h�� �j�h�a�i�h�^�•�e�m�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �m�d�e�Z�^�Z�}�l�v�k�y�� �]�m�f�h�^�_�j�_�\�¶�y�g�b�c��
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�i�j�h�d�e�Z�^�g�b�c�� �r�Z�j�� �•�a�� �^�_�j�_�\�b�g�b�� �l�\�_�j�^�b�o�� �i�h�j�•�^�� �•�� �Z�j�f�h�\�Z�g�h�€�� �]�m�f�b�� ���j�b�k���� �������Z������ �<�•�g��
�a�j�m�q�g�h�� �m�d�e�Z�^�Z�}�l�v�k�y���� �Z�� �c�h�]�h�� �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �a�Z�[�_�a�i�_�q�m�x�l�v��
�j�•�\�g�h�f�•�j�g�b�c���j�h�a�i�h�^�•�e���g�Z�\�Z�g�l�Z�`�_�g�g�y���l�Z���f�•�g�•�f�•�a�Z�p�•�x���g�Z�i�j�m�`�_�g�v���\���i�e�b�l�Z�o �>���@�����G�Z��
�`�Z�e�v���q�_�j�_�a���i�h�i�_�j�_�f�•�g�g�_���a�\�h�e�h�`�_�g�g�y-�\�b�k�m�r�m�\�Z�g�g�y���l�Z���[�•�h�i�h�r�d�h�^�`�_�g�g�y���^�_�j�_�\�b�g�b��
�l�Z�d�b�c�� �i�j�h�d�e�Z�^�g�b�c�� �r�Z�j�� �o�Z�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �g�_�\�_�e�b�d�h�x�� �^�h�\�]�h�\�•�q�g�•�k�l�x�� �•�� �\�b�f�Z�]�Z�}��
�a�Z�f�•�g�b���g�Z�[�Z�]�Z�l�h���j�Z�g�•�r�_���i�e�Z�g�h�\�h�€���a�Z�f�•�g�b���i�e�b�l���� 
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�J�b�k�����������I�j�h�d�e�Z�^�g�b�c���r�Z�j���f�•�`���k�l�Z�e�_�\�h�x���f�h�k�l�h�\�h�x���[�Z�e�d�h�x���•���a�Z�e�•�a�h�[�_�l�h�g�g�h�x���i�e�b�l�h�x���� 
�Z, �[���± �k�o�_�f�b���d�h�g�k�l�j�m�d�p�•�€�����\, �] �± �e�Z�[�h�j�Z�l�h�j�g�•���a�j�Z�a�d�b���]�m�f�h�^�_�j�_�\�¶�y�g�h�]�h�����Z, �\�����•���d�h�f�i�h�a�b�p�•�c�g�h�]�h�����[, 

�]�����i�j�h�d�e�Z�^�g�h�]�h���r�Z�j�m����1 �± �k�l�Z�e�_�\�Z���f�h�k�l�h�\�Z���[�Z�e�d�Z����2 �± �a�Z�e�•�a�h�[�_�l�h�g�g�Z���i�e�b�l�Z����3 �± �^�_�j�_�\�¶�y�g�Z��
�^�h�r�d�Z����4 �± �Z�j�f�h�\�Z�g�Z���]�m�f�Z����5 �± �r�Z�j�b���d�h�f�i�h�a�b�p�•�c�g�h�]�h���f�Z�l�_�j�•�Z�e�m������ 

 
�<�� �M�d�j�>�M�A�L�� �j�h�a�j�h�[�e�_�g�h�� �j�m�e�h�g�g�b�c�� �d�h�f�i�h�a�b�p�•�c�g�b�c�� �f�Z�l�_�j�•�Z�e��[2] �•��

�d�h�g�k�l�j�m�d�l�b�\�g�h-�l�_�o�g�h�e�h�]�•�q�g�_���j�•�r�_�g�g�y���i�j�h�d�e�Z�^�g�h�]�h���r�Z�j�m���•�a���g�v�h�]�h���>3�@�����j�b�k�����������[). 
�J�m�e�h�g�b�� �\�b�]�h�l�h�\�e�y�x�l�v�k�y�� �•�a�� �g�_�l�d�Z�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �h�[�¶�}�f�g�h�€�� �k�l�j�m�d�l�m�j�b�� �G�F�H�K�� �•�a��
�Z�g�•�a�h�f�_�l�j�b�q�g�h�� �h�j�•�}�g�l�h�\�Z�g�b�o�� �i�h�e�•�_�n�•�j�g�b�o�� �\�h�e�h�d�h�g�� �l�Z�� �f�•�g�_�j�Z�e�v�g�h�€�� �k�m�f�•�r�•��
�p�_�f�_�g�l�m�� �l�Z�� �i�•�k�d�m���� �A�Z�� �g�_�h�[�o�•�^�g�h�k�l�•�� �\�� �k�m�f�•�r�� �^�h�^�Z�x�l�v�k�y�� �^�h�[�Z�\�d�b���±�i�j�b�k�d�h�j�x�\�Z�q�•��
�l�\�_�j�^�•�g�g�y���� �•�g�]�•�[�•�l�h�j�b�� �d�h�j�h�a�•�€���� �I�h�k�e�•�^�h�\�g�•�k�l�v�� �m�e�Z�r�l�m�\�Z�g�g�y�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m�� �•�a��
�p�v�h�]�h���f�Z�l�_�j�•�Z�e�m���l�Z�d�Z�����D�h�f�i�h�a�b�p�•�c�g�b�c���f�Z�l�_�j�•�Z�e���\�b�]�h�l�h�\�e�y�x�l�v���m���\�b�]�e�y�^�•���j�m�e�h�g�•�\��
�•�a�� �G�F�H�K���� �g�Z�k�b�q�_�g�h�]�h�� �f�•�g�_�j�Z�e�v�g�h�x�� �k�m�f�•�r�r�x�� �r�e�y�o�h�f�� �g�Z�k�b�i�Z�g�g�y���� �G�Z�� �h�q�b�s�_�g�m��
�\�_�j�o�g�x�� �i�h�e�b�p�x�� �[�Z�e�h�d�� �m�d�e�Z�^�Z�x�l�v�� �e�h�d�Z�e�v�g�•�� �h�i�h�j�b���� �l�h�\�s�b�g�Z�� �y�d�b�o�� �\�•�^�i�h�\�•�^�Z�}��
�i�j�h�}�d�l�g�•�c�� �l�h�\�s�b�g�•�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m���� �J�m�e�h�g�b�� �a�Z�g�m�j�x�x�l�v�� �m���\�h�^�m���� �i�•�k�e�y�� �q�h�]�h�� �\��
�^�_�d�•�e�v�d�Z�� �r�Z�j�•�\�� �j�h�a�d�h�q�m�x�l�v�� �i�h�� �\�_�j�o�g�•�c�� �i�h�e�b�p�•�� �[�Z�e�h�d�� �a�Z�]�Z�e�v�g�h�x�� �l�h�\�s�b�g�h�x����
�[�•�e�v�r�h�x�� �i�j�h�}�d�l�g�h�€�� �l�h�\�s�b�g�b�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m���� �G�Z�� �e�h�d�Z�e�v�g�•�� �h�i�h�j�b�� �m�d�e�Z�^�Z�x�l�v��
�i�e�b�l�b���� �y�d�•�� �k�\�h�}�x�� �\�Z�]�h�x�� �m�s�•�e�v�g�x�x�l�v�� �f�Z�l�_�j�•�Z�e���� �y�d�b�c�� �\�g�Z�k�e�•�^�h�d�� �l�\�_�j�^�•�g�g�y��
�p�_�f�_�g�l�m���g�Z�[�m�\�Z�}���i�h�l�j�•�[�g�b�o���n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�b�o���\�e�Z�k�l�b�\�h�k�l�_�c�� 

�M�� �>���@�� �i�h�d�Z�a�Z�g�h���� �s�h�� �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•�� �\�e�Z�k�l�b�\�h�k�l�•�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m��
�\�i�e�b�\�Z�x�l�v�� �g�Z�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�b�c�� �k�l�Z�g�� �i�e�b�l���� �m�� �l���q���� �f�h�`�m�l�v�� �k�i�j�b�y�l�b��
�m�l�\�h�j�_�g�g�x���\���g�b�o���l�j�•�s�b�g�����F�•�p�g�•�k�l�v���i�j�h�d�e�Z�^�g�h�]�h���r�Z�j�m���g�Z���k�l�b�k�d��f �a���m�j�Z�o�m�\�Z�g�g�y�f��
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�l�_�o�g�h�e�h�]�•�€���m�d�e�Z�^�Z�g�g�y���i�e�b�l���f�Z�}���k�d�e�Z�^�Z�l�b���q�_�j�_�a�������^�h�[�m���g�_���f�_�g�r�_�������F�I�Z�����q�_�j�_�a������
�^�h�[�b���± ���� �F�I�Z���� �J�_�d�h�f�_�g�^�h�\�Z�g�h�� �f�h�^�m�e�v�� �^�_�n�h�j�f�Z�p�•�€�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m���? �g�_��
�f�_�g�r�_���������������F�I�Z�����i�j�h�l�_���•�a���g�Z�\�_�^�_�g�b�o���m���>���@���^�•�Z�]�j�Z�f���\�b�^�g�h�����s�h���g�Z���g�Z�i�j�m�`�_�g�g�y���\��
�i�e�b�l�Z�o���? �\�i�e�b�\�Z�}�� �g�_�k�m�l�l�}�\�h���� �Z�� �g�Z�i�j�m�`�_�g�g�y�� �\�� �k�Z�f�h�f�m�� �i�j�h�d�e�Z�^�g�h�f�m�� �r�Z�j�•�� �� �a�•��
�a�g�b�`�_�g�g�y�f���? �\�•�^���������������^�h�������������F�I�Z���g�Z�\�•�l�v���a�f�_�g�r�m�x�l�v�k�y���m�����������±���������j�Z�a�����H�l�`�_����
�^�e�y�� �d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �^�h�p�•�e�v�g�h�� �a�Z�[�_�a�i�_�q�b�l�b���?���� �[�e�b�a�v�d�b�c�� �^�h��
�•�g�l�_�]�j�Z�e�v�g�h�]�h�� �f�h�^�m�e�y�� �^�_�n�h�j�f�Z�p�•�€�� �]�m�f�h�^�_�j�_�\�¶�y�g�h�]�h�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m���� �y�d�b�c��
�a�Z�e�b�r�Z�\�k�y���g�_�^�h�k�e�•�^�`�_�g�b�f���� 

�<�b�d�h�g�Z�g�h���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•���^�h�k�e�•�^�`�_�g�g�y���f�•�p�g�h�k�l�•��f �l�Z���•�g�l�_�]�j�Z�e�v�g�h�]�h���f�h�^�m�e�y��
�^�_�n�h�j�f�Z�p�•�€���? �]�m�f�h�^�_�j�_�\�¶�y�g�h�]�h�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m�� �a�Z�� �a�j�Z�a�d�Z�f�b�� �j�b�k���� �������\���� �A�j�Z�a�d�b��
�a�Z�� �j�Z�o�m�g�h�d�� �]�m�f�b�� �a�Z�a�g�Z�\�Z�e�b�� �a�g�Z�q�g�b�o�� �^�_�n�h�j�f�Z�p�•�c�� �•�� �j�Z�i�l�h�\�h�� �d�j�b�o�d�h���j�m�c�g�m�\�Z�e�b�k�v����
�<�k�l�Z�g�h�\�e�_�g�h�����s�h���^�e�y���^�_�j�_�\�b�g�b���k�h�k�g�b��f �• E �k�d�e�Z�^�Z�x�l�v���������•�����������F�I�Z�����^�m�[�m���± ���������•��
���������F�I�Z�� 

�>�h�k�e�•�^�`�_�g�h�� �n�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•�� �\�e�Z�k�l�b�\�h�k�l�•�� �d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �i�j�h�d�e�Z�^�g�h�]�h��
�r�Z�j�m�� �a�Z�� �a�j�Z�a�d�Z�f�b�� �j�b�k���� �������]���� �H�l�j�b�f�Z�g�h�� �^�•�Z�]�j�Z�f�b�� �^�_�n�h�j�f�m�\�Z�g�g�y�� �g�Z�� �k�l�b�k�d��
�d�h�f�i�h�a�b�p�•�c�g�h�]�h���f�Z�l�_�j�•�Z�e�m���H = f(�V�����l�Z���V = f(�H) �a���j�•�a�g�b�f�b���l�h�\�s�b�g�h�x���G�F�H�K�����������•��
�������f�f�������k�i�•�\�\�•�^�g�h�r�_�g�g�y�f�b���a�Z�i�h�\�g�x�\�Z�q�Z���l�Z���p�_�f�_�g�l�m���I���P�����\�•�^�������^�h�����������\�b�l�j�Z�l�Z�f�b��
�f�•�g�_�j�Z�e�v�g�h�€�� �k�m�f�•�r�•�� �g�Z�� �h�^�b�g�b�p�x�� �h�[�¶�}�f�m�� �G�F�H�K�� �F���G�F�� ���\�•�^�� �������� �^�h�� ���������� �d�]���f3). 
�K�l�b�k�d�Z�x�q�_�� �g�Z�i�j�m�`�_�g�g�y�� �^�h�\�h�^�b�e�b�� �^�h�� ������ �F�I�Z���� �Y�\�g�h�]�h�� �j�m�c�g�m�\�Z�g�g�y��
�d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �a�� �i�h�j�m�r�_�g�g�y�f�� �p�•�e�•�k�g�h�k�l�•�� �k�l�j�m�d�l�m�j�b�� �g�_��
�k�i�h�k�l�_�j�•�]�Z�e�h�k�v���± �\�•�g�� �i�h�k�l�m�i�h�\�h�� �^�_�n�h�j�f�m�\�Z�\�k�y���� �M�� �a�j�Z�a�d�Z�o�� �a�� �[�•�e�v�r�b�f�� �\�f�•�k�l�h�f��
�f�•�g�_�j�Z�e�v�g�h�€�� �k�m�f�•�r�•�� �k�i�h�k�l�_�j�•�]�Z�e�Z�k�v�� �g�_�y�\�g�h�� �\�b�j�Z�`�_�g�Z�� �i�e�h�s�Z�^�d�Z�� �l�_�d�m�q�h�k�l�•���� �A�Z��
�f�•�p�g�•�k�l�v�� �g�Z�� �k�l�b�k�d�� �i�j�b�c�g�y�l�h�� �i�h�q�Z�l�h�d�� �i�e�h�s�Z�^�d�b�� �l�_�d�m�q�h�k�l�•�� �Z�[�h�� �f�•�k�p�_���� �a�� �y�d�h�]�h��
�g�Z�o�b�e���d�j�b�\�h�€���V = f(�H) �i�h�q�b�g�Z�\���y�\�g�h���a�f�_�g�r�m�\�Z�l�b�k�v����E �\�b�a�g�Z�q�_�g�h���^�e�y���g�Z�i�j�m�`�_�g�g�y��
���� �F�I�Z�� ���f�Z�d�k�b�f�Z�e�v�g�h�]�h�� �g�Z�i�j�m�`�_�g�g�y�� �\�� �i�j�h�d�e�Z�^�g�h�f�m�� �r�Z�j�•�� �i�•�^�� �q�Z�k�� �_�d�k�i�e�m�Z�l�Z�p�•�€������
�<�k�l�Z�g�h�\�e�_�g�h�� �s�h���a�g�Z�q�_�g�g�y��f �l�Z��E �a�[�•�e�v�r�m�x�l�v�k�y���a�•���a�f�_�g�r�_�g�g�y�f���l�h�\�s�b�g�b���G�F�H�K����
�a�f�_�g�r�_�g�g�y�f���\�•�^�g�h�r�_�g�g�y���\�f�•�k�l�m���i�•�k�d�m���^�h���\�f�•�k�l�m���p�_�f�_�g�l�m�����a�[�•�e�v�r�_�g�g�y�f���\�b�l�j�Z�l�b��
�f�•�g�_�j�Z�e�v�g�h�€���k�m�f�•�r�•���g�Z���h�[�¶�}�f���G�F�H�K�������I�h�[�m�^�h�\�Z�g�h���^�•�Z�]�j�Z�f�b���a�Z�e�_�`�g�h�k�l�•��f �•��E �\�•�^��
�I���P�� �•�� �F���G�F���� �M�� �^�h�k�e�•�^�`�_�g�b�o�� �k�d�e�Z�^�•�\�� �d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m��f �k�y�]�g�m�e�h�� ������
�F�I�Z�����? �± �������� �F�I�Z���� �H�l�j�b�f�Z�g�h�� �j�•�\�g�y�g�g�y�� �j�_�]�j�_�k�•�€���� �j�h�a�\�¶�y�a�Z�g�g�y�� �y�d�b�o�� �^�h�a�\�h�e�b�e�h��
�j�_�d�h�f�_�g�^�m�\�Z�l�b���k�d�e�Z�^���d�h�f�i�h�a�b�p�•�c�g�h�]�h���f�Z�l�_�j�•�Z�e�m�����s�h���a�Z�[�_�a�i�_�q�b�l�v���? � �����������F�I�Z���± 
�I���P��� ���������������F���G�F��� �������������d�]���f3 �a�Z���l�h�\�s�b�g�b���G�F�H�K���������f�f���������������������� 

�L�Z�d�b�f�� �q�b�g�h�f�� �\�b�a�g�Z�q�_�g�h�� �\�_�e�b�q�b�g�b�� �f�h�^�m�e�y�� �^�_�n�h�j�f�Z�p�•�€���? �]�m�f�h�^�_�j�_�\�¶�y�g�h�]�h��
�i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m���� �y�d�•�� �k�d�e�Z�e�b�� �^�e�y�� �k�h�k�g�b�� ������ �F�I�Z���� �^�e�y�� �^�m�[�m���± �������� �F�I�Z����
�>�h�k�e�•�^�`�_�g�h�� �a�Z�e�_�`�g�h�k�l�•��E �l�Z�� �f�•�p�g�h�k�l�•�� �g�Z�� �k�l�b�k�d��f �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m�� �•�a��
�j�h�a�j�h�[�e�_�g�h�]�h�� �j�m�e�h�g�g�h�]�h�� �d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �\�•�^�� �c�h�]�h�� �k�d�e�Z�^�m���± 
�k�i�•�\�\�•�^�g�h�r�_�g�g�y�� �\�� �f�•�g�_�j�Z�e�v�g�•�c�� �k�m�f�•�r�•�� �\�f�•�k�l�m�� �i�•�k�d�m�� �•�� �p�_�f�_�g�l�m�� �I���P���� �\�b�l�j�Z�l�b��
�f�•�g�_�j�Z�e�v�g�h�€�� �k�m�f�•�r�•�� �g�Z�� �h�^�b�g�b�p�x�� �h�[�¶�}�f�m�� �G�F�H�K�� �F���G�F�� �a�Z�� �j�•�a�g�h�€�� �l�h�\�s�b�g�b��
�G�F�H�K�����J�_�d�h�f�_�g�^�h�\�Z�g�h���k�d�e�Z�^���d�h�f�i�h�a�b�p�•�c�g�h�]�h���f�Z�l�_�j�•�Z�e�m���^�e�y���i�j�h�d�e�Z�^�g�h�]�h���r�Z�j�m����
�y�d�b�c���a�Z�[�_�a�i�_�q�m�}���? � �����������F�I�Z�� 
 
[1] Plugin, A., Murygina, N., Miroshnichenko, S., Kaliuzhna, O. (2023). Materials for Connecting Railway Reinforced 
Concrete Bridge Deck with Steel Bridge Structures. In: Blikharskyy, Z. (eds) Proceedings of EcoComfort 2022. 
EcoComfort 2022. Lecture Notes in Civil Engineering, vol 290. Springer, Cham. https://doi.org/10.1007/978-3-031-
14141-6_32 
�>���@�� �I�e�m�]�•�g�� �:���:������ �F�m�j�b�]�•�g�Z�� �G���H������ �F�Z�e�•�r�_�\�k�v�d�Z�� �:���K������ �I�e�m�]�•�g�� �>���:������ �F�m�j�b�]�•�g �F���:���� �J�h�a�j�h�[�e�_�g�g�y�� �l�Z�� �^�h�k�e�•�^�`�_�g�g�y��
�d�h�f�i�h�a�b�p�•�c�g�h�]�h�� �f�Z�l�_�j�•�Z�e�m�� �^�e�y�� �i�j�h�d�e�Z�^�g�h�]�h�� �r�Z�j�m�� �[�_�a�[�Z�e�Z�k�l�g�h�]�h�� �f�h�k�l�h�\�h�]�h�� �i�h�e�h�l�g�Z���� �A�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v��
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�M�d�j�Z�€�g�k�v�d�h�]�h�� �^�_�j�`�Z�\�g�h�]�h�� �m�g�•�\�_�j�k�b�l�_�l�m�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�m���� �������� �������������� ����-101. 
https://doi.org/10.18664/1994-7852.206.2023.296619. 
[3] �I�Z�l�����g�Z���d�h�j�����f�h�^�_�e�v�����������������8�$���K�i�h�k�•�[���m�e�Z�r�l�m�\�Z�g�g�y���i�j�h�d�e�Z�^�g�h�]�h���r�Z�j�m���f�•�`���k�l�Z�e�_�\�b�f�b���[�Z�e�d�Z�f�b���a�Z�e�•�a�g�b�q�g�h�]�h��
�f�h�k�l�m�� �•�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�f�b�� �i�e�b�l�Z�f�b�� �[�_�a�[�Z�e�Z�k�l�g�h�]�h�� �f�h�k�l�h�\�h�]�h�� �i�h�e�h�l�g�Z���� �:���:���I�e�m�]�•�g���� �G���H���F�m�j�b�]�•�g�Z����
�K���<���F�•�j�h�r�g�•�q�_�g�d�h���� �L���H���D�h�k�l�x�d���� �K���<���I�Z�g�q�_�g�d�h���� �=���E���<�Z�l�m�e�y���� �>���H���I�e�m�]�•�g���� �H���:���D�Z�e�•�g�•�g���� �H���:���I�e�m�]�•�g���� �H���<���E�h�[�y�d����
�:���<���F�m�j�b�]�•�g�����H���:���>�m�^�•�g�����M�d�j�>�M�A�L�����A�Z�y�\�e���������������������������a�Z�y�\�d�Z���‹���X���������������������������h�i�m�[�e���������������������������[�x�e���‹������ 
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�A�� �f�_�l�h�x�� �]�Z�j�f�h�g�•�a�Z�p�•�€�� �a�Z�d�h�g�h�^�Z�\�k�l�\�Z�� �M�d�j�Z�€�g�b�� �a�� �g�h�j�f�Z�l�b�\�g�h�x�� �[�Z�a�h�x�� �d�j�Z�€�g��

�/�\�j�h�i�_�c�k�v�d�h�]�h�� �K�h�x�a�m�� �g�Z�i�j�b�d�•�g�p�•�� ���������� �j�h�d�m�� �\�� �g�Z�r�•�c�� �d�j�Z�€�g�•�� �\�� �y�d�h�k�l�•��
�g�Z�p�•�h�g�Z�e�v�g�h�]�h�� �k�l�Z�g�^�Z�j�l�m�� �i�j�b�c�g�y�l�h�� �>�K�L�M�� �(�1�� ����������-�������������� �� �©�A�Z�e�•�a�g�b�q�g�b�c��
�l�j�Z�g�k�i�h�j�l�����D�h�e�•�y���� �A�Z�e�•�a�g�b�p�y���� �Q�Z�k�l�b�g�Z�� ������ �A�Z�e�•�a�g�b�q�g�•�� �j�_�c�d�b�� �<�•�]�g�h�e�_�� ������ �d�]���f�� �l�Z��
�i�h�g�Z�^�ª���� �G�_�� �a�\�Z�`�Z�x�q�b�� �g�Z�� �l�_���� �s�h�� �i�_�j�_�\�Z�`�g�Z�� �d�•�e�v�d�•�k�l�v�� �\�b�f�h�]���� �y�d�b�f�� �i�h�\�b�g�g�•��
�\�•�^�i�h�\�•�^�Z�l�b���g�h�\�•���j�_�c�d�b�����a�]�•�^�g�h���^�h���p�v�h�]�h���^�h�d�m�f�_�g�l�m���Z�g�Z�e�h�]�•�q�g�Z���\�b�f�h�]�Z�f���^�•�x�q�h�]�h��
�\�•�l�q�b�a�g�y�g�h�]�h�� �k�l�Z�g�^�Z�j�l�m�� �>�K�L�M�� �������������������� �©�J�_�c�d�b�� �a�\�b�q�Z�c�g�•�� �^�e�y�� �a�Z�e�•�a�g�b�p�v��
�r�b�j�h�d�h�€�� �d�h�e�•�€�ª���� �}�� �j�y�^�� �\�•�^�f�•�g�g�h�k�l�_�c���� �<�b�f�h�]�b�� �^�h�� �j�y�^�m���i�j�h�p�_�^�m�j�� �d�\�Z�e�•�n�•�d�Z�p�•�c�g�b�o��
�\�b�i�j�h�[�m�\�Z�g�v���l�Z���d�j�b�l�_�j�•�€�\���[�•�e�v�r���^�_�l�Z�e�•�a�h�\�Z�g�•�����Z���^�_�y�d�•���± �\�a�Z�]�Z�e�•���\�•�^�k�m�l�g�•���m���>�K�L�M��
4344:2004. 

�>�h���h�^�g�h�]�h���a���l�Z�d�b�o���i�h�d�Z�a�g�b�d�•�\���f�h�`�g�Z���\�•�^�g�_�k�l�b���d�h�g�l�j�h�e�v���a�Z���l�j�•�s�b�g�h�k�l�•�c�d�•�k�l�x��
�l�Z�� �l�_�f�i�Z�f�b�� �a�j�h�k�l�Z�g�g�y�� �\�l�h�f�e�x�\�Z�e�v�g�b�o�� �l�j�•�s�b�g���� �>�e�y�� �p�v�h�]�h�� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y��
�k�l�Z�g�^�Z�j�l�g�b�c�� �f�_�l�h�^�� �\�b�i�j�h�[�m�\�Z�g�v�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �i�e�h�s�b�g�g�h�]�h�� �g�Z�i�j�m�`�_�g�g�y�� �g�Z��
�l�j�•�s�•�g�h�k�l�•�c�d�•�k�l�v����KIc�����j�_�c�h�d�����y�d�_���f�Z�}���\�•�^�i�h�\�•�^�Z�l�b���a�g�Z�q�_�g�g�y�f���l�Z�[�e�������� 

 
 
 
 
 
 
 
 
 



56 

�L�Z�[�e�b�p�y�������± �F�•�g�•�f�Z�e�v�g�•���h�^�b�g�b�q�g�•���•���f�•�g�•�f�Z�e�v�g�•���k�_�j�_�^�g�•���a�g�Z�q�_�g�g�y��KIc 

�F�Z�j�d�Z���k�l�Z�e�• 
�F�•�g�•�f�Z�e�v�g�_���h�^�b�g�b�q�g�_��

�a�g�Z�q�_�g�g�y 
KIc ���f�I�Z���f1/2) 

�F�•�g�•�f�Z�e�v�g�_���k�_�j�_�^�g�_��
�a�g�Z�q�_�g�g�y 

KIc ���f�I�Z���f1/2) 
�5���������•���5������ 30 35 

�5���������•���5�������0�Q 26 29 
R320Cr 24 26 
R350HT 30 32 

R350LHT, R370CrHT, R400HT 26 29 
 
�L�h�\�s�b�g�Z�� �\�k�•�o�� �\�b�i�j�h�[�m�\�Z�e�v�g�b�o�� �a�j�Z�a�d�•�\�� �i�h�\�b�g�g�Z�� �k�d�e�Z�^�Z�l�b�� ������ �f�f���� �>�e�y�� �[�m�^�v-

�y�d�h�]�h�� �i�h�i�_�j�_�q�g�h�]�h�� �i�j�h�n�•�e�x�� �]�h�e�h�\�d�b�� �j�_�c�d�b�� �r�b�j�b�g�Z�� �\�b�i�j�h�[�m�\�Z�e�v�g�h�]�h�� �a�j�Z�a�d�Z��
�i�h�\�b�g�g�Z�� �[�m�l�b�� �f�Z�d�k�b�f�Z�e�v�g�h�� �^�h�k�y�`�g�h�x�� �a�� �g�Z�k�l�m�i�g�b�o�� �j�h�a�f�•�j�•�\�������� �f�f���� ����-�f�f�� �Z�[�h��
50 �f�f�����G�Z���d�h�`�g�h�f�m���a�j�Z�a�d�m���f�Z�}���[�m�l�b���i�j�h�\�_�^�_�g�h���g�_���f�_�g�r�_�������\�b�i�j�h�[�m�\�Z�g�v���� 

�<�l�h�f�g�_�� �i�h�i�_�j�_�^�g�}�� �j�h�a�l�j�•�k�d�m�\�Z�g�g�y�� �i�h�\�b�g�g�h�� �a�^�•�c�k�g�x�\�Z�l�b�k�y�� �\�� �^�•�Z�i�Z�a�h�g�•��
�l�_�f�i�_�j�Z�l�m�j�� �\�•�^�� ���� ������ �ƒ�&�� �^�h�� ���� ������ �ƒ�&�� �a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �d�h�_�n�•�p�•�}�g�l�Z�� �g�Z�i�j�m�]�b�� �\��
�^�•�Z�i�Z�a�h�g�•���!�������������������������<�l�h�f�g�_���i�h�i�_�j�_�^�g�}���j�h�a�l�j�•�k�d�m�\�Z�g�g�y���i�h�\�b�g�g�h���a�^�•�c�k�g�x�\�Z�l�b�k�y��
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n
�D �D �D �D�˜ �� �˜ �� �� �˜ �� �˜

� , 
�^�_��Kn �± �\�•�^�i�h�\�•�^�g�b�c���d�j�b�l�_�j�•�c���[�_�a�i�_�q�g�h�k�l�•���a�m�i�b�g�d�h�\�h�€���•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� 

�Dn �± �i�h�d�Z�a�g�b�d���\�Z�`�e�b�\�h�k�l�•���\�i�e�b�\�m���d�h�`�g�h�]�h���•�a���d�j�b�l�_�j�•�€�\���g�Z���d�h�f�i�e�_�d�k�g�m���h�p�•�g�d�m��
�[�_�a�i�_�q�g�h�k�l�•�� �a�m�i�b�g�d�h�\�h�]�h�� �f�Z�c�^�Z�g�q�b�d�Z���� �s�h�� �i�j�b�a�g�Z�q�Z�}�l�v�k�y�� �_�d�k�i�_�j�l�Z�f�b���� �\�b�o�h�^�y�q�b��
�•�a���i�h�k�l�Z�\�e�_�g�b�o���a�Z�\�^�Z�g�v�� 

n �± �d�•�e�v�d�•�k�l�v�� �d�j�b�l�_�j�•�€�\���� �i�j�b�c�g�y�l�b�o�� �^�e�y�� �h�p�•�g�d�b�� �[�_�a�i�_�q�g�h�k�l�•�� �a�m�i�b�g�d�h�\�h�€��
�•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� 

�<�b�o�h�^�y�q�b�� �•�a�� �i�j�b�c�g�y�l�b�o�� �d�Z�l�_�]�h�j�•�c�� �[�_�a�i�_�d�b�����D�; = �������«�����± �a�m�i�b�g�d�h�\�b�c�� �i�m�g�d�l��
�g�b�a�v�d�h�€�� �g�_�[�_�a�i�_�d�b�����D�; = �������«���������± �a�m�i�b�g�d�h�\�b�c�� �i�m�g�d�l�� �i�•�^�\�b�s�_�g�h�€�� �g�_�[�_�a�i�_�d�b����
�D�; = ���«�������� �± �a�m�i�b�g�d�h�\�b�c�� �i�m�g�d�l �h�k�h�[�e�b�\�h�€�� �g�_�[�_�a�i�_�d�b���� �n�h�j�f�m�}�l�v�k�y�� �h�p�•�g�d�Z��
�j�b�a�b�d�•�\�� �^�h�k�e�•�^�`�m�\�Z�g�h�]�h�� �a�m�i�b�g�d�h�\�h�]�h�� �f�Z�c�^�Z�g�q�b�d�Z���� �i�•�k�e�y�� �q�h�]�h�� �i�j�b�c�f�Z�}�l�v�k�y��
�j�•�r�_�g�g�y�� �s�h�^�h�� �f�_�l�h�^�•�\�� �l�Z�� �r�e�y�o�•�\�� �i�h�d�j�Z�s�_�g�g�y�� �h�d�j�_�f�b�o���i�h�d�Z�a�g�b�d�•�\�� �[�_�a�i�_�q�g�h�k�l�•����
�A�m�i�b�g�d�b�� �h�k�h�[�e�b�\�h�€�� �g�_�[�_�a�i�_�d�b�� �i�h�l�j�_�[�m�x�l�v�� �g�_�]�Z�c�g�h�€�� �j�_�d�h�g�k�l�j�m�d�p�•�€�� �•�� �m�k�m�g�_�g�g�y 
�\�k�•�o���i�h�j�m�r�_�g�v�� �\�b�f�h�]�� �[�_�a�i�_�d�b���� �A�m�i�b�g�d�b���i�•�^�\�b�s�_�g�h�€���g�_�[�_�a�i�_�d�b���}�� �i�j�•�h�j�b�l�_�l�g�b�f�b��
�^�e�y���i�_�j�_�h�[�e�Z�^�g�Z�g�g�y���q�b���j�_�d�h�g�k�l�j�m�d�p�•�€�� 

�>�e�y�� �h�i�l�b�f�Z�e�v�g�h�€�� �j�_�Z�e�•�a�Z�p�•�€�� �f�_�l�h�^�b�d�b�� �h�p�•�g�d�b�� �[�_�a�i�_�d�b�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b��
�a�m�i�b�g�h�d�� �]�j�h�f�Z�^�k�v�d�h�]�h�� �l�j�Z�g�k�i�h�j�l�m�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �l�Z�� �j�_�Z�e�•�a�h�\�Z�g�h�� �i�•�d�k�_�e�v�g�m��
�[�Z�]�Z�l�h�r�Z�j�h�\�m�� �f�h�^�_�e�v���� �y�d�Z�� �[�Z�a�m�}�l�v�k�y�� �g�Z�� �\�b�a�g�Z�q�_�g�g�•�� �f�•�j�b�� �\�i�e�b�\�m�� �]�_�h�f�_�l�j�b�q�g�b�o��
�i�Z�j�Z�f�_�l�j�•�\���h�d�j�_�f�b�o���€�o���d�h�g�k�l�j�m�d�l�b�\�g�b�o���_�e�_�f�_�g�l�•�\���g�Z���j�b�a�b�d���\�b�g�b�d�g�_�g�g�y���>�L�I�� 

�A�Z�i�j�h�i�h�g�h�\�Z�g�Z�� �f�_�l�h�^�b�d�Z�� �d�h�f�i�e�_�d�k�g�h�€�� �h�p�•�g�d�b�� �j�•�\�g�y�� �[�_�a�i�_�d�b�� �\�m�e�b�q�g�h-
�^�h�j�h�`�g�h�€�� �f�_�j�_�`�•�� �\�� �h�d�h�e�•�� �a�m�i�b�g�d�h�\�h�]�h�� �i�m�g�d�l�m�� �g�Z�� �h�k�g�h�\�•���[�Z�]�Z�l�h�r�Z�j�h�\�h�€��
�i�•�d�k�_�e�v�g�h�€�� �f�h�^�_�e�•�� �a�Z�[�_�a�i�_�q�m�}�� �h�i�l�b�f�Z�e�v�g�_�� �i�e�Z�g�m�\�Z�g�g�y�� �l�Z�� �i�j�h�}�d�l�m�\�Z�g�g�y��
�j�_�d�h�g�k�l�j�m�d�p�•�€���a�m�i�b�g�h�d�����J�Z�p�•�h�g�Z�e�v�g�h���k�i�e�Z�g�h�\�Z�g�_���i�_�j�_�h�[�e�Z�^�g�Z�g�g�y���a���m�j�Z�o�m�\�Z�g�g�y�f��
�_�d�h�g�h�f�•�q�g�h�k�l�•�� �l�Z�� �[�_�a�i�_�d�b�� �a�g�Z�q�g�h�� �i�•�^�\�b�s�b�l�v�� �_�n�_�d�l�b�\�g�•�k�l�v�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y��
�a�m�i�b�g�d�b���� �i�h�d�j�Z�s�b�l�v�� �y�d�•�k�l�v�� �h�[�k�e�m�]�h�\�m�\�Z�g�g�y�� �i�Z�k�Z�`�b�j�•�\�� �•�� �a�Z�[�_�a�i�_�q�b�l�v��
�k�l�Z�[�•�e�v�g�•�k�l�v���l�Z���[�_�a�i�_�d�m���j�m�o�m���l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\���i�h�[�e�b�a�m�� 
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�;�m�^�•�\�g�b�p�l�\�h�� �r�e�y�o�•�\�� �k�i�h�e�m�q�_�g�g�y���� �g�Z�� �g�Z�q�Z�e�v�g�•�c�� �k�l�Z�^�•�€�� �i�•�^�]�h�l�h�\�d�b�� �j�h�[�h�q�h�€��

�a�h�g�b���� �i�h�l�j�_�[�m�}�� �\�b�d�h�g�Z�g�g�y�� �a�g�Z�q�g�b�o�� �h�[�¶�}�f�•�\�� �a�_�f�e�y�g�b�o�� �j�h�[�•�l���� �>�e�y�� �i�j�h�\�_�^�_�g�g�y��
�l�Z�d�b�o�� �j�h�[�•�l�� �r�b�j�h�d�h�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �[�m�e�v�^�h�a�_�j�b���� �_�d�k�d�Z�\�Z�l�h�j�b���� �Z�\�l�h�]�j�_�c�^�_�j�b��
�l�Z�� �•�g�r�•�� �a�_�f�e�_�j�b�c�g�•�� �f�Z�r�b�g�b�� ���A�F����[1, 2]���� �<�b�d�h�j�b�k�l�Z�g�g�y�� �l�Z�d�b�o�� �f�Z�r�b�g�� �i�j�b��
�[�m�^�•�\�g�b�p�l�\�•�� �i�h�l�j�_�[�m�}�� �a�g�Z�q�g�b�o�� �f�Z�l�_�j�•�Z�e�v�g�b�o�� �j�_�k�m�j�k�•�\���� �<�h�g�b�� �k�d�e�Z�^�Z�x�l�v�k�y�� �•�a��
�\�b�l�j�Z�l���g�Z���i�Z�e�b�\�h�����h�i�e�Z�l�m���i�j�Z�p�•���f�Z�r�b�g�•�k�l�Z���l�Z���•�g�r�•�����G�Z���^�Z�g�b�c���q�Z�k�����\�b�j�h�[�g�b�d�Z�f�b��
�A�F�� �a�Z�i�j�h�\�Z�^�`�_�g�h�� �^�h�k�b�l�v�� �r�b�j�h�d�b�c�� �f�Z�k�b�\�� �f�Z�r�b�g���� �i�j�b�a�g�Z�q�_�g�b�o�� �^�e�y�� �\�b�d�h�g�Z�g�g�y��
�a�_�f�e�y�g�b�o���j�h�[�•�l���� �N�h�j�f�m�\�Z�g�g�y�� �i�Z�j�d�m���l�Z�d�b�o���f�Z�r�b�g���•�a �f�Z�k�b�\�m���\�•�^�h�f�b�o���g�Z���i�_�j�r�b�c��
�i�h�]�e�y�^���� �g�_�� �\�b�a�b�\�Z�}�� �k�d�e�Z�^�g�h�k�l�•���� �>�h�k�e�•�^�g�b�f�� �r�e�y�o�h�f�� �\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �g�Z�� �h�k�g�h�\�•��
�l�Z�d�h�]�h�� �\�b�[�h�j�m�� �_�n�_�d�l�b�\�g�b�o�� �A�F�� �g�_�� �]�Z�j�Z�g�l�m�}�� �i�j�b�c�g�y�l�l�y�� �i�j�Z�\�b�e�v�g�h�]�h�� �j�•�r�_�g�g�y�� �•��
�l�h�f�m���\�•�g���i�h�l�j�_�[�m�}���k�\�h�]�h���i�h�^�Z�e�v�r�h�]�h���m�^�h�k�d�h�g�Z�e�_�g�g�y�� 

�<�b�[�•�j�� �g�Z�c�d�j�Z�s�b�o�� �A�F�� �f�Z�k�b�\�m�� �h�^�g�h�j�•�^�g�b�o�� �f�Z�r�b�g�� �a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �g�Z�� �h�k�g�h�\�•��
�a�g�Z�g�g�y���\�_�e�b�q�b�g�b���i�h�d�Z�a�g�b�d�•�\���_�n�_�d�l�b�\�g�h�k�l�•���€�o���j�h�[�h�l�b���a�Z���j�Z�o�m�g�h�d���\�b�d�h�j�b�k�l�Z�g�g�y���€�o��
�n�m�g�d�p�•�h�g�Z�e�v�g�b�o���i�Z�j�Z�f�_�l�j�•�\���\�•�^�h�f�b�o���•�a���^�h�\�•�^�d�h�\�h�€���e�•�l�_�j�Z�l�m�j�b���>���������@�� 

�I�j�b�� �m�f�h�\�•�� �n�h�j�f�m�\�Z�g�g�y�� �i�Z�j�d�m�� �•�a�� �h�^�g�h�j�•�^�g�b�o�� �Z�[�h�� �j�•�a�g�h�l�b�i�g�b�o�� �A�F�� �i�j�h�p�_�k��
�\�b�a�g�Z�q�_�g�g�y�� �\�_�e�b�q�b�g�b�� �_�d�h�g�h�f�•�€�� �i�Z�e�b�\�Z�� �\�� �i�j�h�p�_�k�•�� �j�h�[�h�l�b�� �l�Z�d�b�o�� �f�Z�r�b�g�� �l�_�`��
�[�Z�a�m�}�l�v�k�y�� �g�Z�� �a�g�Z�g�g�y�o�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z�� �i�j�b�� �h�^�g�h�q�Z�k�g�•�c�� �j�h�[�h�l�b�� �\�d�Z�a�Z�g�b�o�� �f�Z�r�b�g�� �•��
�\�•�^�i�h�\�•�^�g�h�€���d�•�e�v�d�h�k�l�•���a�j�Z�a�d�h�\�b�o���h�^�g�h�j�•�^�g�b�o���Z�[�h �j�•�a�g�h�j�•�^�g�b�o���f�Z�r�b�g���� 

�L�Z�d���� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �\�_�e�b�q�b�g�b�� �_�d�h�g�h�f�•�€�� �i�Z�e�b�\�Z�� �^�e�y�� �d�h�`�g�h�€�� �•�a�� �A�F�� �>���@����
�\�•�^�g�h�k�g�h�� �a�j�Z�a�d�h�\�h�]�h���� �i�j�b�c�f�_�f�h�� �m�f�h�\�m���� �a�]�•�^�g�h�� �y�d�h�€�� �h�[�¶�}�f�� �a�_�f�e�y�g�b�o�� �j�h�[�•�l���� �s�h��
�\�b�d�h�g�m�\�Z�l�b�f�_�l�v�k�y���d�h�`�g�h�x���•�a���A�F���^�e�y���h�^�g�h�]�h���•�a���g�b�o���h�[�¶�}�f���c�h�]�h���j�h�[�h�l�b���i�j�b�c�f�_�f�h��
�g�Z���j�•�\�g�•���h�^�g�•�}�€���]�h�^�b�g�b���j�h�[�h�l�b�����G�Z���i�•�^�k�l�Z�\�•���l�Z�d�h�€���m�f�h�\�b���k�l�\�h�j�x�}�l�v�k�y���f�h�`�e�b�\�•�k�l�v��
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�^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �l�j�b�\�Z�e�h�k�l�•�� �\�� �q�Z�k�•�� �i�j�b�� �\�b�d�h�g�Z�g�g�y�� �a�Z�^�Z�g�h�]�h�� �h�[�¶�}�f�m�� �j�h�[�h�l�b��
�d�h�`�g�h�x�� �•�a�� �A�F�� �g�Z�� �[�Z�a�•�� �k�\�h�€�o�� �l�_�o�g�•�q�g�b�o�� �f�h�`�e�b�\�h�k�l�_�c�� �\�•�^�g�h�k�g�h�� �\�e�Z�k�g�h�€��
�i�j�h�^�m�d�l�b�\�g�h�k�l�•���� 

�<�_�e�b�q�b�g�Z�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z��zjG  (�d�])���� �^�e�y�� �d�h�`�g�h�€�� �A�F���� �y�d�Z�� �g�_�h�[�o�•�^�g�Z�� �^�e�y��
�\�b�d�h�g�Z�g�g�y���g�b�f�b���h�^�g�Z�d�h�\�h�]�h���h�[�¶�}�f�m���j�h�[�h�l�b�����f�h�`�g�Z���\�b�a�g�Z�q�b�l�b���n�h�j�f�m�e�h�x 
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�^�_��jt  �± �l�j�b�\�Z�e�•�k�l�v���q�Z�k�m���^�e�y���\�b�d�h�g�Z�g�g�y���a�Z�^�Z�g�h�]�h���h�[�¶�}�f�m���j�h�[�h�l�b���d�h�`�g�h�€���•�a���f�Z�r�b�g��
�g�Z���i�•�^�k�l�Z�\�•���\�•�^�h�f�h�€���i�j�h�^�m�d�l�b�\�g�h�k�l�•�����]�h�^���� 

�i�MG  �± �\�b�l�j�Z�l�b�� �i�Z�e�b�\�Z�� �>�<�A�� �\�� �y�d�h�k�l�•�� �^�`�_�j�_�e�Z�� �_�g�_�j�]�•�€�� �a�Z�� �h�^�b�g�� �q�Z�k�� �j�h�[�h�l�b��
�d�h�g�d�j�_�l�g�h�€���A�F���\���m�f�h�\�Z�o���_�d�k�i�e�m�Z�l�Z�p�•�€�����d�]���]�h�^�� 

�I�j�b�� �\�b�a�g�Z�q�_�g�g�•�� �\�_�e�b�q�b�g�b�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z�� �a�]�•�^�g�h�� �n�h�j�f�m�e�b�� �������� �\�b�a�g�Z�q�b�f�h�� �•�a��
�A�F�� �a�� �f�•�g�•�f�Z�e�v�g�b�f�b�� �\�b�l�j�Z�l�Z�f�b�� �i�Z�e�b�\�Z���� �m�f�h�\�g�h�� �\�� �y�d�h�k�l�•�� �a�j�Z�a�d�h�\�h�€���� �>�e�y�� �l�Z�d�h�€��
�f�Z�r�b�g�b���\�b�l�j�Z�l�b���i�Z�e�b�\�Z���k�d�e�Z�^�Z�x�l�v���f�•�g�•�f�Z�e�v�g�m���\�_�e�b�q�b�g�m���y�d�m���i�h�a�g�Z�q�b�f�h��.Gkon  

�L�h�^�•���\�_�e�b�q�b�g�b���\�b�l�j�Z�l���i�Z�e�b�\�Z���m���i�h�j�•�\�g�y�g�g�•���•�a���\�b�l�j�Z�l�Z�f�b���i�Z�e�b�\�Z���^�e�y���a�j�Z�a�d�h�\�h�€��
�i�j�_�^�k�l�Z�\�b�l�b�� �y�d�� �\�_�e�b�q�b�g�m�� �_�d�h�g�h�f�•�x�� �i�Z�e�b�\�Z��j�û�4  ���d�]���� �•�� �\�b�a�g�Z�q�b�l�b�� �€�€�� �a�]�•�^�g�h��
�a�Z�e�_�`�g�h�k�l�•�� 

konzjkj GG�û�* ��� .                                           (2) 

�J�_�a�m�e�v�l�Z�l�b���^�h�k�e�•�^�`�_�g�g�y���g�Z�i�j�Z�\�e�_�g�•���g�Z���\�b�y�\�e�_�g�g�y���•�a���f�Z�k�b�\�m���A�F���h�^�g�•�}�€���•�a���g�b�o��
�\�� �y�d�h�k�l�•�� �g�Z�c�[�•�e�v�r�� �_�n�_�d�l�b�\�g�h�]�h�� �a�� �l�h�q�d�b�� �a�h�j�m�� �f�•�g�•�f�Z�e�v�g�b�o�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z�� �i�j�b��
�\�b�d�h�g�Z�g�g�•���h�^�g�Z�d�h�\�h�]�h���h�[�¶�}�f�m���j�h�[�h�l�b���•���a���\�j�Z�o�m�\�Z�g�g�y�f���l�_�j�f�•�g�m���j�h�[�h�l�b�� 

�<�b�a�g�Z�q�b�l�b���\�_�e�b�q�b�g�m���_�d�h�g�h�f�•�€���i�Z�e�b�\�Z��vE  ���d�]�������^�e�y���f�Z�k�b�\�m���•�a���q�h�l�b�j�v�h�o���f�Z�r�b�g��
�i�j�b���\�b�d�h�g�Z�g�g�•���g�b�f�b���a�_�f�e�y�g�b�o���j�h�[�•�l���h�[�¶�}�f�h�f���9���\�������f3 �a�Z���g�Z�k�l�m�i�g�h�x���n�h�j�f�m�e�h�x 

V,))kkkk()kkkk((E j4j3j2j1j4mj3mj2mj1mv �˜���������������         (3) 

�^�_�� j1mk , j2mk , j3mk , j4mk  �± �h�^�g�h�j�•�^�g�•�� �A�F���a�� �\�_�e�b�q�b�g�h�x�� �i�b�l�h�f�b�o�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z��
�\�b�[�j�Z�g�b�o���g�Z���i�•�^�k�l�Z�\�•���f�•�g�•�f�Z�e�v�g�b�o���\�_�e�b�q�b�g���a�Z�]�Z�e�v�g�h�]�h���D�D�>�����d�]���f3; 

j1k , j2k , j3k , j4k  �± �h�^�g�h�j�•�^�g�•�� �A�F�� �a�� �\�_�e�b�q�b�g�h�x�� �i�b�l�h�f�b�o�� �\�b�l�j�Z�l�� �i�Z�e�b�\�Z��
�\�b�[�j�Z�g�b�o���g�Z���i�•�^�k�l�Z�\�•���f�Z�d�k�b�f�Z�e�v�g�b�o���\�_�e�b�q�b�g���a�Z�]�Z�e�v�g�h�]�h���D�D�>�����d�]���f3.  

�<�b�a�g�Z�q�b�l�b���\�_�e�b�q�b�g�m���a�f�_�g�r�_�g�g�y���\�l�j�Z�l���i�Z�e�b�\�Z���^�e�y���f�Z�k�b�\�m���•�a���q�h�l�b�j�v�h�o���f�Z�r�b�g��
mQ  ���d�]�������i�j�b���\�b�d�h�g�Z�g�g�•���g�b�f�b���a�_�f�e�y�g�b�o���j�h�[�•�l���m���i�j�h�^�h�\�`�������]�h�^�b�g�b���j�h�[�h�l�b�����l�h�[�l�h��

�W�����]�h�^�������a�Z���g�Z�k�l�m�i�g�h�x���n�h�j�f�m�e�h�x 
t)qqqq()qqqq( j4j3j2j1j4mj3mj2mj1mm �˜�'���'���'���'���'���'���'���'� Q ,   (4) 

�^�_�� j1mq�' , j2mq�' , j3mq�' , j4mq�'  �± �h�^�g�h�j�•�^�g�•���A�F���\�b�[�j�Z�g�•���a�Z���\�b�l�j�Z�l�Z�f�b���i�Z�e�b�\�Z���a�]�•�^�g�h��
�f�•�g�•�f�Z�e�v�g�b�o���\�_�e�b�q�b�g���a�Z�]�Z�e�v�g�h�]�h���D�D�>�����d�]���]�h�^���� 

j1q�' , j2q�' , j3q�' , j4q�'  �± �h�^�g�h�j�•�^�g�•�� �A�F�� �\�b�[�j�Z�g�•�� �a�Z�� �\�b�l�j�Z�l�Z�f�b�� �i�Z�e�b�\�Z�� �a�]�•�^�g�h��
�f�Z�d�k�b�f�Z�e�v�g�b�o���\�_�e�b�q�b�g���D�D�>�����d�]���]�h�^�� 

�G�Z�� �h�k�g�h�\�•�� �^�Z�g�h�]�h�� �f�_�l�h�^�m�� �f�h�`�g�Z�� �\�b�a�g�Z�q�b�l�b�� �g�Z�c�[�•�e�v�r�� �_�n�_�d�l�b�\�g�m�� �f�Z�r�b�g�m�� �•�a��
�f�Z�k�b�\�m���j�•�a�g�b�o���h�^�g�h�j�•�^�g�b�o���f�Z�r�b�g���^�e�y���a�_�f�e�y�g�b�o���j�h�[�•�l�����I�j�b���\�b�y�\�e�_�g�g�•���g�Z�c�[�•�e�v�r��
�_�n�_�d�l�b�\�g�b�o�� �f�Z�r�b�g���� �a�Z�� �^�Z�g�b�f�� �f�_�l�h�^�h�f���� �f�h�`�g�Z�� �n�h�j�f�m�\�Z�l�b�� �f�Z�k�b�\�� �•�a��
�\�b�k�h�d�h�_�n�_�d�l�b�\�g�b�o���f�Z�r�b�g���^�e�y���\�b�d�h�g�Z�g�g�y���a�Z�^�Z�g�h�]�h���h�[�¶�}�f�m���a�_�f�e�y�g�b�o���j�h�[�•�l��  
 
�>���@�� �>�_�j�_�\�C�y�g�d�h�� �K���F������ �E�b�k�•�d�h�\�� �/���F������ �;�m�e�b�]�Z�� �<���<���� �D�h�f�i�e�_�d�k�g�Z�� �f�_�o�Z�g�•�a�Z�p�•�y�� �[�m�^�•�\�g�b�p�l�\�Z�� �Z�\�l�h�f�h�[�•�e�v�g�b�o�� �r�e�y�o�•�\����
�g�Z�\�q�����i�h�k�•�[�������O�Z�j�d�•�\�����1�K�>�H�������������������������k�� 
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�>���@���>�_�f�•�r�d�Z�g�� �<���N������ �G�•�q�d�_�� �<���<���� �I�•�^�\�b�s�_�g�g�y�� �y�d�h�k�l�•�� �a�_�f�e�_�j�b�c�g�h-�l�j�Z�g�k�i�h�j�l�g�b�o�� �f�Z�r�b�g�� �m�^�h�k�d�h�g�Z�e�_�g�g�y�f�� �j�h�[�h�q�h�]�h��
�i�j�h�p�_�k�m�����O�Z�j�d�•�\�����O�G�:�>�M�������������������������k�� 
[3] Remarchuk M., Chmuzh Y., Zadorozhnyi A., Kebko O. Methodology for determining the effectiveness of the use of 
earth-moving machines and their parts in the construction of architectural structures. AIP Conference Proceedings, 
2023, 2490 (1). 
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�>�e�y���j�Z�p�•�h�g�Z�e�v�g�h�€���_�d�k�i�e�m�Z�l�Z�p�•�€���k�l�j�•�e�h�q�g�b�o���i�_�j�_�\�h�^�•�\���l�Z���i�e�Z�g�m�\�Z�g�g�y���j�h�[�•�l���i�h��

�€�o���m�l�j�b�f�Z�g�g�x���l�Z���a�Z�f�•�g�•���g�_�h�[�o�•�^�g�h���\�f�•�l�b���i�j�Z�\�b�e�v�g�h���\�b�a�g�Z�q�Z�l�b���k�l�j�h�d�b���€�o���k�e�m�`�[�b����
�J�h�a�j�•�a�g�y�x�l�v���g�h�j�f�Z�l�b�\�g�• �l�Z���]�Z�j�Z�g�l�•�c�g�•���k�l�j�h�d�b���k�e�m�`�[�b���o�j�_�k�l�h�\�b�g���>���������@���� 

�G�h�j�f�Z�l�b�\�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b���o�j�_�k�l�h�\�b�g�� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �d�•�e�v�d�•�k�l�x��
�i�j�h�i�m�s�_�g�h�]�h�� �i�h�� �g�b�o�� �l�h�g�g�Z�`�m���L�g�h�j�f �± �g�h�j�f�Z�l�b�\�g�b�f�� �g�Z�i�j�Z�p�x�\�Z�g�g�y�f�� �^�h��
�^�h�k�y�]�g�_�g�g�y�� �\�_�e�b�q�b�g�b�� �j�_�]�e�Z�f�_�g�l�h�\�Z�g�h�]�h�� �\�_�j�l�b�d�Z�e�v�g�h�]�h�� �a�g�h�k�m��h�g�h�j�f �_�e�_�f�_�g�l�•�\��
�o�j�_�k�l�h�\�b�g�� ���h�k�_�j�^�v�� �Z�[�h�� �\�m�k�h�\�b�d�•�\������ �G�h�j�f�Z�l�b�\�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b�� �}�� �j�•�a�g�b�f�b�� �^�e�y��
�d�h�g�k�l�j�m�d�p�•�c���k�l�j�•�e�h�q�g�b�o���i�_�j�_�\�h�^�•�\�����s�h���i�j�Z�p�x�x�l�v���\���j�•�a�g�b�o���m�f�h�\�Z�o���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

�=�Z�j�Z�g�l�•�c�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b���o�j�_�k�l�h�\�b�g�� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �y�d�•�k�l�x�� �\�b�]�h�l�h�\�e�_�g�g�y��
�d�h�g�k�l�j�m�d�p�•�c�� �g�Z�� �a�Z�\�h�^�Z�o�� ���a�Z�� �m�f�h�\�� �l�_�o�g�•�q�g�h�� �i�j�Z�\�b�e�v�g�h�€�� �_�d�k�i�e�m�Z�l�Z�p�•�€���� �•��
�\�k�l�Z�g�h�\�e�x�x�l�v�k�y���a�Z���i�h�]�h�^�`�_�g�g�y�f���a�Z�f�h�\�g�b�d�Z�����M�d�j�a�Z�e�•�a�g�b�p�•�����•���\�b�j�h�[�g�b�d�Z�����a�Z�\�h�^�m����
�a�� �f�_�l�h�x���i�•�^�\�b�s�_�g�g�y�� �\�•�^�i�h�\�•�^�Z�e�v�g�h�k�l�•�� �i�•�^�i�j�b�}�f�k�l�\�� �i�h�k�l�Z�q�Z�e�v�g�b�d�•�\�� �k�l�j�•�e�h�q�g�h�€��
�i�j�h�^�m�d�p�•�€���� �=�Z�j�Z�g�l�•�c�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b�� �o�j�_�k�l�h�\�b�g�� �\�k�l�Z�g�h�\�e�x�x�l�v�k�y�� �a�Z�� �d�j�b�l�_�j�•�}�f��
�g�Z�d�h�i�b�q�_�g�g�y�� �^�_�n�_�d�l�•�\���� �y�d�� �c�f�h�\�•�j�g�•�k�l�v�� �€�o�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b�� �[�_�a�� �i�h�y�\�b��
�g�_�^�h�i�m�k�l�b�f�b�o�� �^�_�n�_�d�l�•�\�� �Z�[�h�� �i�h�r�d�h�^�`�_�g�v�� �i�j�h�l�y�]�h�f���]�Z�j�Z�g�l�•�c�g�h�]�h�� �k�l�j�h�d�m��
�k�e�m�`�[�b [3]. 

�D�h�e�_�d�l�b�\�h�f���d�Z�n�_�^�j�b���a�Z�e�•�a�g�b�q�g�h�€���d�h�e�•�€���l�Z���d�h�e�•�c�g�h�]�h���]�h�k�i�h�^�Z�j�k�l�\�Z���D�1�A�L���>�M�1�L��
�a�Z���m�q�Z�k�l�x���Z�\�l�h�j�Z���i�•�^���d�_�j�•�\�g�b�p�l�\�h�f���i�j�h�n�_�k�h�j�Z���>�Z�g�•�e�_�g�d�Z���?���1�����[�m�e�Z���j�h�a�j�h�[�e�_�g�Z���l�Z��
�a�Z�i�j�h�i�h�g�h�\�Z�g�Z�� �g�h�\�Z�� �f�_�l�h�^�b�d�Z�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �g�h�j�f�Z�l�b�\�g�b�o�� �l�Z�� �]�Z�j�Z�g�l�•�c�g�b�o��
�k�l�j�h�d�•�\�� �k�e�m�`�[�b�� �o�j�_�k�l�h�\�b�g�� �k�l�j�•�e�h�q�g�b�o�� �i�_�j�_�\�h�^�•�\���� �y�d�Z�� �^�h�a�\�h�e�y�}�� �\�b�j�•�r�m�\�Z�l�b��
�\�d�Z�a�Z�g�m���a�Z�^�Z�q�m���\���[�_�a�i�h�k�_�j�_�^�g�•�c���a�Z�e�_�`�g�h�k�l�•���\�•�^���•�k�g�m�x�q�b�o���m�f�h�\���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

�K�m�l�g�•�k�l�v�� �j�•�r�_�g�g�y�� �a�Z�^�Z�q�•�� �i�h�e�y�]�Z�}�� �\�� �g�Z�k�l�m�i�g�h�f�m���� �G�h�j�f�Z�l�b�\�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b��
�\�b�a�g�Z�q�Z�x�l�v�k�y�� �d�h�f�i�e�_�d�k�g�b�f�� �f�_�l�h�^�h�f���� �y�d�b�c�� �\�d�e�x�q�Z�}�� �k�i�•�e�v�g�_�� �a�Z�k�l�h�k�m�\�Z�g�g�y����
�_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o�� �k�i�h�k�l�_�j�_�`�_�g�v�� �a�Z�� �j�h�[�h�l�h�x�� �o�j�_�k�l�h�\�b�g�� �g�Z�� �a�Z�e�•�a�g�b�p�y�o����

https://www.scopus.com/authid/detail.uri?authorId=57194168115
https://www.scopus.com/authid/detail.uri?authorId=57204845286
https://www.scopus.com/authid/detail.uri?authorId=57194155271
https://www.scopus.com/authid/detail.uri?authorId=57195063765
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�f�Z�l�_�f�Z�l�b�q�g�h-�k�l�Z�l�b�k�l�b�q�g�h�]�h�� �Z�g�Z�e�•�a�m�� �j�_�a�m�e�v�l�Z�l�•�\�� �k�i�h�k�l�_�j�_�`�_�g�v����
�]�j�Z�n�h�Z�g�Z�e�•�l�b�q�g�b�c�� �Z�g�Z�e�•�a�� �•�� �i�h�[�m�^�h�\�m�� �]�j�Z�n�•�q�g�b�o�� �a�Z�e�_�`�g�h�k�l�_�c�� �i�j�h�]�g�h�a�h�\�Z�g�h�]�h��
�a�g�h�k�m�� �m�� �n�m�g�d�p�•�€�� �\�•�^�� �i�j�h�i�m�s�_�g�h�]�h�� �l�h�g�g�Z�`�m���� �•�� �g�Z�� �a�Z�d�e�x�q�g�h�f�m�� �_�l�Z�i�•�� �j�h�a�j�h�[�d�m��
�d�•�g�p�_�\�b�o���j�h�a�j�Z�o�m�g�d�h�\�b�o���n�h�j�f�m�e���^�e�y���\�b�a�g�Z�q�_�g�g�y���i�j�h�]�g�h�a�h�\�Z�g�h�]�h���g�h�j�f�Z�l�b�\�g�h�]�h��
�l�h�g�g�Z�`�m�� )( �g�h�j�f�L ���� �s�h�� �h�q�•�d�m�}�l�v�k�y�� �i�j�h�i�m�k�d�Z�l�b�� �i�h�� �o�j�_�k�l�h�\�b�g�Z�f�� �i�j�b�� �^�h�k�y�]�g�_�g�g�•��
�g�h�j�f�h�\�Z�g�h�€���\�_�e�b�q�b�g�b���a�g�h�k�m���i�h�\�_�j�o�g�•���d�h�q�_�g�g�y��)( �g�h�j�fh  [3]. 

�A�Z�� �h�k�g�h�\�m�� �f�_�l�h�^�b�d�b�� �i�j�b�c�f�Z�x�l�v�k�y�� �h�k�g�h�\�g�_�� �\�b�o�•�^�g�_�� �j�•�\�g�y�g�g�y�� �a�g�h�k�m�� �������� �l�Z��
�d�j�b�\�Z�� �i�Z�j�Z�[�h�e�b�� ���j�b�k���� �������� �y�d�•�� �g�Z�c�[�•�e�v�r�� �i�j�Z�\�b�e�v�g�h�� �\�•�^�h�[�j�Z�`�Z�x�l�v�� �k�m�l�g�•�k�l�v��
�n�h�j�f�m�\�Z�g�g�y���a�g�h�k�m���•���\�j�Z�o�h�\�m�x�l�v���y�d���a�f�b�g�Z�g�g�y���l�Z�d���•���k�l�b�j�Z�g�g�y���f�_�l�Z�e�m���g�Z���i�h�\�_�j�o�g�•��
�d�h�q�_�g�g�y���_�e�_�f�_�g�l�•�\���o�j�_�k�l�h�\�b�g���� 

�\�LTah ��� ,      (1) 
�^�_���L �± �i�j�h�i�m�s�_�g�b�c���l�h�g�g�Z�`�� h �± �\�_�j�l�b�d�Z�e�v�g�b�c���a�g�h�k�� a, �\ �± �^�_�y�d�•���d�h�_�n�•�p�•�}�g�l�b�����y�d�•��
�\�k�l�Z�g�h�\�e�x�x�l�v�k�y�� �h�d�j�_�f�h�� �^�e�y�� �d�h�g�d�j�_�l�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �l�Z�� �d�h�g�d�j�_�l�g�b�o�� �m�f�h�\��
�_�d�k�i�e�m�Z�l�Z�p�•�€�� 

 

 
 

�J�b�k������. �D�j�b�\�Z���i�Z�j�Z�[�h�e�b 
 

�G�Z�� �i�_�j�r�•�c�� �d�j�b�\�h�e�•�g�•�c�g�•�c�� �^�•�e�y�g�p�•�� �g�Z�j�h�s�m�\�Z�g�g�y�� �a�g�h�k�m�� �\�•�^�[�m�\�Z�}�l�v�k�y���� �i�_�j�r�� �a�Z��
�\�k�_���� �a�Z�� �j�Z�o�m�g�h�d�� �d�j�b�\�h�e�•�g�•�c�g�h�€�� �q�Z�k�l�b�g�b�� �]�j�Z�n�•�d�Z��( ii Tah � ������ �Z�� �g�Z�� �^�j�m�]�•�c��
�i�j�y�f�h�e�•�g�•�c�g�•�c���^�•�e�y�g�p�•���g�Z�j�h�s�m�\�Z�g�g�y���a�g�h�k�m���\���h�k�g�h�\�g�h�f�m���\�•�^�[�m�\�Z�}�l�v�k�y���a�Z���j�Z�o�m�g�h�d��
�i�j�y�f�h�e�•�g�•�c�g�h�€�� �q�Z�k�l�b�g�b�� �]�j�Z�n�•�d�Z�� �a�g�h�k�m��( �L�\hi �˜� ������ �^�_�� �Dtg�\ �  �± �l�Z�g�]�_�g�k�� �d�m�l�Z��
�g�Z�o�b�e�m���d�j�b�\�h�€���a�g�h�k�m���^�h���]�h�j�b�a�h�g�l�Z�e�•�� 

�K�e�•�^�� �a�Z�a�g�Z�q�b�l�b���� �s�h�� �j�•�\�g�y�g�g�y�� �\�b�^�m�� �������� �\�k�l�Z�g�h�\�e�x�x�l�v�k�y�� �h�d�j�_�f�h�� �^�e�y�� �d�h�`�g�h�€��
�d�h�g�k�l�j�m�d�p�•�€�����y�d�Z���i�j�Z�p�x�}���\���d�h�g�d�j�_�l�g�b�o���m�f�h�\�Z�o���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

�A�g�Z�q�_�g�g�y�� �g�h�j�f�Z�l�b�\�g�h�]�h�� �l�h�g�g�Z�`�m���g�L  �\�b�a�g�Z�q�Z�}�l�v�k�y�� �i�j�b�� �g�Z�d�h�i�b�q�_�g�g�•��
�g�h�j�f�Z�l�b�\�g�h�€�� �\�_�e�b�q�b�g�b�� �a�g�h�k�m���gh  (�g�Z�� �h�k�_�j�^�y�o�� �Z�[�h�� �\�m�k�h�\�b�d�Z�o�� �o�j�_�k�l�h�\�b�g���� �a�Z��
�n�h�j�f�m�e�h�x�� �������� �•�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �n�h�j�f�b�� �d�h�g�d�j�_�l�g�h�€�� �d�j�b�\�h�€�� �a�g�h�k�m�� ���������� �y�d�Z�� �\�� �k�\�h�x��
�q�_�j�]�m�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �d�h�_�n�•�p�•�}�g�l�•�\���•�Z �•�� �•�\ ���� �s�h�� �l�Z�d�h�`�� �}�� �d�h�g�d�j�_�l�g�b�f�b�� �^�e�y�� �d�h�`�g�h�€��

�j�h�a�]�e�y�^�m�\�Z�g�h�€���d�h�g�k�l�j�m�d�p�•�€�����L�\Tah �˜���  
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�=�Z�j�Z�g�l�•�c�g�•���k�l�j�h�d�b���k�e�m�`�[�b���d�h�g�k�l�j�m�d�p�•�c���o�j�_�k�l�h�\�b�g���a�Z�e�_�`�Z�l�v���\�•�^���g�h�j�f�Z�l�b�\�g�b�o��
�•���\�k�l�Z�g�h�\�e�x�x�l�v�k�y���y�d���c�f�h�\�•�j�g�•�k�l�v���i�j�h�i�m�s�_�g�h�]�h���l�h�g�g�Z�`�m���^�e�y���d�h�`�g�h�€���d�h�g�d�j�_�l�g�h�€��
�d�j�b�\�h�€���^�e�y���d�h�g�d�j�_�l�g�b�o���m�f�h�\���_�d�k�i�e�m�Z�l�Z�p�•�€���a�Z���n�h�j�f�m�e�h�x (3). 
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�g�g�]�Z�j�Z�g�l TtRTf�L �˜� � )()( ,     (3) 
�^�_�� �f�Z�l�_�f�Z�l�b�q�g�Z�� �•�f�h�\�•�j�g�•�k�l�v�� �[�_�a�\�•�^�f�h�\�g�h�€�� �j�h�[�h�l�b��)(tR  �^�e�y�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o��
�_�e�_�f�_�g�l�•�\�� �o�j�_�k�l�h�\�b�g�� �\�� �f�_�`�Z�o�� �\�•�^�i�h�\�•�^�g�b�o�� �•�g�l�_�j�\�Z�e�•�\���g�Z�i�j�Z�p�x�\�Z�g�g�y�� �l�h�g�g�Z�`�m��
�j�h�a�j�Z�o�h�\�m�}�l�v�k�y���\�•�^�i�h�\�•�^�g�h���^�h���n�h�j�f�m�e�b�� 
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� ��� 
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)(1)( dttfFtR .      (4) 

�A�Z�� �n�h�j�f�m�e�Z�f�b�� �������� �•�� �������� �[�m�e�b�� �a�� �^�h�k�l�Z�l�g�v�h�x�� �^�h�k�l�h�\�•�j�g�•�k�l�x�� �\�k�l�Z�g�h�\�e�_�g�•��
�d�h�g�d�j�_�l�g�•�� �]�Z�j�Z�g�l�•�c�g�•�� �k�l�j�h�d�b�� �k�e�m�`�[�b�� �^�e�y�� �o�j�_�k�l�h�\�b�g�� �k�l�j�•�e�h�q�g�b�o�� �i�_�j�_�\�h�^�•�\��
�l�b�i�h�\�b�o���d�h�g�k�l�j�m�d�p�•�c���f�Z�j�h�d�����������������������l�Z���j�_�c�d�Z�f�b���l�b�i�m���J�������•���J������ 
 
�>���@�� �>�Z�g�•�e�_�g�d�h�� �?���1���� �A�Z�e�•�a�g�b�q�g�Z�� �d�h�e�•�y���� �M�e�Z�r�l�m�\�Z�g�g�y���� �i�j�h�_�d�l�m�\�Z�g�g�y�� �•�� �j�h�a�j�Z�o�m�g�d�b���� �\�a�Z�}�f�h�^�•�y�� �a�� �j�m�o�h�f�b�f�� �k�d�e�Z�^�h�f����
�i�•�^�j�m�q�g�b�d���^�e�y���\�b�s�b�o���g�Z�\�q�Z�e�v�g�b�o���a�Z�d�e�Z�^�•�\�����m����-�o���l�h�f�Z�o�������D�b�€�\�����1�g�i�j�_�k�����������������L�������������������k�� 
[2] �1�g�k�l�j�m�d�p�•�y���a���m�e�Z�r�l�m�\�Z�g�g�y���l�Z���m�l�j�b�f�Z�g�g�y���d�h�e�•�€���a�Z�e�•�a�g�b�p�v���M�d�j�Z�€�g�b�����P�I-���������������G�h�j�f�Z�l�b�\�g�h-�l�_�o�g�•�q�g�_���\�b�^�Z�g�g�y������
�>�Z�g�•�e�_�g�d�h���?���1�������D�m�j�]�Z�g���F���;�������D�Z�j�i�h�\���F���1�������Y�d�h�\�e�_�\ �<���H�����l�Z���•�g�����± �D�������M�d�j�a�Z�e�•�a�g�b�p�y�������������������������k�� 
�>���@���<�_�j�o�g�y���[�m�^�h�\�Z���d�h�e�•�€�����K�l�j�•�e�h�q�g�•���i�_�j�_�\�h�^�b�����I�j�Z�\�b�e�Z���\�b�a�g�Z�q�_�g�g�y���g�h�j�f�Z�l�b�\�g�b�o���l�Z���]�Z�j�Z�g�l�•�c�g�b�o���k�l�j�h�d�•�\���k�e�m�`�[�b���m��
�j�•�a�g�b�o���_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o���m�f�h�\�Z�o�����������k�l�Z�g�^�Z�j�l���:�L���©�M�d�j�a�Z�e�•�a�g�b�p�y�ª���K�L�I���������������������� �± �D�������:�L �©�M�d�j�a�Z�e�•�a�g�b�p�y�ª��������������
�j�����± 48 �k�� 
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�I�b�e�h�f�Z�l�_�j�•�Z�e�b�� �}�� �g�Z�c�[�•�e�v�r�� �r�b�j�h�d�h�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�g�b�f�� �f�Z�l�_�j�•�Z�e�h�f�� �^�e�y��

�a�Z�e�•�a�g�b�q�g�b�o���r�i�Z�e�����h�^�g�Z�d���y�d���r�i�Z�e�v�g�b�c���f�Z�l�_�j�•�Z�e���\�•�g���i�k�m�}�l�v�k�y���a���q�Z�k�h�f���•���i�h�l�j�_�[�m�}��
�\�•�^�i�h�\�•�^�g�h�€�� �a�Z�f�•�g�b�����<�� �h�k�l�Z�g�g�•�� �j�h�d�b�� �^�_�j�_�\�b�g�Z�� �l�\�_�j�^�b�o�� �i�h�j�•�^�� �^�_�j�_�\�b�g�b�� �^�e�y��
�a�Z�e�•�a�g�b�q�g�b�o�� �r�i�Z�e�� �k�l�Z�}�� �^�h�j�h�`�q�h�x���� �f�_�g�r�� �^�h�k�l�m�i�g�h�x�� �•�� �f�Z�}�� �g�b�`�q�m�� �y�d�•�k�l�v��
�i�h�j�•�\�g�y�g�h���a���^�_�j�_�\�b�g�h�x���j�Z�g�•�r�_���^�h�k�l�m�i�g�h�x�����A�Z�j�Z�a���l�Z�d�h�`���•�k�g�m�x�l�v���j�•�a�g�•���_�d�h�e�h�]�•�q�g�•��
�i�j�h�[�e�_�f�b�� �s�h�^�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �l�Z�� �m�l�b�e�•�a�Z�p�•�€�� �o�•�f�•�q�g�h�� �i�j�h�k�h�q�_�g�b�o�� �^�_�j�_�\�¶�y�g�b�o��
�r�i�Z�e�����P�_���i�j�b�a�\�_�e�h���^�h���i�h�r�m�d�m���m���[�•�e�v�r�h�k�l�•���a�Z�e�•�a�g�b�q�g�b�o���]�Z�e�m�a�_�c���Z�e�v�l�_�j�g�Z�l�b�\�g�b�o��
�f�Z�l�_�j�•�Z�e�•�\���^�e�y���a�Z�f�•�g�b���•�k�g�m�x�q�b�o���^�_�j�_�\�¶�y�g�b�o���r�i�Z�e�����P�y���j�h�[�h�l�Z���i�j�_�^�k�l�Z�\�e�y�}���h�]�e�y�^��
�h�k�l�Z�g�g�•�o���i�h�^�•�c���•���i�j�_�^�k�l�Z�\�e�y�}���•�g�•�p�•�Z�l�b�\�m�����k�i�j�y�f�h�\�Z�g�m���g�Z���i�h�e�•�f�_�j�g�•���d�h�f�i�h�a�b�l�b���y�d��
�Z�e�v�l�_�j�g�Z�l�b�\�g�b�c�� �f�Z�l�_�j�•�Z�e�� �^�e�y�� �a�Z�e�•�a�g�b�q�g�b�o�� �r�i�Z�e�� �l�Z�� �^�e�y�� �f�_�l�j�h�i�h�e�•�l�_�g�•�\����
�<�h�e�h�d�g�b�k�l�•�� �d�h�f�i�h�a�b�l�b�� �a�¶�y�\�e�y�x�l�v�k�y�� �y�d�� �Z�e�v�l�_�j�g�Z�l�b�\�g�b�c�� �`�b�l�l�}�a�^�Z�l�g�b�c��
�[�m�^�•�\�_�e�v�g�b�c���f�Z�l�_�j�•�Z�e�� 
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�<�� �d�h�g�k�l�j�m�d�p�•�€�� �a�Z�e�•�a�g�b�q�g�h�€�� �d�h�e�•�€�� �r�i�Z�e�b���± �}�� �h�^�g�b�f�� �a�� �\�Z�`�e�b�\�•�r�b�o�� �_�e�_�f�_�g�l�•�\��
�\�_�j�o�g�v�h�€���[�m�^�h�\�b�����>�_�j�_�\�¶�y�g�•���r�i�Z�e�b�����h�k�h�[�e�b�\�h���\���m�f�h�\�Z�o���f�_�l�j�h�i�h�e�•�l�_�g�m�����\�k�_���s�_���}��
�g�Z�c�[�•�e�v�r�� �i�h�r�b�j�_�g�b�f�b���� �L�Z�d�h�`�� �f�h�`�_�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�k�v�� �i�h�i�_�j�_�^�g�v�h��
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�q�b�k�e�_�g�g�m�� �d�•�e�v�d�•�k�l�v�� �f�_�l�h�^�b�d�� �h�p�•�g�d�b�� �y�d�h�k�l�•�� �a�Z�e�•�a�g�b�q�g�h�€�� �d�h�e�•�€���� �I�_�\�g�m�� �Z�[�k�l�j�Z�d�l�g�m��
�[�_�a�j�h�a�f�•�j�g�m�� �\�_�e�b�q�b�g�m���� �y�d�Z�� �o�Z�j�Z�d�l�_�j�b�a�m�}�� �k�l�Z�g�� �]�_�h�f�_�l�j�•�€�� �a�Z�e�•�a�g�b�q�g�h�€�� �d�h�e�•�€��
�i�j�b�c�g�y�l�h���g�Z�a�b�\�Z�l�b���©�•�g�^�_�d�k�h�f���y�d�h�k�l�•���d�h�e�•�€�ª�����Z�[�h��Track Quality Index (TQI). 

�M�f�h�\�g�h�� �j�•�a�g�•�� �f�_�l�h�^�b�d�b�� �f�h�`�g�Z�� �j�h�a�^�•�e�b�l�b�� �g�Z�� �^�\�•�� �d�Z�l�_�]�h�j�•�€���� �7�4�,�� �j�h�a�j�Z�o�m�g�h�d��
�y�d�b�o�� �[�Z�a�m�}�l�v�k�y�� �g�Z�� �\�b�a�g�Z�q�_�g�g�•�� �k�_�j�_�^�g�v�h�d�\�Z�^�j�Z�l�b�q�g�h�]�h�� �\�•�^�o�b�e�_�g�g�y���� �l�Z�� �7�4�,�� �\��
�h�k�g�h�\�•���y�d�b�o���e�_�`�Z�l�v���•�g�r�•���f�Z�l�_�f�Z�l�b�q�g�•���i�j�b�g�p�b�i�b�� 

�/�\�j�h�i�_�c�k�v�d�b�c�� �k�l�Z�g�^�Z�j�l�� �(�1�� ����������-�������������� �i�j�h�i�h�g�m�}�� �j�h�a�j�Z�o�h�\�m�\�Z�l�b��
�d�h�f�[�•�g�h�\�Z�g�b�c���•�g�^�_�d�k���y�d�h�k�l�•���d�h�e�•�€���a�Z���g�Z�k�l�m�i�g�h�x���n�h�j�f�m�e�h�x�� 
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�^�_�� ���? �± �f�Z�k�r�l�Z�[�g�b�c�� �d�h�_�n�•�p�•�}�g�l�����. �± �^�h�\�`�b�g�Z�� �l�_�k�l�h�\�h�€�� �^�•�e�y�g�d�b�����8 �± �r�\�b�^�d�•�k�l�v��
�j�m�o�m���� �����������± �_�d�k�i�h�g�_�g�p�•�c�g�_�� �q�b�k�e�h���� �y�d�_�� �f�Z�}�� �g�Z�� �f�_�l�•�� �\�•�^�h�[�j�Z�a�b�l�b�� �\�i�e�b�\�� �i�•�^�\�•�k�d�b��
�j�m�o�h�f�h�]�h�� �k�d�e�Z�^�m�����¿�T �± �d�j�h�d�� �\�b�f�•�j�x�\�Z�g�g�y�����¿�R�ñ�á �¿�D, �¿�Q�7 �± �\�•�^�o�b�e�_�g�g�y��
�i�h�\�a�^�h�\�`�g�v�h�]�h���j�•�\�g�y�����i�h�e�h�`�_�g�g�y���\���i�e�Z�g�•���l�Z���i�h�i�_�j�_�q�g�h�]�h���j�•�\�g�y���\�•�^�i�h�\�•�^�g�h�� 

�S�_�� �h�^�g�b�f�� �i�_�j�k�i�_�d�l�b�\�g�b�f�� �•�g�^�_�d�k�h�f�� �y�d�h�k�l�•�� �d�h�e�•�€�� �y�\�e�y�}�l�v�k�y���± FRA TQI. 
�J�h�a�j�h�[�e�_�g�Z�� �\�� �i�_�j�•�h�^�� �a�� ���������� �i�h�� ���������� �j�h�d�b�� �m�� �K�R�:���� �d�h�g�p�_�i�p�•�y�� �f�Z�}�� �\�� �h�k�g�h�\�•��
�i�h�j�•�\�g�y�g�g�y�� �^�h�\�`�b�g�b�� �i�j�h�k�l�h�j�h�\�h�€�� �d�j�b�\�h�€�� �a�� �i�j�y�f�b�f�� �\�•�^�j�•�a�d�h�f���� �y�d�b�c�� �h�[�¶�}�^�g�m�}��
�d�•�g�p�_�\�•���l�h�q�d�b���p�•�}�€���d�j�b�\�h�€�����Q�b�f���[�•�e�v�r�Z���g�_�j�•�\�g�h�f�•�j�g�•�k�l�v���^�•�e�y�g�d�b���d�h�e�•�€�����l�b�f���[�•�e�v�r�Z��
�^�h�\�`�b�g�Z���i�j�h�k�l�h�j�h�\�h�€���d�j�b�\�h�€�����y�d�s�h���j�h�a�l�y�]�g�m�l�b���€�€���m���i�j�y�f�m���e�•�g�•�x���� 

�I�•�^�k�m�f�h�\�m�x�q�b���\�b�s�_���k�d�Z�a�Z�g�_���f�h�`�g�Z���k�l�\�_�j�^�`�m�\�Z�l�b�����s�h���g�Z���k�v�h�]�h�^�g�•�r�g�•�c���^�_�g�v��
�h�[�¶�}�d�l�b�\�g�Z�� �h�p�•�g�d�Z�� �k�l�Z�g�m�� �]�_�h�f�_�l�j�•�€�� �d�h�e�•�€�� �g�_�f�h�`�e�b�\�Z�� �[�_�a�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �k�m�q�Z�k�g�b�o��
�f�_�l�h�^�•�\�� �f�Z�l�_�f�Z�l�b�q�g�h�€�� �h�[�j�h�[�d�b�� �^�Z�g�b�o�� �h�l�j�b�f�Z�g�b�o�� �i�j�b�� �\�b�f�•�j�x�\�Z�g�g�•�� �i�Z�j�Z�f�_�l�j�•�\��
�d�h�e�•�€���� 

�A�Z�]�Z�e�h�f�� �f�h�`�g�Z�� �\�b�^�•�e�b�l�b�� �g�Z�k�l�m�i�g�•�� �h�k�g�h�\�g�•�� �g�Z�i�j�y�f�d�b�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �•�g�^�_�d�k�•�\��
�y�d�h�k�l�•���d�h�e�•�€�� 

1. �<�^�h�k�d�h�g�Z�e�_�g�g�y�� �\�•�l�q�b�a�g�y�g�h�€�� �k�b�k�l�_�f�b�� �h�p�•�g�d�b�� �k�l�Z�g�m�� �]�_�h�f�_�l�j�•�€�� �d�h�e�•�€���� �^�e�y��
�[�•�e�v�r���_�n�_�d�l�b�\�g�h�]�h���i�e�Z�g�m�\�Z�g�g�y���j�_�f�h�g�l�g�b�o���j�h�[�•�l���a���\�b�i�j�Z�\�d�b���a�Z�e�•�a�g�b�q�g�h�€���d�h�e�•�€�� 

2. �<�b�d�h�j�b�k�l�Z�g�g�y���•�g�^�_�d�k�•�\���y�d�h�k�l�•���d�h�e�•�€���y�d���•�g�k�l�j�m�f�_�g�l�m���^�h�k�e�•�^�`�_�g�g�y���i�h�\�_�^�•�g�d�b��
�j�•�a�g�b�o�� �l�b�i�•�\�� �\�_�j�o�g�v�h�€�� �[�m�^�h�\�b�� �d�h�e�•�€���� �Z�� �l�Z�d�h�`�� �€�€�� �h�d�j�_�f�b�o�� �_�e�_�f�_�g�l�•�\���� �\�� �i�j�h�p�_�k�•��
�_�d�k�i�e�m�Z�l�Z�p�•�€���� 

3. �>�h�k�e�•�^�`�_�g�g�y�� �\�i�e�b�\�m�� �g�_�j�•�\�g�h�k�l�_�c �d�h�e�•�€�� �g�Z�� �^�b�g�Z�f�•�d�m�� �\�a�Z�}�f�h�^�•�€�� �a�� �j�m�o�h�f�b�f��
�k�d�e�Z�^�h�f�����Z���y�d���g�Z�k�e�•�^�h�d���g�Z���d�h�f�n�h�j�l�g�•�k�l�v���€�a�^�b�� 
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�^�e�y�� �^�h�i�h�f�h�]�b�� �^�_�j�`�Z�\�•�� �l�Z�� �i�j�h�\�_�k�l�b�� �f�h�g�•�l�h�j�b�g�]�� �a�_�f�_�e�v�� �^�h�� �j�h�a�[�m�^�h�\�b�� �l�Z��
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�<�� �M�d�j�Z�€�g�•�� �\�•�c�g�Z�� �l�Z�� �Z�]�j�_�k�•�y�� �a�Z�k�l�Z�\�e�y�x�l�v�� �i�h�k�l�•�c�g�h�� �\�^�h�k�d�h�g�Z�e�x�\�Z�l�b�� �a�_�f�_�e�v�g�•��
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PROMISI NG  METHODS  OF IMPLEMENTATION OF GEODESIC 
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�G�Z�k�l�m�i�g�b�c�� �_�l�Z�i���± �a�Z�]�Z�e�v�g�Z�� �h�p�•�g�d�Z�� �f�_�l�h�^�h�f�� �f�Z�d�k�b�f�Z�e�v�g�b�o�� �l�Z�� �k�_�j�_�^�g�•�o��

�^�_�n�h�j�f�Z�p�•�c�����a���f�h�`�e�b�\�•�k�l�x���\�b�a�g�Z�q�_�g�g�y���^�_�n�h�j�f�Z�p�•�c���i�h���h�d�j�_�f�b�o���h�k�y�o�� 
 
[1]  �F�b�o�Z�c�e�_�g�d�h���1�����I�������D�h�\�Z�e�_�g�d�h���K�����=�����F�_�l�h�^�b�q�g�•���j�_�d�h�f�_�g�^�Z�p�•�€���a���h�p�•�g�d�b���l�_�o�g�•�q�g�h�]�h���k�l�Z�g�m���[�m�^�•�\�_�e�v���•���k�i�h�j�m�^�����± 
�D�b�€�\�����F�•�g�j�_�]�•�h�g���M�d�j�Z�€�g�b�����������������± �������k�� 
[2] �>�_�j�`�Z�\�g�b�c�� �k�l�Z�g�^�Z�j�l�� �M�d�j�Z�€�g�b���� �>�K�L�M�� �;���<��������-�������������� �©�I�j�h�]�b�g�b�� �•�� �i�_�j�_�f�•�s�_�g�g�y���� �A�Z�]�Z�e�v�g�•�� �\�b�f�h�]�b�ª�����± �D�b�€�\����
�F�•�g�j�_�]�•�h�g�[�m�^���M�d�j�Z�€�g�b�����������������± �������k�� 
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The problems of external ballistics of a material point are classical. Such classical 
models, reflecting the concept of representing the characteristics of a material point, 
have been traditionally taught in textbooks on theoretical mechanics for many years 
in the section on the dynamics of a material point. But the interest in the modern 
world in solving theoretical problems is related not only to the educational process, 
but also to practical application in various fields of human activity. The range of 
application of both theoretical and practical results in scientific activity is very 
diverse. The use of research activities in the direction of ballistics can include 
calculations of the flight of a fractional component of a concrete mixture in a 
concomitant air flow, which is used in surface shotcrete technologies, equipment for 
transporting and spraying various Newtonian and Bingham liquids, which has further 
promising development of special equipment for the construction, chemical, and 
agricultural industries. Promising development of the study of particle dynamics of 
spray jets during fire extinguishing, calculations of the flight trajectory of projectiles 
to increase the accuracy of shooting in military affairs and in many other areas. 
Problems of ballistics of a material point are considered in courses of theoretical 
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mechanics [1], as well as in the special literature [2-6]. Unlike known studies, it is of 
interest to solve problems of ballistics of a material point within the limits of 
simplified equations of motion for trajectories that are close to 900 relative to the 
horizon, but still smaller than this value, to apply an analytical approach (i.e., to find 
the solution of such a problem in quadratures). Due to this, it can significantly 
shorten the calculations of the parameters of the trajectory of the material point, in 
particular, its horizontal length, flight time, etc. 

However, unlike the above cited sources of literature, in this study, as in [1], for 
solving simplified equations of motion of a material point in ballistics problems for 
trajectories close to the 90O angle, but smaller than this value, an analytical approach 
was used and the solution of approximate equations of motion corresponding to such 
trajectories was found in quadratures, which allows to significantly simplify the 
algorithm for calculating the parameters of the trajectory of motion of this type. 

Substantiation of a physical-mechanical and mathematical model that can 
adequately describe the parameters and features of the motion of a material point-
particle moving along a trajectory with an angle of inclination to the horizon close to 
90O, when the resistance of the external environment (air) quadratic to the speed of its 
movement is taken into account. The results obtained in the work can be further used 
to improve and refine engineering calculation methods in problems of external 
ballistics of a material point taking into account the quadratic (in terms of speed) 
resistance of the air environment, in many branches of modern science and 
technology. 
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�I�h�k�l�Z�g�h�\�d�Z�� �i�j�h�[�e�_�f�b�����I�j�h�[�e�_�f�Z�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �j�•�\�g�h�f�•�j�g�h�]�h�� �j�h�a�i�h�^�•�e�m��
�g�Z�i�j�m�`�_�g�v�� �m�� �g�_�j�h�a�j�•�a�g�b�o�� �k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �i�e�b�l�Z�o�� �}�� �Z�d�l�m�Z�e�v�g�b�f�� �^�e�y��
�k�m�q�Z�k�g�h�]�h�� �[�m�^�•�\�g�b�p�l�\�Z��[4]���� �A�Z�k�l�h�k�m�\�Z�g�g�y�� �l�_�o�g�h�e�h�]�•�c�� �k�Z�f�h�g�Z�i�j�m�`�_�g�g�y �^�h�a�\�h�e�y�}��
�a�f�_�g�r�b�l�b�� �g�_�j�•�\�g�h�f�•�j�g�b�c�� �j�h�a�i�h�^�•�e���� �i�j�h�l�_�� �i�b�l�Z�g�g�y�� �_�n�_�d�l�b�\�g�h�]�h�� �k�l�\�h�j�_�g�g�y��
�k�Z�f�h�g�Z�i�j�m�`�_�g�g�y�� �\�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �a�j�Z�a�d�Z�o�� �l�Z�d�b�o�� �i�e�b�l�� �^�h�k�•�� �g�_�^�h�k�l�Z�l�g�v�h��
�^�h�k�e�•�^�`�_�g�_���� �<�b�\�q�_�g�g�y�� �p�v�h�]�h�� �i�j�h�p�_�k�m�� �}�� �\�Z�`�e�b�\�b�f�� �^�e�y�� �i�h�d�j�Z�s�_�g�g�y��
�_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���d�h�g�k�l�j�m�d�p�•�c���l�Z���i�•�^�\�b�s�_�g�g�y���€�o���g�_�k�m�q�h�€���a�^�Z�l�g�h�k�l�•. 

�M���k�m�q�Z�k�g�h�f�m���[�m�^�•�\�g�b�p�l�\�•���\�Z�`�e�b�\�h���a�Z�[�_�a�i�_�q�b�l�b���k�l�Z�[�•�e�v�g�•�k�l�v���l�Z���^�h�\�]�h�\�•�q�g�•�k�l�v��
�d�h�g�k�l�j�m�d�p�•�c���� �h�k�d�•�e�v�d�b�� �€�o�� �_�d�k�i�e�m�Z�l�Z�p�•�y�� �i�•�^�^�Z�}�l�v�k�y�� �a�g�Z�q�g�b�f�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�f���� �>�e�y��
�p�v�h�]�h�� �g�_�h�[�o�•�^�g�h�� �\�b�a�g�Z�q�b�l�b�� �_�n�_�d�l�b�\�g�•�� �l�_�o�g�h�e�h�]�•�€�� �l�Z�� �f�_�l�h�^�b�� �n�h�j�f�m�\�Z�g�g�y��
�k�Z�f�h�g�Z�i�j�m�`�_�g�g�y�����y�d�•���k�i�j�b�y�x�l�v���^�h�k�y�]�g�_�g�g�x���h�i�l�b�f�Z�e�v�g�h�]�h���j�h�a�i�h�^�•�e�m���g�Z�i�j�m�`�_�g�v��
�m���d�h�g�k�l�j�m�d�p�•�y�o�����<�b�\�q�_�g�g�y���p�v�h�]�h���i�j�h�p�_�k�m���^�h�a�\�h�e�b�l�v���\�b�y�\�b�l�b���g�Z�c�d�j�Z�s�•���i�j�Z�d�l�b�d�b����
�s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y���\���[�m�^�•�\�g�b�p�l�\�•�����•���\�i�j�h�\�Z�^�b�l�b���€�o���m���\�b�j�h�[�g�b�p�l�\�h [1; 2]. 

�F�_�l�h�x�� �j�h�[�h�l�b �}�� �\�k�_�[�•�q�g�_�� �^�h�k�e�•�^�`�_�g�g�y�� �i�j�h�p�_�k�m���k�l�\�h�j�_�g�g�y�� �k�Z�f�h�g�Z�i�j�m�`�_�g�g�y��
�\���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���a�j�Z�a�d�Z�o���g�_�j�h�a�j�•�a�g�b�o���k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o���i�e�b�l (�j�b�k�� 1). 

�H�d�j�•�f�� �l�h�]�h���� �\�Z�`�e�b�\�h�� �h�p�•�g�b�l�b�� �\�i�e�b�\�� �k�Z�f�h�g�Z�i�j�m�`�_�g�g�y�� �g�Z�� �f�_�o�Z�g�•�q�g�•��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �l�Z�d�•�� �y�d�� �f�•�p�g�•�k�l�v�� �•�� �`�h�j�k�l�d�•�k�l�v���� �Z�� �l�Z�d�h�`�� �g�Z�� �k�l�•�c�d�•�k�l�v��
�k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �i�e�b�l�� �\�� �m�f�h�\�Z�o�� �j�_�Z�e�v�g�b�o�� �_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v���� �<��
�o�h�^�•�� �^�h�k�e�•�^�`�_�g�g�y�� �[�m�^�_�� �i�j�h�\�_�^�_�g�h�� �k�_�j�•�x�� �_�d�k�i�_�j�b�f�_�g�l�•�\���� �k�i�j�y�f�h�\�Z�g�b�o�� �g�Z�� �Z�g�Z�e�•�a��
�i�h�\�_�^�•�g�d�b�� �i�e�b�l�� �a�Z�� �j�•�a�g�b�o�� �m�f�h�\�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �l�Z�� �\�b�y�\�e�_�g�g�y�� �d�j�b�l�b�q�g�b�o��
�i�Z�j�Z�f�_�l�j�•�\�����s�h���\�i�e�b�\�Z�x�l�v���g�Z���€�o���_�n�_�d�l�b�\�g�•�k�l�v�� 
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�m���g�_�j�h�a�j�•�a�g�b�o���k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o���i�e�b�l�Z�o���i�j�h�]�h�g�h�\�b�o���d�h�g�k�l�j�m�d�p�•�c 
 
�H�l�j�b�f�Z�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �f�h�`�m�l�v�� �k�e�m�]�m�\�Z�l�b�� �h�k�g�h�\�h�x�� �^�e�y�� �\�^�h�k�d�h�g�Z�e�_�g�g�y��

�i�j�h�_�d�l�m�\�Z�g�g�y�� �l�Z�� �\�b�]�h�l�h�\�e�_�g�g�y�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �i�•�^�\�b�s�m�x�q�b�� �€�o��
�g�Z�^�•�c�g�•�k�l�v�� �l�Z�� �l�j�b�\�Z�e�•�k�l�v�� �k�e�m�`�[�b���� �A�h�d�j�_�f�Z���� �j�_�a�m�e�v�l�Z�l�b�� �^�h�k�e�•�^�`�_�g�v�� �f�h�`�m�l�v�� �[�m�l�b��
�\�b�d�h�j�b�k�l�Z�g�•�� �^�e�y�� �j�h�a�j�h�[�d�b�� �j�_�d�h�f�_�g�^�Z�p�•�c�� �s�h�^�h�� �h�i�l�b�f�•�a�Z�p�•�€�� �l�_�o�g�h�e�h�]�•�c��
�\�b�]�h�l�h�\�e�_�g�g�y�� �k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �i�e�b�l���� �s�h�� �\�� �d�•�g�p�_�\�h�f�m�� �i�•�^�k�m�f�d�m�� �k�i�j�b�y�l�b�f�_��
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�i�•�^�\�b�s�_�g�g�x�� �y�d�h�k�l�•�� �[�m�^�•�\�_�e�v�g�b�o�� �j�h�[�•�l�� �•�� �a�f�_�g�r�_�g�g�x�� �j�b�a�b�d�•�\���� �i�h�\�¶�y�a�Z�g�b�o�� �a�� �€�o��
�_�d�k�i�e�m�Z�l�Z�p�•�}�x��[3]. 
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�\�_�j�l�b�d�Z�e�v�g�b�o���� �[�e�b�a�v�d�h�� �j�h�a�l�Z�r�h�\�Z�g�b�o���� �g�_�� �i�h�\�¶�y�a�Z�g�b�o�� �f�•�`�� �k�h�[�h�x�� �i�j�m�`�b�g���� �L�Z�d�m��
�k�b�l�m�Z�p�•�x���a�Z�]�Z�e�h�f���f�h�`�g�Z���h�i�b�k�Z�l�b���}�^�b�g�b�f���i�Z�j�Z�f�_�l�j�h�f�����y�d�b�c���g�Z�a�b�\�Z�x�l�v���f�h�^�m�e�_�f��
�i�j�m�`�g�h�k�l�•�� �h�k�g�h�\�b�� �q�b�� �d�h�_�n�•�p�•�}�g�l�h�f�� �i�h�k�l�_�e�•���� �M�� �g�Z�c�i�j�h�k�l�•�r�h�f�m�� �\�b�i�Z�^�d�m���� �d�h�e�b��
�i�j�m�`�g�Z���h�k�g�h�\�Z���\�\�Z�`�Z�}�l�v�k�y���h�^�g�h�j�•�^�g�h�x�����d�h�_�n�•�p�•�}�g�l���i�h�k�l�_�e�•���}���k�l�Z�e�b�f�����s�h���a�g�Z�q�g�h��
�k�i�j�h�s�m�}�� �j�h�a�\�¶�y�a�Z�g�g�y�� �\�•�^�i�h�\�•�^�g�b�o�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�b�o�� �j�•�\�g�y�g�v���� �H�^�g�Z�d�� �l�Z�d�_��
�i�j�b�i�m�s�_�g�g�y�� �^�Z�e�_�d�_�� �\�•�^�� �j�_�Z�e�v�g�h�k�l�•�� �•�� �^�e�y�� �[�•�e�v�r�� �y�d�•�k�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �g�_�h�[�o�•�^�g�h��
�\�j�Z�o�h�\�m�\�Z�l�b���g�_�h�^�g�h�j�•�^�g�•�k�l�v���h�k�g�h�\�b���>���@�����A�j�h�a�m�f�•�e�h�����s�h �\���l�Z�d�h�f�m���j�Z�a�•���d�h�_�n�•�p�•�}�g�l 
�i�h�k�l�_�e�•��( )k r  �[�m�^�_�� �a�f�•�g�g�h�x�� �\�_�e�b�q�b�g�h�x���� �G�Z���j�b�k�� ���� �a�h�[�j�Z�`�_�g�h���\�•�^�i�h�\�•�^�g�m���l�Z�d�h�f�m��
�\�b�i�Z�^�d�m���j�h�a�j�Z�o�m�g�d�h�\�m���k�o�_�f�m���i�e�Z�k�l�b�g�b���� 
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�J�b�k�����������D�•�e�v�p�_�\�Z���i�e�Z�k�l�b�g�Z���g�Z���g�_�h�^�g�h�j�•�^�g�•�c���i�j�m�`�g�•�c �h�k�g�h�\�• 

 
�>�b�n�_�j�_�g�p�•�Z�e�v�g�_���j�•�\�g�y�g�g�y���a�]�b�g�m���i�e�Z�k�l�b�g�b���f�Z�l�b�f�_���\�b�]�e�y�^ 

1 1
( ) ( )

d d d dw
D r r k r w q r

r dr dr r dr dr

� ­ � ½� ª � º� § � ·� � �  � ® � ¾� ¨ � ¸� « � »� © � ¹� ¬ � ¼� ¯ � ¿
. 

�ˆ�j�m�g�l�m�x�q�b�k�v�� �g�Z�� �l�h�q�g�h�f�m�� �j�h�a�\�¶�y�a�d�m�� �^�Z�g�h�]�h�� �j�•�\�g�y�g�g�y���� �y�d�b�c�� �[�m�e�h�� �h�l�j�b�f�Z�g�h�� �\��
�i�m�[�e�•�d�Z�p�•�€��[2]���� �Z�\�l�h�j�Z�f�b���j�h�a�j�h�[�e�_�g�h�� �Z�g�Z�e�•�l�b�q�g�b�c�� �f�_�l�h�^�� �j�h�a�j�Z�o�m�g�d�m�� �g�Z�� �a�]�b�g��
�d�•�e�v�p�_�\�b�o�� �i�e�Z�k�l�b�g���� �d�h�e�b�� �d�h�_�n�•�p�•�}�g�l�� �i�h�k�l�_�e�•�� �l�Z���g�Z�\�Z�g�l�Z�`�_�g�g�y�� �a�Z�^�Z�x�l�v�k�y�� �[�m�^�v-
�y�d�b�f�b���g�_�i�_�j�_�j�\�g�b�f�b���n�m�g�d�p�•�y�f�b�����I�j�Z�d�l�b�q�g�_���a�Z�k�l�h�k�m�\�Z�g�g�y���j�h�a�j�h�[�e�_�g�h�]�h���f�_�l�h�^�m��
�i�j�h�•�e�x�k�l�j�h�\�Z�g�h���g�Z���g�b�a�p�•���i�j�b�d�e�Z�^�•�\���^�e�y���j�•�a�g�b�o���m�f�h�\���a�Z�d�j�•�i�e�_�g�g�y���d�h�g�l�m�j�•�\�����d�h�e�b��
�d�h�_�n�•�p�•�}�g�l���i�h�k�l�_�e�•���a�f�•�g�x�}�l�v�k�y���a�Z���e�•�g�•�c�g�b�f 

( ) ( ) ( )( ) 1 1
1 ( ) ( )
k b bk a k a rk r

b a ak b k b a
� § � ·� § � ·� �� �� ��� ¨ � ¸� ¨ � ¸�� � © � ¹� © � ¹

 

�i�Z�j�Z�[�h�e�•�q�g�b�f 

2

4
( ) 1 1

2(1 )
b a a b r rk r k

b ab a
���§ �· �§ �·�§ �·� �� ���¨ �¸ �¨ �¸�¨ �¸
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�l�Z���_�d�k�i�h�g�_�g�p�•�Z�e�v�g�b�f 
1 ( )

( ) ( )exp , ln
1 ( )

r b k a
k r k b

a a b a k b
� G � G

� § � ·� § � ·� �� � � ¨ � ¸� ¨ � ¸��� © � ¹� © � ¹
 

�a�Z�d�h�g�Z�f�b���� �S�h�^�h�� �i�h�i�_�j�_�q�g�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �g�Z�� �i�e�Z�k�l�b�g�m��( )q r ���� �l�h�� �^�e�y�� �j�•�a�g�b�o��
�i�j�b�d�e�Z�^�•�\���\�h�g�h���a�Z�^�Z�\�Z�e�h�k�v���k�l�Z�e�b�f��( )q r q const�  �  �����e�•�g�•�c�g�h-�a�f�•�g�g�b�f�� 

( ) ( ) ( )( ) 1 1
1 ( ) ( )
q b bq a q a rq r

b a aq b q b a
� § � ·� § � ·� �� �� ��� ¨ � ¸� ¨ � ¸�� � © � ¹� © � ¹

, 

�Z�[�h���l�Z�d�b�f�����s�h���a�f�•�g�x�}�l�v�k�y���a�Z���a�Z�d�h�g�h�f���k�b�g�m�k�Z 

( ) sin 1
2 1

a b rq r q
b a a
�S�� �§ �·�§ �· �§ �·�  � ��¨ �¸ �¨ �¸� ¨ � ¸���© �¹ �© �¹� © � ¹
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�<�k�•�� �j�h�a�]�e�y�g�m�l�•�� �i�j�b�d�e�Z�^�b�� �l�Z�d�h�`�� �[�m�e�b�� �j�h�a�\�¶�y�a�Z�g�•�� �f�_�l�h�^�h�f���k�d�•�g�q�_�g�g�b�o��
�_�e�_�f�_�g�l�•�\ �m�� �i�j�h�]�j�Z�f�g�h�f�m�� �d�h�f�i�e�_�d�k�•�� �E�1�J�:-�K�:�I�J�� �H�k�d�•�e�v�d�b�� �Z�\�l�h�j�k�v�d�b�c�� �f�_�l�h�^��
�j�h�a�j�Z�o�m�g�d�m�� �‰�j�m�g�l�m�}�l�v�k�y�� �g�Z�� �l�h�q�g�h�f�m�� �j�h�a�\�¶�y�a�d�m�� �\�•�^�i�h�\�•�^�g�h�]�h�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h��
�j�•�\�g�y�g�g�y���� �h�l�j�b�f�Z�g�•�� �q�b�k�_�e�v�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �f�h�`�g�Z�� �l�j�Z�d�l�m�\�Z�l�b���� �y�d�� �l�h�q�g�•���� �P�_�� �^�Z�}��
�f�h�`�e�b�\�•�k�l�v�� �\�b�a�g�Z�q�Z�l�b�� �i�h�o�b�[�d�m�� �j�h�a�j�Z�o�m�g�d�•�\�� �f�_�l�h�^�h�f�� �k�d�•�g�q�_�g�g�b�o�� �_�e�_�f�_�g�l�•�\�� �^�e�y��
�^�Z�g�h�]�h���d�e�Z�k�m���a�Z�^�Z�q�� 
 
[1] Foyouzat, M. A., Mofid, M., & Akin, J. E. On the dynamic response of beams on elastic foundations with variable 
modulus. Acta Mechanica. 2015. 227(2), P. 549�±564. https://doi.org/10.1007/s00707-015-1485-1 
[2] Krutii,  Y. �6������ �6�X�U�¶�\�D�Q�L�Q�R�Y�� M. G., & Karnaukhova, G. S. Calculation method for axisymmetric bending of circular 
and annular plates on a changeable elastic bed. Part 1. Analytical relations. Strength of Materials. 2021. 53(2), P. 247�±
257. https://doi.org/10.1007/s11223-021-00282-2 

 
 
�M�>�D 624.073.6: 69.057.3  

 
�J�H�A�J�:�O�M�G�H�D���G�:���<�H�=�G�?�K�L�1�C�D�1�K�L�V���A�:�E�1�A�H�;�?�L�H�G�G�B�O��

�D�H�G�K�L�J�M�D�P�1�C���1�A���A�:�K�L�H�K�M�<�:�G�G�Y�F���,�'�(�$�6�7�$�7�,�&�$���1���E�1�J�:-�K�:�I�J�� 
 

FIRE RESISTANCE ANALYSIS OF REINFORCED CONCRETE 
STRUCTURES USING IDEASTATICA AND LIRA -SAPR  

 
�d�Z�g�^�����l�_�o�g�����g�Z�m�d���H���:�����N�_�k�_�g�d�h1, �d�Z�g�^�����l�_�o�g�����g�Z�m�d���<���F�����D�h�e�y�d�h�\�Z1,  

�E�����:�g�^�j�•�c�q�_�g�d�h1, �:�����L�j�_�l�y�d1 
1�D�b�€�\�k�v�d�b�c���g�Z�p�•�h�g�Z�e�v�g�b�c���m�g�•�\�_�j�k�b�l�_�l���[�m�^�•�\�g�b�p�l�\�Z���•���Z�j�o�•�l�_�d�l�m�j�b�����f�����D�b�€�\���� 

 
PhD (Tech.),O. Fesenko1, PhD (Tech.), V. Kolyakova1,  

L. Andriichenko1, A. Tretiak1 
1Kyiv National University of Construction and Architecture (Kyiv) 

 
 
�;�m�^�•�\�e�•�� �l�Z�� �k�i�h�j�m�^�b���g�Z���a�Z�e�•�a�g�b�q�g�h�f�m���l�j�Z�g�k�i�h�j�l�•�� �^�h�k�b�l�v�� �q�Z�k�l�h�� �k�l�Z�x�l�v�� �p�•�e�y�f�b��

�^�e�y�� �l�_�j�h�j�b�k�l�b�q�g�b�o�� �Z�l�Z�d�� �\�•�c�k�v�d�Z�f�b�� �j�h�k�•�c�k�v�d�h�€�� �n�_�^�_�j�Z�p�•�€���� �J�m�c�g�m�\�Z�g�g�y�� �l�Z��
�i�h�r�d�h�^�`�_�g�g�y�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �\�g�Z�k�e�•�^�h�d�� �\�b�[�m�o�h�\�h�]�h�� �\�i�e�b�\�m�� �f�h�`�m�l�v��
�k�m�i�j�h�\�h�^�`�m�\�Z�l�b�k�y���\�b�g�b�d�g�_�g�g�y�f���i�h�`�_�`�•���� 

�J�h�a�j�Z�o�m�g�h�d�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �g�Z�� �\�h�]�g�_�k�l�•�c�d�•�k�l�v�� �}�� �g�_�\�•�^�¶�}�f�g�h�x��
�k�d�e�Z�^�h�\�h�x�� �]�Z�j�Z�g�l�m�\�Z�g�g�y�� �i�h�`�_�`�g�h�€�� �[�_�a�i�_�d�b�� �•�� �g�Z�^�•�c�g�h�k�l�•�� �[�m�^�•�\�_�e�v�� �•�� �k�i�h�j�m�^����
�\�b�d�h�g�Z�g�g�y�� �y�d�h�]�h�� �j�_�Z�e�•�a�h�\�Z�g�h�� �m�� �k�m�q�Z�k�g�b�o�� �\�_�j�k�•�y�o�� �i�j�h�]�j�Z�f�g�b�o�� �d�h�f�i�e�_�d�k�•�\�� �g�Z��
�h�k�g�h�\�•�� �f�_�l�h�^�m�� �k�d�•�g�q�_�g�g�b�o���_�e�_�f�_�g�l�•�\���� �K�_�j�_�^�� �g�Z�y�\�g�b�o�� �•�g�k�l�j�m�f�_�g�l�•�\�� �j�h�a�j�Z�o�m�g�d�m��
�k�e�•�^�� �\�•�^�a�g�Z�q�b�l�b�� �i�j�h�]�j�Z�f�g�b�c�� �d�h�f�i�e�_�d�k��IDEA StatiCa �>���@���� �y�d�b�c�� �g�Z�^�Z�}��
�d�h�j�b�k�l�m�\�Z�q�_�\�•���f�h�`�e�b�\�•�k�l�v���a�Z�k�l�h�k�h�\�m�\�Z�l�b���l�Z�[�e�b�q�g�•���^�Z�g�•���a�Z��EuroCode �^�e�y���Z�g�Z�e�•�a�m��
�\�h�]�g�_�k�l�•�c�d�h�k�l�•���d�h�e�h�g�����[�Z�e�h�d�����i�e�b�l���•���k�l�•�g�����I�j�h�]�j�Z�f�g�b�c���d�h�f�i�e�_�d�k���E�1�J�: -�K�:�I�J���>���@��
�\�j�Z�o�h�\�m�}���\�h�]�g�_�k�l�•�c�d�•�k�l�v���y�d���h�^�g�m���a���o�Z�j�Z�d�l�_�j�b�k�l�b�d���a�Z�e�•�a�h�[�_�l�h�g�g�h�]�h���_�e�_�f�_�g�l�Z���i�j�b��
�c�h�]�h�� �d�h�g�k�l�j�m�x�\�Z�g�g�•���� �F�h�`�e�b�\�h�k�l�•��IDEA StatiCa �•�� �E�1�J�:-�K�:�I�J�� �\�d�e�x�q�Z�x�l�v�� �h�i�p�•�€��
�^�e�y�� �j�_�^�Z�]�m�\�Z�g�g�y�� �k�o�_�f�� �Z�j�f�m�\�Z�g�g�y�� �i�h�i�_�j�_�q�g�b�o�� �i�_�j�_�j�•�a�•�\�� �j�•�a�g�h�€�� �n�h�j�f�b���� �L�Z�d�b�f��
�q�b�g�h�f���� �[�m�e�h�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �Z�e�]�h�j�b�l�f�� �j�h�a�j�Z�o�m�g�d�m���� ������IDEA StatiCa �± �a�Z 

https://doi.org/10.1007/s00707-015-1485-1
https://doi.org/10.1007/s11223-021-00282-2


80 

�l�Z�[�e�b�q�g�b�f�b���^�Z�g�b�f�b�����������E�1�J�:-�K�:�I�J���± �j�_�^�Z�]�m�\�Z�g�g�y���k�o�_�f���Z�j�f�m�\�Z�g�g�y���d�h�g�k�l�j�m�d�p�•�c 
�a�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���a��IDEA StatiCa �^�e�y���a�Z�[�_�a�i�_�q�_�g�g�y���€�o���\�h�]�g�_�k�l�•�c�d�•�k�l�v�����j�b�k������������ 
 

 
 

�Z�� �[�� 
�J�b�k���������J�_�^�Z�]�m�\�Z�g�g�y���Z�j�f�m�\�Z�g�g�y���\��IDEA �6�W�D�W�L�&�D�����Z�����•���E�•�j�Z-�K�:�I�J�����[���� 

 
 

  
�Z�� �[�� 

�J�b�k���������A�g�Z�q�_�g�g�y���d�e�Z�k�m���\�h�]�g�_�k�l�•�c�d�h�k�l�•���\���,�'�(�$���6�W�D�W�L�&�D�����Z�����•���E�•�j�Z-�K�:�I�J�����[���� 
 

�K�m�l�l�}�\�Z�� �i�_�j�_�\�Z�]�Z�� �E�1�J�:-�K�:�I�J�� �i�h�j�•�\�g�y�g�h�� �a�� �,�'�(�$�� �6�W�D�W�L�&�D�� �i�h�e�y�]�Z�} 
�m�� �f�h�`�e�b�\�h�k�l�•�� �a�Z�^�Z�\�Z�l�b�� �d�h�j�b�k�l�m�\�Z�p�v�d�_�� �a�g�Z�q�_�g�g�y�� �f�_�`�•�� �\�h�]�g�_�k�l�•�c�d�h�k�l�•�� �h�d�j�•�f��
�n�•�d�k�h�\�Z�g�b�o�� �a�g�Z�q�_�g�v�� ���j�b�k���� ���������P�_�� �\�Z�`�e�b�\�Z�� �h�i�p�•�y���� �h�k�d�•�e�v�d�b�� �a�g�Z�q�_�g�g�y�� �g�h�j�f�h�\�Z�g�h�€��
�f�_�`�•���\�h�]�g�_�k�l�•�c�d�h�k�l�•���a�Z���>�;�G���<��������-���������������>���@���•���/�\�j�h�d�h�^�������>���������@���g�_���}���h�^�g�Z�d�h�\�b�f�b���� 

�E�1�J�:-�K�:�I�J�� �l�Z�d�h�`�� �j�_�Z�e�•�a�m�}�� �i�•�^�[�•�j�� �Z�j�f�m�\�Z�g�g�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c 
�•�a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �€�o�� �\�h�]�g�_�k�l�•�c�d�h�k�l�•�� �\�� �q�Z�k�l�b�g�•�� �a�g�b�`�_�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �f�•�p�g�h�k�l�• 
�c�� �^�_�n�h�j�f�Z�l�b�\�g�h�k�l�•�� �[�_�l�h�g�m�� �•�� �Z�j�f�Z�l�m�j�b���� �H�^�g�Z�d�� �g�Z�j�Z�a�•�� �E�1�J�:-�K�:�I�J�� �g�_�� �j�_�Z�e�•�a�m�}��
�i�_�j�_�\�•�j�d�m�� �g�_�k�m�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �•�a�� �m�j�Z�o�m�\�Z�g�g�y�f�� �€�o��
�\�h�]�g�_�k�l�•�c�d�h�k�l�•���� 

�A�Z�]�Z�e�h�f���� �f�h�`�e�b�\�h�k�l�•�� �y�d��IDEA StatiCa���� �l�Z�d�� �•�� �E�1�J�:-�K�:�I�J���� �^�h�a�\�h�e�y�x�l�v��
�a�Z�i�j�h�}�d�l�m�\�Z�l�b���a�Z�e�•�a�h�[�_�l�h�g�g�m���d�h�g�k�l�j�m�d�p�•�x���a���m�j�Z�o�m�\�Z�g�g�y�f���\�b�f�h�]���\�h�]�g�_�k�l�•�c�d�h�k�l�•�� 

 
[1] IDEA StatiCa. https://www.ideastatica.com/support-center/fire-resistance-of-concrete-structures-en  
[2] �E�1�J�:-�K�:�I�J����https://www.liraland.ua/lira/systems/fire_resistance.php?sphrase_id=141532 
[3] �>�K�L�M-�G�� �;��EN 1992-1-���������������� �/�\�j�h�d�h�^�� ������ �I�j�h�_�d�l�m�\�Z�g�g�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �Q�Z�k�l�b�g�Z�� ��-������ �A�Z�]�Z�e�v�g�•��
�i�h�e�h�`�_�g�g�y���� �J�h�a�j�Z�o�m�g�h�d�� �d�h�g�k�l�j�m�d�p�•�c�� �g�Z�� �\�h�]�g�_�k�l�•�c�d�•�k�l�v���� ��EN 1992-1-���������������� �1D�L�����± �Q�b�g�g�b�c�� �\�•�^�� ��������-07-01 �± �D������
�F�•�g�j�_�]�•�h�g���M�d�j�Z�€�g�b�����������������± ���������k�����± ���G�Z�p�•�h�g�Z�e�v�g�b�c���k�l�Z�g�^�Z�j�l���M�d�j�Z�€�g�b�� 
[4] �>�;�G�� �<��������-�������������� �I�h�`�_�`�g�Z�� �[�_�a�i�_�d�Z�� �h�[�¶�}�d�l�•�\�� �[�m�^�•�\�g�b�p�l�\�Z���� �A�Z�]�Z�e�v�g�•�� �\�b�f�h�]�b�����± �>�Q�b�g�g�•�� �\�•�^�� ��������-06-01]. �± �D������
�F�•�g�j�_�]�•�h�g���M�d�j�Z�€�g�b�����>�_�j�`�Z�\�g�_���i�•�^�i�j�b�}�f�k�l�\�h���©�M�d�j�Z�j�o�[�m�^�•�g�n�h�j�f�ª�����������������± �������k�����± ���>�_�j�`�Z�\�g�•���[�m�^�•�\�_�e�v�g�•���g�h�j�f�b���� 

https://www.ideastatica.com/support-center/fire-resistance-of-concrete-structures-en
https://www.liraland.ua/lira/systems/fire_resistance.php?sphrase_id=141532


81 

[5] �J�h�a�j�Z�o�m�g�h�d���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���d�h�g�k�l�j�m�d�p�•�c���g�Z���\�h�]�g�_�k�l�•�c�d�•�k�l�v���\�•�^�i�h�\�•�^�g�h���^�h���/�\�j�h�d�h�^�m���������I�j�Z�d�l�b�q�g�b�c���i�h�k�•�[�g�b�d������
�<���=�����I�h�d�e�h�g�k�v�d�b�c�����H���:�����N�_�k�_�g�d�h�����<���=�����L�Z�j�Z�k�x�d���l�Z���•�g�����± �D�������1�g�l�_�j�l�_�o�g�h�e�h�]�•�y�����������������± �������k�� 

 
 
�M�>�D�������������������� 
 

�>�H�<�=�H�<�1�Q�G�1�K�L�V���L�J�:�G�K�I�H�J�L�G�B�O���K�I�H�J�M�>���1�A���A�:�E�1�A�H�;�?�L�H�G�M 
 

DURABILITY OF TRANSPORT STRUCTURES MADE OF 
REINFORCED CONCRETE  

 
�^�h�d�l�h�j���l�_�o�g�����g�Z�m�d���H���E�����L�x�l�v�d�•�g1, �d�Z�g�^�����l�_�o�g�����g�Z�m�d���H���1���>�m�[�•�g�q�b�d1 

1 �M�d�j�Z�€�g�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���g�Z�m�d�b���•���l�_�o�g�h�e�h�]�•�c 
 

Dr. Sc. (Tech) A. Tiutkin1, PhD (Tech) O. Dubinchyk1 
1 Ukrainian State University of Science and Technologies 

 
 

�I�b�l�Z�g�g�y�� �^�h�\�]�h�\�•�q�g�h�k�l�•�� �f�h�k�l�h�\�b�o�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �i�j�b�\�_�j�l�Z�x�l�v��
�^�_�^�Z�e�•�� �[�•�e�v�r�m�� �m�\�Z�]�m�� �n�Z�o�•�\�p�•�\�� �l�Z�� �\�q�_�g�b�o���� �F�h�k�l�b��- �g�Z�c�[�•�e�v�r�� �\�•�^�i�h�\�•�^�Z�e�v�g�•�� �l�Z��
�d�Z�i�•�l�Z�e�h�f�•�k�l�d�•�� �k�i�h�j�m�^�b�� �g�Z���a�Z�e�•�a�g�b�p�y�o���� �A�Z�[�_�a�i�_�q�_�g�g�y�� �€�o�� �f�h�`�e�b�\�h�]�h�� �[�•�e�v�r�h�]�h��
�l�_�j�f�•�g�m�� �k�e�m�`�[�b�� �l�Z�� �a�[�•�e�v�r�_�g�g�y�� �f�•�`�j�_�f�h�g�l�g�b�o�� �i�_�j�•�h�^�•�\�� �}�� �i�_�j�r�h�j�y�^�g�b�f�b��
�a�Z�\�^�Z�g�g�y�f�b�� 

�F�h�k�l�b�� �\�•�^�g�h�k�y�l�v�k�y�� �^�h�� �n�m�g�d�p�•�h�g�Z�e�v�g�h�� �k�d�e�Z�^�g�b�o�� �k�i�h�j�m�^���� �\�h�g�b�� �i�•�^�^�Z�x�l�v�k�y��
�q�b�k�e�_�g�g�b�f�� �d�h�f�[�•�g�Z�p�•�y�f�� �\�i�e�b�\�•�\�� �g�Z�\�Z�g�l�Z�`�_�g�v���� �I�b�l�Z�g�g�y�� �€�o�� �_�d�k�i�e�m�Z�l�Z�p�•�€��
�i�h�l�j�_�[�m�x�l�v�� �\�a�Z�}�f�h�i�h�\�
�y�a�Z�g�h�]�h�� �\�b�j�•�r�_�g�g�y�� �l�_�h�j�_�l�b�q�g�b�o���� �l�_�o�g�•�q�g�b�o�� �l�Z��
�h�j�]�Z�g�•�a�Z�p�•�c�g�b�o�� �a�Z�\�^�Z�g�v���� �s�h�� �f�h�`�e�b�\�_�� �a�Z�� �m�f�h�\�b�� �g�Z�y�\�g�h�k�l�•�� �g�Z�e�_�`�g�h�€��
�_�d�k�i�e�m�Z�l�Z�p�•�c�g�h�€�� �k�e�m�`�[�b���� �k�i�h�k�h�[�•�\�� �j�_�f�h�g�l�m�� �l�Z�� �\�•�^�g�h�\�e�_�g�g�y���� �Z�� �l�Z�d�h�`��
�m�^�h�k�d�h�g�Z�e�_�g�g�y���k�i�h�k�h�[�•�\���j�h�a�j�Z�o�m�g�d�m���>���@�� 

�I�j�h�[�e�_�f�Z�� �i�•�^�\�b�s�_�g�g�y���^�h�\�]�h�\�•�q�g�h�k�l�•�� �f�h�k�l�h�\�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �}�� �h�^�g�•�}�x�� �a��
�h�k�g�h�\�g�b�o�� �i�j�h�[�e�_�f�� �g�Z�^�•�c�g�h�€�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �a�Z�e�•�a�g�b�q�g�b�o�� �e�•�g�•�c���� �L�_�h�j�•�y�� �g�Z�^�•�c�g�h�k�l�•��
�\�b�a�g�Z�q�Z�}�� �^�h�\�]�h�\�•�q�g�•�k�l�v���� �y�d�� �\�e�Z�k�l�b�\�•�k�l�v�� �h�[�
�}�d�l�Z�� �a�[�_�j�•�]�Z�l�b�� �i�j�Z�p�_�a�^�Z�l�g�•�k�l�v�� �^�h��
�]�j�Z�g�b�q�g�h�]�h�� �k�l�Z�g�m���� �>�e�y�� �r�l�m�q�g�b�o�� �k�i�h�j�m�^�� �a�Z�e�•�a�g�b�q�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�m�� �h�k�g�h�\�g�b�f��
�d�j�b�l�_�j�•�}�f���^�h�\�]�h�\�•�q�g�h�k�l�•���}���l�_�j�f�•�g���k�e�m�`�[�b. 

�N�Z�d�l�h�j�b���� �y�d�•�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �d�h�g�k�l�j�m�d�p�•�€�� �i�j�b�� �_�d�k�i�e�m�Z�l�Z�p�•�€��
�f�h�`�g�Z���j�h�a�^�•�e�b�l�b���g�Z���^�\�•���]�j�m�i�b�����i�j�b�j�h�^�g�h-�d�e�•�f�Z�l�b�q�g�•���•���l�_�o�g�h�]�_�g�g�•�����>�h���i�j�b�j�h�^�g�h-
�d�e�•�f�Z�l�b�q�g�b�o�� �\�•�^�g�h�k�y�l�v�k�y�� �g�_�i�_�j�_�^�[�Z�q�m�\�Z�g�•�� �l�Z�� �j�•�^�d�•�k�g�•�� �k�l�b�o�•�c�g�•�� �e�b�o�Z���� �l�Z�d�•�� �y�d��
�m�j�Z�]�Z�g�b���� �i�Z�\�h�^�d�b���� �a�_�f�e�_�l�j�m�k�b���� �K�x�^�b�� �`�� �f�h�`�g�Z�� �\�•�^�g�_�k�l�b�� �Z�]�j�_�k�b�\�g�•�� �q�b�g�g�b�d�b��
�^�h�\�d�•�e�e�y���� �l�_�f�i�_�j�Z�l�m�j�Z���� �\�•�l�_�j���� �^�h�s���� �e�•�^���� �a�f�•�g�Z�� �j�•�\�g�y�� �\�h�^�b���� �j�h�a�f�b�\�� �j�•�q�h�d���� �s�h��
�\�b�d�e�b�d�Z�x�l�v�� �i�h�k�l�m�i�h�\�m�� �d�h�j�h�a�•�x���� �j�m�c�g�m�\�Z�g�g�y���� �a�g�b�`�_�g�g�y�� �g�_�k�m�q�h�€�� �a�^�Z�l�g�h�k�l�•��
�d�h�g�k�l�j�m�d�p�•�c���� �L�_�o�g�h�]�_�g�g�•�� �n�Z�d�l�h�j�b���± �p�_���g�Z�\�Z�g�l�Z�`�_�g�g�y�� �\�•�^�� �l�j�Z�g�k�i�h�j�l�g�b�o���a�Z�k�h�[�•�\����
�s�h�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �k�i�h�j�m�^�m���� �<�h�g�b�� �f�h�`�m�l�v�� �\�b�d�e�b�d�Z�l�b�� �j�m�c�g�m�\�Z�g�g�y�� �Z�[�h�� �i�j�h�p�_�k��
�g�Z�d�h�i�b�q�_�g�g�y�� �l�Z�� �j�h�a�\�b�l�d�m�� �m�r�d�h�^�`�_�g�v���� �k�l�Z�j�•�g�g�y�� �f�Z�l�_�j�•�Z�e�•�\���� �<�d�Z�a�Z�g�•�� �n�Z�d�l�h�j�b��
�f�h�`�m�l�v���[�m�l�b���i�j�b�q�b�g�h�x���a�g�b�`�_�g�g�y���^�h�\�]�h�\�•�q�g�h�k�l�•���f�h�k�l�•�\���^�h������-�������j�h�d�•�\. 
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�>�h�\�]�h�\�•�q�g�•�k�l�v�� �d�h�g�k�l�j�m�d�p�•�c�� �•�a�� �a�Z�e�•�a�h�[�_�l�h�g�m�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �\�_�e�b�d�h�€�� �d�•�e�v�d�h�k�l�•��
�n�Z�d�l�h�j�•�\�����h�k�g�h�\�g�b�f�b���a���y�d�b�o���}�����l�b�i���•���d�h�g�k�l�j�m�d�l�b�\�g�•���h�k�h�[�e�b�\�h�k�l�•���k�i�h�j�m�^�b�����m�f�h�\�b��
�_�d�k�Z�e�m�Z�l�Z�p�•�€�����k�d�e�Z�^���a�Z�e�•�a�h�[�_�l�h�g�m�����^�_�n�_�d�l�b �l�Z���i�h�r�d�h�^�`�_�g�g�y �d�h�g�k�l�j�m�d�p�•�€. 

�M�r�d�h�^�`�_�g�g�y���a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �f�h�k�l�•�\�� �d�e�Z�k�b�n�•�d�m�x�l�v�k�y�� �a�Z�� �l�Z�d�b�f�b��
�h�a�g�Z�d�Z�f�b���� �\�b�^�m�� �i�h�r�d�h�^�`�_�g�g�y���� �r�\�b�^�d�h�k�l�•�� �j�h�a�\�b�l�d�m�� �^�h�� �g�_�[�_�a�i�_�q�g�h�€�� �k�l�Z�^�•�€����
�k�l�m�i�_�g�y���g�_�[�_�a�i�_�d�b�����g�Z�e�_�`�g�h�k�l�•���^�h���i�_�\�g�b�o���q�Z�k�l�b�g���f�h�k�l�m�����q�Z�k�l�h�l�b���i�h�y�\�b�� 

�M���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���i�j�h�]�h�g�h�\�b�o���[�m�^�•�\�e�y�o���m���i�j�h�p�_�k�•���_�d�k�i�e�m�Z�l�Z�p�•�€���m�l�\�h�j�x�x�l�v�k�y��
�j�•�a�g�•���� �•�g�h�^�•�� �^�h�k�b�l�v�� �k�_�j�c�h�a�g�•�� �i�h�r�d�h�^�`�_�g�g�y���� �a�m�f�h�\�e�_�g�•�� �g�_�^�h�e�•�d�Z�f�b�� �i�j�h�_�d�l�•�\����
�i�h�j�m�r�_�g�g�y�f�b�� �l�_�o�g�h�e�h�]�•�€�� �[�m�^�•�\�g�b�p�l�\�Z���� �g�_�i�h�\�g�h�l�h�x�� �a�g�Z�g�v�� �^�•�c�k�g�h�€�� �j�h�[�h�l�b��
�d�h�g�k�l�j�m�d�p�•�€�����K�l�m�i�•�g�v���m�r�d�h�^�`�_�g�g�y���m���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���f�h�k�l�Z�o���•�k�l�h�l�g�h���a�Z�e�_�`�b�l�v���\�•�^��
�m�f�h�\�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �H�k�g�h�\�g�b�f�b�� �i�j�b�q�b�g�Z�f�b���� �s�h�� �\�b�d�e�b�d�Z�x�l�v�� �i�h�y�\�m�� �^�_�n�_�d�l�•�\���� �}����
�g�_�i�h�\�g�Z�� �\�•�^�i�h�\�•�^�g�•�k�l�v�� �j�h�a�j�Z�o�m�g�d�h�\�h�€�� �f�h�^�_�e�•�� �^�•�c�k�g�•�c�� �j�h�[�h�l�•�� �d�h�g�k�l�j�m�d�p�•�€����
�g�_�^�h�k�d�h�g�Z�e�•�k�l�v�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�•�\�� �\�b�j�h�[�g�b�p�l�\�Z���� �i�h�j�m�r�_�g�g�y�� �i�j�Z�\�b�e��
�_�d�k�i�e�m�Z�l�Z�p�•�€�����\�b�g�b�d�g�_�g�g�y���g�_�i�_�j�_�^�[�Z�q�_�g�b�o���\�i�e�b�\�•�\���l�Z���k�b�l�m�Z�p�•�c���g�Z���f�h�k�l�m. 

�>�h�� �i�h�r�d�h�^�`�_�g�v���� �s�h�� �g�Z�c�q�Z�k�l�•�r�_�� �a�m�k�l�j�•�q�Z�x�l�v�k�y���� �\�•�^�g�h�k�y�l�v�k�y�� �l�j�•�s�b�g�b����
�\�•�^�d�h�e�b�� �[�_�l�h�g�m���� �\�•�^�r�Z�j�m�\�Z�g�g�y�� �a�Z�o�b�k�g�h�]�h�� �r�Z�j�m���� �j�Z�d�h�\�b�g�b���� �j�m�c�g�m�\�Z�g�g�y��
�]�•�^�j�h�•�a�h�e�y�p�•�€�����y�d�•�����a�Z�e�_�`�g�h���\�•�^���\�b�^�m�����o�Z�j�Z�d�l�_�j�m���j�h�a�\�b�l�d�m���•���j�h�a�l�Z�r�m�\�Z�g�g�y�����f�h�`�m�l�v��
�\�i�e�b�g�m�l�b���g�Z���^�h�\�]�h�\�•�q�g�•�k�l�v���•���\�Z�g�l�Z�`�h�i�•�^�c�h�f�g�•�k�l�v���d�h�g�k�l�j�m�d�p�•�€�� 

�Y�d�� �h�p�•�g�d�m�� �f�•�j�b�� �g�Z�d�h�i�b�q�_�g�g�y�� �m�r�d�h�^�`�_�g�v�� �f�h�`�g�Z�� �i�j�b�c�g�y�l�b�� �Z�i�j�•�h�j�g�m�� �f�•�j�m��
�m�r�d�h�^�`�_�g�v���3�����\�b�j�Z�a�b�\�r�b���€�€���q�_�j�_�a 
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�^�_��Rb,0 �± �f�•�p�g�•�k�l�v�� �[�_�l�h�g�m�� �i�j�h�]�h�g�h�\�b�o�� �[�m�^�h�\�� �g�Z�� �i�h�q�Z�l�d�m�� �_�d�k�i�e�m�Z�l�Z�p�•�€����Rb,n �± 
�f�•�p�g�•�k�l�v�� �[�_�l�h�g�m�� �i�•�k�e�y�� �i�j�b�d�e�Z�^�_�g�g�y��n �p�b�d�e�•�\���i�h�\�l�h�j�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v����Rb,cr �± 
�j�h�a�j�Z�o�m�g�d�h�\�b�c���h�i�•�j���[�_�l�h�g�m���k�l�b�k�d�m���i�_�j�_�^���j�m�c�g�m�\�Z�g�g�y�f���_�e�_�f�_�g�l�Z�� 

�A�g�Z�q�_�g�g�y�� �f�•�p�g�h�k�l�•�� �[�_�l�h�g�m�� �i�j�h�]�h�g�h�\�b�o�� �[�m�^�h�\�� �g�Z�� �i�h�q�Z�l�d�m�� �_�d�k�i�e�m�Z�l�Z�p�•�€��
�[�_�j�_�l�v�k�y�� �•�a�� �i�j�h�_�d�l�g�h�€�� �^�h�d�m�f�_�g�l�Z�p�•�€���� �F�•�p�g�•�k�l�v�� �[�_�l�h�g�m�� �i�•�k�e�y�� �i�j�b�d�e�Z�^�_�g�g�y��n 
�p�b�d�e�•�\�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �\�b�a�g�Z�q�Z�}�l�v�k�y�� �i�•�^�� �q�Z�k�� �l�_�o�g�•�q�g�h�€�� �^�•�Z�]�g�h�k�l�b�d�b�� �g�_�j�m�c�g�•�\�g�b�f��
�f�_�l�h�^�h�f�� 

�>�h�i�m�k�l�b�f�b�c�� �j�•�\�_�g�v�� �g�Z�d�h�i�b�q�_�g�g�y�� �i�h�r�d�h�^�`�_�g�v�� �\�k�l�Z�g�h�\�e�x�}�l�v�k�y�� �a�Z�e�_�`�g�h�� �\�•�^��
�g�_�h�[�o�•�^�g�h�]�h���j�•�\�g�y���g�Z�^�•�c�g�h�k�l�•���i�j�h�]�h�g�h�\�b�o���[�m�^�h�\�����l�Z�[�e�������� 
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�L�Z�[�e�b�p�y�������± �>�h�i�m�k�l�b�f�•���a�g�Z�q�_�g�g�y���j�•�\�g�y���i�h�r�d�h�^�`�_�g�v 
�A�g�Z�q�_�g�g�y���j�•�\�g�y��
�i�h�r�d�h�^�`�_�g�v�����3 

 
0,65 

 
0,60 

 
0,55 

 
0,50 

 
0,45 

 
0,40 

 
0,35 

 
0,30 

�1�f�h�\�•�j�g�•�k�l�v��
�g�_�j�m�c�g�m�\�Z�g�g�y�� P���3�� 

 
0,999 

 
0,998 

 
0,995 

 
0,985 

 
0,958 

 
0,897 

 
0,794 

 
0,641 

 
�<�b�a�g�Z�q�b�\�r�b�� �f�•�j�m�� �g�Z�d�h�i�b�q�_�g�g�y�� �i�h�r�d�h�^�`�_�g�v���� �a�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �h�[�k�l�_�`�_�g�g�y��

�f�h�k�l�h�\�h�€���d�h�g�k�l�j�m�d�p�•�€���� �•�� �i�h�j�•�\�g�y�\�r�b�� �€�€�� �a�� �^�h�i�m�k�l�b�f�b�f�� �a�g�Z�q�_�g�g�y�f���� �f�h�`�g�Z�� �k�m�^�b�l�b��
�i�j�h���k�l�Z�g���i�j�h�]�h�g�h�\�h�€���[�m�^�h�\�b���l�Z���i�j�h���f�h�`�e�b�\�•�k�l�v���i�h�^�Z�e�v�r�h�€���€�€���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

 
[1] �>�;�G���<��������-�����������������F�h�k�l�b���l�Z���l�j�m�[�b�����H�k�g�h�\�g�•���\�b�f�h�]�b���i�j�h�_�d�l�m�\�Z�g�g�y�����D�������F�•�g�j�_�]�•�h�g�[�m�^���M�d�j�Z�€�g�b�������������� 
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�F�_�l�h�x�� �^�Z�g�h�€�� �j�h�[�h�l�b�� �}�� �j�h�a�j�h�[�d�Z�� �f�_�l�h�^�b�d�b�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h�� �\�b�a�g�Z�q�_�g�g�y��
�g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m�� �l�Z�� �g�_�k�m�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �^�h�\�]�b�o�� �p�b�e�•�g�^�j�b�q�g�b�o��
�h�[�h�e�h�g�h�d���a���[�_�l�h�g�m���•���n�•�[�j�h�[�_�l�h�g�m�����i�•�^�d�j�•�i�e�_�g�b�o���[�h�j�l�h�\�b�f�b���_�e�_�f�_�g�l�Z�f�b�� 

�>�e�y�� �i�j�h�\�_�^�_�g�g�y�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �Z�\�l�h�j�Z�f�b�� �j�h�a�j�h�[�b�e�b��
�k�i�_�p�•�Z�e�v�g�b�c���k�l�_�g�^���>���@�� 

�H�k�g�h�\�g�Z�� �•�^�_�y�� �i�j�b�� �i�j�h�_�d�l�m�\�Z�g�g�•�� �d�h�g�k�l�j�m�d�p�•�€�� �k�l�_�g�^�m�� �i�h�e�y�]�Z�e�Z�� �m�� �k�l�\�h�j�_�g�g�•��
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�>���������@���\�•�g���i�j�_�^�k�l�Z�\�e�_�g�b�c���n�m�g�d�p�•�}�x���]�j�Z�g�b�q�g�b�o���a�g�Z�q�_�g�v���d�h�_�n�•�p�•�}�g�l�Z���^�b�g�Z�f�•�q�g�h�]�h��
�a�f�•�p�g�_�g�g�y���k�l�b�k�g�m�l�h�]�h���[�_�l�h�g�m�� 
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�^�_��k - �a�Z�]�Z�e�v�g�h�\�b�a�g�Z�g�b�c���d�h�_�n�•�p�•�}�g�l���i�j�m�`�g�h-�i�e�Z�k�l�b�q�g�b�o���\�e�Z�k�l�b�\�h�k�l�_�c���[�_�l�h�g�m���a�Z��
�^�•�€���k�l�Z�l�b�q�g�b�o���g�Z�\�Z�g�l�Z�`�_�g�v��ck�k�k�h fEk 1�H�˜� . 

�<�� �^�•�Z�i�Z�a�h�g�•�� �r�\�b�^�d�h�k�l�_�c�� �^�_�n�h�j�f�m�\�Z�g�g�y�� �k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m��1316 1010 ������ �d�d �k�k �H��  
�a�Z���^�h�i�h�f�h�]�h�x���f�_�l�h�^�•�\���q�b�k�e�h�\�h�]�h���Z�g�Z�e�•�a�m���[�m�e�h���h�l�j�b�f�Z�g�h���Z�g�Z�e�•�l�b�q�g�m���a�Z�e�_�`�g�•�k�l�v��
�d�h�_�n�•�p�•�}�g�l�Z���^�b�g�Z�f�•�q�g�h�]�h���a�f�•�p�g�_�g�g�y���k�l�b�k�g�m�l�h�]�h���[�_�l�h�g�m���m���\�b�]�e�y�^�•���>���������@ 

 

                   
2)9/))/log(1((

, / s
uckdck DIFffDIF �H�H ������� �   �^�e�y�������� 1610 �����t �k�H�� ,                    (2) 

 
�^�_���H�� - �r�\�b�^�d�•�k�l�v�� �^�_�n�h�j�f�m�\�Z�g�g�y�� �k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m�� �a�Z�� �^�•�€�� �^�b�g�Z�f�•�q�g�b�o��
�g�Z�\�Z�g�l�Z�`�_�g�v����s�H��  - �f�Z�d�k�b�f�Z�e�v�g�Z���r�\�b�^�d�•�k�l�v���^�_�n�h�j�f�m�\�Z�g�g�y���k�l�b�k�g�m�l�h�]�h���[�_�l�h�g�m���a�Z��

�^�•�€���k�l�Z�l�b�q�g�b�o�����d�\�Z�a�•�k�l�Z�l�b�q�g�b�o�����g�Z�\�Z�g�l�Z�`�_�g�v����1510 ����� �ks�H�� . 
 

�L�Z�d�h�`�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �f�_�l�h�^�•�\�� �q�b�k�e�h�\�h�]�h�� �Z�g�Z�e�•�a�m�� �[�m�e�h�� �\�k�l�Z�g�h�\�e�_�g�h��
�\�a�Z�}�f�h�a�\�
�y�a�h�d�� �f�•�`�� �d�h�_�n�•�p�•�}�g�l�Z�f�b�� �i�j�m�`�g�h-�i�e�Z�k�l�b�q�g�h�k�l�•�� �[�_�l�h�g�m�� �a�Z�� �^�•�€�� �k�l�Z�l�b�q�g�b�o��
k  �l�Z���^�b�g�Z�f�•�q�g�b�o��dk  �g�Z�\�Z�g�l�Z�`�_�g�v�� 

 
     2)18/)/(log())/log(9(5/)9/)/(log()1(1 �H�H�H�H�H�H ������������ mmmd kkk �˜���˜���˜����� ,     (3) 
 
�^�_�� m�H��  �± �r�\�b�^�d�•�k�l�v�� �^�_�n�h�j�f�m�\�Z�g�g�y�� �k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m�� �a�Z�� �^�•�€�� �f�b�l�l�}�\�h�]�h��

�^�b�g�Z�f�•�q�g�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y�����h�[�f�_�`�_�g�Z���\�_�e�b�q�b�g�h�x��1310 ��� �km�H�� . 
 

�<�h�^�g�h�q�Z�k���� �a�Z�a�g�Z�q�_�g�•�� �d�h�_�n�•�p�•�}�g�l�b�� �[�m�e�h�� �i�h�\�
�y�a�Z�g�h�� �f�•�`�� �k�h�[�h�x�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�i�h�q�Z�l�d�h�\�h�]�h���f�h�^�m�e�y���i�j�m�`�g�h�k�l�•���[�_�l�h�g�m 

 
                            dckd�kcckdckd�k�k�hd ffkfEk ,,11,,1 /// �H�H�H �˜�˜� �˜� ,                              (4) 

 
�s�h�� �^�h�a�\�h�e�b�e�h�� �^�h�\�h�e�•�� �i�j�h�k�l�h�� �i�j�h�]�g�h�a�m�\�Z�l�b�� �j�•�\�_�g�v�� �^�_�n�h�j�f�Z�l�b�\�g�h�k�l�•�� �k�l�b�k�g�m�l�h�]�h��
�[�_�l�h�g�m���a�Z���^�•�€���^�b�g�Z�f�•�q�g�b�o���g�Z�\�Z�g�l�Z�`�_�g�v 
 
                                           kkDIF dcd�k // 1,1 �˜� �H�H .                                                (5) 

 
�S�h�^�h�� �a�j�h�k�l�Z�g�g�y�� �f�h�^�m�e�y�� �i�j�m�`�g�h�k�l�•�� �[�_�l�h�g�m�� �a�Z�� �^�•�€���^�b�g�Z�f�•�q�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v��

dcE , ���� �l�h�� �i�h�l�j�_�[�Z�� �m�� �c�h�]�h�� �j�h�a�]�e�y�^�•�� �\�a�Z�]�Z�e�•�� �\�•�^�i�Z�^�Z�}���� �h�k�d�•�e�v�d�b�� �i�j�h�i�h�g�h�\�Z�g�Z��

�f�_�l�h�^�b�d�Z�� �j�h�a�j�Z�o�m�g�d�m�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �_�e�_�f�_�g�l�•�\�� �•�� �d�h�g�k�l�j�m�d�p�•�c�� �>���@�� �[�Z�a�m�}�l�v�k�y�� �g�Z��
�\�b�d�h�j�b�k�l�Z�g�g�•�� �k�•�q�g�h�]�h�� �f�h�^�m�e�y�� �^�_�n�h�j�f�Z�p�•�c�� �[�_�l�h�g�m���� �i�h�\�
�y�a�Z�g�h�]�h�� �a�� �c�h�]�h��
�i�h�q�Z�l�d�h�\�b�f���a�g�Z�q�_�g�g�y�f�����l�h�[�l�h���a���i�h�q�Z�l�d�h�\�b�f���f�h�^�m�e�_�f���i�j�m�`�g�h�k�l�•���[�_�l�h�g�m���k�hE . 
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�L�Z�d�b�f�� �q�b�g�h�f���� �\�b�a�g�Z�q�Z�e�v�g�•�� �i�Z�j�Z�f�_�l�j�b�q�g�•�� �l�h�q�d�b�� �^�•�Z�]�j�Z�f�b�� �^�_�n�h�j�f�m�\�Z�g�g�y��
�k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m��cc �H�V ��  �i�h�\�¶�y�a�Z�g�h�� �g�_�� �e�b�r�_�� �a�•�� �r�\�b�^�d�•�k�l�x�� �^�_�n�h�j�f�m�\�Z�g�g�y��
�k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m���H������ �Z�e�_�� �c�� �•�a�� �a�Z�]�Z�e�v�g�h�\�b�a�g�Z�g�b�f�� �d�h�_�n�•�p�•�}�g�l�h�f�� �c�h�]�h�� �i�j�m�`�g�h-
�i�e�Z�k�l�b�q�g�h�k�l�•�� �a�Z�� �k�l�Z�g�^�Z�j�l�b�a�h�\�Z�g�b�o�� �k�l�Z�l�b�q�g�b�o�� �\�b�i�j�h�[�m�\�Z�g�v���± ck�k�k�h fEk 1�H�˜� . 
�1�g�Z�d�r�_�� �d�Z�`�m�q�b���� �\�k�_�� �p�_�� �^�h�a�\�h�e�y�}�� �i�j�h�]�g�h�a�m�\�Z�l�b�� �g�_�� �l�•�e�v�d�b�� �f�•�p�g�•�k�l�v��dckf ,  �l�Z��

�d�j�b�l�b�q�g�•�� �^�_�n�h�j�f�Z�p�•�€��d�k ,1�H  �k�l�b�k�g�m�l�h�]�h�� �[�_�l�h�g�m�� �a�Z�� �[�m�^�v-�y�d�h�€�� �r�\�b�^�d�h�k�l�•�� �c�h�]�h��

�^�_�n�h�j�f�m�\�Z�g�g�y���� �Z�e�_�� �c�� �^�h�\�h�e�•�� �i�j�h�k�l�h�� �f�h�^�_�e�x�\�Z�l�b�� �^�•�Z�]�j�Z�f�m�� �^�_�n�h�j�f�m�\�Z�g�g�y��
�k�l�b�k�g�m�l�h�]�h���[�_�l�h�g�m���a�Z���^�•�€���^�b�g�Z�f�•�q�g�b�o���g�Z�\�Z�g�l�Z�`�_�g�v���j�•�a�g�h�€���•�g�l�_�g�k�b�\�g�h�k�l�•���� 
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�I�h�k�l�Z�g�h�\�d�Z�� �i�j�h�[�e�_�f�b. �<�� �M�d�j�Z�€�g�•�� �i�h�r�b�j�_�g�_�� �f�h�g�h�e�•�l�g�_�� �[�m�^�•�\�g�b�p�l�\�h��
�j�•�a�g�h�f�Z�g�•�l�g�b�o���h�[�¶�}�d�l�•�\���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���a�Z�e�•�a�h�[�_�l�h�g�m���>���@�����K�d�h�j�h�q�_�g�g�y�f���\�b�l�j�Z�l�b��
�p�_�f�_�g�l�m�� �i�j�b�� �p�v�h�f�m�� �f�h�`�e�b�\�_�� �a�Z�� �j�Z�o�m�g�h�d�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �\�� �j�h�a�l�y�]�g�m�l�•�c�� �a�h�g�•��
�a�]�b�g�Z�g�b�o�� �_�e�_�f�_�g�l�•�\�� �[�_�l�h�g�m�� �g�b�`�q�h�]�h�� �d�e�Z�k�m���� �P�_�c�� �i�h�d�Z�a�g�b�d�� �[�m�^�_�� �s�_�� �\�b�s�b�f�� �i�j�b��
�\�b�d�h�g�Z�g�g�•���\�_�e�b�d�h�i�j�h�e�•�l�g�b�o���[�Z�e�h�d���a�•���a�g�Z�q�g�h�x���\�b�k�h�l�h�x���i�h�i�_�j�_�q�g�h�]�h���i�_�j�_�j�•�a�m�����G�Z��
�^�Z�g�b�c�� �q�Z�k�� �[�Z�]�Z�l�h�� �j�h�[�•�l�� �i�j�b�k�\�y�q�_�g�h�� �\�b�\�q�_�g�g�x�� �d�h�f�[�•�g�h�\�Z�g�b�o�� �[�Z�e�h�d�� �i�•�k�e�y��
�i�•�^�k�b�e�_�g�g�y��[2]���� �:�e�_�� �m�� �l�h�c�� �`�_�� �q�Z�k���� �i�b�l�Z�g�g�y�� �g�h�\�b�o�� �d�h�f�[�•�g�h�\�Z�g�b�o�� ���[�•�[�_�l�h�g�g�b�o����
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�a�Z�e�•�a�h�[�_�l�h�g�g�b�o���d�h�g�k�l�j�m�d�p�•�c���j�h�a�d�j�b�l�h �g�_���\���^�h�k�l�Z�l�g�•�c���f�•�j�•�� 
�F�_�l�h�x�� �j�h�[�h�l�b �}�� �h�[�‰�j�m�g�l�m�\�Z�g�g�y�� �^�h�p�•�e�v�g�h�k�l�•�� �l�Z�� �\�b�d�e�Z�^�_�g�g�y�� �Z�e�]�h�j�b�l�f�m��

�^�h�k�e�•�^�`�_�g�g�y�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m�� �Z�j�f�h�\�Z�g�b�o�� �[�•�[�_�l�h�g�g�b�o�� �[�Z�e�h�d��
�i�j�y�f�h�d�m�l�g�h�]�h���i�h�i�_�j�_�q�g�h�]�h���i�_�j�_�j�•�a�m�� 

 

 
 

�J�b�k�� �������K�l�j�m�d�l�m�j�g�h-�e�h�]�•�q�g�Z���k�o�_�f�Z���^�h�k�e�•�^�`�_�g�v���j�h�[�h�l�b �Z�j�f�h�\�Z�g�b�o���[�•�[�_�l�h�g�g�b�o���[�Z�e�h�d 
 

�I�j�h�\�_�^�_�g�•���l�_�h�j�_�l�b�q�g�h-�q�b�k�_�e�v�g�•���^�h�k�e�•�^�`�_�g�g�y���f�•�p�g�h�k�l�•���[�•�[�_�l�h�g�g�b�o���Z�j�f�h�\�Z�g�b�o��
�[�Z�e�h�d�����s�h���i�j�Z�p�x�x�l�v���g�Z���a�]�b�g�����k�\�•�^�q�Z�l�v�����s�h���[�•�[�_�l�h�g�g�•���[�Z�e�d�b���•�a���[�_�l�h�g�h�f���f�_�g�r�h�]�h��
�d�e�Z�k�m�� �m���j�h�a�l�y�]�g�m�l�•�c�� �a�h�g�•�� �a�^�Z�l�g�•�� �k�i�j�b�c�f�Z�l�b�� �i�j�Z�d�l�b�q�g�h�� �Z�g�Z�e�h�]�•�q�g�_�� �g�Z�\�Z�g�l�Z�`�_�g�g�y��
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�k�m�f�•�k�g�h�€�� �^�•�€�� �g�Z�� �[�Z�e�d�m�� �\�_�j�l�b�d�Z�e�v�g�h�]�h�� �j�m�o�h�f�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���� �k�l�Z�l�b�q�g�h�]�h��
�g�Z�\�Z�g�l�Z�`�_�g�g�y�� �\�•�^�� �\�Z�]�b�� �k�Z�f�h�€�� �[�Z�e�d�b�� �l�Z�� �h�k�v�h�\�h�]�h�� �_�d�k�p�_�g�l�j�b�q�g�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y��
[1]. 

�G�Z�\�_�^�_�g�Z�� �g�h�\�Z�� �f�Z�l�_�f�Z�l�b�q�g�Z�� �f�h�^�_�e�v�� �[�Z�a�m�}�l�v�k�y�� �g�Z�� �a�Z�]�Z�e�v�g�•�c�� �l�_�h�j�•�€�� �k�l�•�c�d�h�k�l�•��
�i�j�m�`�g�b�o�� �k�b�k�l�_�f���� �i�j�b�� �j�h�a�j�h�[�p�•�� �y�d�h�€�� �[�m�e�b�� �\�j�Z�o�h�\�Z�g�•�� �j�_�Z�e�v�g�•�� �m�f�h�\�b��
�d�h�g�k�l�j�m�d�l�b�\�g�h�]�h�� �\�b�d�h�g�Z�g�g�y�� �d�j�Z�g�h�\�h�]�h�� �f�h�k�l�Z�� �>���@���� �H�l�j�b�f�Z�g�•�� �j�•�\�g�y�g�g�y�� �d�j�b�\�h�€��
�i�j�h�]�b�g�•�\���p�•�}�€���[�Z�e�d�b���^�h�a�\�h�e�b�e�b���i�j�h�\�_�k�l�b���^�h�k�e�•�^�`�_�g�g�y���l�Z���i�j�h�Z�g�Z�e�•�a�m�\�Z�l�b���h�^�b�g���•�a��
�]�h�e�h�\�g�b�o�� �d�j�b�l�_�j�•�€�\�� �i�j�Z�p�_�a�^�Z�l�g�h�k�l�•�� �\�Z�g�l�Z�`�h�i�•�^�c�h�f�g�b�o�� �f�Z�r�b�g���± �k�l�Z�l�b�q�g�h�€��
�`�h�j�k�l�d�h�k�l�•�� �l�Z�� �k�l�Z�l�b�q�g�h�€�� �f�•�p�g�h�k�l�•���� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �\�•�^�g�h�r�_�g�g�y�� �i�h�\�a�^�h�\�`�g�•�o�� �l�Z��
�i�h�i�_�j�_�q�g�b�o���k�b�e�����s�h���^�•�x�l�v���g�Z���[�Z�e�d�m���>���@�� 

�H�l�j�b�f�Z�g�•���m���^�Z�g�•�c���j�h�[�h�l�•���j�_�a�m�e�v�l�Z�l�b���f�h�`�m�l�v���[�m�l�b���m���i�h�^�Z�e�v�r�h�f�m���\�b�d�h�j�b�k�l�Z�g�•��
�i�j�b�� �i�j�h�_�d�l�m�\�Z�g�g�•�� �l�Z�� �f�h�^�_�j�g�•�a�Z�p�•�€�� �d�j�Z�g�•�\�� �a�� �f�_�l�h�x�� �i�•�^�\�b�s�_�g�g�y�� �€�o��
�\�Z�g�l�Z�`�h�i�•�^�c�h�f�g�h�k�l�•���� �i�j�h�^�h�\�`�_�g�g�y�� �l�_�j�f�•�g�m�� �€�o�� �k�e�m�`�[�b�� �[�_�a�� �^�_�f�h�g�l�Z�`�m���� �Z�� �l�Z�d�h�`��
�^�e�y�� �\�^�h�k�d�h�g�Z�e�_�g�g�y�� �•�k�g�m�x�q�b�o�� �•�g�`�_�g�_�j�g�b�o�� �f�_�l�h�^�•�\�� �j�h�a�j�Z�o�m�g�d�m�� �y�d�� �g�Z�� �k�l�Z�^�•�y�o�� �€�o��
�i�j�h�_�d�l�m�\�Z�g�g�y�����l�Z�d���•���\���m�f�h�\�Z�o���j�_�Z�e�v�g�h�€���_�d�k�i�e�m�Z�l�Z�p�•�€���>���@�� 
 
[1] �;�h�c�d�h���1���<�����K�m�q�Z�k�g�•���f�_�l�h�^�b���Z�g�Z�e�•�a�m���g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h���k�l�Z�g�m���[�m�^�•�\�_�e�v�g�b�o���d�h�g�k�l�j�m�d�p�•�c�����D�b�€�\�����G�Z�m�d�h�\�Z��
�^�m�f�d�Z�������������������������k�� 
[2] �L�d�Z�q�_�g�d�h���H���<�����F�_�o�Z�g�•�d�Z���i�j�m�`�g�b�o���•���i�e�Z�k�l�b�q�g�b�o���k�b�k�l�_�f�����O�Z�j�d�•�\�����H�k�g�h�\�Z�������������������������k�� 
[3] �I�_�l�j�_�g�d�h���F���H�����J�h�a�j�Z�o�m�g�h�d���•���i�j�h�_�d�l�m�\�Z�g�g�y���f�_�l�Z�e�_�\�b�o���d�h�g�k�l�j�m�d�p�•�c���d�j�Z�g�•�\�����E�v�\�•�\�����K�\�•�l�������������������������k�� 
[4] �=�m�k�Z�d���<���=�����F�h�^�_�j�g�•�a�Z�p�•�y���\�Z�g�l�Z�`�h�i�•�^�c�h�f�g�h�]�h���h�[�e�Z�^�g�Z�g�g�y�����l�_�h�j�•�y���l�Z���i�j�Z�d�l�b�d�Z�����>�g�•�i�j�h�����F�h�g�h�e�•�l�������������������������k�� 

 
 
�M�>�D��614.84 

 
�>�H�K�E�1�>�@�?�G�G�Y���J�1�<�G�H�F�1�J�G�H�K�L�1���G�:�=�J�1�<�:�G�G�Y���N�J�:�=�F�?�G�L�M��

�K�L�:�E�?�A�:�E�1�A�H�;�?�L�H�G�G�H�2���I�E�B�L�B���A�:���K�L�:�G�>�:�J�L�G�B�F��
�L�?�F�I�?�J�:�L�M�J�G�B�F���J�?�@�B�F�H�F���I�H�@�?�@�1 

 
STUDY OF HEATING UNIFORMITY OF STEEL -CONCRETE SLAB 

FRAGMENT UNDER THE STANDARD FIRE TEMPERATURE REGIME  
 

� -̂�j �l�_�o�g�� �g�Z�m�d�� �^�h�p�_�g�l �H���F�� �G�m�y�g�a�•�g1, �<���H�� �K�l�_�i�Z�g�_�g�d�h1,  
�<���?�� �Y�g�•�r�_�\�k�v�d�b�c2, � -̂�j�� �n�•�e�h�k�h�n�•�€ �a �i�h�`�_�`�g�h�€ �[�_�a�i�_�d�b �:���<�� �I�_�j�_�]�•�g1,  

�d�Z�g�^�� �i�_�^�� �g�Z�m�d �:���H�� �F�Z�c�[�h�j�h�^�Z1 
1�G�Z�p�•�h�g�Z�e�v�g�b�c �m�g�•�\�_�j�k�b�l�_�l �p�b�\�•�e�v�g�h�]�h �a�Z�o�b�k�l�m �M�d�j�Z�€�g�b ���f�� �Q�_�j�d�Z�k�b�� 

2�=�M �>�K�G�K �M�d�j�Z�€�g�b �\ �H�^�_�k�v�d�•�c �h�[�e�Z�k�l�• ���f�� �H�^�_�k�Z�� 
 

DrSc (Tech.),O.M. Nuianzin1, V.O. Stepanenko 1, V.E. Yanishevskyi2,  
PhD (Tech.) A.V. Perehin 1, PhD (Gum.) A.O. Maiboroda1 

1National University of Civil Protection of Ukraine 
2State Emergency Service of Ukraine in Odesa region 
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���^�Z�e�•���± �i�e�b�l�����i�•�^���q�Z�k���€�o���g�Z�]�j�•�\�Z�g�g�y���m���d�h�f�i�Z�d�l�g�•�c���f�Z�e�h�]�Z�[�Z�j�b�l�g�•�c���\�h�]�g�_�\�•�c���i�_�q�•���l�Z��
�i�•�^�� �q�Z�k�� �f�h�^�_�e�x�\�Z�g�g�y�� �g�Z�]�j�•�\�m�� �a�Z���Z�g�Z�e�h�]�•�q�g�b�o�� �m�f�h�\�� �m�� �i�j�h�]�j�Z�f�g�h�f�m�� �d�h�f�i�e�_�d�k�•��
CFD. 

�>�e�y���i�j�h�\�_�^�_�g�g�y���_�d�k�i�_�j�b�f�_�g�l�m���[�m�e�h���\�b�d�h�j�b�k�l�Z�g�h���f�Z�e�h�]�Z�[�Z�j�b�l�g�m���\�h�]�g�_�\�m���i�•�q��
�^�e�y���^�h�k�e�•�^�`�_�g�g�y���l�_�i�e�h�\�h�]�h���\�i�e�b�\�m���i�h�`�_�`�•���g�Z���[�m�^�•�\�_�e�v�g�•���d�h�g�k�l�j�m�d�p�•�€ [1-2].  

�>�h�� �i�h�q�Z�l�d�m�� �\�b�i�j�h�[�m�\�Z�g�v�� �\�k�l�Z�g�h�\�e�_�g�h�� �l�_�j�f�h�i�Z�j�b�� �^�Z�l�q�b�d�b�� �d�h�g�l�j�h�e�x��
�l�_�f�i�_�j�Z�l�m�j�b���\���i�j�h�k�l�h�j�•���d�Z�f�_�j�b���\�h�]�g�_�\�h�€���i�_�q�•���l�Z���g�Z���a�j�Z�a�d�m���� 

�± �m���d�Z�f�_�j�•���\�h�]�g�_�\�h�€���i�_�q�•���j�h�a�l�Z�r�h�\�Z�g�•�������l�_�j�f�h�i�Z�j�b���l�b�i�m���L�O�:���^�e�y���d�h�g�l�j�h�e�x��
�l�_�f�i�_�j�Z�l�m�j�g�h�]�h���j�_�`�b�f�m���l�Z���c�h�]�h���m�\�•�^�i�h�\�•�^�g�_�g�g�y���a�•���k�l�Z�g�^�Z�j�l�g�b�f���� 

�± �g�Z���h�[�•�]�j�•�\�Z�e�v�g�•�c���i�h�\�_�j�o�g�•���a�j�Z�a�d�Z���l�Z���g�Z���j�•�\�g�•���Z�j�f�Z�l�m�j�b���i�h�������l�_�j�f�h�i�Z�j�b�� 
�± �g�Z���g�_�h�[�•�]�j�•�\�Z�e�v�g�•�c���i�h�\�_�j�o�g�•���������l�_�j�f�h�j�_�a�b�k�l�h�j�•�\���•�a���^�•�Z�i�Z�a�h�g�h�f���a�Z�f�•�j�x�\�Z�g�g�y��

0 - 300 �• ; 
�± �d�h�g�l�j�h�e�v�g�•���l�h�q�d�b���\���k�_�j�_�^�b�g�•���i�_�j�_�j�•�a�m���i�e�b�l�b���������l�_�j�f�h�j�_�a�b�k�l�h�j�Z�� 
�G�Z�� �j�b�k���� ���� �\�•�^�h�[�j�Z�`�_�g�h�� �j�_�a�m�e�v�l�Z�l�b�� �i�h�d�Z�a�g�b�d�•�\���l�_�j�f�h�i�Z�j�� �g�Z�� �h�[�•�]�j�•�\�g�•�c����

�g�_�h�[�•�]�j�•�\�g�•�c���i�h�\�_�j�o�g�•�����g�Z���j�•�\�g�•���Z�j�f�Z�l�m�j�b���l�Z���m���d�h�g�l�j�h�e�v�g�b�o���l�h�q�d�Z�o�� 
�>�e�y�� �k�l�\�h�j�_�g�g�y�� �]�_�h�f�_�l�j�b�q�g�b�o�� �f�h�^�_�e�_�c�� �[�m�e�h�� �\�b�d�h�j�b�k�l�Z�g�h�� �&�$�'-�i�j�h�]�j�Z�f�g�b�c��

�d�h�f�i�e�_�d�k���� �K�l�\�h�j�_�g�h�� �f�h�^�_�e�v�� �\�h�]�g�_�\�h�€�� �i�_�q�•�� �l�Z�� �[�m�^�•�\�_�e�v�g�h�€�� �d�h�g�k�l�j�m�d�p�•�€���� ��-D 
�f�h�^�_�e�v �[�m�e�h���•�f�i�h�j�l�h�\�Z�g�h���m���i�j�h�]�j�Z�f�g�b�c���d�h�f�i�e�_�d�k���&�)�'���� 

 

 
 

�J�b�k. 1. �J�_�a�m�e�v�l�Z�l�b���\�b�f�•�j�x�\�Z�g�g�y���l�_�f�i�_�j�Z�l�m�j�b���g�Z���h�[�•�]�j�•�\�g�•�c���i�h�\�_�j�o�g�•���^�h�k�e�•�^�`�m�\�Z�g�h�]�h��
�a�j�Z�a�d�Z�����L�h���±�L�h�� �± �i�h�d�Z�a�g�b�d�b���l�_�j�f�h�i�Z�j�����j�b�k���������� 

 
�A�� �f�_�l�h�x�� �\�•�a�m�Z�e�•�a�Z�p�•�€�� �i�j�h�p�_�k�m�� �j�h�a�j�Z�o�m�g�d�m�� �l�Z�� �h�l�j�b�f�Z�g�b�o�� �j�_�a�m�e�v�l�Z�l�•�\�� �[�m�e�h��

�k�l�\�h�j�_�g�h�� �a�Z�e�b�\�d�m�� �d�h�e�v�h�j�•�\�� �m�k�_�j�_�^�b�g�•�� �d�Z�f�_�j�b�� �i�_�q�•�� �l�Z�� �g�Z�� �i�h�\�_�j�o�g�•�� �d�h�g�k�l�j�m�d�p�•�c����
�A�Z�]�Z�e�v�g�b�c���\�b�]�e�y�^���i�h�q�Z�l�d�m���j�h�a�j�Z�o�m�g�d�m���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�������� 
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�J�b�k. 2. �<�•�a�m�Z�e�•�a�Z�p�•�y���i�j�h�p�_�k�m���j�h�a�j�Z�o�m�g�d�m 
 
�I�•�^�� �q�Z�k�� �f�h�^�_�e�x�\�Z�g�g�y�� �l�_�f�i�_�j�Z�l�m�j�g�b�c�� �j�_�`�b�f�� �i�h�`�_�`�•�� �\�•�^�i�h�\�•�^�Z�\��

�k�l�Z�g�^�Z�j�l�g�h�f�m�� �>���@���� �A�� �p�•�}�x�� �f�_�l�h�x���� �m�� �i�j�h�p�_�k�•�� �j�h�a�j�Z�o�m�g�d�m�� �d�h�j�b�]�m�\�Z�e�Z�k�y��
�•�g�l�_�g�k�b�\�g�•�k�l�v���i�h�^�Z�q�•���]�h�j�x�q�h�€���j�_�q�h�\�b�g�b�� 

�L�Z�d�b�f�� �q�b�g�h�f���� �a�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �j�h�[�h�l�b�� �[�m�e�h�� �^�h�k�e�•�^�`�_�g�h�� �\�i�e�b�\�� �d�h�g�n�•�]�m�j�Z�p�•�€��
�f�Z�e�h�]�Z�[�Z�j�b�l�g�h�€�� �\�h�]�g�_�\�h�€�� �m�k�l�Z�g�h�\�d�b�� �g�Z�� �j�•�\�g�h�f�•�j�g�•�k�l�v�� �g�Z�]�j�•�\�Z�g�g�y�� �i�h�\�_�j�o�g�•��
�k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�h�€���i�e�b�l�b�� 

 
[1] �G�m�y�g�a�•�g �H�����F�����J�h�a�\�b�l�h�d���g�Z�m�d�h�\�b�o���h�k�g�h�\���h�p�•�g�x�\�Z�g�g�y���\�h�]�g�_�k�l�•�c�d�h�k�l�•���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���[�m�^�•�\�_�e�v�g�b�o���d�h�g�k�l�j�m�d�p�•�c��
�a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �f�Z�e�h�]�Z�[�Z�j�b�l�g�b�o�� �f�h�^�m�e�v�g�b�o�� �\�h�]�g�_�\�b�o�� �i�_�q�_�c���� �>�b�k���� �������� �^-�j���� �l�_�o�g���� �g�Z�m�d�� ���� �������������������� �E�v�\�•�\����
�E�v�\�•�\�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���[�_�a�i�_�d�b���`�b�l�l�}�^�•�y�e�v�g�h�k�l�•�������������������������k�� 
[2] �I�_�j�_�]�•�g�� �:���� �<���� �M�^�h�k�d�h�g�Z�e�_�g�g�y�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h-�j�h�a�j�Z�o�m�g�d�h�\�h�]�h�� �f�_�l�h�^�m�� �h�p�•�g�x�\�Z�g�g�y�� �f�_�`�•�� �\�h�]�g�_�k�l�•�c�d�h�k�l�•��
�g�_�k�m�q�b�o�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �k�l�•�g���� �>�b�k���� �������� �^-�j�� �n�•�e�h�k�h�n�•�€�� ���� ���������� �Q�_�j�d�Z�k�b���� �Q�1�I�;�� �•�f���� �=�_�j�h�€�\�� �Q�h�j�g�h�[�b�e�y�� �G�M�P�A�� �M�d�j�Z�€�g�b����
���������������������k�� 
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�M�>�D���������������� 
 
�F�?�L�H�>���I�J�H�=�G�H�A�M�<�:�G�G�Y���J�H�A�R�B�J�?�G�G�Y���L�J�1�S�B�G���>�E�Y���;�?�L�H�G�G�B�O��

�L�:���A�:�E�1�A�H�;�?�L�H�G�G�B�O���?�E�?�F�?�G�L�1�< 
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The rupture cracks development, brittle failure and design for prevention the 
brittle failure of concrete elements is considered [1-3]. Under the brittle failure of 
�E�H�L�Q�J�� �W�H�V�W�H�G�� �H�O�H�P�H�Q�W�V�� �W�K�H�� �X�Q�G�X�O�D�W�L�Q�J�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �³�/�R�D�G��F �± crack length l�´�� �L�V��
observed. This curve F=f(l)  includes initial ascending and subsequent disascending 
branches, separated with the maximum point of critical crack length lcr and critical 
(maximal, ultimate) load Fcr, which determine the strength under brittle failure. Thus, 
the adequate model of brittle failure ought to determine the relationship F=f(l)  
�W�R�J�H�W�K�H�U���Z�L�W�K���L�W�¶�V���W�K�H���F�U�L�W�L�F�D�O���Y�D�O�X�H�V��lcr and Fcr, which solve the practical problem of 
preventation the brittle failure. Nevertheless, the receipt of accurate enough 
relationship F=f(l)  is impossible or highly difficult through the known Fracture 
�0�H�F�K�D�Q�L�F�V�� ���)�0���� �P�R�G�H�O�V���� �7�K�H�U�H�I�R�U�H���� �I�R�U�� �R�Y�H�U�F�R�P�L�Q�J�� �R�I�� �W�K�H�� �N�Q�R�Z�Q�� �)�0�� �P�R�G�H�O�¶�V��
demerits the specific FM model is offered, which is based on modelling the stress 
distribution only along the crack Fracture Process Zone (FPZ [4]) with elastic 
concrete behavior out of the FPZ. Thus, peculiar stress distribution was called 
�³�3�K�\�V�L�F�D�O�O�\���9�H�U�L�V�L�P�L�O�D�U���6�W�U�H�V�V�����3�9�6���´���D�Q�G���W�K�H���O�D�W�W�H�U���L�V���D�F�F�H�S�W�H�G���D�V���E�D�V�L�V���R�I���W�K�H���E�H�L�Q�J��
offered PVS model, which uses three material parameters: maximal stress �1m, intra-
�V�W�U�X�F�W�X�U�D�O���O�L�Q�H�D�U���V�L�]�H���³a�´���D�Q�G���G�L�P�H�Q�V�L�R�Q�O�H�V�V���Y�D�O�X�H���³n�´�����W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���S�O�D�V�W�L�F��
properties of material. The PVS model concrete parameters, obtained in the authors 
tests, are suggested. 

�6�W�U�H�Q�J�W�K���S�U�R�E�O�H�P�V���D�U�H���V�R�O�Y�H�G���E�\���W�K�H���³�0�R�G�L�I�L�H�G���0�H�W�K�R�G���R�I���W�K�H���6�H�F�W�L�R�Q�V�����0�0�6���´����
in which the PVS is applied along the FPZ unlike the known Method of Sections with 
the asymptotic stresses in the FPZ. The uses system of equations reflects in detail the 
equilibrium of external and internal forces of elements with crack and the one is 
sufficient for different problems solving without strains consideration, that simplifies 
�H�V�V�H�Q�W�L�D�O�O�\�� �G�H�V�L�J�Q�V���� �$�V�� �D�� �U�H�V�X�O�W���� �W�K�H�� �R�I�I�H�U�H�G�� �G�H�V�L�J�Q�� �P�H�W�K�R�G�� �L�V�� �³�V�W�D�W�L�F�� �P�H�W�K�R�G�� �R�I��
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ultimate equ�L�O�L�E�U�L�X�P�´�� �I�R�U�� �E�U�L�W�W�O�H�� �I�D�L�O�X�U�H���� �L�Q�� �Z�K�L�F�K�� �W�K�H�� �V�W�U�H�Q�J�W�K�� �F�U�L�W�H�U�L�R�Q�� �L�V�� �M�X�V�W�� �W�K�H��
PVS. 

The PVS model and the MMS lead to acceptable in practice method of strength 
design, which is considerably simpler than widespread in FM of concrete the Phase 
Field Method, demanding the highly complicated computer programs, based on the 
complex Finite Element Method, while the MMS can be realized by means of the 
Table Processor MS Excel programs and by other easy models. 

The offered PVS model and the MMS allow to predict the crack development as 
its initial stable growing up to the critical (ultimate) values of the crack length lcr and 
load Fcr as subsequent unstable crack spreading [5]. 

�'�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �W�K�H�� �³�F�U�D�F�N-�)�3�=�� �F�R�P�E�L�Q�D�W�L�R�Q�´�� �Z�D�V�� �F�R�Q�V�L�G�H�U�H�G�� �R�Q�� �W�K�H�� �E�D�V�L�V�� �R�I��
thermodynamic notions, laws and methods as the new phases origin in the concrete 
structure. The thermodynamic approach led to the relationships, confirming the PVS 
model. 

The examples of designs are stated and sufficient nearness of the theoretic 
strength to experimental one is shown. Herewith the infinite tensile plate with crack 
(Griffith`s problem), long tensile strips with central and with one-sided cracks, 
concrete and reinforced concrete bending elements with one-sided cracks are 
considered. 
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q ���� �E�•�\�b�c�� �d�•�g�_�p�v�� �[�Z�e�d�b�� �\�\�Z�`�Z�}�l�v�k�y�� �r�Z�j�g�•�j�g�h�� �h�[�i�_�j�l�b�f���� �Z�� �i�j�Z�\�b�c���± �a�Z�l�b�k�g�m�l�b�f��
���j�b�k������������ 

�>�h�k�e�•�^�`�_�g�h�� �\�b�i�Z�^�h�d���� �d�h�e�b�� �d�h�_�n�•�p�•�}�g�l�� �i�h�k�l�_�e�•��( )k x ���� �y�d�b�c���o�Z�j�Z�d�l�_�j�b�a�m�}��
�g�_�h�^�g�h�j�•�^�g�•�k�l�v���i�j�m�`�g�h�€���h�k�g�h�\�b�����\�b�j�Z�`�Z�}�l�v�k�y���k�l�_�i�_�g�_�\�h�x���n�m�g�d�p�•�}�x 
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m

xk x k l m
l

� § � ·�  � t� ¨ � ¸
� © � ¹

, (1) 

 
�^�_��( )k l  �� �a�g�Z�q�_�g�g�y���d�h�_�n�•�p�•�}�g�l�m���i�h�k�l�_�e�•���\���l�h�q�p�•��x l� . 
�:�g�Z�e�•�l�b�q�g�Z�� �f�_�l�h�^�b�d�Z�� �j�h�a�j�Z�o�m�g�d�m �‰�j�m�g�l�m�}�l�v�k�y�� �g�Z�� �j�_�a�m�e�v�l�Z�l�Z�o���� �h�l�j�b�f�Z�g�b�o�� �\��

�k�l�Z�l�l�•�� �>���@���� �^�_�� �a�g�Z�c�^�_�g�h�� �l�h�q�g�b�c�� �j�h�a�\�¶�y�a�h�d�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h�� �j�•�\�g�y�g�g�y�� �a�]�b�g�m��
�[�Z�e�d�b�� 

 
 ( ) ( ) ( ) ( )EI y x k x y x q x�c�c�c�c� � �  , (2) 
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�J�b�k�����������J�h�a�j�Z�o�m�g�d�h�\�Z���k�o�_�f�Z���[�Z�e�d�b 

 
�L�m�l�� �m�� �a�Z�]�Z�e�v�g�h�f�m�� �\�b�i�Z�^�d�m�� �i�h�]�h�g�g�b�c�� �d�h�_�n�•�p�•�}�g�l�� �i�h�k�l�_�e�•��( )k x  �l�Z�� �i�h�i�_�j�_�q�g�_��

�g�Z�\�Z�g�l�Z�`�_�g�g�y��( )q x  �a�Z�^�Z�x�l�v�k�y���^�h�\�•�e�v�g�b�f�b���g�_�i�_�j�_�j�\�g�b�f�b���n�m�g�d�p�•�y�f�b���� 
�L�h�q�g�b�c���j�h�a�\�¶�y�a�h�d �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h�� �j�•�\�g�y�g�g�y��(2)���� �\�•�^�i�h�\�•�^�g�b�c�� �\�b�i�Z�^�d�m��(1), 

�\�b�a�g�Z�q�Z�}�l�v�k�y���g�Z�k�l�m�i�g�h�x���k�m�d�m�i�g�•�k�l�x���n�h�j�f�m�e���� 
 

2 3 4

1 2 3 4 5( ) (0) ( ) (0) ( ) (0) ( ) (0) ( ) ( )
l l ql

y x y X x lX x M X x Q X x X x
EI EI EI

�M� �� �� �� �� ; 

1 ( 4)

1 ,1, ,2,2 , ,

( )1( ) 1 ( 1,2,3,4,5)
( 1)! ...

n k mk

n
k n m n m n k km

Kx xX x n
n l p p p l

� � � ��f

� 

� ª � º���§ �· �§ �·� �� � � « � »�¨ �¸ �¨ �¸
�� �© �¹ �© �¹� « � »� ¬ � ¼

�¦ ; 

, , ( 4 4)( 4 3)( 4 2)( 4 1)n k k mp n km k n km k n km k n km k� �� �� �� �� �� �� �� �� �� �� �� �� ; 
4 ( )l k l

K
EI

� , 

 
�^�_ (0), (0), (0), (0)y M Q�M  �± �a�g�Z�q�_�g�g�y�� �i�j�h�]�b�g�m���� �d�m�l�Z�� �i�h�\�h�j�h�l�m���� �a�]�b�g�Z�e�v�g�h�]�h��

�f�h�f�_�g�l�m�� �l�Z�� �i�h�i�_�j�_�q�g�h�€�� �k�b�e�b�� �\�� �l�h�q�p�•��0x �  (�l�Z�d�� �a�\�Z�g�•�� �i�h�q�Z�l�d�h�\�•�� �i�Z�j�Z�f�_�l�j�b���� �^�e�y��
�\�b�a�g�Z�q�_�g�g�y���y�d�b�o���k�e�m�]�m�\�Z�l�b�f�m�l�v���a�Z�^�Z�g�•���]�j�Z�g�b�q�g�•���m�f�h�\�b���� 

�ˆ�j�m�g�l�m�x�q�b�k�v�� �g�Z�� �l�h�q�g�h�f�m�� �j�h�a�\�¶�y�a�d�m���� �i�j�h�\�_�^�_�g�•���j�h�a�j�Z�o�m�g�d�b�� �[�Z�e�d�b �i�j�b�� �l�Z�d�b�o��
�\�b�o�•�^�g�b�o���^�Z�g�b�o���� 71,5 10E �d�I�Z�  � ˜; �^�h�\�`�b�g�Z���[�Z�e�d�b��5l �f� ; �r�b�j�b�g�Z �i�•�^�h�r�\�b���[�Z�e�d�b��

0,4b �f� ; �\�b�k�h�l�Z�� �[�Z�e�d�b��0,6h �f� ; 3 2( ) 4 10 /k l �d�G �f�  � ˜ ; 60 /q �d�G �f� . �>�e�y��
2,3,4m�  �h�[�q�b�k�e�_�g�•�� �a�g�Z�q�_�g�g�y���i�Z�j�Z�f�_�l�j�•�\�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m��

�[�Z�e�d�b���± �i�j�h�]�b�g�m���� �d�m�l�Z�� �i�h�\�h�j�h�l�m���� �a�]�b�g�Z�e�v�g�h�]�h�� �f�h�f�_�g�l�m�� �l�Z�� �i�h�i�_�j�_�q�g�h�€�� �k�b�e�b���� �G�Z��
�j�b�k���� ���� ���� �\�� �]�j�Z�n�•�q�g�h�f�m�� �n�h�j�f�Z�l�•�� �q�Z�k�l�d�h�\�h�� �i�j�_�^�k�l�Z�\�e�_�g�•�� �j�_�a�m�e�v�l�Z�l�b�� �j�h�a�j�Z�o�m�g�d�•�\����
�s�h���\�•�^�i�h�\�•�^�Z�x�l�v���\�b�i�Z�^�d�m��3m� . 
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�m�� �l�h�q�p�•��0x � ������ �Z��( )B x ��  �g�_�i�_�j�_�j�\�g�Z�� �[�_�a�j�h�a�f�•�j�g�Z�� �n�m�g�d�p�•�y���� �y�d�h�x�� �\�b�a�g�Z�q�Z�}�l�v�k�y��
�a�Z�d�h�g���a�f�•�g�b���d�h�_�n�•�p�•�}�g�l�m���i�h�k�l�_�e�•���m�a�^�h�\�`���^�h�\�`�b�g�b���[�Z�e�d�b�� 
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�^�_��m��  �•�g�l�_�g�k�b�\�g�•�k�l�v���j�h�a�i�h�^�•�e�_�g�h�€���f�Z�k�b�����i�h�]�h�g�g�Z���f�Z�k�Z�����[�Z�e�d�b�� 
�<�b�d�h�g�Z�\�r�b�� �\�� �^�Z�g�h�f�m�� �j�•�\�g�y�g�g�•�� �k�l�Z�g�^�Z�j�l�g�m�� �i�•�^�k�l�Z�g�h�\�d�m�� �f�_�l�h�^�m�� �N�m�j�¶�}

( , ) ( ) ( )y x t v x T t�  �l�Z�� �j�h�a�^�•�e�b�\�r�b�� �a�f�•�g�g�•���� �f�Z�l�b�f�_�f�h�� �^�\�Z�� �g�Z�k�l�m�i�g�•�� �a�\�b�q�Z�c�g�•��
�^�b�n�_�j�_�g�p�•�Z�e�v�g�•�� �j�•�\�g�y�g�g�y�� �\�•�^�g�h�k�g�h�� �n�m�g�d�p�•�€�� �q�Z�k�m��( )T t  �l�Z�� �Z�f�i�e�•�l�m�^�g�h�€�� �n�m�g�d�p�•�€��
�i�j�h�]�b�g�•�\��( )v x :  

 

 
 

2( ) ( ) 0T t T t�Z� � �  ; (4) 

 2
4

1
( ) ( ( ) ) ( ) 0v x KB x v x

l
�c�c�c�c�� �� �: � , (5) 

 
�^�_���Z��  �q�Z�k�l�h�l�Z���\�•�e�v�g�b�o���d�h�e�b�\�Z�g�v���[�Z�e�d�b���� 
 

4 2 4
20 ,

k l m l
K

EI EI
�Z

� �: � . 
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�J�h�a�\�¶�y�a�h�d���j�•�\�g�y�g�g�y��(4) �h�q�_�\�b�^�g�b�c 

(0)( ) (0)cos sinTT t T t t� Z � Z
�Z

�  � �. 

 
�=�h�e�h�\�g�Z�� �i�j�h�[�e�_�f�Z�� �i�h�e�y�]�Z�}�� �m�� �a�g�Z�o�h�^�`�_�g�g�•�� �j�h�a�\�¶�y�a�d�m�� �^�b�n�_�j�_�g�p�•�Z�e�v�g�h�]�h��

�j�•�\�g�y�g�g�y��(5). �L�h�q�g�b�c�� �j�h�a�\�¶�y�a�h�d�� �p�v�h�]�h�� �j�•�\�g�y�g�g�y�� �a�g�Z�o�h�^�b�l�v�k�y�� �f�_�l�h�^�h�f�� �i�j�y�f�h�]�h��
�•�g�l�_�]�j�m�\�Z�g�g�y���� �y�d�b�c �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �l�Z�� �j�h�a�\�b�g�m�l�h�� �\�� �j�h�[�h�l�•��[1]���� �<�•�g�� �\�b�a�g�Z�q�Z�}�l�v�k�y��
�g�Z�k�l�m�i�g�h�x���k�m�d�m�i�g�•�k�l�x���n�h�j�f�m�e�� 

 
1 1 2 2 3 3 4 4( ) ( ) ( ) ( ) ( )y x C X x C X x C X x C X x� �� �� �� ; 

 2
, ,

0 0

( ) ( ) ( )k m
n n m k

m k

X x K x�D
� f � f

�  �  

� �� �:�¦�¦ ; (6) 

 
1

,0,0

1
( ) ( 1,2,3,4)

( 1)!

n

n

x
x n

n l
�D

��
� § � ·�  �  � ¨ � ¸�� � © � ¹

; (7) 

 
4 1

, ,0
1( ) ( 1,2,3,...)

( 4 1)!

n m

n m
xx m

n m l
�D

� � � �
� § � ·�  �  � ¨ � ¸� � � �� © � ¹

; (8) 

 ,0, ,0, 14
0 0 0 0

1( ) ( ) ( ) ( 1,2,3,...)
x x x x

n k n kx B x x dxdxdxdx k
l

� D � D���  �  � ³ � ³ � ³ � ³ ; (9) 

  , , , , 1 , 1,4
0 0 0 0

1( ) ( ( ) ( ) ( )) ( 1,2,3,...) ( 1,2,3,...)
x x x x

n m k n m k n m kx B x x x dxdxdxdx m k
l

�D �D �D� � � �� �� � � � ³ � ³ � ³ � ³ , (10) 

 
�^�_��1 2 3 4, , ,C C C C ��  �k�l�Z�e�•���•�g�l�_�]�j�m�\�Z�g�g�y�����A�f�•�g�g�•���d�h�_�n�•�p�•�}�g�l�b���j�y�^�m��(6) �l�m�l���i�h�k�e�•�^�h�\�g�h��
�\�b�a�g�Z�q�Z�x�l�v�k�y���i�h���j�_�d�m�j�_�g�l�g�b�f���n�h�j�f�m�e�Z�f��(7)-(10).  

 
[1] �D�j�m�l�•�c�� �X�� �K���� �������������� �J�h�a�j�h�[�d�Z�� �f�_�l�h�^�m�� �j�h�a�\�¶�y�a�Z�g�g�y�� �a�Z�^�Z�q�� �k�l�•�c�d�h�k�l�•�� �•��
�d�h�e�b�\�Z�g�v���^�_�n�h�j�f�•�\�g�b�o �k�b�k�l�_�f���a�•���a�f�•�g�g�b�f�b���g�_�i�_�j�_�j�\�g�b�f�b���i�Z�j�Z�f�_�l�j�Z�f�b �>�>�b�k�����^-
�j�Z�� �l�_�o�g���� �g�Z�m�d���� �E�m�p�v�d�b�c�� �g�Z�p�•�h�g�Z�e�v�g�b�c�� �l�_�o�g�•�q�g�b�c�� �m�g�•�\�_�j�k�b�l�_�l�@�����M�d�j�Z�€�g�•�d�Z��
�g�Z�m�d�h�\�Z�� 
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A double-�H�Q�G�H�G�� �O�L�I�W�L�Q�J�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �W�K�H�� �8�N�U�D�L�Q�H�¶�V�� �P�L�Q�L�Q�J�� �L�Q�G�X�V�W�U�\���� �+�R�L�V�W�V��
with a single split drum are more compact and less material intensive in comparison 
to two-drum hoists, which use a separate drum for each of the ropes. 

In this mine hoist, the drum consists of two parts �± a wide jammed part and a 
narrow adjustable part, with a clearance of 3 to 5 mm between them. The jammed 
part of the drum is used for winding and unwinding both ropes. This design allows a 
significant reduction of the physical dimensions and the metal capacity of the mine 
hoist. 

A split drum comprises two essential parts �± a wide one, which is rigidly fixed 
onto the shaft, and a narrow part, which is mounted on bearings and can be connected 
to the shaft using the decoupling device. This design allows changing the hosting 
height by varying the length of the rope. In operation, one of the ropes passes the split 
while being winded onto the drum. According to the technical specifications, the 
�F�O�H�D�U�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�Z�R�� �G�U�X�P�� �S�D�U�W�V�� �P�X�V�W�� �E�H�� ���� �W�R�� ���� �P�P�� �Z�L�G�H���� �+�R�Z�H�Y�H�U���� �W�K�H�� �G�U�X�P�¶�V��
deformation due to the forces caused by the wounded rope may increase  the  
clearance  beyond  the  defined limit [1].  

�7�K�H�U�H�� �D�U�H�� �R�W�K�H�U�� �S�U�R�E�O�H�P�V�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �R�S�H�U�D�W�L�R�Q�� �R�I�� �P�L�Q�H�� �K�R�L�V�W�V�¶�� �G�U�X�P�V����
Algorithms for determining their stress-strain state have been previously developed. 
�,�Q�� �S�D�U�W�L�F�X�O�D�U���� �I�R�U�� �W�K�H�� �G�U�X�P�¶�V�� �V�K�H�O�O���� �Z�K�L�F�K�� �L�V�� �U�H�Lnforced with stiffening elements, 
considering the specific placement of the stiffeners [2]. 

Using a mathematical model, we determined the dynamic response factors for 
oscillations at the starting stage of lifting, which ranged between 1.71 and 2.12 for the 
ropes. Oscillations are caused by the instantaneous application of external moments 
to the motor rotor and the end loads [3]. 

Based on the computational scheme (Fig. 1), we built the analytical model using 
the theory of elasticity. The model allows us to determine the plate flexure depending 
on the load of the coiled rope. The linear bending moment takes the dynamic 
response factors into account [3]. 

The result of modeling is presented on graphs (Fig. 2, 3). By analyzing these 
graphs we found that a 100% increase in the shell thickness reduces the plate flexure 
by 30% and increases the overall mass of the drum by 52%.  
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Fig�����������K�R�P�S�X�W�D�W�L�R�Q�D�O���V�F�K�H�P�H��for building of the analytical model 
 

 
On the other hand, increasing the thickness of the plate to the value that 

corresponds to equal mass growth decreases the plate flexure by only 16%. 
Therefore, the thickness of the plate is a major factor affecting the plate flexure 
caused by the load of the coiled rope. This has to be considered in the design of rope 
drums. 
 
[1] Kozar L.M. (2004). The Influence of dynamic and static loads of a split elevating drum on its work stability during 
the passing of  a cable rope through a split. Kharkiv: Ukrainian Engineering Pedagogics Academy [in Ukrainian]. 
[2] Fidrovska, N., Slepuzhnikov, E., Nesterenko, V., &  Musaiev Z. (2023). Bulletin of Kharkiv National Automobile 
and Highway University, 101, Vol. 2. 142-146. https://doi.org/10.30977/BUL.2219-5548.2023.101.2.142-146. 
[3] Kozar L.,  Romanovych Y., Afanasov H., Pashchenko V., & Radionov H. (2018). Mathematical   Modeling    of     
Torsional    and   Longitudinal    Oscillations   in a Mine Winding Plant as a Multiinass System. International Journal of 
Engineering & Technology, Vol. 7, No. 4.3, 53-57. Retrieved from: 
http://www.sciencepubco.com/index.php/ijet/article/ view/19551. 

 
 
 
 
 
 

Fig. 3. Relationship between plate  
flexure �ñ, �G�U�X�P�¶�V���P�D�V�V���I �× , and  

�S�O�D�W�H�¶�V���W�K�L�F�N�Q�H�V�V �Ü�ã�ß 

Fig. 2. Relationship between plate  
flexure �ñ�á �G�U�X�P�¶�V���P�D�V�V���I �×, and  

�V�K�H�O�O�¶�V���W�K�L�F�N�Q�H�V�V���Ü�æ�Û 

�4 �± drum radius, �4 = 3,1 m; 
�Ü�æ�Û �± shell thickness, m;  
�Ü�ã�ß �± plate thickness, m; 
�=  �± distance between plate and nearest coil of rope, m; 
 �ñ �± plate flexure, m; 
 �/ �4 �± linear bending moment, N�m̃/m 
 

https://doi.org/10.30977/BUL.2219-5548.2023.101.2.142-146
http://www.sciencepubco.com/index.php/ijet/article/%20view/19551
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�>�H�K�E�1�>�@�?�G�G�Y���I�J�H�=�B�G�1�<���<���A�:�E�1�A�H�;�?�L�H�G�G�B�O���>�<�H�R�:�J�G�1�J�G�B�O��
�:�J�D�:�O���A���<�B�K�H�D�H�F�1�P�G�H�=�H���;�?�L�H�G�M���G�:���>�1�X���D�H�J�H�L�D�H�Q�:�K�G�B�O��

�K�L�:�L�B�Q�G�B�O���H�>�G�H�J�:�A�H�<�B�O���G�:�<�:�G�L�:�@�?�G�V 
 

INVESTIGATION OF DEFLECTIONS IN REINFORCED CONCRETE 
DOUBLE-HINGED ARCHES MADE OF HIGH -STRENGTH CONCRETE 

UNDER SHORT-TERM STATIC SINGLE LOADS  
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�>�h�k�e�•�^�g�•�� �a�Z�e�•�a�h�[�_�l�h�g�g�•�� �Z�j�d�b�� �:������ �:������ �:������ �\�b�]�h�l�h�\�e�_�g�•�� �•�a�� �\�b�k�h�d�h�f�•�p�g�h�]�h��
�r�\�b�^�d�h�l�\�_�j�^�g�m�q�h�]�h�� �[�_�l�h�g�m���>�s�?���� �a���[�_�a�� �a�Z�l�y�`�d�b�� �\�b�i�j�h�[�h�\�m�\�Z�e�b�k�v�� �g�Z�� �^�•�x��
�k�l�Z�l�b�q�g�h�]�h�� �d�h�j�h�l�d�h�q�Z�k�g�h�]�h�� �h�^�g�h�j�Z�a�h�\�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �^�h�� �j�m�c�g�m�\�Z�g�g�y�� ���j�b�k��������
�j�b�k���������a�Z���k�o�_�f�h�x���g�Z�\�_�^�_�g�h�x���\���>�t�?.  

 

 
 

�J�b�k�����������K�o�_�f�Z���\�b�i�j�h�[�m�\�Z�g�g�y���Z�j�d�b���:�����[�_�a���a�Z�l�y�`�d�b�����^�_�����L-���«�L-4 �± �l�_�g�a�h�f�_�l�j�b���=�m�]�_�g�[�_�j�]�_�j�Z�����1-
���«�1-7 �± �•�g�^�b�d�Z�l�h�j�b���]�h�^�b�g�g�b�d�h�\�h�]�h���l�b�i�m���������� �F�B�=�����I-1�± �i�j�h�]�b�g�h�f�•�j�����I�:�H�����>-�������>-2 �± 

�^�b�g�Z�f�h�f�_�l�j 
 

�I�j�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�•�� �Z�j�d�b���:��  Fu � �� �������� �d�G �i�j�h�]�b�g�� �i�h�y�k�m�� �Z�j�d�b�� �k�l�Z�g�h�\�b�\��f = 7 
�f�f���� �s�h�� �f�_�g�r�_�� �]�j�Z�g�b�q�g�h-�^�h�i�m�k�l�b�f�h�]�h�� �a�g�Z�q�_�g�g�y��fu = 1/150l � �� ���������� �f�f���>�u�á�v�?. 
�I�j�b�j�•�k�l���i�j�h�]�b�g�•�\���g�Z���k�l�m�i�_�g�y�o���g�Z�\�Z�g�l�Z�`�_�g�g�y���\�������d�G���k�l�Z�g�h�\�b�\�����i�j�b��F � ���������d�G���± �û�I 
� �� ���������� �f�f���� �\�� �^�•�Z�i�Z�a�h�g�•��F � �� �����«������ �d�G���± �\�� �k�_�j�_�^�g�v�h�f�m���û�I � �� ���������� �f�f���� �\�� �^�•�Z�i�Z�a�h�g�•��    
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F � �������«�������d�G���± �\���k�_�j�_�^�g�v�h�f�m���û�I � �����������f�f�����i�j�b��F � ���������d�G���•��F � �����������d�G���± �û�I��= 0,7 
�f�f�����A�Z�e�_�`�g�•�k�l�v���i�j�h�]�b�g�m���i�h�y�k�m���Z�j�d�b���\�•�^���g�Z�\�Z�g�l�Z�`�_�g�v���^�h��F � ���������d�G���f�Z�}���e�•�g�•�c�g�b�c��
�o�Z�j�Z�d�l�_�j�� 

 

 
 

�J�b�k�����������K�o�_�f�Z���\�b�i�j�h�[�m�\�Z�g�g�y���Z�j�d�b���:�������:�����•�a���a�Z�l�y�`�d�h�x�����^�_�����L-���«�L-6 �± �l�_�g�a�h�f�_�l�j�b��
�=�m�]�_�g�[�_�j�]�_�j�Z�����1-���«�1-7 �± �•�g�^�b�d�Z�l�h�j�b���]�h�^�b�g�g�b�d�h�\�h�]�h���l�b�i�m�����������F�B�=�����I-1,  

�I -2�± �i�j�h�]�b�g�h�f�•�j�����I�:�H�����>-1 �± �^�b�g�Z�f�h�f�_�l�j 
 

�I�j�b���g�Z�\�Z�g�l�Z�`�_�g�g�•���Z�j�d�b���:��  F � ���������d�G���^�h���j�h�a�j�b�\�m���a�Z�l�y�`�d�b���i�j�h�]�b�g���i�h�y�k�m���Z�j�d�b��
�k�l�Z�g�h�\�b�\����f � �������������f�f�����i�j�b���j�h�a�\�Z�g�l�Z�`�_�g�g�•���^�h��F � ���������d�G���a�g�Z�q�_�g�g�y���i�j�h�]�b�g�m���k�d�e�Z�e�h��
f � �����������f�f�����Z���i�j�b���j�m�c�g�m�\�Z�g�g�•���a�Z��Fu � �����������d�G���i�j�h�]�b�g���\���k�_�j�_�^�b�g�•���Z�j�d�b���[�m�\��f = 13,3 
�f�f���� �s�h�� �^�h�j�•�\�g�x�}�� �]�j�Z�g�b�q�g�h-�^�h�i�m�k�l�b�f�h�f�m�� �a�g�Z�q�_�g�g�x��fu = 1/150l � �� ���������� �f�f����
�I�j�b�j�•�k�l�� �i�j�h�]�b�g�•�\�� �g�Z�� �k�l�m�i�_�g�y�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�l�Z�g�h�\�b�\���� �\�� �^�•�Z�i�Z�a�h�g�•��F � �� �����«������
�d�G���± �\���k�_�j�_�^�g�v�h�f�m���û�I � �����������f�f�����\���^�•�Z�i�Z�a�h�g�•��F � �������«�������d�G���^�h���j�h�a�j�b�\�m���a�Z�l�y�`�d�b���± 
�\�� �k�_�j�_�^�g�v�h�f�m���û�I � �� �������� �f�f���� �I�j�b�j�•�k�l�� �i�j�h�]�b�g�•�\�� �g�Z�� �k�l�m�i�_�g�y�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �i�•�k�e�y��
�j�h�a�j�b�\�m���a�Z�l�y�`�d�b���\���^�•�Z�i�Z�a�h�g�•��F � �������«���������d�G���k�d�e�Z�^�Z�\���\���k�_�j�_�^�g�v�h�f�m���û�I � �����������f�f����
�s�h�� �\�•�^�i�h�\�•�^�Z�}�� �i�j�b�j�h�k�l�m�� �i�j�h�]�b�g�•�\�� �g�Z�� �k�l�m�i�_�g�y�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �Z�j�d�b�� �:������ �y�d�Z��
�\�b�i�j�h�[�h�\�m�\�Z�e�Z�k�v���a�Z���l�Z�d�h�x���`���k�o�_�f�h�x���� 

�I�j�b���g�Z�\�Z�g�l�Z�`�_�g�g�•���Z�j�d�b���:��  Fu � �����������d�G���i�j�h�]�b�g���i�h�y�k�m���Z�j�d�b���k�l�Z�g�h�\�b�\��f = 12,5 
�f�f���� �s�h�� �f�_�g�r�_�� �]�j�Z�g�b�q�g�h-�^�h�i�m�k�l�b�f�h�]�h�� �a�g�Z�q�_�g�g�y��fu = 1/150l � �� ���������� �f�f���� �I�j�b�j�•�k�l��
�i�j�h�]�b�g�•�\�� �g�Z�� �k�l�m�i�_�g�y�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�l�Z�g�h�\�b�\���� �\�� �^�•�Z�i�Z�a�h�g�•��F � �� ���«������ �d�G���± �\��
�k�_�j�_�^�g�v�h�f�m���û�I � �����������f�f�����\���^�•�Z�i�Z�a�h�g�•��F � �������«���������d�G���± �\���k�_�j�_�^�g�v�h�f�m���û�I � �������������f�f��
�g�Z������ �d�G���g�Z�\�Z�g�l�Z�`�_�g�g�y�����A�Z�e�_�`�g�•�k�l�v�� �i�j�h�]�b�g�m���i�h�y�k�m���Z�j�d�b���\�•�^���g�Z�\�Z�g�l�Z�`�_�g�v���^�h��F = 
�������d�G���f�Z�}���e�•�g�•�c�g�b�c���o�Z�j�Z�d�l�_�j�� 

�<�b�k�g�h�\�h�d�� �G�Z�� �k�l�m�i�_�g�y�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���� �^�e�y�� �Z�j�h�d�� �:���«�:������ �i�j�b��F � �� �����«��������
�d�G���� �i�j�b�j�•�k�l�� �i�j�h�]�b�g�•�\�� �a�[�•�e�v�r�m�x�l�v�k�y���� �s�h�� �i�h�\�¶�y�a�Z�g�h�� �a�•�� �a�[�•�e�v�r�_�g�g�y�f�� �i�e�Z�k�l�b�q�g�b�o��
�^�_�n�h�j�f�Z�p�•�c�� �m�� �[�_�l�h�g�•�� �l�Z�� �g�Z�^�f�•�j�g�b�f�� �j�h�a�d�j�b�l�l�y�f�� �l�j�•�s�b�g���>�w�?���� �A�•�� �a�[�•�e�v�r�_�g�g�y�f��
�g�Z�\�Z�g�l�Z�`�_�g�g�y���� �i�j�b�j�•�k�l�� �i�j�h�]�b�g�•�\�� �g�Z�� �k�l�m�i�_�g�y�o�� �k�m�l�l�}�\�h�� �a�[�•�e�v�r�m�x�l�v�k�y���� �s�h��
�i�h�\�¶�y�a�Z�g�h�� �a�•�� �a�[�•�e�v�r�_�g�g�y�f�� �i�e�Z�k�l�b�q�g�b�o�� �^�_�n�h�j�f�Z�p�•�c�� �[�_�l�h�g�m���� �m�l�\�h�j�_�g�g�y�f�� �l�Z��
�j�h�a�\�b�l�d�h�f���l�j�•�s�b�g���l�Z�����\���a�Z�]�Z�e�v�g�h�f�m�����a�•���a�f�_�g�r�_�g�g�y�f���`�h�j�k�l�d�h�k�l�•���i�h�y�k�m�� 
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�>�s�? �>�\�h�j�d�•�g �E���C�����F�•�p�g�•�k�l�v���[�_�l�h�g�m�����G�Z�\�q�Z�e�v�g�b�c�� �i�h�k�•�[�g�b�d�������>�\�h�j�d�•�g�� �E���C�����± �D�������<�b�^�Z�\�g�b�q�b�c���^�•�f���©�D�h�g�^�h�j�ª����������������
���������k�� 
�>�t�? �;�Z�[�b�q���/�����F�������D�Z�j�Z�\�Z�g���;�����<�����J�_�a�m�e�v�l�Z�l�b���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v���a�Z�e�•�a�h�[�_�l�h�g�g�h�€���Z�j�d�b���a���\�b�k�h�d�h�f�•�p�g�h�]�h��
�[�_�l�h�g�m���� �J�_�k�m�j�k�h�_�d�h�g�h�f�g�•�� �f�Z�l�_�j�•�Z�e�b���� �d�h�g�k�l�j�m�d�p�•�€���� �[�m�^�•�\�e�•�� �l�Z�� �k�i�h�j�m�^�b���� �A�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v���� �<�b�i���� �������� �J�•�\�g�_����
�������������k��������-85.  
�>�u�? �;�Z�f�[�m�j�Z�� �:���� �F������ �K�Z�a�h�g�h�\�Z�� �1���� �J������ �>�h�j�h�]�h�\�Z�� �H���� �<������ �<�h�c�p�_�o�•�\�k�v�d�b�c�� �H���� �<���� �I�j�h�_�d�l�m�\�Z�g�g�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o��
�d�h�g�k�l�j�m�d�p�•�c�����i�h�k�•�[�g�b�d�����D�b�€�\�����F�Z�c�k�l�_�j���d�g�b�]�������������������������k�� 
�>�v�? �>�K�L�M�������������������������;�_�l�h�g�b���\�Z�`�d�•�����L�_�o�g�•�q�g�•���m�f�h�\�b�����>�Q�b�g�g�b�c���\�•�^�����������������������@�����<�b�^�����h�n�•�p�����D�b�€�\�����>�I���©�M�d�j�G�>�G�P�ª����
�������������������k�� 
�>�w�? Asal Pournaghshband. Form-finding of Arch Structures �± 2016. University of Warwick, School of Engineering. 
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FLEXIBLE PLATES ON COLUMNS WITH FREE SUPPORT ON TWO 
INTERMEDIATE SIDES  

�^�h�d�l�����l�_�o�g�����g�Z�m�d�����i�j�h�n�����<���I�����D�h�`�m�r�d�h1,  
�^�h�d�l�����l�_�o�g�����g�Z�m�d�����i�j�h�n�� �K���H�����;�m�]�Z�}�\�k�v�d�b�c1,  

�d�Z�g�^�����l�_�o�g�����g�Z�m�d�����^�h�p�����K�����F�����D�j�Z�k�g�h�\1 
1�O�Z�j�d�•�\�k�v�d�b�c���g�Z�p�•�h�g�Z�e�v�g�b�c���Z�\�l�h�f�h�[�•�e�v�g�h-�^�h�j�h�`�g�•�c���m�g�•�\�_�j�k�b�l�_�l 
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1Kharkiv National Automobile and Highway University 
 
 
�:�d�l�m�Z�e�v�g�•�k�l�v���i�j�h�[�e�_�f�b���i�h�e�y�]�Z�}���m���l�h�f�m�����s�h���i�e�b�l�b���a���a�Z�a�g�Z�q�_�g�b�f�b���m�f�h�\�Z�f�b��

�h�i�b�j�Z�g�g�y�� �q�Z�k�l�h�� �a�Z�k�l�h�k�h�\�m�x�l�v�� �i�j�b�� �[�m�^�•�\�g�b�p�l�\�•���� �Z�e�_�� �j�h�[�•�l���� �i�j�b�k�\�y�q�_�g�b�o��
�\�b�a�g�Z�q�_�g�g�x�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�•�\�g�h�]�h�� �€�o�� �k�l�Z�g�m���� �i�h�j�•�\�g�y�g�h�� �f�Z�e�h���� �G�_�f�Z�}�� �•��
�}�^�b�g�h�]�h�� �i�•�^�o�h�^�m�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y �\�g�m�l�j�•�r�g�•�o�� �a�m�k�b�e�v�� �m�� �i�e�Z�k�l�b�g�•���� �g�Z�\�Z�g�l�Z�`�_�g�h�€��
�j�•�a�g�b�f�b�� �a�h�\�g�•�r�g�•�f�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�f�b���� �A�g�Z�q�g�•�� �l�j�m�^�g�h�s�•�� �\�� �f�Z�l�_�f�Z�l�b�q�g�h�f�m�� �i�e�Z�g�•��
�a�Z�a�g�Z�}�� �\�b�a�g�Z�q�_�g�g�y�� �G�>�K�� �i�e�Z�k�l�b�g�b���� �a�Z�\�Z�g�l�Z�`�_�g�h�€�� �a�h�k�_�j�_�^�`�_�g�b�f�b�� �k�b�e�Z�f�b����
�f�h�f�_�g�l�Z�f�b���Z�[�h���d�m�k�h�q�d�h-�j�h�a�i�h�^�•�e�_�g�b�f�b���g�Z�\�Z�g�l�Z�`�_�g�g�y�f�b�� 

�G�Z�f�b�� �i�h�k�l�Z�\�e�_�g�Z�� �a�Z�^�Z�q�Z�� �i�h�[�m�^�h�\�b�� �e�•�g�•�c�� �\�i�e�b�\�m�� �a�m�k�b�e�v���� �s�h�� �i�_�j�_�^�Z�x�l�v�k�y��
�i�h�i�_�j�_�q�g�h�x�� �k�f�m�]�h�x�� �g�Z�� �i�h�a�^�h�\�`�g�•�� �k�f�m�]�b���� �P�_�� �^�h�a�\�h�e�b�l�v�� �i�j�h�k�l�h�� �\�b�a�g�Z�q�Z�l�b��
�\�g�m�l�j�•�r�g�•�� �a�m�k�b�e�e�y�� ���a�]�b�g�Z�e�v�g�•�� �f�h�f�_�g�l�b�� �•�� �i�h�i�_�j�_�q�g�•�� �k�b�e�b������ �Z�� �l�Z�d�h�`�� �^�_�n�h�j�f�Z�p�•�€��
���i�j�h�]�b�g�b�� �•�� �d�m�l�b�� �i�h�\�h�j�h�l�m���� �i�e�Z�k�l�b�g�b�� �i�j�b�� �^�•�€�� �g�Z�� �g�_�€�� �[�m�^�v�� �y�d�b�o�� �a�h�\�g�•�r�g�•�o��
�g�Z�\�Z�g�l�Z�`�_�g�v�� 

�I�_�j�r�h�x�� �a�Z�^�Z�q�_�x�� �j�h�a�j�Z�o�m�g�d�m�� �}�� �j�h�a�[�b�\�d�Z�� �i�e�Z�k�l�b�g�b�� �g�Z�� �i�h�a�^�h�\�`�g�•�� �•��
�i�h�i�_�j�_�q�g�•���k�f�m�]�b�����I�h�a�^�h�\�`�g�•���k�f�m�]�b�����^�b�\�����j�b�k�����������f�Z�x�l�v���^�h�\�`�b�g�m��l�����\�h�g�b���i�h�\�b�g�g�•��
�[�m�l�b�� �j�h�a�l�Z�r�h�\�Z�g�•�� �l�Z�d�b�f�� �q�b�g�h�f���� �s�h�[�� �k�l�h�y�d�b�� �a�g�Z�o�h�^�b�e�b�k�v�� �g�Z�� �i�h�a�^�h�\�`�g�•�c�� �h�k�•��
�k�f�m�]�b���� �1�g�r�•�� �i�h�a�^�h�\�`�g�•�� �k�f�m�]�b�� �[�m�^�m�l�v�� �a�g�Z�o�h�^�b�l�b�k�y�� �f�•�`�� �k�l�h�y�d�Z�f�b���� �D�•�e�v�d�•�k�l�v��
�i�h�a�^�h�\�`�g�•�o�� �k�f�m�]�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �d�•�e�v�d�h�k�l�•�� �k�l�h�y�d�•�\�� �m�� �i�h�i�_�j�_�q�g�h�f�m�� �g�Z�i�j�y�f�d�m���� �G�Z��
�j�b�k�m�g�d�m���i�e�Z�k�l�b�g�Z���j�h�a�[�b�l�Z���g�Z�������i�h�a�^�h�\�`�g�•�o���k�f�m�]���h�^�g�Z�d�h�\�h�€���r�b�j�b�g�b��d. 
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�I�h�i�_�j�_�q�g�•�� �k�f�m�]�b�� �r�b�j�b�g�h�x���E�=̄1 �k�e�•�^�� �\�b�j�•�a�Z�l�b�� �m�� �l�h�f�m�� �f�•�k�l�•�� �i�h�� �^�h�\�`�b�g�•��
�i�h�a�^�h�\�`�g�v�h�€�� �k�f�m�]�b���� �m�� �y�d�h�f�m�� �i�_�j�_�^�[�Z�q�Z�}�l�v�k�y�� �\�b�a�g�Z�q�Z�l�b�� �\�g�m�l�j�•�r�g�•�� �a�m�k�b�e�e�y���� �G�Z��
�j�b�k�m�g�d�m�� �i�h�d�Z�a�Z�g�h�� �^�\�Z�� �\�Z�j�•�Z�g�l�b�� �j�h�a�l�Z�r�m�\�Z�g�g�y�� �i�h�i�_�j�_�q�g�b�o�� �k�f�m�]���� �m�� �k�_�j�_�^�b�g�•��
�i�j�h�e�v�h�l�m�� �i�h�a�^�h�\�`�g�v�h�€�� �k�f�m�]�b�� ���i�h�i�_�j�_�q�g�Z�� �k�f�m�]�Z�� ������ �•�� �g�Z�^�� �k�l�h�y�d�Z�f�b�� ���i�h�i�_�j�_�q�g�Z��
�k�f�m�]�Z�����‰���� 

�I�h�i�_�j�_�q�g�b�c�� �_�e�_�f�_�g�l�� �j�h�a�]�e�y�^�Z�}�l�v�k�y�� �y�d�� �k�f�m�]�Z�� �g�Z�� �i�j�m�`�g�h-�h�k�•�^�Z�x�q�b�o��
�h�i�h�j�Z�o���� �y�d�b�f�b�� �}�� �i�h�a�^�h�\�`�g�•�� �k�f�m�]�b���� �>�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �a�m�k�b�e�e�y��Zi���� �s�h�� �i�_�j�_�^�Z�x�l�v�k�y��
�i�h�i�_�j�_�q�g�h�x�� �k�f�m�]�h�x�� �g�Z�� �i�h�a�^�h�\�`�g�•�� �k�f�m�]�b�� ���^�b�\���� �j�b�k���� ������ �i�j�h�i�h�g�m�}�l�v�k�y�� �a�f�•�r�Z�g�b�c��
�f�_�l�h�^�� �[�m�^�•�\�_�e�v�g�h�€�� �f�_�o�Z�g�•�d�b���� �^�e�y�� �q�h�]�h�� �m�\�h�^�b�l�v�k�y�� �n�•�d�l�b�\�g�_�� �a�Z�l�b�k�g�_�g�g�y��
�i�h�i�_�j�_�q�g�h�€�� �k�f�m�]�b�� �g�Z�� �€�€�� �e�•�\�h�f�m�� �d�•�g�p�•�� ���m�� �l�h�q�p�•�� �:������ �>�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �a�m�k�b�e�v��Zi �i�j�b��
�y�d�h�f�m�k�v�� �i�h�e�h�`�_�g�g�•�� �h�^�b�g�h�q�g�h�€�� �k�b�e�b���J� ������ �y�d�•�� �•�� �[�m�^�m�l�v�� �h�j�^�b�g�Z�l�Z�f�b�� �e�•�g�•�€�� �\�i�e�b�\�m��
�a�m�k�b�e�v�� �m���•-�c�� �i�h�a�^�h�\�`�g�•�c�� �k�f�m�a�•���� �� �l�j�_�[�Z�� �j�h�a�\�¶�y�a�Z�l�b�� �k�b�k�l�_�f�m�� �j�•�\�g�y�g�v�� �•�a�� ��n+2) 
�g�_�\�•�^�h�f�b�f�b�� 
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�I�h�i�_�j�_�q�g�Z�� �k�f�m�]�Z�� �i�_�j�_�^�Z�}�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �g�Z�� �i�h�a�^�h�\�`�g�•�� �k�f�m�]�b�� �q�_�j�_�a��
�Z�[�k�h�e�x�l�g�h�� �`�h�j�k�l�d�•�� �k�l�_�j�`�g�•�� ���^�b�\���� �j�b�k��1.������ �d�•�e�v�d�•�k�l�v�� �y�d�b�o�� �^�h�j�•�\�g�x�}�� �d�•�e�v�d�h�k�l�•��
�i�h�a�^�h�\�`�g�•�o�� �k�f�m�]���� �>�e�y�� �i�h�[�m�^�h�\�b�� �e�•�g�•�c�� �\�i�e�b�\�m�� �a�m�k�b�e�v��Zi , �^�•�x�q�b�o�� �g�Z�� �y�d�m�k�v��
�i�h�a�^�h�\�`�g�x�� �k�f�m�]�m���� �l�j�_�[�Z�� �i�j�b�d�e�Z�k�l�b�� �g�Z�^�� �p�•�}�x�� �k�f�m�]�h�x�� �h�^�b�g�b�q�g�_�� �a�m�k�b�e�e�y�� �k�b�e�b��
�J=1. 

�<�b�a�g�Z�q�_�g�g�y�� �h�^�b�g�b�q�g�b�o�� �i�_�j�_�f�•�s�_�g�v�� �/ik �•�� �\�•�e�v�g�b�o�� �q�e�_�g�•�\�� �� �ûip �g�_�� �\�b�d�e�b�d�Z�}��
�a�Z�[�j�m�^�g�_�g�v�����\�h�g�b���\�b�a�g�Z�q�Z�x�l�v�k�y���y�d���m���d�h�g�k�h�e�v�g�•�c���k�f�m�a�•�����K�e�•�^���a�Z�m�\�Z�`�b�l�b�����s�h���i�j�b��
�\�b�a�g�Z�q�_�g�•�� �]�h�e�h�\�g�b�o�� �h�^�b�g�b�q�g�b�o�� �i�_�j�_�f�•�s�_�g�v�� �/ii �k�e�•�^�� �m�j�Z�o�h�\�m�\�Z�l�b�� �i�j�h�]�b�g���m�•�• 
�i�h�a�^�h�\�`�g�v�h�€�� �k�f�m�]�b�� �m�� �f�•�k�p�•�� �j�h�a�l�Z�r�m�\�Z�g�g�y�� �i�h�i�_�j�_�q�g�h�€�� �k�f�m�]�b�� �\�•�^�� �h�^�b�g�h�q�g�h�]�h��
�j�•�\�g�h�f�•�j�g�h���j�h�a�i�h�^�•�e�_�g�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y���•�g�l�_�g�k�b�\�g�•�k�l�x��q=1. 

�F�_�l�h�^�b�d�m�� �•�� �n�h�j�f�m�e�b�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �h�^�b�g�b�q�g�b�o�� �i�_�j�_�f�•�s�_�g�v�� �•�� �\�•�e�v�g�b�o��
�q�e�_�g�•�\���g�Z�\�_�^�_�g�h���m���j�h�[�h�l�•���>���@�� 
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�J�b�k�����������J�h�a�j�Z�o�m�g�d�h�\�Z���•���h�k�g�h�\�g�Z���k�o�_�f�b���i�h�i�_�j�_�q�g�h�€���k�f�m�]�b 
 
�A�Z�i�j�h�i�h�g�h�\�Z�g�b�c�� �f�_�l�h�^�� �j�h�a�j�Z�o�m�g�d�m�� �^�h�a�\�h�e�y�}���\�b�a�g�Z�q�Z�l�b�� �g�Z�i�j�m�`�_�g�h-

�^�_�n�h�j�f�•�\�g�b�c�� �k�l�Z�g���i�e�Z�k�l�b�g���i�j�b�� �[�m�^�v-�y�d�•�c�� �k�o�_�f�•���€�o���h�i�b�j�Z�g�g�y�� �g�Z���k�l�h�y�d�b���•�� �i�j�b���^�•�€��
�g�Z���i�e�Z�k�l�b�g�b���[�m�^�v-�y�d�b�o���a�h�\�g�•�r�g�•�o���g�Z�\�Z�g�l�Z�`�_�g�v�� 
 
[1] �D�h�`�m�r�d�h�� �<���I���� �F�h�^�_�e�x�\�Z�g�g�y�� �i�j�h�e�v�h�l�g�b�o�� �[�m�^�h�\�� �f�h�k�l�•�\���� �F�h�g�h�]�j�Z�n�•�y�� ���� �<���I�� �D�h�`�m�r�d�h�����± �O�Z�j�d�•�\���� �O�G�:�>�M����
2010. �± 196 �k�� 
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�F�?�L�H�>�B �J�H�A�J�:�O�M�G�D�M���G�?�K�M�Q�H�2���A�>�:�L�G�H�K�L�1���D�H�G�K�L�J�M�D�P�1�C�� 
�1�A���D�<�:�A�1�D�J�B�O�D�B�O���F�:�L�?�J�1�:�E�1�<���I�J�B���A�K�M�<�1 

 
METHODS OF CALCULATING THE BEARING CAPACITY OF 

STRUCTURES FROM QUASI-BRITTLE MATERIALS UNDER THE 
SHEAR 

 
�d�Z�g�^�����l�_�o�g�����g�Z�m�d �H���H�����>�h�\�`�_�g�d�h1, �d�Z�g�^�����l�_�o�g�����g�Z�m�d���<���<�����I�h�]�j�•�[�g�b�c1,  

�Z�k�i�•�j�Z�g�l�b���<���E�����R�\�Z�c�d�h�\�k�v�d�b�c1, �F���H�����F�•�s�_�g�d�h1, �F���<�����I�_�g�p1  
1�G�Z�p�•�h�g�Z�e�v�g�b�c���m�g�•�\�_�j�k�b�l�_�l���©�I�h�e�l�Z�\�k�v�d�Z���i�h�e�•�l�_�o�g�•�d�Z���•�f�_�g�•���X�j�•�y���D�h�g�^�j�Z�l�x�d�Z�ª�� 

 
PhD (Tech.), O.O. Dovzhenko1, PhD (Tech.), V .V. Pohribnyi1, graduate students 

V.L. Shvaikovsky1, M.O. Mishchenko1, M.V. Penz1 
1�1�D�W�L�R�Q�D�O���8�Q�L�Y�H�U�V�L�W�\���©�<�X�U�L���.�R�Q�G�U�D�W�\�X�N���3�R�O�W�D�Y�D�����3�R�O�\�W�H�F�K�Q�L�F�ª 

 
 

�>�e�y�� �m�^�h�k�d�h�g�Z�e�_�g�g�y�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o�� �j�•�r�_�g�v�� �l�Z�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �g�Z�^�•�c�g�h�€��
�l�j�b�\�Z�e�h�€�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �[�m�^�•�\�_�e�v�� �•�� �k�i�h�j�m�^�� �\�Z�`�e�b�\�_�� �a�g�Z�q�_�g�g�y�� �f�Z�}�� �k�l�\�h�j�_�g�g�y��
�f�_�l�h�^�•�\���€�o���j�h�a�j�Z�o�m�g�d�m�����y�d�•���[���f�Z�d�k�b�f�Z�e�v�g�h���\�j�Z�o�h�\�m�\�Z�e�b���m�k�•���\�b�a�g�Z�q�Z�e�v�g�•���n�Z�d�l�h�j�b����
�>�h�k�y�]�g�_�g�g�y���\�d�Z�a�Z�g�h�€���f�_�l�b���f�h�`�e�b�\�h���r�e�y�o�h�f���k�b�k�l�_�f�Z�l�b�a�Z�p�•�€���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o��
�^�h�k�e�•�^�`�_�g�v���l�Z���\�b�d�h�j�b�k�l�Z�g�g�y���^�h�k�l�Z�l�g�v�h���a�Z�]�Z�e�v�g�h�€���l�_�h�j�_�l�b�q�g�h�€���h�k�g�h�\�b�� 

�L�_�h�j�•�y�� �i�e�Z�k�l�b�q�g�h�k�l�•�� �a�g�Z�c�r�e�Z�� �m�k�i�•�r�g�_�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �i�j�b�� �\�k�l�Z�g�h�\�e�_�g�g�•��
�\�_�e�b�q�b�g�b�� �]�j�Z�g�b�q�g�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �i�e�Z�k�l�b�q�g�b�o�� �l�•�e���� �>�e�y�� �d�h�g�k�l�j�m�d�p�•�c�� �•�a��
�d�\�Z�a�•�d�j�b�o�d�b�o�� �f�Z�l�_�j�•�Z�e�•�\�� �^�h�� �y�d�b�o�� �\�•�^�g�h�k�y�l�v�k�y�� �[�_�l�h�g�� �•�� �d�Z�f�¶�y�g�Z�� �d�e�Z�^�d�Z���� �€�€��
�\�b�d�h�j�b�k�l�Z�g�g�y�� �^�h�\�h�e�•�� �h�[�_�j�_�`�g�_���� �s�h�� �i�h�y�k�g�x�}�l�v�k�y�� �i�_�\�g�h�x�� �g�_�\�b�a�g�Z�q�_�g�•�k�l�x�� �m�f�h�\��
�j�_�Z�e�•�a�Z�p�•�€�� �i�e�Z�k�l�b�q�g�h�]�h�� �d�•�g�_�f�Z�l�b�q�g�h�]�h�� �f�_�o�Z�g�•�a�f�m���� �L�Z�d�h�`�� �•�k�g�m�}�� �g�_�h�[�o�•�^�g�•�k�l�v��
�Z�^�Z�i�l�m�\�Z�g�g�y�� �f�Z�l�_�f�Z�l�b�q�g�h�]�h�� �Z�i�Z�j�Z�l�m�� �l�_�h�j�•�€�� �i�e�Z�k�l�b�q�g�h�k�l�•�� �^�h �[�_�l�h�g�m ���d�e�Z�^�d�b���� �a��
�\�j�Z�o�m�\�Z�g�g�y�f���h�k�h�[�e�b�\�h�k�l�_�c���€�o���f�•�p�g�h�k�g�b�o���•���^�_�n�h�j�f�Z�l�b�\�g�b�o���\�e�Z�k�l�b�\�h�k�l�_�c���� 

�J�h�a�j�b�\�g�•�� �j�•�r�_�g�g�y�� �\�� �l�_�h�j�•�€�� �i�e�Z�k�l�b�q�g�h�k�l�•�� �^�h�a�\�h�e�y�x�l�v�� �k�m�l�l�}�\�h�� �a�g�b�a�b�l�b��
�k�d�e�Z�^�g�•�k�l�v�� �h�l�j�b�f�Z�g�g�y�� �j�_�a�m�e�v�l�Z�l�•�\���� �A�Z�k�l�h�k�h�\�m�}�l�v�k�y�� �i�j�b�g�p�b�i�� �\�•�j�l�m�Z�e�v�g�b�o��
�r�\�b�^�d�h�k�l�_�c�����k�l�j�b�[�d�b���y�d�b�o���f�Z�x�l�v���f�•�k�p�_���\���^�h�l�b�q�g�h�f�m���•���g�h�j�f�Z�e�v�g�h�f�m���^�h���i�h�\�_�j�o�g�•��
�j�m�c�g�m�\�Z�g�g�y���g�Z�i�j�y�f�d�Z�o�����s�h���i�h�\�¶�y�a�Z�g�h���a���^�b�e�Z�l�Z�g�k�•�}�x���[�_�l�h�g�m���l�Z���d�Z�f�¶�y�g�h�€���d�e�Z�^�d�b����
�I�e�Z�k�l�b�q�g�Z�� �^�_�n�h�j�f�Z�p�•�y�� �e�h�d�Z�e�•�a�m�}�l�v�k�y�� �\�� �l�h�g�d�b�o�� �r�Z�j�Z�o�� �g�Z�� �i�h�\�_�j�o�g�•�� �j�m�c�g�m�\�Z�g�g�y����
�K�m�k�•�^�g�•�� �h�[�e�Z�k�l�•�� �\�\�Z�`�Z�x�l�v�k�y�� �`�h�j�k�l�d�b�f�b���� �<�_�e�b�q�b�g�Z�� �]�j�Z�g�b�q�g�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y��
�\�•�^�i�h�\�•�^�Z�}���f�•�g�•�f�Z�e�v�g�h�f�m���a�g�Z�q�_�g�g�x���i�h�l�m�`�g�h�k�l�•���i�e�Z�k�l�b�q�g�h�€���^�_�n�h�j�f�Z�p�•�€���� 

�J�h�a�]�e�y�^�Z�x�l�v�k�y�� �\�b�i�Z�^�d�b�� �^�h�f�•�g�m�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�€�� �a�k�m�\�m�� �\�� �d�Z�f�¶�y�g�b�o��
�i�j�h�k�l�•�g�d�Z�o�� �� �� �i�j�b�� �k�m�f�•�k�g�•�c�� �^�•�€�� �\�_�j�l�b�d�Z�e�v�g�b�o��N �•�� �]�h�j�b�a�h�g�l�Z�e�v�g�b�o�� ���k�_�c�k�f�•�q�g�b�o����S 
�k�b�e���� �i�h�o�b�e�•�c�� �k�l�b�k�g�m�l�•�c�� �k�f�m�a�• �d�h�j�h�l�d�b�o�� �d�h�g�k�h�e�_�c���� �k�l�b�k�g�m�l�•�c�� �a�h�g�•�� �h�i�h�j�g�b�o��
�^�•�e�y�g�h�d�� �[�Z�e�h�d���� �y�d�Z�� �k�i�j�b�c�f�Z�}�� �g�h�j�f�Z�e�v�g�•��N�k���•�� �i�h�i�_�j�_�q�g�•��V�k �a�m�k�b�e�e�y���� �r�i�h�g�d�h�\�b�o��
�k�l�b�d�Z�o���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���d�h�g�k�l�j�m�d�p�•�c���g�_�k�m�s�b�o���k�b�k�l�_�f�� 

�M�� �>���@�� �i�_�j�_�^�[�Z�q�_�g�h�� �i�•�^�\�b�s�_�g�g�y���[�_�a�i�_�d�b�� �[�m�^�•�\�_�e�v�� �•�� �k�i�h�j�m�^�� �i�j�b�� �k�_�c�k�f�•�q�g�b�o����
�\�i�e�b�\�Z�o�� �•�� �j�h�a�j�h�[�e�_�g�g�y�� �^�h�^�Z�l�d�h�\�b�o�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o�� �a�Z�o�h�^�•�\���� �>�e�y�� �m�g�b�d�g�_�g�g�y��
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�^�•�Z�]�h�g�Z�e�v�g�h�]�h�� �j�h�a�d�h�e�x�\�Z�g�g�y�� �\�k�l�Z�g�h�\�e�_�g�•�� �h�[�e�Z�k�l�•�� �c�h�]�h�� �j�_�Z�e�•�a�Z�p�•�€�� �l�Z�� �\�b�i�Z�^�h�d��
�\�l�j�Z�l�b���g�_�k�m�q�h�€���a�^�Z�l�g�h�k�l�•���i�j�h�k�l�•�g�d�m���i�j�b���a�k�m�\�•���a�Z���p�•�e�b�f���i�_�j�_�j�•�a�h�f�����j�b�k���������� 

 

 
                         �Z��������������������������������������������������              �[�����������������������������������������������������������������������������������������������������\�� 
�J�b�k������. �D�•�g�_�f�Z�l�b�q�g�•���k�o�_�f�b���j�m�c�g�m�\�Z�g�g�y���p�_�]�e�y�g�h�]�h���i�j�h�k�l�•�g�d�Z�����a�Z�\�Z�g�l�Z�`�_�g�h�]�h���\�_�j�l�b�d�Z�e�v�g�h�x���l�Z��
�]�h�j�b�a�h�g�l�Z�e�v�g�h�x���k�b�e�Z�f�b���i�j�b���a�j�•�a�•�����Z�����l�Z���^�•�Z�]�h�g�Z�e�v�g�h�f�m���j�h�a�d�h�e�x�\�Z�g�g�•�����[�������n�j�Z�]�f�_�g�l���k�l�•�g�b�����\������
�1, �1�1 �± �`�h�j�k�l�d�•���^�b�k�d�b������ �± �d�m�l���f�•�`���k�b�e�h�x��N �•���i�h�\�_�j�o�g�_�x���j�m�c�g�m�\�Z�g�g�y�����% �± �d�m�l���f�•�`���g�Z�i�j�y�f�d�h�f��

�j�m�o�m���^�b�k�d�m���l�Z���i�e�h�s�b�g�h�x���a�j�•�a�m�����J���± �j�•�\�g�h�^�•�c�g�Z���k�b�e��S �•��N; V, V1 �• V2 �± �r�\�b�^�d�h�k�l�•���^�b�k�d�•�\ 
 

�G�Z�c�[�•�e�v�r�� �g�Z�i�j�m�`�_�g�h�x�� �h�[�e�Z�k�l�x�� �d�h�j�h�l�d�b�o�� �d�h�g�k�h�e�_�c�� �}�� �i�h�o�b�e�Z�� �k�f�m�]�Z��[2]���� �\��
�y�d�•�c���j�m�c�g�m�\�Z�g�g�y�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �r�e�y�o�h�f�� �a�k�m�\�m�� ���j�b�k�� 2, �Z���� �l�Z�� �^�•�Z�]�h�g�Z�e�v�g�h�]�h��
�j�h�a�d�h�e�x�\�Z�g�g�y���� �M�� �k�l�b�k�g�m�l�•�c�� �a�h�g�•�� �[�Z�e�h�d�� �g�Z�^�� �i�h�o�b�e�h�x�� �l�j�•�s�b�g�h�x�� ���j�b�k���� �� ���� �[���� �l�Z�� �\��
�r�i�h�g�d�h�\�b�o���a�¶�}�^�g�Z�g�g�y�o���j�_�Z�e�•�a�m�}�l�v�k�y���a�j�•�a���a�Z���p�•�e�b�f���i�_�j�_�j�•�a�h�f������ 

 

 
 

�J�b�k������. �D�•�g�_�f�Z�l�b�q�g�•���k�o�_�f�b���j�m�c�g�m�\�Z�g�g�y�����i�h�o�b�e�h�€���k�l�b�k�g�m�l�h�€ �k�f�m�]�b ���Z������ 
�d�e�b�g�h�i�h�^�•�[�g�h�€���[�_�l�h�g�g�h�€���a�h�g�b���g�Z�^���g�_�[�_�a�i�_�q�g�h�x���i�h�o�b�e�h�x���l�j�•�s�b�g�h�x�����[������ 

�1 �•���2 �± �g�h�j�f�Z�e�v�g�•���l�Z���^�h�l�b�q�g�•���k�d�e�Z�^�h�\�•���i�h�\�_�j�o�h�\�b�o���k�b�e�����1n �•���2n �± �g�Z�i�j�m�`�_�g�g�y�� 
�g�Z���i�h�\�_�j�o�g�•���a�j�•�a�m������ �± �d�m�l���g�Z�o�b�e�m���k�f�m�]�b�����. �± �d�m�l���d�e�b�g�m�� 

 
�<�k�l�Z�g�h�\�e�_�g�h���\�i�e�b�\���g�Z���g�_�k�m�q�m���a�^�Z�l�g�•�k�l�v���\�b�a�g�Z�q�Z�e�v�g�b�o���n�Z�d�l�h�j�•�\�����\�•�^�g�h�r�_�g�g�y��

S/N�����^�h�\�`�b�g�b���i�e�h�s�Z�^�d�b���k�i�b�j�Z�g�g�y���i�_�j�_�f�b�q�d�b��lsup, �\�•�^�g�h�r�_�g�g�y���r�b�j�b�g�b���i�j�h�k�l�•�g�d�Z��
�^�h�� �c�h�]�h�� �\�b�k�h�l�b��b/h �i�j�b�� �^�•�Z�]�h�g�Z�e�v�g�h�f�m�� �j�h�a�d�j�h�x�\�Z�g�g�•�� �d�m�l�Z�� �g�Z�o�b�e�m�� �k�f�m�]�b����, 
�•�g�l�_�g�k�b�\�g�h�k�l�•�� �Z�j�f�m�\�Z�g�g�y��qsw �d�h�j�h�l�d�b�o�� �d�h�g�k�h�e�_�c���� �d�m�l�Z�� �d�e�b�g�m���. �k�l�b�k�g�m�l�h�€�� �a�h�g�b��
�g�Z�^�� �i�h�o�b�e�h�x�� �l�j�•�s�b�g�h�x�� �[�Z�e�h�d���� �n�h�j�f�b���� �j�h�a�f�•�j�•�\�� �l�Z�� �d�•�e�v�d�h�k�l�•�� �r�i�h�g�h�d���� �r�b�j�b�g�b��
�k�l�b�d�Z���� 
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[1] �>�;�G �<��������-�����������������;�m�^�•�\�g�b�p�l�\�h���m���k�_�c�k�f�•�q�g�b�o���j�Z�c�h�g�Z�o���M�d�j�Z�€�g�b�����± �D�������F�•�g�j�_�]�•�h�g���M�d�j�Z�€�g�b�����± 2014. �± 110 �k�� 
[2] �I�h�]�j�•�[�g�b�c�� �<���<���� �F�_�l�h�^�h�e�h�]�•�y�� �j�h�a�j�Z�o�m�g�d�m�� �g�_�k�m�q�h�€ �a�^�Z�l�g�h�k�l�• �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �•�� �d�Z�f�¶�y�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �a��
�\�b�d�h�j�b�k�l�Z�g�g�y�f���m�f�h�\���_�d�k�l�j�_�f�m�f�m���^�_�n�h�j�f�m�\�Z�g�g�y�����f�h�g�h�]�j�Z�n�•�y�������<���<�� �I�h�]�j�•�[�g�b�c�����± �I�h�e�l�Z�\�Z�����I�I���©�:�k�l�j�Z�y�ª�����������������± 
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�j�h�a�j�Z�o�m�g�d�h�\�h�€�� �f�h�^�_�e�•�� �� �\�b�d�h�j�b�k�l�h�\�m�}�l�v�k�y�� �k�l�b�k�g�m�l�Z�� �g�Z�o�b�e�_�g�Z�� �k�f�m�]�Z���� �d�h�l�j�Z��
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                                         a)                                            �[) 

�J�b�k.1. �J�m�c�g�m�\�Z�g�g�y �k�l�b�k�g�m�l�h�€ �k�f�m�]�b �r�i�h�g�d�h�\�h�]�h �a�¶�}�^�g�Z�g�g�y �r�e�y�o�h�f �^�•�Z�]�h�g�Z�e�v�g�h�]�h 
�j�h�a�d�h�e�x�\�Z�g�g�y (�Z), �d�•�g�_�f�Z�l�b�q�g�h �f�h�`�e�b�\�Z �k�o�_�f�Z �j�m�c�g�m�\�Z�g�g�y (�[) 
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�< �a�Z�]�Z�e�v�g�h�f�m �\�b�i�Z�^�d�m �\ �l�_�h�j�_�l�b�q�g�•�c �f�h�^�_�e�• �\ �k�l�Z�^�•�€ �j�m�c�g�m�\�Z�g�g�y �k�l�b�k�g�m�l�Z 
�k�f�m�]�Z �j�h�a�^�•�e�y�}�l�v�k�y �g�Z �q�h�l�b�j�b �`�h�j�k�l�d�• �^�b�k�d�b: �^�\�Z �d�e�b�g�b �i�•� ̂�i�e�h�s�Z�^�d�Z�f�b, �q�_�j�_�a 
�y�d�• �i�_�j�_�^�Z�}�l�v�k�y �g�Z�\�Z�g�l�Z�`�_�g�g�y (�d�e�b�g�b �f�h�`�m�l�v �[�m�l�b �g�_�k�b�f�_�l�j�b�q�g�b�f�b, �h�k�l�Z�g�g�} 
�\�b�a�g�Z�q�Z�}�l�v�k�y �k�i�•�\�\�•�^�g�h�r�_�g�g�y�f �]�_�h�f�_�l�j�b�q�g�b�o �i�Z�j�Z�f�_�l�j�•�\ �k�l�b�d�m) �l�Z �^�\�Z 
�_�e�_�f�_�g�l�Z, �h�d�j�_�k�e�_�g�• �a�k�m�\�g�b�f�b �^�•�e�y�g�d�Z�f�b �d�e�b�g�•�\ �• �i�e�h�s�b�g�h�x �j�h�a�d�h�e�x�\�Z�g�g�y, 
�d�h�l�j�Z �a�¶�}�^�g�m�} �€�o �\�_�j�r�b�g�b. �D�e�b�g�b �i�j�b �^�•�€ �a�h�\�g�•�r�g�v�h�]�h �g�Z�\�Z�g�l�Z�`�_�g�g�y �j�m�o�Z�x�l�v�k�y 
�g�Z�a�m�k�l�j�•�q �h�^�b�g �h�^�g�h�f�m, �k�i�j�b�q�b�g�y�x�q�b �\�•�^�^�Z�e�_�g�g�y �^�\�h�o �•�g�r�b�o �`�h�j�k�l�d�b�o �^�b�k�d�•�\ �m 
�g�Z�i�j�y�f�d�m, �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h �i�e�h�s�b�g�• �j�h�a�d�h�e�x�\�Z�g�g�y (�j�b�k. 1, �[). �G�_�\�•�^�h�f�b�f�b �i�j�b 
�j�h�a�\�¶�y�a�d�m �a�Z�^�Z�q�• �\�b�k�l�m�i�Z�x�l�v: �d�m�l�b �g�Z�o�b�e�m �^�•�e�y�g�h�d �a�k�m�\�m �d�e�b�g�•�\ �^�h �i�e�h�s�b�g�b 
�j�h�a�d�h�e�x�\�Z�g�g�y 1�J  �• 2�J , �\�•�^�g�h�r�_�g�g�y �r�\�b�^�d�h�k�l�_�c �j�m�o�m �`�h�j�k�l�d�b�o �^�b�k�d�•�\  1 2/k V V�  
�• �]�j�Z�g�b�q�g�_ �g�Z�\�Z�g�l�Z�`�_�g�g�y 1P , �d�h�l�j�_ �\�b�a�g�Z�q�Z�}�l�v�k�y �a�Z �a�Z�e�_�`�g�•�k�l�x: 
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�i�h���f�_�o�Z�g�•�q�g�b�f���l�Z�d���•���i�h �j�_�h�e�h�]�•�q�g�b�f���\�e�Z�k�l�b�\�h�k�l�y�f���� 

�J�•�\�g�h�f�•�j�g�_�� �j�h�a�i�h�\�k�x�^�`�_�g�g�y�� �n�•�[�j�b�� �i�h�� �h�[�¶�}�f�m���[�_�l�h�g�g�h�€�� �f�Z�l�j�b�p�•�� �a�Z�[�_�a�i�_�q�m�}�� �€�€��
�l�j�b�f�•�j�g�_�� �a�f�•�p�g�_�g�g�y���� �a�Z�d�j�•�i�e�x�x�q�b�� �\�g�m�l�j�•�r�g�x�� �k�l�j�m�d�l�m�j�m�� �k�\�h�€�f�b�� �\�h�e�h�d�g�Z�f�b����
�I�j�b�� �p�v�h�f�m�� �\�e�Z�k�l�b�\�h�k�l�•�� �n�•�[�j�h�[�_�l�h�g�m�� �a�Z�e�_�`�Z�l�v�� �\�•�^�� �\�b�^�m�� �k�Z�f�h�€���n�•�[�j�b���� �€�€�� �\�f�•�k�l�m�� �m��
�[�_�l�h�g�g�•�c �f�Z�l�j�b�p�•���l�Z���j�h�a�f�•�j�•�\���>���@�� 
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�:�j�f�h�\�Z�g�b�c�� �n�•�[�j�Z�f�b�� �[�_�l�h�g�� �m�� �^�_�d�•�e�v�d�Z�� �j�Z�a�•�\�� �i�_�j�_�\�b�s�m�}�� �f�•�p�g�•�k�g�•�� �•��
�^�_�n�h�j�f�Z�l�b�\�g�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���a�\�b�q�Z�c�g�h�]�h���[�_�l�h�g�m�����h�^�g�Z�d���g�_�^�h�k�l�Z�l�g�y���\�b�\�q�_�g�•�k�l�v��
�\�e�Z�k�l�b�\�h�k�l�_�c�� �\�h�e�h�d�h�g�� �m�� �[�_�l�h�g�g�•�c�� �f�Z�l�j�b�p�•�� �h�[�f�_�`�m�}�� �h�[�e�Z�k�l�•�� �•�� �h�[�¶�}�f�b��
�a�Z�k�l�h�k�m�\�Z�g�g�y�� �n�•�[�j�h�[�_�l�h�g�•�\�� �\���[�m�^�•�\�g�b�p�l�\�•���� �g�_�a�\�Z�`�Z�x�q�b�� �g�Z�� �l�_���� �s�h�� �\�b�d�h�j�b�k�l�Z�g�g�y��
�g�_�f�_�l�Z�e�_�\�b�o���\�h�e�h�d�h�g���\�b�d�e�x�q�Z�}���i�j�h�[�e�_�f�b���i�h�\�¶�y�a�Z�g�•���a���d�h�j�h�a�•�}�x���� 

�A�Z���h�k�l�Z�g�g�•�c���q�Z�k���[�Z�]�Z�l�v�f�Z���Z�\�l�h�j�Z�f�b���i�j�h�\�_�^�_�g�•���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•���^�h�k�e�•�^�`�_�g�g�y����
�y�d�•�� �i�h�d�Z�a�m�x�l�v�� �\�i�e�b�\�� �j�•�a�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �n�•�[�j�b�� �g�Z�� �f�•�p�g�•�k�g�•�� �•�� �^�_�n�h�j�f�Z�l�b�\�g�•��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���n�•�[�j�h�[�_�l�h�g�m���i�j�b���j�•�a�g�b�o���\�b�^�Z�o���^�_�n�h�j�f�Z�p�•�c�����>2,3�@�����G�Z�j�y�^�m���a���p�b�f����
�•�k�g�m�}���g�_�^�h�k�l�Z�l�g�•�k�l�v���f�_�l�h�^�•�\���j�h�a�j�Z�o�m�g�d�m���l�Z�d�b�o���f�Z�l�_�j�•�Z�e�•�\���g�Z���j�•�a�g�•���\�i�e�b�\�b�����Z���k�Z�f�_��
�l�_�f�i�_�j�Z�l�m�j�g�b�c���\�i�e�b�\���� 

�I�j�b���i�j�h�_�d�l�m�\�Z�g�g�•���d�h�g�k�l�j�m�d�p�•�c���\�b�a�g�Z�q�Z�x�l�v���g�_���l�•�e�v�d�b���f�•�p�g�•�k�g�•���•���^�_�n�h�j�f�Z�l�b�\�g�•��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �Z�� �•�� �f�_�`�m�� �\�h�]�g�_�k�l�•�c�d�h�k�l�•���� �L�h�f�m���� �i�j�b�� �i�j�h�_�d�l�m�\�Z�g�g�•���� �f�Z�}�� �[�m�l�b��
�j�h�a�j�h�[�e�_�g�b�c���f�Z�l�_�f�Z�l�b�q�g�b�c���Z�i�Z�j�Z�l�����y�d�b�c���^�h�a�\�h�e�y�\���[�b���\�b�d�h�g�m�\�Z�l�b���j�h�a�j�Z�o�m�g�d�b���g�Z��
�l�_�f�i�_�j�Z�l�m�j�g�b�c���\�i�e�b�\�����>�e�y���p�v�h�]�h���g�_�h�[�o�•�^�g�h���a�g�Z�l�b���a�Z�e�_�`�g�h�k�l�•���f�•�`���l�_�f�i�_�j�Z�l�m�j�h�x��
�•���f�_�o�Z�g�•�q�g�b�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���n�•�[�j�h�[�_�l�h�g�m���� 

�:�g�Z�e�•�a�� �e�•�l�_�j�Z�l�m�j�g�b�o�� �^�`�_�j�_�e�� �\�b�y�\�b�\�� �g�_�^�h�k�l�Z�l�g�x�� �\�b�\�q�_�g�•�k�l�v�� �\�i�e�b�\�m��
�l�_�f�i�_�j�Z�l�m�j�b�� �g�Z�� �f�•�p�g�•�k�g�•�� �l�Z�� �^�_�n�h�j�f�Z�l�b�\�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �n�•�[�j�h�[�_�l�h�g�•�\���� �L�h�f�m��
�p�•�e�e�x�� �^�h�k�e�•�^�`�_�g�g�y�� �}�� �i�•�^�]�h�l�h�\�d�Z�� �n�•�[�j�h�[�_�l�h�g�g�b�o�� �d�m�[�b�d�•�\���� �y�d�•�� �a�Z�a�g�Z�e�b��
�l�_�f�i�_�j�Z�l�m�j�g�•�c���\�i�e�b�\�����^�h���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v. 

�I�e�Z�g�m�\�Z�g�g�y���_�d�k�i�_�j�b�f�_�g�l�m�����>�e�y���\�b�a�g�Z�q�_�g�g�y���\�i�e�b�\�m���l�_�f�i�_�j�Z�l�m�j�b���g�Z���f�•�p�g�•�k�g�•���•��
�^�_�n�h�j�f�Z�l�b�\�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �n�•�[�j�h�[�_�l�h�g�•�\���� �Z�� �l�Z�d�h�`�� �\�b�y�\�e�_�g�g�y�� �a�Z�e�_�`�g�h�k�l�_�c��
�p�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �\�•�^�� �l�_�f�i�_�j�Z�l�m�j�b�� �g�_�h�[�o�•�^�g�h�� �i�j�h�\�_�k�l�b�� �_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•��
�^�h�k�e�•�^�`�_�g�g�y���� �A�� �p�•�}�x�� �f�_�l�h�x�� �\�b�d�h�g�Z�g�h�� �i�e�Z�g�m�\�Z�g�g�y�� �_�d�k�i�_�j�b�f�_�g�l�m���� �p�_�� �i�j�h�p�_�^�m�j�Z��
�\�b�a�g�Z�q�_�g�g�y�� �q�b�k�e�Z�� �•�� �m�f�h�\�� �i�j�h�\�_�^�_�g�g�y�� �^�h�k�e�•�^�`�_�g�v���� �g�_�h�[�o�•�^�g�b�o�� �•�� �^�h�k�l�Z�l�g�•�o�� �^�e�y��
�\�b�j�•�r�_�g�g�y�� �i�h�k�l�Z�\�e�_�g�h�€�� �a�Z�^�Z�q�•�� �a�� �i�h�l�j�•�[�g�h�x�� �l�h�q�g�•�k�l�x���� �F�_�l�h�x�� �^�h�k�e�•�^�`�_�g�g�y�� �}��
�\�b�a�g�Z�q�_�g�g�y�� �d�m�[�b�d�h�\�h�€�� �f�•�p�g�h�k�l�•�� �n�•�[�j�h�[�_�l�h�g�m�� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^�� �l�_�f�i�_�j�Z�l�m�j�b��
�g�Z�]�j�•�\�Z�g�g�y�� �l�Z�� �\�b�^�m�� �n�•�[�j�h�\�h�]�h�� �\�h�e�h�d�g�Z���� �<�f�•�k�l�� �n�•�[�j�b�� �l�Z�� �€�€�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �\��
�^�Z�g�h�f�m�� �^�h�k�e�•�^�`�_�g�g�•�� �g�_�� �j�h�a�]�e�y�^�Z�x�l�v�k�y���� �Z�� �i�j�b�c�f�Z�x�l�v�k�y�� �a�]�•�^�g�h�� �a�� �>2,3�@���� �L�Z�d�b�f��
�q�b�g�h�f���� �l�_�f�i�_�j�Z�l�m�j�Z�� �•�� �\�b�^�� �n�•�[�j�b�� �p�_�� �n�Z�d�l�h�j�b���� �y�d�•�� �\�i�e�b�\�Z�x�l�v�� �g�Z�� �\�•�^�]�m�d�� �k�b�k�l�_�f�b����
�l�h���[���l�h���j�_�a�m�e�v�l�Z�l���_�d�k�i�_�j�b�f�_�g�l�m�� �<���g�Z�r�h�f�m���\�b�i�Z�^�d�m���p�_���f�_�`�Z���f�•�p�g�h�k�l�•�����M���^�Z�g�h�f�m��
�^�h�k�e�•�^�`�_�g�g�•�� �j�h�a�]�e�y�^�Z�x�l�v�k�y�� �l�j�b�� �\�b�^�b�� �Z�j�f�m�\�Z�g�g�y�� ���k�l�Z�e�_�\�Z�� �n�•�[�j�Z���� �[�Z�a�Z�e�v�l�h�\�Z��
�n�•�[�j�Z�� �•�� �d�h�g�l�j�h�e�v�g�b�c�� �[�_�l�h�g�g�•�c�� �a�j�Z�a�h�d�� �[�_�a�� �n�•�[�j�b������ �<�e�Z�k�l�b�\�h�k�l�•�� �a�j�Z�a�d�•�\��
�\�b�a�g�Z�q�Z�l�b�f�_�f�h�� �^�e�y�� �g�Z�k�l�m�i�g�b�o�� �l�_�f�i�_�j�Z�l�m�j���������ƒ�K���� �����ƒ�K���� �����ƒ�K���� �������ƒ�K���� �������ƒ�K�� 
�������ƒ�K���� �������ƒ�K���� �������ƒ�K���� �L�Z�d�b�f�� �q�b�g�h�f���� �d�•�e�v�d�•�k�l�v�� �j�•�\�g�_�c�� �n�Z�d�l�h�j�•�\�� �}�� �g�_�h�^�g�Z�d�h�\�b�f�� �•��
�\�h�g�b�� �}�� �g�_�a�Z�e�_�`�g�b�f�b�� �h�^�g�_�� �\�•�^�� �h�^�g�h�]�h���� �D�•�e�v�d�•�k�l�v�� �f�h�`�e�b�\�b�o�� �j�•�a�g�b�o�� �^�h�k�e�•�^�•�\�� �1��
�\�b�a�g�Z�q�Z�}�l�v�k�y���\�b�j�Z�a�h�f�� 
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�L�Z�d�b�f���q�b�g�h�f�����g�_�h�[�o�•�^�g�h���\�b�]�h�l�h�\�b�l�b���������d�m�[�b�d�Z�����������± �a�•���k�l�Z�e�_�\�h�x���n�•�[�j�h�x�����������± 

�a���[�Z�a�Z�e�v�l�h�\�h�x���•���������± �[�_�a���n�•�[�j�b [6]. 
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�K�d�e�Z�^���•���i�•�^�]�h�l�h�\�d�Z���a�j�Z�a�d�•�\�����F�Z�j�d�Z���[�_�l�h�g�m���•���\�•�^�i�h�\�•�^�g�h���k�d�e�Z�^���[�_�l�h�g�g�h�€���k�m�f�•�r�•��
�j�h�a�j�Z�o�h�\�Z�g�h�� �^�e�y�� �d�e�Z�k�m���K�� �������������� �Z�� �k�Z�f�_���� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�� �F�� ���������± ������������ �d�]���f3, 
�s�_�[�•�g�v�� �n�j�Z�d�p�•�€�� ��-������ �f�f��- ���������������� �d�]���f3���� �i�•�k�h�d�� �j�•�q�g�b�c��-  ������������ �d�]���f3���� �\�h�^�Z��- 210 
�e���f3 ���\�b�a�g�Z�q�Z�e�Z�k�v���a�Z���]�j�Z�n�•�d�Z�f�b���F�•�j�h�g�h�\�Z�������L�Z�d�b�c���k�d�e�Z�^���j�h�a�j�Z�o�h�\�Z�g�h���\�b�o�h�^�y�q�b���a��
�j�m�o�h�f�h�k�l�•�� �[�_�l�h�g�g�h�€�� �k�m�f�•�r�•�� ���� �k�f���� �:�g�Z�e�•�a�� �\�i�e�b�\�m�� �\�b�^�•�\�� �n�•�[�j�h�\�h�]�h�� �Z�j�f�m�\�Z�g�g�y�� �g�Z��
�f�•�p�g�•�k�g�•�� �l�Z�� �^�_�n�h�j�f�Z�l�b�\�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �j�h�a�]�e�y�g�m�l�h�� �\�� �>��-���@���� �^�_�� �a�j�h�[�e�_�g�h��
�\�b�k�g�h�\�d�b�� �h�� �j�Z�p�•�h�g�Z�e�v�g�b�o�� �i�Z�j�Z�f�_�l�j�Z�o�� �n�•�[�j�h�\�h�]�h�� �Z�j�f�m�\�Z�g�g�y�� �^�e�y�� �[�Z�a�Z�e�v�l�h�\�h�€�� �•��
�k�l�Z�e�_�\�h�€���n�•�[�j�b�����L�Z�d�b�f���q�b�g�h�f�����^�e�y���\�b�]�h�l�h�\�e�_�g�g�y���a�j�Z�a�d�•�\���[�m�e�h���\�b�d�h�j�b�k�l�Z�g�h�� 

- �[�Z�a�Z�e�v�l�h�\�m���n�•�[�j�m���^�h�\�`�b�g�h�x���������f�f�����y�d�Z���^�h�^�Z�\�Z�e�Z�k�v���m���d�•�e�v�d�h�k�l�•�������������\�•�^���f�Z�k�b��
�p�_�f�_�g�l�m 

 - �k�l�Z�e�_�\�m���n�•�[�j�m���©�Q�•�e�y�[�•�g�d�Z�ª���^�h�^�Z�\�Z�e�b���m���d�•�e�v�d�h�k�l�•�����������������d�]���f3 �[�_�l�h�g�m���� 
�N�•�[�j�m�� �\�\�h�^�b�e�b�� �m�� �p�_�f�_�g�l�� �•�� �j�_�l�_�e�v�g�h�� �i�_�j�_�f�•�r�m�\�Z�e�b�� �\�j�m�q�g�m���� �<�k�•�� �d�h�f�i�h�g�_�g�l�b��

�a�Z�k�b�i�Z�e�b�k�v���m���[�_�l�h�g�h�a�f�•�r�m�\�Z�q���•���j�_�l�_�e�v�g�h���i�_�j�_�f�•�r�m�\�Z�e�b�k�v������ 
�>�e�y�� �i�j�h�\�_�^�_�g�g�y�� �\�b�i�j�h�[�m�\�Z�g�v�� �\�b�]�h�l�h�\�b�e�b�� �l�j�b�� �k�_�j�•�€�� �a�j�Z�a�d�•�\���� �a�� �[�Z�a�Z�e�v�l�h�\�h�x��

�n�•�[�j�h�x�� ���k�_�j�•�y�� �D�;�;������ �a�•�� �k�l�Z�e�_�\�h�x�� �n�•�[�j�h�x�� ���k�_�j�•�y�� �D�K�;���� �l�Z�� �d�h�g�l�j�h�e�v�g�Z�� �k�_�j�•�y�� �[�_�a��
�^�h�^�Z�\�Z�g�g�y�� �n�•�[�j�b�� ���D�H�;������ �D�h�`�g�Z�� �k�_�j�•�y�� �k�d�e�Z�^�Z�e�Z�k�v�� �a�� ������ �d�m�[�b�d�•�\���� �>�h�� �\�•�^�i�h�\�•�^�g�b�o��
�l�_�f�i�_�j�Z�l�m�j���g�Z�]�j�•�\�Z�e�h�k�v���i�h���l�j�b���d�m�[�b�d�Z�����<�k�•���a�j�Z�a�d�b���i�j�h�f�Z�j�d�_�j�h�\�Z�g�h. 
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�a�Z�]�Z�e�v�g�h�x���^�h�\�`�b�g�h�x���������f���•���i�j�h�e�v�h�l�h�f���������f�����<�b�k�h�l�Z���^�h���\�_�j�o�m���i�h�d�j�b�l�l�y���\���d�h�g�v�d�m��
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�k�l�Z�g�h�\�b�l�v�� ���������� �f���� �D�h�g�k�l�j�m�d�l�b�\�g�Z�� �k�o�_�f�Z�� �[�m�^�•�\�e�•�� �i�_�j�_�^�[�Z�q�Z�}�l�v�k�y�� �d�Z�j�d�Z�k�g�h�x�� �•�a��
�i�h�i�_�j�_�q�g�b�f�b���g�_�k�m�q�b�f�b���k�l�Z�e�_�\�b�f�b���j�Z�f�Z�f�b�� 

�I�•�^�� �q�Z�k���i�j�h�_�d�l�m�\�Z�g�g�y �j�h�a�]�e�y�^�Z�e�b�k�v�� �^�\�Z�� �d�h�g�k�l�j�m�d�l�b�\�g�•�� �\�Z�j�•�Z�g�l�b�� �g�_�k�m�q�b�o��
�i�h�i�_�j�_�q�g�b�o���j�Z�f���k�d�e�Z�^�k�v�d�h�€���[�m�^�•�\�e�•�����j�b�k���������� 

- �\�Z�j�•�Z�g�l���‹�������± �j�b�]�_�e�v���\�b�d�h�g�Z�g�h���m���\�b�]�e�y�^�•���n�_�j�f�b�� 
- �\�Z�j�•�Z�g�l���‹�������± �j�b�]�_�e�v���\�b�d�h�g�Z�g�h���m���\�b�]�e�y�^�•���[�Z�e�d�b�� 
�>�e�y���Z�g�Z�e�•�a�m���j�h�[�h�l�b���k�l�Z�e�_�\�h�]�h���d�Z�j�d�Z�k�m���[�m�^�•�\�e�•���\�b�d�h�j�b�k�l�h�\�m�\�Z�\�k�y���\�•�l�q�b�a�g�y�g�b�c��

�i�j�h�_�d�l�g�h-�h�[�q�b�k�e�x�\�Z�e�v�g�b�c�� �d�h�f�i�e�_�d�k��Lira���� �J�h�a�j�h�[�e�_�g�•�� �k�d�•�g�q�_�g�g�h-�_�e�_�f�_�g�l�g�•��
�f�h�^�_�e�•�� �d�Z�j�d�Z�k�m�� �i�j�_�^�k�l�Z�\�e�_�g�•�� �g�Z�� �j�b�k���� ������ �I�•�^�� �q�Z�k�� �f�h�^�_�e�x�\�Z�g�g�y���� �i�j�h�\�_�^�_�g�g�y��
�j�h�a�j�Z�o�m�g�d�•�\�� �l�Z�� �Z�g�Z�e�•�a�m�� �h�l�j�b�f�Z�g�b�o�� �j�_�a�m�e�v�l�Z�l�•�\�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v�� �Z�\�l�h�j�k�v�d�•��
�j�h�a�j�h�[�d�b�����\�b�d�e�Z�^�_�g�•���\���j�h�[�h�l�Z�o��[4-7]. 
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�J�b�k�����������I�h�i�_�j�_�q�g�b�c���i�_�j�_�j�•�a���k�d�e�Z�^�k�v�d�h�€���[�m�^�•�\�e�•�� 

�Z�����d�h�g�k�l�j�m�d�l�b�\�g�b�c���\�Z�j�•�Z�g�l���‹���������[�����d�h�g�k�l�j�m�d�l�b�\�g�b�c���\�Z�j�•�Z�g�l���‹���� 
 

   
                                 �Z��������������������������������������������������������������������������������������                                    �[�� 

�J�b�k�����������J�h�a�j�Z�o�m�g�d�h�\�Z���f�h�^�_�e�v���k�d�e�Z�^�k�v�d�h�€���[�m�^�•�\�e�•�� 
�Z�����d�h�g�k�l�j�m�d�l�b�\�g�b�c���\�Z�j�•�Z�g�l���‹���������[�����d�h�g�k�l�j�m�d�l�b�\�g�b�c���\�Z�j�•�Z�g�l���‹���� 

 
 �A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �Z�g�Z�e�•�a�m�� �\�b�y�\�b�e�h�k�v���� �s�h�� �d�h�g�k�l�j�m�d�l�b�\�g�b�c�� �\�Z�j�•�Z�g�l�� �‹�� ����
�i�h�i�_�j�_�q�g�h�]�h���i�_�j�_�j�•�a�m���k�d�e�Z�^�k�v�d�h�€���[�m�^�•�\�e�•���f�Z�}���f�Z�k�m���������������l�����s�h���i�j�b�[�e�b�a�g�h���g�Z��������
���� �g�b�`�q�_���� �g�•�`�� �^�e�y�� �d�h�g�k�l�j�m�d�l�b�\�g�h�]�h�� �\�Z�j�•�Z�g�l�m�� �‹�� ���� �������������� �l������ �L�Z�d�h�`��
�d�h�g�k�l�j�m�d�l�b�\�g�b�c�� �\�Z�j�•�Z�g�l�� �‹�� ���� �}�� �[�•�e�v�r�� �l�_�o�g�h�e�h�]�•�q�g�b�f�� �m�� �\�b�]�h�l�h�\�e�_�g�g�•���� �L�h�f�m��
�\�Z�j�•�Z�g�l���‹�������[�m�\���h�[�j�Z�g�b�c���\���y�d�h�k�l�•���h�k�l�Z�l�h�q�g�h�]�h�� 
 �<�•�^�f�•�l�b�f�h�� �l�Z�d�h�`���� �s�h���i�j�h�_�d�l�g�• �j�h�[�h�l�b�� �\�b�d�h�g�m�\�Z�e�b�k�v�� �\�� ���������� �j�h�p�•���� �G�Z�� �l�_�i�_�j��
�a�^�h�j�h�`�q�_�g�g�y�� �f�_�l�Z�e�h�d�h�g�k�l�j�m�d�p�•�c�� �k�y�]�Z�}�� �������� �j�Z�a�•�\�� �•�� �\�� �p�•�g�Z�o�� ���������� �j�h�d�m�� �\�Z�j�l�•�k�l�v��
�f�_�l�Z�e�h�d�h�g�k�l�j�m�d�p�•�c���f�Z�}���k�l�Z�g�h�\�b�l�b���\���k�_�j�_�^�g�v�h�f�m�� 
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-  �^�e�y���d�h�g�k�l�j�m�d�l�b�\�g�h�]�h���\�Z�j�•�Z�g�l�m���‹�������± 3 ���������l�b�k�����]�j�g���� 
-  �^�e�y���d�h�g�k�l�j�m�d�l�b�\�g�h�]�h���\�Z�j�•�Z�g�l�m���‹�������± 3 ���������l�b�k�����]�j�g�� 

 �L�Z�d�b�f�� �q�b�g�h�f���� �d�h�g�k�l�j�m�d�l�b�\�g�b�c�� �\�Z�j�•�Z�g�l�� �•�a�� �\�b�d�h�j�b�k�l�Z�g�g�y�f�� �[�Z�e�d�h�\�h-�j�Z�f�g�h�€��
�k�b�k�l�_�f�b�� �^�e�y�� �g�_�k�m�q�h�]�h �d�Z�j�d�Z�k�m�� �h�^�g�h�i�h�\�_�j�o�h�\�h�€�� �k�d�e�Z�^�k�v�d�h�€�� �[�m�^�•�\�e�•�� �\�b�y�\�b�\�k�y��
�[�•�e�v�r���_�n�_�d�l�b�\�g�b�f���^�e�y���m�f�h�\���f�•�k�l�Z���>�g�•�i�j�h���y�d���a�Z���f�Z�k�h�\�b�f�b���i�h�d�Z�a�g�b�d�Z�f�b�����l�Z�d���•���a�Z��
�l�_�o�g�h�e�h�]�•�q�g�b�f�b�� �Z�k�i�_�d�l�Z�f�b���� �L�h�f�m�� �l�Z�d�b�c�� �d�h�g�k�l�j�m�d�l�b�\�g�b�c�� �\�Z�j�•�Z�g�l�� �f�h�`�_�� �[�m�l�b��
�j�_�d�h�f�_�g�^�h�\�Z�g�b�c�� �\�� �y�d�h�k�l�•�� �h�k�g�h�\�g�h�]�h�� �i�j�h�}�d�l�g�h�]�h�� �j�•�r�_�g�g�y�� �^�e�y�� �k�d�e�Z�^�k�v�d�b�o��
�[�m�^�•�\�_�e�v���d�e�Z�k�k�m���<�����•�a���g�_�\�_�e�b�d�b�f�b���i�j�h�e�v�h�l�Z�f�b�� 
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�k�b�k�l�_�f�Z�o���� �I�h�\�l�h�j�g�•�� �f�Z�e�h�p�b�d�e�h�\�•�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���� �k�i�j�b�q�b�g�_�g�•�� �j�m�o�h�f��
�l�j�Z�g�k�i�h�j�l�g�b�o�� �a�Z�k�h�[�•�\���� �k�m�l�l�}�\�h�� �i�e�b�\�Z�x�l�v�� �g�Z�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�b�c�� �k�l�Z�g��
�l�Z�d�b�o���e�h�l�d�•�\�����Z���l�Z�d�h�`���g�Z���€�o���l�_�j�f�•�g���_�d�k�i�e�m�Z�l�Z�p�•�€�� 

�F�_�l�h�x�� �g�Z�m�d�h�\�h�]�h�� �^�h�k�e�•�^�`�_�g�g�y�� �[�m�e�h�� �\�b�\�q�_�g�g�y�� �\�i�e�b�\�m�� �g�Z�� �j�h�[�h�l�m�� �K�N�;��
�e�h�l�d�•�\���\�h�^�h�\�•�^�\�_�^�_�g�g�y���^�•�€���i�h�\�l�h�j�g�b�o���f�Z�e�h�p�b�d�e�h�\�b�o���g�Z�\�Z�g�l�Z�`�_�g�v�� 

�>�e�y�� �_�d�k�i�_�j�b�f�_�g�l�m�� �[�m�e�h�� �\�b�]�h�l�h�\�e�_�g�h�� �l�j�b�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�•�� �e�h�l�d�b�� �k�_�j�•�€��
���K�N�;�i���•�a���^�•�Z�f�_�l�j�h�f���\�g�m�l�j�•�r�g�v�h�€���q�Z�k�l�b�g�b�����������f�f�����l�h�\�s�b�g�h�x���k�l�•�g�d�b��t � ���������f�f���•��
�^�h�\�`�b�g�h�x l � �� �������� �f�f���� �:�j�f�m�\�Z�g�g�y�� �\�b�d�h�g�m�\�Z�e�h�k�y�� �Z�g�d�_�j�g�h�x�� �n�•�[�j�h�x�� ���‘�������� �f�f����
�^�h�\�`�b�g�Z��l � �� ������ �f�f���� �•�a�� �\�•�^�k�h�l�d�h�f�� �Z�j�f�m�\�Z�g�g�y���— �§�� �������� �G�Z�� �e�h�l�d�b�� �^�•�y�e�h��
�g�Z�\�Z�g�l�Z�`�_�g�g�y���� �s�h�� �[�m�e�h�� �k�l�\�h�j�_�g�_�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �]�•�^�j�Z�\�e�•�q�g�h�]�h�� �i�j�_�k�Z���� �D�j�h�d��
�a�[�•�e�v�r�_�g�g�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���g�Z���d�h�`�g�h�f�m���•�a���^�_�k�y�l�b�� �p�b�d�e�•�\���k�l�Z�g�h�\�b�e�h��F � �� ���������� �d�G����
�D�h�`�_�g�� �p�b�d�e�� �\�d�e�x�q�Z�\�� �i�j�b�d�e�Z�^�Z�g�g�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �a�� �n�•�d�k�Z�p�•�}�x�� �i�h�d�Z�a�g�b�d�•�\��
�^�_�n�h�j�f�Z�p�•�c���� �i�j�h�]�b�g�m���� �l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �l�Z�� �i�h�^�Z�e�v�r�_�� �j�h�a�\�Z�g�l�Z�`�_�g�g�y��
�d�h�g�k�l�j�m�d�p�•�€���e�h�l�d�Z�� 

�I�•�^���q�Z�k���i�j�h�\�_�^�_�g�g�y���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v���\�i�e�b�\�m���g�Z���g�Z�i�j�m�`�_�g�h-
�^�_�n�h�j�f�h�\�Z�g�b�c�� �k�l�Z�g�� �^�h�k�e�•�^�g�b�o�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o�� �e�h�l�d�•�\�� �^�e�y�� �i�j�b�l�j�Z�k�h�\�h�]�h��
�\�h�^�h�\�•�^�\�_�^�_�g�g�y���± �g�Z�\�Z�g�l�Z�`�_�g�g�y���i�j�b�d�e�Z�^�Z�e�h�k�y�� �r�•�k�l�v�f�Z���d�j�h�d�Z�f�b�� ���i�h���h�j�•�}�g�l�h�\�g�h����
F = 1,56 �d�G������ �I�j�b�d�e�Z�^�Z�e�h�k�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �k�l�m�i�_�g�y�f�b�� �i�•�^�� �q�Z�k�� �^�_�k�y�l�b�� �p�b�d�e�•�\��
�i�h�\�l�h�j�g�b�o�� �f�Z�e�h�p�b�d�e�h�\�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v�� �^�h�� �j�•�\�g�y�� �i�j�b�d�e�Z�^�Z�g�g�y�� �a�m�k�b�e�v���� = 0,6 
���k�l�Z�g�h�\�b�e�h��F = �����������d�G��. �J�h�a�\�Z�g�l�Z�`�_�g�g�y���a�j�Z�a�d�•�\���g�Z���p�b�d�e�Z�o���\�b�d�h�g�m�\�Z�e�h�k�y���l�Z�d�b�f�b��
�`�� �k�l�m�i�_�g�y�f�b���� �y�d�� �•�� �i�j�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�•���� �G�Z�� ������ �p�b�d�e�•�� �i�j�b�d�e�Z�^�Z�g�g�y�� �g�Z�\�Z�g�l�Z�`�_�g�g�y��
�^�h�k�e�•�^�g�•�� �f�h�^�_�e�•�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o�� �e�h�l�d�•�\�� �[�m�e�b�� �^�h�\�_�^�_�g�•�� �^�h�� �j�m�c�g�m�\�Z�g�g�y����
�>�_�l�Z�e�v�g�h���i�j�h�]�j�Z�f�Z���\�b�i�j�h�[�m�\�Z�g�v���h�i�b�k�Z�g�Z���\���i�j�Z�p�y�o���>���������@�� 

�H�k�g�h�\�g�b�f�� �a�Z�\�^�Z�g�g�y�f�� �^�h�k�e�•�^�`�_�g�g�y�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o�� �e�h�l�d�•�\�� �}��
�i�h�j�•�\�g�y�g�g�y�� �€�o�� �f�•�p�g�•�k�g�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �i�•�^�� �q�Z�k�� ������ �p�b�d�e�m�� �i�j�b�d�e�Z�^�Z�g�g�y��
�g�Z�\�Z�g�l�Z�`�_�g�g�y���a���h�l�j�b�f�Z�g�b�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���i�•�^���q�Z�k���h�^�g�h�j�Z�a�h�\�h�]�h���^�h�\�_�^�_�g�g�y��
�e�h�l�d�•�\���^�h���j�m�c�g�m�\�Z�g�g�y�����I�•�^���q�Z�k���i�j�h�\�_�^�_�g�g�y���_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o���^�h�k�e�•�^�`�_�g�v���[�m�e�h��
�\�k�l�Z�g�h�\�e�_�g�h�� �g�Z�k�l�m�i�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �^�_�n�h�j�f�Z�p�•�c�� �^�e�y�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o��
�e�h�l�d�•�\���k�_�j�•�€�����K�N�;�i�� 

�I�_�j�_�f�•�s�_�g�g�y���i�_�j�_�j�•�a�•�\���e�h�l�d�Z�����û�O). �G�Z���_�l�Z�i�•���i�_�j�r�h�]�h���p�b�d�e�m���f�Z�d�k�b�f�Z�e�v�g�_��
�i�_�j�_�f�•�s�_�g�g�y�� �k�l�Z�g�h�\�b�e�h�� �¨l = 0,47 �f�f�� �i�j�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�•��F � �� ���������� �d�G���� �G�Z�� ����-�f�m��
�p�b�d�e�•�� �i�_�j�_�f�•�s�_�g�g�y�� �i�_�j�_�j�•�a�•�\�� �a�[�•�e�v�r�m�\�Z�e�h�k�y�� �^�h�� �¨l = ���������� �f�f�� �i�j�b�� �l�h�f�m�� �`��
�g�Z�\�Z�g�l�Z�`�_�g�g�•�����G�Z���h�^�b�g�Z�^�p�y�l�h�f�m���p�b�d�e�•���i�•�^���q�Z�k���f�Z�d�k�b�f�Z�e�v�g�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y��F = 
10,83 �d�G�� �i�_�j�_�f�•�s�_�g�g�y�� �k�l�•�g�h�d�� �e�h�l�d�Z�� �^�h�k�y�]�Z�e�h�� �¨l = ���������� �f�f���� �i�•�k�e�y�� �q�h�]�h�� �e�h�l�d�b��
�j�m�c�g�m�\�Z�e�b�k�y�� 

�I�j�h�p�_�k�� �l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� ��acrc). �I�_�j�r�•�� �l�j�•�s�b�g�b�� �\�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o��
�a�j�Z�a�d�Z�o���\�b�g�b�d�e�b���g�Z������-�f�m���p�b�d�e�•���i�j�b���g�Z�\�Z�g�l�Z�`�_�g�g�•��F � �������������d�G�����R�b�j�b�g�Z���l�j�•�s�b�g��
�g�Z�� �p�v�h�f�m�� �_�l�Z�i�• �k�l�Z�g�h�\�b�e�Z��acrc = 0,05 �f�f���� �G�Z�� ����-�f�m�� �p�b�d�e�•���� �i�j�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�•��
F = ���������� �d�G���� �l�j�•�s�b�g�b�� �j�h�a�d�j�b�\�Z�e�b�k�y�� �^�h��acrc � �� �������� �f�f���� �I�•�k�e�y�� �p�v�h�]�h�� �e�h�l�d�b�� �g�_��
�k�i�j�b�c�f�Z�e�b���i�h�^�Z�e�v�r�h�]�h���g�Z�\�Z�g�l�Z�`�_�g�g�y���l�Z���j�m�c�g�m�\�Z�e�b�k�y�� 

�>�_�n�h�j�f�Z�p�•�€���l�Z���l�j�•�s�b�g�b�����G�Z���i�_�j�r�b�o���p�b�d�e�Z�o���i�j�b�d�e�Z�^�Z�g�g�y���g�Z�\�Z�g�l�Z�`�_�g�g�y��
���p�b�d�e�b�� ���«������ �^�_�n�h�j�f�Z�p�•�€�� �a�j�Z�a�d�•�\�� �[�m�e�b�� �g�_�a�g�Z�q�g�b�f�b�� �•�� �e�•�g�•�c�g�h�� �a�Z�e�_�`�Z�e�b�� �\�•�^��
�\�_�e�b�q�b�g�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�y���� �A�j�h�k�l�Z�g�g�y�� �r�b�j�b�g�b�� �l�j�•�s�b�g�� �l�Z�� �€�o�g�y�� �•�g�l�_�g�k�b�\�g�•�k�l�v��
�a�g�Z�q�g�h�� �a�[�•�e�v�r�m�\�Z�e�Z�k�y�� �g�Z�� �h�k�l�Z�g�g�•�o�� �p�b�d�e�Z�o���� �s�h�� �k�\�•�^�q�b�l�v�� �i�j�h�� �i�j�h�]�j�_�k�m�x�q�_��
�\�b�k�g�Z�`�_�g�g�y�� �f�Z�l�_�j�•�Z�e�m�� �•�� �i�•�^�l�\�_�j-�^�`�m�}�� �a�^�Z�l�g�•�k�l�v�� �K�N�;�� �e�h�l�d�•�\ �q�b�g�b�l�b�� �h�i�•�j��
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�g�Z�\�Z�g�l�Z�`�_�g�g�y�f���^�h���d�j�b�l�b�q�g�b�o���a�g�Z�q�_�g�v�� 
�I�j�b�� �^�h�k�e�•�^�`�_�g�g�•�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o�� �e�h�l�d�•�\�� �g�Z�� �^�•�x�� �f�Z�e�h�p�b�d�e�h�\�b�o��

�d�h�j�h�l�d�h�q�Z�k�g�b�o�� �i�h�\�l�h�j�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v�� �[�m�e�h�� �\�k�l�Z�g�h�\�e�_�g�h�� �\�b�k�h�d�m�� �l�j�•�s�b�g�h-
�k�l�•�c�d�•�k�l�v�� �m�� �^�h�k�e�•�^�g�b�o�� �a�j�Z�a�d�Z�o���� �<�� �i�j�h�p�_�k�•�� �^�h�k�e�•�^�`�_�g�v�� �[�m�e�h�� �a�Z�n�•�d�k�h�\�Z�g�h���� �s�h��
�^�_�n�h�j�f�Z�p�•�€���\���e�h�l�d�Z�o���•�a���K�N�;���}���f�_�g�r���\�b�j�Z�`�_�g�b�f�b���l�Z���f�Z�x�l�v���e�•�g�•�c�g�m���a�Z�e�_�`�g�•�k�l�v���^�h��
�f�h�f�_�g�l�m���j�m�c�g�m�\�Z�g�g�y�� 

�<�� �j�_�a�m�e�v�l�Z�l�•�� �^�h�k�e�•�^�`�_�g�g�y�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m��
�k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�b�o���e�h�l�d�•�\���[�m�e�h���\�k�l�Z�g�h�\�e�_�g�h�����s�h���\�h�g�b���f�Z�x�l�v���a�g�Z�q�g�•���i�h�d�Z�a�g�b�d�b��
�`�h�j�k�l�d�h�k�l�•�� �l�Z�� �l�j�•�s�b�g�h�k�l�•�c�d�h�k�l�•�� �i�j�b �i�h�\�l�h�j�g�b�o�� �f�Z�e�h�p�b�d�e�h�\�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�o����
�>�_�n�h�j�f�Z�p�•�€�� �a�j�Z�a�d�•�\�� �g�Z�� �i�_�j�r�h�f�m�� �_�l�Z�i�•�� �[�m�e�b�� �f�•�g�•�f�Z�e�v�g�b�f�b�� �l�Z�� �i�h�q�Z�e�b�� �a�g�Z�q�g�h��
�a�[�•�e�v�r�m�\�Z�l�b�k�y�� �l�•�e�v�d�b�� �g�Z�� �i�•�a�g�•�o�� �p�b�d�e�Z�o���� �s�h�� �k�\�•�^�q�b�l�v�� �i�j�h�� �\�b�k�h�d�m�� �_�n�_�d�l�b�\�g�•�k�l�v��
�K�N�;�����y�d���d�h�g�k�l�j�m�d�p�•�c�g�h�]�h���f�Z�l�_�j�•�Z�e�m���^�e�y���e�h�l�d�•�\���\�h�^�h�\�•�^�\�_�^�_�g�g�y�����P�_���i�•�^�l�\�_�j�^�b�e�h����
�s�h�� �k�l�Z�e�_�n�•�[�j�h�[�_�l�h�g�g�•�� �e�h�l�d�b�� �f�Z�x�l�v�� �\�b�k�h�d�m�� �k�l�•�c�d�•�k�l�v�� �^�h�� �^�•�€�� �i�h�\�l�h�j�g�b�o��
�f�Z�e�h�p�b�d�e�h�\�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v���� �P�_�� �j�h�[�b�l�v�� �K�N�;�� �i�_�j�k�i�_�d�l�b�\�g�b�f�� �f�Z�l�_�j�•�Z�e�h�f�� �^�e�y��
�\�b�d�h�j�b�k�l�Z�g�g�y���i�j�b���_�d�k�i�e�m�Z�l�Z�p�•�€���^�h�j�h�`�g�•�o���•���]�•�^�j�h�l�_�o�g�•�q�g�b�o���k�i�h�j�m�^�� 
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�\�e�Z�k�l�b�\�h�k�l�y�f�b���� �i�j�b�k�m�l�g�•�k�l�v�� �d�Z�j�k�l�h�\�h-�k�m�n�h�a�•�c�g�b�o�� �y�\�b�s���� �i�h�\�¶�y�a�Z�g�b�o�� �•�a��
�j�h�a�q�b�g�_�g�g�y�f�� �•�� �\�b�g�h�k�h�f�� �]�•�j�k�v�d�b�o�� �i�h�j�•�^�� �l�Z�� �m�l�\�h�j�_�g�g�y�f�� �i�h�j�h�`�g�b�g���� �g�Z�y�\�g�•�k�l�v��
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The authors investigated the problem of free symmetric vibrations of circular 
solid plates with constant cylindrical stiffness D  resting on a heterogeneous elastic 
foundation (Fig. 1). The relevance of such studies is emphasized in a significant 
number of modern publications, among which [1] is of special note. 

 



131 

  
Fig. 1. Annular plate on an inhomogeneous 

elastic foundation 
Fig. 2. Circular solid plate on an 

inhomogeneous elastic foundation 
 
Winkler hypothesis is adopted for an elastic foundation, wherein the reaction 

force of the foundation ( , )R r t  under the plate and the dynamic deflection ( , )W r t  are 
linked by the equation ( , ) ( ) ( , )R r t k r W r t�  � � , where ( )k r ��  variable subgrade 
modulus.  

The corresponding differential equation of the plate vibrations can be expressed 
as 

 
2

2

1 1 ( ) 0W WD r r k r W h
r r r r r r t

�U
� ­ � ½�w �w �ª �w �w �º �w� § � ·�� �� � � ® � ¾� ¨ � ¸� « � »�w �w �w �w �w� © � ¹� ¬ � ¼� ¯ � ¿

, 

 
where �U��  the mass density of the material, h��  plate thickness. 
The exact solution to this equation was established in [2]. As a result, the closed 

form of the calculation formulas for the parameters of plate free vibrations are 
presented there. Following the exact solution, the authors of this publication 
developed an analytical method for calculating the vibrations of solid circular and 
annular plates when the subgrade modulus is defined by any continuous function. The 
corresponding program code was created to implement the developed method. Thus, 
it is possible to compute the symmetrical vibrations of plates in the program mode. 

The authors carried out a series of calculations to determine the natural 
frequencies and shapes of symmetric vibrations for solid circular and annular plates 
with different variants of boundary conditions and with different variable subgrade 
modulus. 

Example. The calculation results for a concrete solid plate with a fully fixed 
contour. The subgrade modulus varies according to a linear law 

 
2

( ) (0) 1 rk r k
a

� § � ·� �˜ ��� ¨ � ¸
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. 
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Input data for the calculation: 32500 / ;kg m�U� 290 ;E GPa� 0,16;�P� 0,6 ;a m� 
0,2 ;h m� 3 3(0) 6 10 /k kN m�  � ˜ .  
Table 1 shows the calculation results obtained from the authorial method (AM) 

and the approximate finite element method (FEM) using LIRA-SAPR software 
package. Since the authorial method of calculation is based on the exact solution of 
the corresponding differential equation, the obtained numerical results can be 
interpreted as accurate. Comparison of the results makes it possible to determine the 
relative error of the finite element method calculations for the example in question. 

 
Table 1 �� Free vibration frequencies of the plate �Z, rad/s 

�0�R�G�H���‹ �:�F  FEM Relative error, % 

1 7220,555667 6879,278320 4,726469 
2 28110,283970 26766,589844 4,780080 
3 62978,890206 59928,503906 4,843506 
4 111804,747592 106336,960938 4,890478 
5 174584,377116 165970,890625 4,933710 

 

 
a) the first mode 

 
b) the second mode 

 
c) the third mode 

 
a) the fourth mode 

 
a) the fifth mode 

 
Fig. 3. The first five symmetric vibration modes 

 
In conclusion it can be stated that a new analytical method for calculating the 

vibrations of solid circular and annular plates resting on an inhomogeneous 
continuous elastic Winkler foundation exists. In this case the subgrade modulus 
which actually describes the nature of the elastic foundation inhomogeneity can be 
set by any continuous function. 
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�h�k�g�Z�s�_�g�g�y�� �€�o�� �k�i�_�p�•�Z�e�•�a�h�\�Z�g�b�f�b�� �\�Z�]�Z�f�b�� �^�e�y�� �a�\�Z�`�m�\�Z�g�g�y�� �\�Z�]�h�g�•�\���� �P�_�� �i�h�\�¶�a�Z�g�h �•�a��
�g�_�h�[�o�•�^�g�•�k�l�x�� �q�•�l�d�h�� �d�h�g�l�j�h�e�x�\�Z�l�b�� �f�Z�k�h�\�•�� �i�h�d�Z�a�g�b�d�b�� �\�Z�g�l�Z�`�•�\���� �y�d�•�� �a�Z�\�h�a�y�l�v�k�y�� �\��
�M�d�j�Z�€�g�m�� �i�•�^�� �q�Z�k�� �\�h�}�g�g�h�]�h�� �k�l�Z�g�m�� �a-�a�Z�� �d�h�j�^�h�g�m���� �I�j�b�� �p�v�h�f�m�� �a�Z�k�l�h�k�h�\�m�x�l�v�k�y��
�g�Z�c�[�•�e�v�r�� �k�m�q�Z�k�g�b�c�� �l�b�i�� �\�Z�]���± �_�e�_�d�l�j�b�q�g�•�� �l�_�g�a�h�f�_�l�j�b�q�g�•�� �k�b�k�l�_�f�b�� �d�h�f�i�e�_�d�k�g�h�€��
�h�p�•�g�d�b���� �>�e�y�� �€�o�� �j�h�a�l�Z�r�m�\�Z�g�g�y�� �i�_�j�_�^�[�Z�q�Z�}�l�v�k�y�� �k�i�_�p�•�Z�e�v�g�Z�� �h�i�h�j�g�Z�� �k�b�k�l�_�f�Z���� �m��
�\�b�]�e�y�^�•�� �i�•�^�l�j�b�f�m�x�q�h�€�� �k�l�Z�e�_�\�h�€�� �d�h�g�k�l�j�m�d�p�•�€���� �L�Z�d�•�� �d�h�g�k�l�j�m�d�p�•�€�� �j�h�a�j�Z�o�h�\�m�x�l�v�k�y��
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�<�� �y�d�h�k�l�•�� �h�[�¶�}�d�l�m�� �f�h�^�_�j�g�•�a�Z�p�•�€�� �j�h�a�]�e�y�^�Z�e�Z�k�v�� �•�k�g�m�x�q�Z�� �\�b�j�h�[�g�b�q�Z��
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�;�m�^�•�\�e�y���f�Z�}���\���i�e�Z�g�•���i�j�y�f�h�d�m�l�g�m���]�_�h�f�_�l�j�b�q�g�m���n�h�j�f�m���•�a���]�Z�[�Z�j�b�l�g�b�f�b���j�h�a�f�•�j�Z�f�b��
18,0�î���������� �f���� �<�b�k�h�l�Z�� �i�h�\�_�j�o�m�� �^�h�� �\�_�j�o�m�� �i�h�d�j�•�\�e�•�� �k�l�Z�g�h�\�b�e�Z�� �������� �f���� �=�e�b�[�b�g�Z��
�a�Z�d�e�Z�^�Z�g�g�y���k�l�j�•�q�d�h�\�b�o���n�m�g�^�Z�f�_�g�l�•�\���i�•�^���a�h�\�g�•�r�g�•���k�l�•�g�b���[�m�^�•�\�e�•���k�l�Z�g�h�\�b�e�Z�����������f����
�<�Z�]�h�g�g�•�� �\�Z�]�b�� �j�h�a�f�•�s�m�x�l�v�k�y�� �\�� �k�i�_�p�•�Z�e�v�g�h�f�m�� �i�•�^�\�Z�e�v�g�h�f�m�� �i�j�b�f�•�s�_�g�g�•����
�\�b�d�h�g�Z�g�h�f�m�� �•�a�� �a�Z�e�•�a�h�[�_�l�h�g�m�� �g�Z�� �a�j�Z�a�h�d�� �i�j�h�k�l�h�j�h�\�h�€�� �a�Z�f�d�g�_�g�h�€�� �d�h�j�h�[�d�b�� �•�a��
�]�_�h�f�_�l�j�b�q�g�b�f�b�� �j�h�a�f�•�j�Z�f�b�� �\�� �i�e�Z�g�•�� �������î���������� �f�� �l�Z�� �f�Z�d�k�b�f�Z�e�v�g�•�c�� �]�e�b�[�b�g�•�� ���������� �f����
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�K�l�Z�e�_�\�Z�� �h�i�h�j�g�Z�� �d�h�g�k�l�j�m�d�p�•�y�� �^�e�y�� �\�k�l�Z�g�h�\�e�_�g�g�y�� �a�Z�e�•�a�g�b�q�g�b�o�� �l�_�g�a�h�f�_�l�j�b�q�g�b�o��
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- �\�Z�j�•�Z�g�l���‹�������± �a���h�^�g�•�}�x���i�j�h�k�l�h�j�h�\�h�x���g�_�k�m�q�h�x���j�Z�f�h�x�� 
- �\�Z�j�•�Z�g�l���‹�������± �a���^�\�h�o���h�d�j�_�f�b�o���g�_�a�\�¶�y�a�Z�g�b�o���g�_�k�m�q�b�o���j�Z�f�� 
�>�e�y�� �Z�g�Z�e�•�a�m�� �j�h�[�h�l�b�� �h�i�h�j�g�h�€�� �d�h�g�k�l�j�m�d�p�•�€�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�\�k�y�� �\�•�l�q�b�a�g�y�g�b�c��

�i�j�h�}�d�l�g�h-�h�[�q�b�k�e�x�\�Z�e�v�g�b�c�� �d�h�f�i�e�_�d�k��SCAD���� �J�h�a�j�h�[�e�_�g�•�� �k�d�•�g�q�_�g�g�h-�_�e�_�f�_�g�l�g�•��
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�i�j�h�\�_�^�_�g�g�y�� �j�h�a�j�Z�o�m�g�d�•�\�� �l�Z�� �Z�g�Z�e�•�a�m�� �h�l�j�b�f�Z�g�b�o�� �j�_�a�m�e�v�l�Z�l�•�\�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v��
�Z�\�l�h�j�k�v�d�•���j�h�a�j�h�[�d�b�����\�b�d�e�Z�^�_�g�•���\���j�h�[�h�l�Z�o��[2-6]. 
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�^�h�^�Z�l�d�h�\�h�€�� �i�h�a�^�h�\�`�g�v�h�€�� �Z�j�f�Z�l�m�j�b���� �y�d�Z�� �i�j�b�\�Z�j�x�}�l�v�k�y�� �m�� �i�j�h�]�h�g�•�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�Z�j�f�Z�l�m�j�g�b�o���d�h�j�h�l�d�b�o���k�l�_�j�`�g�•�\���m���\�b�]�e�y�^�•�����d�h�j�h�l�b�r�•�\�����q�b���\�•�^�]�b�g�•�\�����Z�[�h���k�l�Z�e�v�g�b�o��
�i�e�Z�k�l�b�g�� �[�_�a�i�h�k�_�j�_�^�g�v�h�� �^�h�� �j�h�[�h�q�h�€�� �i�h�a�^�h�\�`�g�v�h�€�� �Z�j�f�Z�l�m�j�b�� �d�h�g�k�l�j�m�d�p�•�€�� �i�j�b��
�q�Z�k�l�d�h�\�h�f�m�� �j�m�c�g�m�\�Z�g�g�•�� �q�b�� �^�_�f�h�g�l�Z�`�•�� �€�€�� �a�Z�o�b�k�g�h�]�h�� �r�Z�j�m�� �[�_�l�h�g�m�� �a�� �g�Z�k�l�m�i�g�b�f��
�c�h�]�h���\�•�^�g�h�\�e�_�g�g�y�f���q�b���g�Z�[�_�l�h�g�m�\�Z�g�g�y�f���� 

�I�j�b�� �a�¶�}�^�g�Z�g�g�•�� �^�h�^�Z�l�d�h�\�b�o�� �Z�j�f�Z�l�m�j�g�b�o�� �k�l�_�j�`�g�•�\�� �a�� �i�h�a�^�h�\�`�g�•�f�b�� �k�l�_�j�`�g�y�f�b��
�j�h�[�h�q�h�]�h�� �Z�j�f�m�\�Z�g�g�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �[�Z�e�d�h�\�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�_�e�_�d�l�j�h�a�\�Z�j�x�\�Z�g�g�y���\�b�g�b�d�Z�x�l�v���j�y�^���n�Z�d�l�h�j�•�\�����y�d�•���\�i�e�b�\�Z�x�l�v���[�_�a�i�h�k�_�j�_�^�g�v�h���g�Z���€�o��
�g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�b�c�� �k�l�Z�g�� �l�Z�� �h�i�h�k�_�j�_�^�d�h�\�Z�g�h�� �g�Z�� �f�•�p�g�•�k�l�v�� �•��
�^�_�n�h�j�f�Z�l�b�\�g�•�k�l�v�� �[�Z�e�d�h�\�h�€�� �d�h�g�k�l�j�m�d�p�•�€���� �s�h�� �i�•�^�k�b�e�x�}�l�v�k�y���� �I�•�k�e�y�� �i�j�b�\�Z�j�_�g�g�y��
�^�h�^�Z�l�d�h�\�b�o�� �Z�j�f�Z�l�m�j�g�b�o�� �k�l�_�j�`�g�•�\�� �^�h�� �i�h�a�^�h�\�`�g�•�o�� �k�l�_�j�`�g�•�\�� �j�h�[�h�q�h�€�� �Z�j�f�Z�l�m�j�b��
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- �a�f�_�g�r�_�g�g�y�� �\�_�e�b�q�b�g�b�� ���i�h�g�b�`�_�g�g�y���� �m�f�h�\�g�h�€�� �]�j�Z�g�b�p�•�� �l�_�d�m�q�h�k�l�•�� �•�� �]�j�Z�g�b�p�•��
�f�•�p�g�h�k�l�•�� �Z�j�f�Z�l�m�j�g�h�€�� �k�l�Z�e�•�� �\�� �i�_�j�_�j�•�a�Z�o�� �Z�j�f�Z�l�m�j�g�b�o�� �k�l�_�j�`�g�•�\�� �i�h�[�e�b�a�m�� �f�•�k�p�v�� �€�o��
�i�j�b�\�Z�j�_�g�g�y���� �h�k�h�[�e�b�\�h�� �\�� �i�_�j�_�j�•�a�Z�o�� �g�Z�� �^�•�e�y�g�d�Z�o�� �^�h�\�`�b�g�h�x�� �\�•�^�� ��-�o�� �^�h�� ��-�o��
�^�•�Z�f�_�l�j�•�\�� �\�•�^�� �f�•�k�p�y�� �m�e�Z�r�l�m�\�Z�g�g�y�� �a�\�Z�j�g�h�]�h�� �r�\�Z�� ���g�Z�\�d�h�e�h�r�h�\�g�Z�� �a�h�g�Z������ �y�d�•��
�\�b�g�b�d�Z�x�l�v�� �i�•�^�� �q�Z�k�� �\�i�e�b�\�m�� �g�Z�� �k�l�j�m�d�l�m�j�m�� �k�l�Z�e�•�� �\�b�k�h�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�� �\�� �f�_�`�Z�o��
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�i�j�b�\�Z�j�_�g�g�y�� �i�h�a�^�h�\�`�g�•�o�� �k�l�_�j�`�g�•�\�� �\�g�Z�k�e�•�^�h�d�� �a�f�•�g�b�� �i�_�j�_�j�•�a�m�� �l�Z�� �i�h�y�\�b��
�^�h�^�Z�l�d�h�\�h�]�h�� �\�b�]�b�g�Z�e�v�g�h�]�h�� �f�h�f�_�g�l�m�� �i�j�b�� �i�h�a�Z�p�_�g�l�j�h�\�h�f�m�� �€�o�� �j�h�a�l�y�]�m�\�Z�g�g�•��
���FS=NS�îe�������h�k�h�[�e�b�\�h���m���\�b�i�Z�^�d�Z�o���i�j�b���a�¶�}�^�g�Z�g�g�•���Z�j�f�Z�l�m�j�g�b�o���k�l�_�j�`�g�•�\���i�h���^�h�\�`�b�g�•��
�a�Z���^�h�i�h�f�h�]�h�x���^�h�^�Z�l�d�h�\�b�o���\�k�l�Z�\�h�d���m���\�b�]�e�y�^�•���³�d�h�j�h�l�b�r�•�\�´�����\�•�^�]�b�g�•�\���q�b���k�l�Z�e�v�g�b�o��
�i�e�Z�k�l�b�g���� �d�h�e�b�� �_�d�k�p�_�g�l�j�b�k�b�l�_�l�� ���_���� �i�j�b�d�e�Z�^�_�g�g�y�� �i�h�a�^�h�\�`�g�v�h�]�h�� �a�m�k�b�e�e�y�� �j�h�a�l�y�]�m��
(NS�����}���f�Z�d�k�b�f�Z�e�v�g�b�f���� 
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�k�i�h�q�Z�l�d�m�� �\�k�l�Z�g�h�\�b�l�b�� �€�o�� �q�•�l�d�m�� �d�e�Z�k�b�n�•�d�Z�p�•�x�� �a�Z�e�_�`�g�h�� �\�•�^�� �i�j�b�a�g�Z�q�_�g�g�y���� �Z�� �i�h�l�•�f��
�\�•�^�i�h�\�•�^�g�h�� �^�h�� �m�f�h�\�� �€�o�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �•�� �\�b�f�h�]�� �s�h�^�h�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �g�b�f�b�� �k�l�m�i�_�g�y��
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�a�Z�o�b�k�l�m�� �a�^�•�c�k�g�x�\�Z�l�b�� �€�o�� �i�j�h�_�d�l�m�\�Z�g�g�y���� �I�j�h�i�h�g�m�}�l�v�k�y�� �g�Z�k�l�m�i�g�Z�� �d�e�Z�k�b�n�•�d�Z�p�•�y��
�F�R�A�K�P�A�F�L�� �a�Z�e�_�`�g�h�� �\�•�^�� �i�j�b�a�g�Z�q�_�g�g�y���� �f�•�k�p�y�� �j�h�a�l�Z�r�m�\�Z�g�g�y�� �•�� �k�l�m�i�_�g�y�� �€�o��
�a�Z�o�b�k�l�m�� 

�Z�� �a�Z���i�j�b�a�g�Z�q�_�g�g�y�f�� 
- �^�e�y�� �j�h�a�f�•�s�_�g�g�y�� �h�k�•�[���� �s�h�� �i�•�^�e�y�]�Z�x�l�v�� �m�d�j�b�l�l�x���� �l�b�f�q�Z�k�h�\�_�� �j�h�a�f�•�s�_�g�g�y�� �h�k�•�[��

�l�_�j�f�•�g�h�f�� �^�h�� ���«���� �]�h�^�b�g���� �l�b�f�q�Z�k�h�\�_�� �j�h�a�f�•�s�_�g�g�y�� �h�k�•�[�� �l�_�j�f�•�g�h�f�� �\�•�^�� ���� �]�h�^�b�g�� �^�h��
�^�h�[�b�����i�h�k�l�•�c�g�_���j�h�a�f�•�s�_�g�g�y���h�k�•�[���l�_�j�f�•�g�h�f���\�•�^���^�h�[�b���^�h���g�_�\�b�a�g�Z�q�_�g�h�]�h���q�Z�k�m�� 

- �^�e�y���j�h�a�l�Z�r�m�\�Z�g�g�y���k�i�_�p�•�Z�e�v�g�h�]�h���h�[�e�Z�^�g�Z�g�g�y���l�Z���•�g�`�_�g�_�j�g�h-�l�_�o�g�•�q�g�b�o���k�b�k�l�_�f�� 
- �^�e�y���i�h�k�l�•�c�g�h�]�h���j�h�a�f�•�s�_�g�g�y���h�k�•�[���l�Z���j�h�a�l�Z�r�m�\�Z�g�g�y���h�[�e�Z�^�g�Z�g�g�y�� 
�[�� �a�Z���f�•�k�p�_�f���j�h�a�l�Z�r�m�\�Z�g�g�y�� 
- �h�d�j�_�f�h�� �j�h�a�l�Z�r�h�\�Z�g�•���� �g�Z�� �\�•�^�d�j�b�l�•�c�� �f�•�k�p�_�\�h�k�l�•���� �\�� �f�•�k�v�d�•�c�� �a�Z�[�m�^�h�\�•���� �g�Z�a�_�f�g�•����

�i�•�^�a�_�f�g�•���a���i�•�^�a�_�f�g�b�f���k�i�h�e�m�q�_�g�g�y�f�����i�•�^�a�_�f�g�•���[�_�a���i�•�^�a�_�f�g�h�]�h���k�i�h�e�m�q�_�g�g�y�� 
- �i�j�b�[�m�^�h�\�Z�g�•�����i�•�^�a�_�f�g�•�����g�Z�a�_�f�g�•�� 
- �\�[�m�^�h�\�Z�g�•�����i�•�^�a�_�f�g�•�����g�Z�a�_�f�g�•�� 
�\�� �a�Z���i�h�e�h�`�_�g�g�y�f���\�•�^�g�h�k�g�h���i�h�\�_�j�o�g�•���a�_�f�e�•�� 
- �g�Z�a�_�f�g�•���� �h�d�j�_�f�h�� �k�l�h�y�q�•�� �[�_�a�� �Z�[�h�� �a�� �a�Z�o�b�k�g�b�f�b�� �k�l�•�g�d�Z�f�b�� �m�� �\�b�]�e�y�^�•�� �d�e�Z�^�d�b�� �•�a��

�[�e�h�d�•�\���� �]�Z�[�•�h�g�•�\���� �d�h�g�l�j�n�h�j�k�•�\���� �d�h�g�l�j�[�Z�g�d�_�l�•�\�� ���^�h�^�Z�l�d�h�\�Z�� �i�j�b�k�b�i�d�Z�� �^�h�� �k�l�•�g�� �g�Z��
�\�_�e�b�q�b�g�m���\�•�^�����������^�h�����������€�o���\�b�k�h�l�b���•�a���s�_�[�g�y���a���i�•�k�d�h�f���q�b���‰�j�m�g�l�m�������l�h�s�h�� 

- �g�Z�i�•�\�a�Z�]�e�b�[�e�_�g�•���� �a�� �q�Z�k�l�d�h�\�h�x�� �i�j�b�k�b�i�d�h�x�� �Z�[�h�� �i�h�\�g�b�f�� �a�Z�k�b�i�Z�g�g�y�f�� �r�Z�j�h�f�� �•�a��
�s�_�[�g�y���a���i�•�k�d�h�f���q�b���‰�j�m�g�l�m�����[�_�a���h�[�k�b�i�Z�g�g�y���^�h�^�Z�l�d�h�\�b�f���r�Z�j�h�f�� 

- �a�Z�]�e�b�[�e�_�g�•���� �\�_�j�o�g�•�c�� �j�•�\�_�g�v�� �i�h�d�j�b�l�l�y�� �k�i�h�j�m�^�b�� �j�h�a�l�Z�r�h�\�Z�g�b�c�� �g�b�`�q�_�� �j�•�\�g�y��
�i�h�\�_�j�o�g�•���a�_�f�e�•���� 

�]�� �a�Z���k�l�m�i�_�g�_�f���\�i�e�b�\�m���a�h�\�g�•�r�g�•�o���g�_�[�_�a�i�_�q�g�b�o���q�b�g�g�b�d�•�\���i�h�[�•�q�g�h�€���^�•�€�� 
- �g�Z�^�f�•�j�g�h�]�h�� �l�b�k�d�m�� �\�•�^�� �\�b�[�m�o�h�\�h�€�� �•�� �i�h�\�•�l�j�y�g�h�€�� �m�^�Z�j�g�h�€�� �o�\�b�e�•�� �g�Z�� �n�j�h�g�l�•��

�\�_�e�b�q�b�g�h�x���g�_���f�_�g�r�_���g�•�`���j� ���������d�I�Z�����¨P�n� ���������d�I�Z���������d�]�k���k�f2) [1, 2]); 
- �f�•�k�p�_�\�h�€�� �•�� �a�Z�]�Z�e�v�g�h�€�� �^�•�€�� �m�e�Z�f�d�•�\�� �•�� �a�\�b�q�Z�c�g�b�o�� �a�Z�k�h�[�•�\�� �m�j�Z�`�_�g�g�y�� ���k�l�j�•�e�_�p�v�d�h�€��

�a�[�j�h�€�����m�e�Z�f�d�•�\���j�m�q�g�b�o���]�j�Z�g�Z�l�����Z�j�l�b�e�_�j�•�c�k�v�d�b�o���[�h�}�i�j�b�i�Z�k�•�\���l�Z���Z�\�•�Z�p�•�c�g�b�o���[�h�f�[���� 
- �\�b�k�h�d�b�o���l�_�f�i�_�j�Z�l�m�j���l�Z���i�j�h�^�m�d�l�•�\���]�h�j�•�g�g�y���i�j�b���i�h�`�_�`�•�� 
- �^�•�€���h�l�j�m�c�g�b�o���j�_�q�h�\�b�g�����j�Z�^�•�h�Z�d�l�b�\�g�b�o���j�_�q�h�\�b�g���•���[�Z�d�l�_�j�•�Z�e�v�g�b�o���a�Z�k�h�[�•�\�� 
- �^�h�^�Z�l�d�h�\�h�]�h�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �^�b�g�Z�f�•�q�g�h�]�h�� �•�� �m�^�Z�j�g�h�]�h�� �o�Z�j�Z�d�l�_�j�m�� �i�j�b��

�j�h�a�l�Z�r�m�\�Z�g�g�•���\���a�h�g�•���i�h�l�_�g�p�•�c�g�h���f�h�`�e�b�\�h�]�h���h�[�\�Z�e�_�g�g�y���[�m�^�•�\�_�e�v���•���k�i�h�j�m�^�� 
�<���j�_�a�m�e�v�l�Z�l�•���Z�g�Z�e�•�a�m���F�R�A�K�P�A�F�L���•�a���a�[�•�j�g�b�o���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���_�e�_�f�_�g�l�•�\�����y�d�•���g�Z��

�k�v�h�]�h�^�g�•�� �i�j�h�i�h�g�m�x�l�v�� �k�i�h�j�m�^�`�m�\�Z�l�b�� �\�� �M�d�j�Z�€�g�•�� �i�•�^�i�j�b�}�f�k�l�\�Z�� �^�e�y�� �\�b�]�h�l�h�\�e�_�g�g�x��
�a�[�•�j�g�b�o���a�Z�e�•�a�h�[�_�l�h�g�g�b�o���\�b�j�h�[�•�\�����[�m�e�b���\�b�y�\�e�_�g�•���j�y�^���d�h�g�k�l�j�m�d�l�b�\�g�b�o���j�•�r�_�g�v�����y�d�•��
�\�i�e�b�\�Z�x�l�v�� �g�Z�� �€�o�� �g�_�k�m�q�m�� �a�^�Z�l�g�•�k�l�v�� �•�� �\�•�^�i�h�\�•�^�g�h�� �[�_�a�i�_�d�m�� �h�k�•�[���� �s�h�� �\�� �g�b�o��
�m�d�j�b�\�Z�x�l�v�k�y�����Z���k�Z�f�_�� 
- �f�Z�c�`�_�� �\�� �m�k�•�o�� �F�R�A�K�P�A�F�L�� �a�h�\�g�•�r�g�•�� �k�l�•�g�b�� �f�Z�x�l�v�� �i�j�y�f�h�d�m�l�g�m�� �q�b�� �d�\�Z�^�j�Z�l�g�m���m��
�i�e�Z�g�•���n�h�j�f�m���a���\�_�j�l�b�d�Z�e�v�g�b�f�b���k�l�•�g�Z�f�b�����s�h���i�j�b�a�\�h�^�b�l�v���^�h���a�[�•�e�v�r�_�g�g�y���\�_�e�b�q�b�g�b��
�g�Z�^�f�•�j�g�h�]�h�� �l�b�k�d�m�� �\�•�^�� �n�j�h�g�l�m�� �\�b�[�m�o�h�\�h�€�� �m�^�Z�j�g�h�€�� �o�\�b�e�•�� �g�Z�� �€�o�� �i�h�\�_�j�o�g�•�� �m��
���������«������ �j�Z�a�b�� ���h�k�h�[�e�b�\�h�� �a�g�Z�q�g�b�c�� �\�i�e�b�\�� �g�Z�^�f�•�j�g�h�]�h�� �l�b�k�d�m�� �a�^�•�c�k�g�x�}�l�v�k�y�� �g�Z��
�\�_�j�l�b�d�Z�e�v�g�•�� �k�l�•�g�b���g�Z�a�_�f�g�b�o���m�d�j�b�l�v���� �s�h�� �h�d�j�_�f�h���j�h�a�l�Z�r�h�\�Z�g�•������ �^�b�\���� �i�h�j�•�\�g�y�e�v�g�m��
�l�Z�[�e�b�p�x�� �d�h�_�n�•�p�•�}�g�l�•�\�� �e�h�[�h�\�h�]�h�� �l�b�k�d�m�� �g�Z�� �j�b�k�� 4-������ �•�� �j�b�k�� 4D-���� �\ �^�h�^�Z�l�d�m��D 
�j�h�[�h�l�b���>���@�� 
- �m�� �[�•�e�v�r�h�k�l�•�� �k�i�h�j�m�^�� �k�l�b�d�m�\�Z�g�g�y�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o�� �_�e�_�f�_�g�l�•�\���� �_�e�_�f�_�g�l�•�\�� �k�l�•�g�� �a��
�g�b�`�g�v�h�x�� �h�i�h�j�g�h�x�� �i�e�b�l�h�x���� �k�l�•�g�h�\�b�o�� �_�e�_�f�_�g�l�•�\�� �f�•�`�� �k�h�[�h�x���� �\�_�j�o�g�•�o�� �i�e�b�l�g�b�o��
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�_�e�_�f�_�g�l�•�\�� �a�� �\�_�j�l�b�d�Z�e�v�g�b�f�b�� �_�e�_�f�_�g�l�Z�f�b�� �k�l�•�g�� �a�^�•�c�k�g�x�}�l�v�k�y�� �\�•�^�d�j�b�l�b�f�b�� �k�l�b�d�Z�f�b��
�a�Z�� �^�h�i�h�f�h�]�h�x�� �a�a�h�\�g�•�� �\�•�^�d�j�b�l�b�o�� �\�m�a�e�•�\�� �a�¶�}�^�g�Z�g�g�y���� �y�d�•�� �\�k�l�Z�g�h�\�e�_�g�•�� �\�•�e�v�g�h��
�d�h�g�k�l�j�m�d�l�b�\�g�h�� �\�a�^�h�\�`�� �]�j�Z�g�_�c�� �k�l�b�d�m�\�Z�g�g�y�� ���\�•�^�� ��-�h�o�� �^�h�� ���«��-�l�b�� �\�m�a�e�•�\�� �i�h��
�^�h�\�`�b�g�•�� �]�j�Z�g�_�c�� �k�l�b�d�m�\�Z�g�g�y������ �I�j�b�� �i�j�b�d�e�Z�^�_�g�g�•�� �a�h�\�g�•�r�g�•�o�� �^�b�g�Z�f�•�q�g�b�o��
�g�Z�\�Z�g�l�Z�`�_�g�v�� �_�e�_�f�_�g�l�b�� �\�m�a�e�•�\�� �k�l�b�d�m�\�Z�g�g�y�� �k�i�j�b�c�f�Z�x�l�v�� �� �a�g�Z�q�g�•�� �a�m�k�b�e�e�y �a�k�m�\�m�� �•��
�\�•�^�j�b�\�m���� �s�h�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �i�h�y�\�b�� �a�g�Z�q�g�h�€�� �d�h�g�p�_�g�l�j�Z�p�•�€�� �g�Z�i�j�m�`�_�g�v�� �m�� �a�\�Z�j�g�b�o��
�r�\�Z�o�� �f�•�`�� �€�o�� �a�¶�}�^�g�m�\�Z�e�v�g�b�f�b�� �_�e�_�f�_�g�l�Z�f�b���� �Z�� �i�h�l�•�f�� �j�m�c�g�m�\�Z�g�g�y�� �a�\�Z�j�g�b�o�� �r�\�•�\����
�^�_�n�h�j�f�m�\�Z�g�g�y�� �a�¶�}�^�g�m�\�Z�e�v�g�b�o�� �g�Z�d�e�Z�^�h�d�� �•�a�� �e�b�k�l�h�\�h�]�h�� �i�j�h�d�Z�l�m�� �l�Z�� �\�•�^�j�b�\�m�� �•��
�a�f�•�s�_�g�g�y���a�Z�d�e�Z�^�g�b�o���^�_�l�Z�e�_�c�����j�m�c�g�m�\�Z�g�g�y���•���\�b�i�Z�^�_�g�g�y���a�Z�o�b�k�g�h�]�h���r�Z�j�m���[�_�l�h�g�m���m��
�f�•�k�p�y�o���€�o���\�k�l�Z�g�h�\�e�_�g�g�y�� 
- �\�� �h�d�j�_�f�b�o�� �k�i�h�j�m�^�Z�o�� �k�l�b�d�m�\�Z�g�g�y�� �_�e�_�f�_�g�l�•�\�� �i�h�� �^�h�\�`�b�g�•�� �a�^�•�c�k�g�x�}�l�v�k�y�� �a�Z��
�^�h�i�h�f�h�]�h�x�� �a�Z�d�j�b�l�h�]�h�� �k�l�b�d�m�� �a�� �h�^�g�h�[�•�q�g�b�f�� �\�b�k�l�m�i�h�f���� �Z�e�_�� �g�_�^�h�e�•�d�h�f�� �}�� �l�_���� �s�h��
�h�^�g�h�[�•�q�g�b�c���\�b�k�l�m�i���m�e�Z�r�l�h�\�Z�g�b�c���g�_���k�b�f�_�l�j�b�q�g�h���\�•�^�g�h�k�g�h���p�_�g�l�j�m���f�Z�k���k�i�h�j�m�^�b�����Z��
�i�h�k�e�•�^�h�\�g�h���� �s�h�� �f�h�`�_�� �i�j�b�� �^�•�€�� �g�Z�\�Z�g�l�Z�`�_�g�v�� �\�b�[�m�o�h�\�h�]�h�� �^�b�g�Z�f�•�q�g�h�]�h�� �o�Z�j�Z�d�l�_�j�m��
�i�j�b�a�\�_�k�l�b���^�h���h�^�g�h�k�l�h�j�h�g�g�v�h�]�h���a�k�m�\�m���_�e�_�f�_�g�l�•�\���\���h�^�b�g���[�•�d���i�h���]�h�j�b�a�h�g�l�Z�e�•�� 

�>�e�y�� �i�•�^�\�b�s�_�g�g�y�� �g�_�k�m�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �•�� �g�Z�^�•�c�g�h�k�l�•�� �F�R�A�K�P�A�F�L�� �g�_�h�[�o�•�^�g�h��
�a�Z�k�l�h�k�m�\�Z�l�b�� �\�� �i�j�Z�d�l�b�d�m�� �€�o�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �•�� �\�b�]�h�l�h�\�e�_�g�g�y�� �j�y�^�� �a�Z�o�h�^�•�\���� �y�d�•��
�j�_�d�h�f�_�g�^�m�x�l�v�k�y�� �\�� �j�h�[�h�l�Z�o�� �>��-�����@�� �^�e�y�� �m�e�Z�r�l�m�\�Z�g�g�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �k�i�h�j�m�^��
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�g�_�h�[�o�•�^�g�h�� �^�e�y�� �c�h�]�h�� �j�•�a�g�b�o�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o�� �n�h�j�f�� �k�n�h�j�f�m�\�Z�l�b�� �m�a�Z�]�Z�e�v�g�_�g�•��
�f�h�^�_�e�•�����\�b�i�Z�^�d�b�������y�d�•���[���\�j�Z�o�h�\�m�\�Z�e�b���g�_�j�•�\�g�h�f�•�j�g�_���m�r�d�h�^�`�_�g�g�y���i�h���i�_�j�b�f�_�l�j�m���€�o��
�i�_�j�_�j�•�a�•�\�����:�\�l�h�j�Z�f�b���k�l�Z�l�l�•���\���j�_�a�m�e�v�l�Z�l�•���Z�g�Z�e�•�a�m���\�i�e�b�\�m���Z�]�j�_�k�b�\�g�h�]�h���k�_�j�_�^�h�\�b�s�Z��
�g�Z���_�e�_�f�_�g�l�b�����i�h�e�d�b���•���k�l�•�g�d�m�����k�l�Z�e�v�g�b�o���_�e�_�f�_�g�l�•�\���[�m�^�•�\�_�e�v�g�b�o���d�h�g�k�l�j�m�d�p�•�c���[�m�e�b��
�k�n�h�j�f�h�\�Z�g�•�� �m�a�Z�]�Z�e�v�g�x�x�q�•�� �f�h�^�_�e�•�� ���\�b�i�Z�^�d�b���� �d�h�j�h�a�•�c�g�h�]�h�� �i�h�r�d�h�^�`�_�g�g�y�� �^�e�y��
�g�Z�c�[�•�e�v�r�� �i�h�r�b�j�_�g�b�o�� �d�h�g�k�l�j�m�d�l�b�\�g�b�o�� �n�h�j�f���� �^�\�h�l�Z�\�j�h�\�h�]�h�� �i�_�j�_�j�•�a�m�� ���\�b�i�Z�^�h�d�� �1��
�g�Z�� �j�b�k�� �������� �i�_�j�_�j�•�a�m�� �i�h�^�•�[�g�h�]�h�� �^�h�� �i�_�j�_�j�•�a�m�� �r�\�_�e�_�j�Z�� ���\�b�i�Z�^�h�d�� �1�1�� �g�Z�� �j�b�k�� 1); 
�i�_�j�_�j�•�a�•�\���•�a���^�\�h�o���k�i�Z�j�_�g�b�o���d�m�l�b�d�•�\�����\�b�i�Z�^�d�b���1�1�1���•���1V �g�Z���j�b�k�� ���������i�_�j�_�j�•�a�m���•�a���^�\�h�o��
�k�i�Z�j�_�g�b�o�� �r�\�_�e�_�j�•�\�� ���\�b�i�Z�^�h�d��V �g�Z�� �j�b�k�� �������� �y�d�•�� �g�Z�c�[�•�e�v�r�� �a�m�k�l�j�•�q�Z�x�l�v�k�y�� �m��
�i�j�Z�d�l�b�p�•���€�o���d�h�g�k�l�j�m�x�\�Z�g�g�y�� 

�D�h�`�g�b�c�� �i�_�j�_�j�•�a�� �k�l�Z�e�v�g�b�o�� �_�e�_�f�_�g�l�•�\�� �d�h�g�k�l�j�m�d�p�•�c�� �f�Z�}�� �l�j�b�� �\�b�i�Z�^�d�b�� �f�h�^�_�e�_�c��
�d�h�j�h�a�•�c�g�h�]�h�� �i�h�r�d�h�^�`�_�g�g�y���� �Z���� �j�•�\�g�h�f�•�j�g�Z�� �f�h�^�_�e�v�� �a�f�_�g�r�_�g�g�y�� �l�h�\�s�b�g�b���i�_�j�_�j�•�a�m��
�_�e�_�f�_�g�l�•�\�����i�h�e�d�b���•���k�l�•�g�d�b�����k�l�Z�e�v�g�h�]�h���_�e�_�f�_�g�l�m���\���j�_�a�m�e�v�l�Z�l�•���i�h�\�_�j�o�g�_�\�h�€���d�h�j�h�a�•�€����
�[���� �•�� �\���� �g�_�j�•�\�g�h�f�•�j�g�•�� �f�h�^�_�e�•�� �a�f�_�g�r�_�g�g�y�� �l�h�\�s�b�g�b�� �i�_�j�_�j�•�a�m�� �k�l�Z�e�v�g�b�o�� �_�e�_�f�_�g�l�•�\��
���i�h�e�d�b�� �•�� �k�l�•�g�d�b���� �\�� �j�_�a�m�e�v�l�Z�l�•�� �i�h�\�_�j�o�g�_�\�h�€�� �d�h�j�h�a�•�€���� �i�j�b�� �y�d�•�c�� �\�•�^�[�m�e�h�k�y�� �q�Z�k�l�d�h�\�_��
�e�h�d�Z�e�v�g�_���a�f�_�g�r�_�g�g�y���l�h�\�s�b�g���_�e�_�f�_�g�l�•�\���� 

�F�_�l�Z�� �g�Z�k�l�m�i�g�b�o�� �^�h�k�e�•�^�`�_�g�v�� �i�h�e�y�]�Z�}�� �m�� �\�b�a�g�Z�q�_�g�g�•�� �^�e�y�� �a�Z�i�j�h�i�h�g�h�\�Z�g�b�o��
�f�h�^�_�e�_�c�� �d�h�j�h�a�•�c�g�h�]�h�� �a�g�h�k�m�� �i�_�j�_�j�•�a�•�\�� �k�l�Z�e�v�g�b�o�� �_�e�_�f�_�g�l�•�\�� �]�j�Z�g�b�q�g�h�€�� �l�h�\�s�b�g�b��
���]�e�b�[�b�g�b�����ûef

�]�j �d�h�j�h�a�•�c�g�h�]�h�� �m�r�d�h�^�`�_�g�g�y���� �i�j�b�� �y�d�•�c�� �€�o�� �l�_�o�g�•�q�g�b�c�� �k�l�Z�g�� �[�m�^�_��
�k�i�j�b�c�f�Z�l�b�k�y�����y�d���Z�\�Z�j�•�c�g�b�c�� 
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�J�b�k�� �������M�a�Z�]�Z�e�v�g�x�x�q�•���f�h�^�_�e�•���a�f�_�g�r�_�g�g�y���l�h�\�s�b�g�b���i�_�j�_�j�•�a�m���k�l�Z�e�v�g�b�o���_�e�_�f�_�g�l�•�\�����i�h�e�b�p�•���•��
�k�l�•�g�d�b�����g�Z�c�[�•�e�v�r���i�h�r�b�j�_�g�b�o���\���i�j�Z�d�l�b�p�•���[�m�^�•�\�g�b�p�l�\�Z���d�h�g�k�l�j�m�d�l�b�\�g�b�o���n�h�j�f���\���j�_�a�m�e�v�l�Z�l�•��

�i�h�\�_�j�o�g�_�\�h�€���d�h�j�h�a�•�€�����Z���± �j�•�\�g�h�f�•�j�g�Z���f�h�^�_�e�v���� 
�[���Z�[�h���\���± �g�_�j�•�\�g�h�f�•�j�g�Z���f�h�^�_�e�v 

 
[1] �>�K�L�M�� �;�� �<��������-������������������ �H�p�•�g�d�Z�� �l�_�o�g�•�q�g�h�]�h�� �k�l�Z�g�m�� �k�l�Z�e�_�\�b�o�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �s�h�� �_�d�k�i�e�m�Z�l�m�x�l�v�k�y����
�>�L�_�d�k�l�@���� �G�Z�d�Z�a�� �F�•�g�j�_�]�•�h�g�m�� �M�d�j�Z�€�g�b�� �\�•�^�� ���������������������� �‹�������� �q�b�g�g�b�c�� �a�� ��������-01-01. �± �D������ �F�•�g�j�_�]�•�h�g�� �M�d�j�Z�€�g�b���� �������������± 
�������k�� 
[2]  �=�Z�e�•�g�k�v�d�Z�� �L���:���� �<�i�e�b�\�� �n�h�j�f�b �i�h�i�_�j�_�q�g�h�]�h�� �i�_�j�_�j�•�a�m�� �k�l�Z�e�v�g�h�]�h�� �_�e�_�f�_�g�l�Z�� �d�h�g�k�l�j�m�d�p�•�c�� �g�Z�� �j�h�a�i�h�^�•�e�� �\�_�e�b�q�b�g�b��
�d�h�j�h�a�•�€�� �i�h�� �c�h�]�h�� �i�_�j�b�f�_�l�j�m�� ���� �L���:�� �=�Z�e�•�g�k�v�d�Z���� �>���F�� �H�\�k�•�c���� �H���F�� �H�\�k�•�c  ������ �L�_�a�b�� ����-�€�� �g�Z�m�d�h�\�h�€�� �d�h�g�n�_�j�_�g�p�•�€��
�i�j�h�n�_�k�h�j�•�\���� �\�b�d�e�Z�^�Z�q�•�\���� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�•�\�g�b�d�•�\���� �Z�k�i�•�j�Z�g�l�•�\�� �l�Z�� �k�l�m�^�_�g�l�•�\�� �m�g�•�\�_�j�k�b�l�_�l�m�� ���I�h�e�l�Z�\�Z���� ������ �l�j�Z�\�g�y���± 23 
�l�j�Z�\�g�y�� ���������� �j���������± �I�h�e�l�Z�\�Z�� ���� �G�Z�p���� �m�g-�l�� �•�f���� �X�j�•�y�� �D�h�g�^�j�Z�l�x�d�Z���� �������������± �L���� �������± C. 196�±197. 
https://reposit.nupp.edu.ua/handle/PoltNTU/16299 
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�<�Z�`�e�b�\�•�k�l�v�� �•�g�`�_�g�_�j�g�h-�]�_�h�^�_�a�b�q�g�b�o�� �\�b�r�m�d�m�\�Z�g�v �i�h�e�y�]�Z�}�� �m�� �a�Z�[�_�a�i�_�q�_�g�g�•��
�l�h�q�g�b�o���^�Z�g�b�o���^�e�y���i�j�b�c�g�y�l�l�y���h�[�‰�j�m�g�l�h�\�Z�g�b�o���i�j�h�}�d�l�g�b�o���j�•�r�_�g�v�����s�h���\�i�e�b�\�Z�x�l�v���g�Z��
�[�_�a�i�_�d�m���� �_�n�_�d�l�b�\�g�•�k�l�v�� �l�Z�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �h�[�
�}�d�l�•�\�� �•�g�n�j�Z�k�l�j�m�d�l�m�j�b�� �a�Z�e�•�a�g�b�q�g�h�]�h��
�l�j�Z�g�k�i�h�j�l�m�� 

�1�g�`�_�g�_�j�g�h-�]�_�h�^�_�a�b�q�g�•���\�b�r�m�d�m�\�Z�g�g�y���f�Z�x�l�v���k�i�_�p�b�n�•�q�g�•���\�b�f�h�]�b���q�_�j�_�a�� 
- �g�_�h�[�o�•�^�g�•�k�l�v�� �i�j�h�_�d�l�m�\�Z�g�g�y�� �^�h�\�]�b�o�� �e�•�g�•�c�g�b�o�� �h�[�
�}�d�l�•�\�� �a�� �f�•�g�•�f�Z�e�v�g�b�f�b��

�m�o�b�e�Z�f�b�� 
- �\�b�k�h�d�•���\�b�f�h�]�b���^�h���l�h�q�g�h�k�l�•���]�_�h�f�_�l�j�•�€���d�h�e�•�€�� 
- �g�_�h�[�o�•�^�g�•�k�l�v���\�j�Z�o�m�\�Z�g�g�y���^�b�g�Z�f�•�q�g�b�o���g�Z�\�Z�g�l�Z�`�_�g�v���\�•�^���j�m�o�h�f�h�]�h���k�d�e�Z�^�m�� 
- �h�k�h�[�e�b�\�•�� �\�b�f�h�]�b�� �^�h�� �i�j�h�}�d�l�m�\�Z�g�g�y �f�h�k�l�•�\���� �l�m�g�_�e�•�\�� �l�Z�� �•�g�r�b�o�� �r�l�m�q�g�b�o��

�k�i�h�j�m�^�� 
- �g�_�h�[�o�•�^�g�•�k�l�v���•�g�l�_�]�j�Z�p�•�€���g�h�\�b�o���h�[�
�}�d�l�•�\���m���•�k�g�m�x�q�m���a�Z�e�•�a�g�b�q�g�m���f�_�j�_�`�m�� 
�K�m�q�Z�k�g�•�� �l�_�o�g�h�e�h�]�•�€�� �l�Z�� �h�[�e�Z�^�g�Z�g�g�y�� �y�d�•�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �i�j�b�� �\�b�d�h�g�Z�g�g�•��

�•�g�`�_�g�_�j�g�h-�]�_�h�^�_�a�b�q�g�b�o���j�h�[�•�l�� 
������ �*�1�6�6���� �A�Z�[�_�a�i�_�q�m�x�l�v�� �\�b�k�h�d�h�l�h�q�g�_�� �i�h�a�b�p�•�h�g�m�\�Z�g�g�y���l�Z�� �k�l�\�h�j�_�g�g�y�� �h�i�h�j�g�b�o��

�]�_�h�^�_�a�b�q�g�b�o�� �f�_�j�_�`�� �a�� �k�Z�g�l�b�f�_�l�j�h�\�h�x�� �l�h�q�g�•�k�l�x���� �<�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �5�7�.�� ���5�H�D�O-
�7�L�P�H���.�L�Q�H�P�D�W�L�F�����l�Z���k�l�Z�l�b�q�g�•���f�_�l�h�^�b���k�i�h�k�l�_�j�_�`�_�g�v�� 

������ �E�Z�a�_�j�g�_�� �k�d�Z�g�m�\�Z�g�g�y���� �G�Z�a�_�f�g�_�� �k�d�Z�g�m�\�Z�g�g�y�� �k�l�\�h�j�x�}�� �^�_�l�Z�e�v�g�•�� ���'-�f�h�^�_�e�•��
�h�[�
�}�d�l�•�\�� �a�� �f�•�e�•�f�_�l�j�h�\�h�x�� �l�h�q�g�•�k�l�x���� �F�h�[�•�e�v�g�_�� �k�d�Z�g�m�\�Z�g�g�y�� �\�k�l�Z�g�h�\�e�x�}�l�v�k�y�� �g�Z��
�l�j�Z�g�k�i�h�j�l�g�•���a�Z�k�h�[�b���^�e�y���r�\�b�^�d�h�]�h���k�d�Z�g�m�\�Z�g�g�y���^�h�\�]�b�o���^�•�e�y�g�h�d���d�h�e�•�€�� 

������ �;�I�E�:���� �<�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �^�e�y�� �Z�_�j�h�n�h�l�h�a�c�h�f�d�b�� �l�Z�� �k�l�\�h�j�_�g�g�y��
�h�j�l�h�n�h�l�h�i�e�Z�g�•�\���� �H�k�h�[�e�b�\�h�� �_�n�_�d�l�b�\�g�•�� �^�e�y�� �\�Z�`�d�h�^�h�k�l�m�i�g�b�o�� �^�•�e�y�g�h�d�� �l�Z��
�f�h�g�•�l�h�j�b�g�]�m���\�_�e�b�d�b�o���l�_�j�b�l�h�j�•�c�� 

������ �?�e�_�d�l�j�h�g�g�•�� �l�Z�o�_�h�f�_�l�j�b���� �A�Z�k�l�h�k�h�\�m�x�l�v�k�y�� �^�e�y�� �l�h�q�g�b�o�� �\�b�f�•�j�x�\�Z�g�v�� �d�m�l�•�\�� �l�Z��
�\�•�^�k�l�Z�g�_�c���� �h�k�h�[�e�b�\�h�� �i�j�b�� �k�l�\�h�j�_�g�g�•�� �h�i�h�j�g�b�o�� �f�_�j�_�`�� �l�Z�� �a�c�h�f�p�•�� �d�h�e�•�c�g�h�]�h��
�]�h�k�i�h�^�Z�j�k�l�\�Z�� 
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������ �P�b�n�j�h�\�•�� �g�•�\�_�e�•�j�b���� �A�Z�[�_�a�i�_�q�m�x�l�v�� �\�b�k�h�d�h�l�h�q�g�•�� �\�b�f�•�j�x�\�Z�g�g�y�� �i�_�j�_�\�b�s�_�g�v����
�d�j�b�l�b�q�g�h���\�Z�`�e�b�\�•���^�e�y���d�h�g�l�j�h�e�x���]�_�h�f�_�l�j�•�€���d�h�e�•�€�� 

�������=�_�h�j�Z�^�Z�j�b�����>�h�a�\�h�e�y�x�l�v���^�h�k�e�•�^�`�m�\�Z�l�b���i�•�^�a�_�f�g�•���k�l�j�m�d�l�m�j�b���[�_�a���j�h�a�d�h�i�h�d�����s�h��
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According to European experience with thermal modernization, which is carried 
out in accordance with current energy efficiency standards, the final energy 
consumption for heating, ventilation, and hot water supply can be reduced to 
approximately 25-50%, the index of demand for useful energy for heating and 
ventilation can be about 70-80 kWh/m2 per year. Comprehensive thermal 
modernization can bring the greatest benefit, but its implementation requires high 
investment costs [1]. 

In accordance with Directive 2010/31/EU [3] in Annex III, �³�&�R�P�S�D�U�D�W�L�Y�H��
methodological framework for the determination of cost-optimal levels of energy 
�S�H�U�I�R�U�P�D�Q�F�H�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �I�R�U�� �E�X�L�O�G�L�Q�J�V�� �D�Q�G�� �E�X�L�O�G�L�Q�J�� �H�O�H�P�H�Q�W�V�´���� �W�K�H�� �H�V�Wimated 
economic life cycle is defined by each Member State. It refers to the remaining 
estimated economic life cycle of a building in the case of setting energy performance 
requirements for the building as a whole or to the estimated economic life cycle of a 
building element in the case of setting energy performance requirements for building 
elements. 

According to the analysis of the technical and actual condition of the buildings put 
into operation, indicators of the expedient economic level of buildings were 
determined (Fig. 1). Therefore, when modernizing existing buildings, it is necessary 
to take into account investment costs for eliminating damage to the main load-bearing 
and enclosing structures and damage to engineering systems (heating, ventilation, air 
conditioning), to determine the economic feasibility of implementing energy 
efficiency measures, and also to identify cases when measures to increase energy 
efficiency are economically inexpedient for carrying out modernization work. 
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Fig. 1. Indicators of the technical condition of buildings in operation 
 

�,�Q�� �D�F�F�R�U�G�D�Q�F�H�� �Z�L�W�K�� �3�D�U�W�� �)�R�X�U�� �R�I�� �$�U�W�L�F�O�H�� ���� �R�I�� �W�K�H�� �/�D�Z�� �R�I�� �8�N�U�D�L�Q�H�� �³�2�Q�� �(�Q�H�U�J�\��
�(�I�I�L�F�L�H�Q�F�\���R�I���%�X�L�O�G�L�Q�J�V�´���>���@�����W�K�H���P�L�Q�L�P�X�P���U�H�T�X�L�U�H�P�H�Q�W�V���I�R�U���W�K�H���H�Q�H�U�J�\���H�I�I�L�F�L�H�Q�F�\���R�I��
buildings are calculated accord�L�Q�J�� �W�R�� �W�K�H�� �0�H�W�K�R�G�R�O�R�J�\�� �³�'�H�W�H�U�P�L�Q�D�W�L�R�Q�� �R�I�� �W�K�H��
�(�F�R�Q�R�P�L�F�D�O�O�\���(�[�S�H�G�L�H�Q�W���/�H�Y�H�O���R�I�� �(�Q�H�U�J�\�� �(�I�I�L�F�L�H�Q�F�\���R�I�� �%�X�L�O�G�L�Q�J�V�´���>���@�����S�U�R�Y�L�G�H�G���I�R�U��
in Part One of Article 5 of this Law, taking into account the requirements for the 
thermal characteristics of enclosing structures and the requirements for the energy 
efficiency of engineering systems (including equipment) of buildings in accordance 
with the economically expedient level and are differentiated depending on the 
functional purpose of buildings, the height of buildings, and the type of construction 
work (new construction, reconstruction, major repairs). 

To ensure the normative indicator of energy efficiency of a building in accordance 
with the type of construction work, it is necessary to predict the economic feasibility 
of implementing modernization measures, taking into account the life cycle of the 
building. The energy needs of buildings are determined by the regulatory and legal 
documents of Ukraine, which clearly prescribe the boundary conditions for energy 
consumption depending on the type of construction work (new construction, 
reconstruction, major repairs). 
 
[1] Dorota Anna Krawczyk. Buildings 2020. Constructions, materials and installations Copyright by Bialystok 
University of Technology, Bialystok 2019. ISBN 978-83-65596-70-�������j������������ 
[2] Directive 2010/31/EU 
[3] �/�D�Z���R�I���8�N�U�D�L�Q�H���©�2�Q���(�Q�H�U�J�\���(�I�I�L�F�L�H�Q�F�\���R�I���%�X�L�O�G�L�Q�J�V�ª����With changes introduced according to Law �‹�������� -IX dated 
17.10.2019, �+�9�5�����������������‹�����������S������������ 
�>���@���0�H�W�K�R�G�R�O�R�J�\���©�'�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���W�K�H���(�F�R�Q�R�P�L�F�D�O�O�\���(�[�S�H�G�L�H�Q�W���/�H�Y�H�O���R�I���(�Q�H�U�J�\���(�I�I�L�F�L�H�Q�F�\���R�I���%�X�L�O�G�L�Q�J�V�ª�����$�S�S�U�R�Y�H�G��
�E�\���2�U�G�H�U���‹�����������G�D�W�H�G���������������������������5�H�J�L�V�W�H�U�H�G���L�Q���W�K�H���0�L�Q�L�V�W�U�\���R�I���-�X�V�W�L�F�H���R�I���8�N�U�D�L�Q�H���������-�X�O�\���������������‹ 823/32275. 
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�I�•�^�\�b�s�_�g�g�y �^�h�\�]�h�\�•�q�g�h�k�l�•�� �\�Z�g�l�Z�`�g�h�]�h�� �d�Z�g�Z�l�m���y�\�e�y�}�l�v�k�y�� �^�m�`�_�� �\�Z�`�e�b�\�b�f�� �i�j�b��
�i�j�h�\�_�^�_�g�g�•���g�Z�\�Z�g�l�Z�`�m�\�Z�e�v�g�h-�j�h�a�\�Z�g�l�Z�`�m�\�Z�e�v�g�b�o���j�h�[�•�l�� 

�K�m�q�Z�k�g�b�c�� �j�•�\�_�g�v�� �j�h�a�\�b�l�d�m�� �l�_�o�g�•�d�b�� �i�h�l�j�_�[�m�}�� �\�k�_�� �g�h�\�•�� �\�b�f�h�]�b�� �^�h�� �g�Z�^�•�c�g�h�k�l�•�� �•��
�^�h�\�]�h�\�•�q�g�h�k�l�•�� �i�•�^�c�h�f�g�b�o�� �d�Z�g�Z�l�•�\���� �I�j�b�� �\�b�[�h�j�•�� �d�h�g�k�l�j�m�d�p�•�€�� �d�Z�g�Z�l�•�\�� �i�h�l�j�•�[�g�h��
�\�b�o�h�^�b�l�b�� �•�a�� �l�b�o�� �m�f�h�\���� �\�� �y�d�b�o�� �\�h�g�b�� �[�m�^�m�l�v�� �_�d�k�i�e�m�Z�l�m�\�Z�l�b�k�y�� �•�� �i�j�h�\�h�^�b�l�b��
�j�h�a�j�Z�o�m�g�d�b�� �k�Z�f�_�� �\�b�o�h�^�y�q�b�� �a�� �p�b�o�� �m�f�h�\���� �F�_�l�h�^�� �j�h�a�j�Z�o�m�g�d�m�� �d�Z�g�Z�l�•�\���� �y�d�b�c��
�a�Z�k�l�h�k�h�\�m�}�l�v�k�y�� �k�l�Z�g�^�Z�j�l�h�f�� �g�Z�� �l�_�i�_�j�•�r�g�•�c�� �q�Z�k���� �g�_�� �\�•�^�h�[�j�Z�`�Z�}�� �^�•�c�k�g�b�o�� �m�f�h�\��
�j�h�[�h�l�b���d�Z�g�Z�l�m���•���g�_���a�Z�[�_�a�i�_�q�m�}���c�h�]�h���i�h�l�j�•�[�g�h�€���^�h�\�]�h�\�•�q�g�h�k�l�• 

�I�j�b�� �j�h�[�h�l�•�� �d�j�Z�g�h�\�h�]�h�� �d�Z�g�Z�l�Z�� �\�� �c�h�]�h�� �i�_�j�_�l�b�g�Z�o�� �\�b�g�b�d�Z�x�l�v�� �g�Z�i�j�m�`�_�g�g�y��
�j�h�a�l�y�]�m���\�•�^���i�•�^�•�c�f�Z�}���f�h�]�h���\�Z�g�l�Z�`�m�����\�b�]�b�g�m�����i�j�b�����i�j�h�o�h�^�`�_�g�g�•���[�e�h�d�•�\���•���[�Z�j�Z�[�Z�g�Z����
�d�j�m�q�_�g�g�y���� �Z�� �l�Z�d�h�`�� �d�h�g�l�Z�d�l�g�•�� �g�Z�i�j�m�`�_�g�g�y���� �I�j�b�� �i�j�h�_�d�l�m�\�Z�g�g�•�� �m�k�•�� �d�Z�g�Z�l�b��
�j�h�a�j�Z�o�h�\�m�x�l�v�� �g�Z�� �k�l�Z�l�b�q�g�_�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �[�_�a�� �m�j�Z�o�m�\�Z�g�g�y�� �g�Z�i�j�m�`�_�g�v�� �a�]�b�g�m����
�d�j�m�q�_�g�g�y���� �I�j�b�� �j�h�a�j�Z�o�m�g�d�m�� �d�Z�g�Z�l�m�� �\�b�o�h�^�y�l�v�� �a�� �s�•�e�v�g�h�k�l�•�� �d�Z�g�Z�l�m�� �•�� �]�j�Z�g�b�q�g�h�€��
�i�j�y�f�h�\�•�k�g�h�€�� �^�h�\�`�b�g�b�� �H�p�•�g�d�Z�� �g�Z�l�y�]�g�_�g�g�y�� �d�Z�g�Z�l�m�� �i�j�b�� �c�h�]�h�� �a�]�b�g�Z�g�g�•�� �i�h�� �r�d�•�\�m��
�Z�[�h�� �[�Z�j�Z�[�Z�g�m�� �}�� �^�h�k�b�l�v�� �\�Z�`�e�b�\�h�x���� �l�h�f�m�� �s�h�� �\�h�g�Z�� �\�b�a�g�Z�q�Z�}�� �g�Z�i�j�m�`�_�g�b�c�� �k�l�Z�g�� �l�Z��
�^�h�\�]�h�\�•�q�g�•�k�l�v�� �g�_�� �l�•�e�v�d�b�� �d�Z�g�Z�l�Z���� �Z�e�_�� �•�� �[�e�h�d�Z�� �l�Z�� �[�Z�j�Z�[�Z�g�Z���� �1���N���G�•�d�•�l�•�g�b�f�� �[�m�\��
�i�j�h�\�_�^�_�g�b�c�� �_�d�k�i�_�j�b�f�_�g�l���� �y�d�b�c�� �^�Z�\�� �f�h�`�e�b�\�•�k�l�v�� �\�b�a�g�Z�q�b�l�b�� �\�_�e�b�q�b�g�m�� �•�� �o�Z�j�Z�d�l�_�j��
�a�f�•�g�b�� �^�h�^�Z�l�d�h�\�b�o�� �a�m�k�b�e�v�� �\�� �^�j�h�l�•�� �d�Z�g�Z�l�Z�� �i�j�b�� �g�Z�[�•�]�Z�g�g�•�� �c�h�]�h�� �g�Z�� �r�d�•�\���� �^�e�y�� �p�v�h�]�h��
�[�m�\�� �\�b�[�j�Z�g�b�c�� �k�i�•�j�Z�e�v�g�b�c�� �d�Z�g�Z�l�� �>�m�`�_�� �p�•�d�Z�\�b�f�� �}�� �l�_���� �s�h�� �^�•�c�k�g�_�� �f�Z�d�k�b�f�Z�e�v�g�_��
�g�Z�l�y�]�g�_�g�g�y���^�j�h�l�b�g�d�b���\���^�_�k�y�l�v���j�Z�a�•�\���f�_�g�r�_���g�Z�l�y�]�g�_�g�g�y���i�Z�k�f�Z���•���\�h�g�h���^�•�}���g�Z���^�m�`�_��
�f�Z�e�•�c�� �^�•�e�y�g�p�•�� �d�h�g�l�Z�d�l�m�� �a�� �[�Z�j�Z�[�Z�g�h�f���� �^�_�� �^�j�h�l�b�g�d�Z���� �d�j�•�f�� �j�h�a�l�y�]�g�_�g�g�y���� �i�h�q�b�g�Z�}��
�\�b�]�b�g�Z�l�b�k�y���� �F�h�`�g�Z�� �\�i�_�\�g�b�l�b�k�v�� �\�� �l�h�f�m���� �s�h�� �k�Z�f�_�� �g�Z�i�j�m�`�_�g�g�y�� �a�]�b�g�m���� �Z�� �g�_��
�j�h�a�l�y�]�g�_�g�g�y�� �i�j�b�\�h�^�b�l�v�� �^�h�� �^�_�n�h�j�f�Z�p�•�c�� �^�j�h�l�b�g�h�d���� �<�� �l�b�o�� �j�h�a�j�Z�o�m�g�d�Z�o���� �y�d�•��
�g�Z�\�h�^�y�l�v�k�y�� �\�� �g�Z�\�q�Z�e�v�g�•�c�� �•�� �^�h�\�•�^�d�h�\�•�c�� �e�•�l�_�j�Z�l�m�j�•���� �g�_�^�h�h�p�•�g�x�}�l�v�k�y�� �\�i�e�b�\��
�]�_�h�f�_�l�j�b�q�g�b�o�� �•�� �i�j�m�`�g�b�o�� �i�Z�j�Z�f�_�l�j�•�\�� �d�Z�g�Z�l�g�b�o�� �[�e�h�d�•�\�� �g�Z�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �d�Z�g�Z�l�m����
�D�Z�g�Z�l�� �\�b�[�b�j�Z�}�l�v�k�y�� �l�•�e�v�d�b�� �a�� �m�f�h�\ �g�Z�� �j�h�a�l�y�]�g�_�g�g�y���� �\�� �l�h�c�� �q�Z�k���� �y�d��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���^�h�\�_�^�_�g�h�����s�h���j�h�a�j�b�\���^�j�h�l�b�g�h�d���\���[�•�e�v�r�h�k�l�•���\�b�i�Z�^�d�•�\���\�b�g�b�d�Z�}��
�k�Z�f�_�� �i�j�b�� �i�j�h�o�h�^�`�_�g�g�•�� �d�Z�g�Z�l�h�f�� �[�e�h�d�m���� �?�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�•�� �^�h�k�e�•�^�`�_�g�g�y���� �y�d�•��
�i�j�h�\�h�^�b�e�b�k�y�� �;���K���D�h�\�Z�e�v�k�v�d�b�f���� �>���=���@�b�l�d�h�\�b�f���� �D���F���F�Z�k�e�_�g�•�d�h�\�b�f����
�1���N���G�•�d�•�l�•�g�b�f�� �� �l�Z�� �•�g�r�b�f�b���i�h�d�Z�a�Z�e�b���� �s�h�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �d�Z�g�Z�l�m���a�Z�e�_�`�b�l�v�� �\�•�^�� �c�h�]�h��
�d�h�g�k�l�j�m�d�p�•�€���� �j�_�`�b�f�•�\�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �•�� �g�_�� �f�h�`�_�� �\�b�a�g�Z�q�Z�l�b�k�y�� �l�•�e�v�d�b�� �k�l�Z�l�b�q�g�h�x��
�f�•�p�g�•�k�l�x�� 
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�A�g�Z�q�g�b�c�� �\�i�e�b�\�� �g�Z�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �d�Z�g�Z�l�m�� �f�Z�}�� �g�_�� �l�•�e�v�d�b�� �^�•�Z�f�_�l�j�� �d�Z�g�Z�l�g�h�]�h��
�[�e�h�d�m�����Z�e�_���•���d�m�l�b �j�h�a�d�j�b�l�l�y���d�Z�g�Z�\�d�b.  �I�j�h�\�_�^�_�g�•���l�_�k�l�b���•���i�j�Z�d�l�b�d�Z���i�h�d�Z�a�Z�e�b�����s�h��
�\�_�e�b�q�b�g�Z�� �i�h�\�h�j�h�l�m�� �d�Z�g�Z�l�m�� �g�Z�\�d�j�m�]�b�� �k�\�h�}�€�� �h�k�•�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �d�m�l�Z�� �j�h�a�d�j�b�l�l�y��
�j�•�\�q�Z�d�Z���� �Q�b�f�� �[�•�e�v�r�b�c�� �d�m�l���� �l�b�f�� �f�_�g�r�_�� �[�m�^�_�� �k�d�j�m�q�m�\�Z�l�b�k�y�� �d�Z�g�Z�l���� �I�j�b�� �d�m�l�•����
�j�h�a�d�j�b�l�l�y�� �d�Z�g�Z�\�d�b�� ������ �]�j�Z�^�m�k�•�\�� �d�j�m�q�•�g�g�y�� �\�� �^�\�Z�� �j�Z�a�b�� �[�•�e�v�r�_���� �g�•�`�� �i�j�b�� �d�m�l�•�� ������
�]�j�Z�^�m�k�•�\�� �>�h�k�\�•�^�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �i�h�d�Z�a�m�}���� �s�h�� �d�m�l�� �j�h�a�d�j�b�l�l�y�� �r�d�•�\�Z���� �y�d�b�c��
�j�_�d�h�f�_�g�^�h�\�Z�g�b�c���\���g�h�j�f�Z�e�y�o�����g�_���\�•�^�i�h�\�•�^�Z�}���m�f�h�\�Z�f���j�h�[�h�l�b���l�Z�e�_�\�b�o���d�Z�g�Z�l�•�\��  

�;�h�d�h�\�•�� �i�h�\�_�j�o�g�•�� �j�•�\�q�Z�d�•�\�� �r�d�•�\�•�\���� �y�d�•�� �\�b�d�h�g�Z�g�•�� �i�h�� �p�b�f�� �g�h�j�f�Z�f�� �f�Z�x�l�v��
�•�g�l�_�g�k�b�\�g�b�c�� �a�g�h�k�� �\�� �g�Z�k�e�•�^�h�d�� �g�_�^�h�k�l�Z�l�g�v�h�]�h�� �d�m�l�Z���j�h�a�d�j�b�l�l�y���� �G�Z�� �h�k�g�h�\�•��
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�b�o�� �^�Z�g�b�o���� �h�l�j�b�f�Z�g�b�o�� �g�Z�f�b�� �•�� �•�g�r�b�f�b�� �Z�\�l�h�j�Z�f�b���� �[�m�e�Z�� �\�b�\�_�^�_�g�Z��
�n�h�j�f�m�e�Z���^�e�y���\�b�a�g�Z�q�_�g�g�y���\�i�e�b�\�m���d�m�l�Z���j�h�a�d�j�b�l�l�y���j�•�\�q�Z�d�Z���[�e�h�d�m���g�Z���^�h�\�]�h�\�•�q�g�•�k�l�v��
�d�Z�g�Z�l�m�� �H�k�g�h�\�g�h�x�� �i�j�b�q�b�g�h�x�� �a�g�h�k�m�� �d�Z�g�Z�l�•�\�� �\�� �f�_�o�Z�g�•�a�f�Z�o�� �i�•�^�c�h�f�m��
�\�Z�g�l�Z�`�h�i�•�^�c�h�f�g�b�o�� �d�j�Z�g�•�\�� �} �a�]�b�g�� �d�Z�g�Z�l�m�� �g�Z�� �i�h�e�•�k�i�Z�k�l�g�b�o�� �•�� �h�[�\�•�^�g�b�o�� �[�e�h�d�Z�o���� �Z��
�l�Z�d�h�`�� �g�Z�� �[�Z�j�Z�[�Z�g�•���� �I�j�h�\�_�^�_�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �i�h�d�Z�a�m�x�l�v���� �s�h�� �i�j�b�q�b�g�h�x��
�j�m�c�g�m�\�Z�g�g�y�� �^�j�h�l�b�g�h�d�� �d�Z�g�Z�l�m�� �y�\�e�y�x�l�v�k�y�� �a�g�h�k�� �i�h�\�_�j�o�g�•�� �•�� �a�f�•�g�_�g�g�y�� �\�� �i�j�h�p�_�k�•��
�_�d�k�i�e�m�Z�l�Z�p�•�€�� �f�•�d�j�h�k�l�j�m�d�l�m�j�b�� �•�� �f�_�o�Z�g�•�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �k�l�Z�e�•���� �P�_�� �y�\�e�y�}�l�v�k�y��
�j�_�a�m�e�v�l�Z�l�h�f�� �\�_�e�b�d�b�o�� �d�h�g�l�Z�d�l�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v�� �g�Z�� �^�j�h�l�b�g�d�b�� �a�� �[�h�d�m�� �f�Z�l�_�j�•�Z�e�m��
�j�•�\�q�Z�d�Z�� �[�e�h�d�m���� �l�h�f�m�� �s�h�� �i�e�h�s�b�g�Z�� �d�h�g�l�Z�d�l�m�� �f�•�`�� �g�b�f�b�� �f�Z�e�Z���� �>�e�y�� �i�•�^�\�b�s�_�g�g�y��
�^�h�\�]�h�\�•�q�g�h�k�l�•�� �d�Z�g�Z�l�m�� �g�_�h�[�o�•�^�g�h�� �a�[�•�e�v�r�m�\�Z�l�b�� �i�e�h�s�b�g�m�� �d�h�g�l�Z�d�l�m�\�Z�g�g�y�� �d�Z�g�Z�l�m�� �•��
�[�e�h�d�m���� �� �G�Z�� �i�j�Z�d�l�b�p�•�� �p�_�� �q�Z�k�l�h�� �g�_�� �\�j�Z�o�h�\�m�x�l�v���� �s�h�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �i�•�^�\�b�s�_�g�h�]�h��
�a�g�h�k�m�� �•�� �d�Z�g�Z�l�m�� �•�� �[�e�h�d�m���� �K�m�l�l�}�\�b�c�� �\�i�e�b�\�� �g�Z�� �k�l�j�h�d�� �k�e�m�`�[�b�� �d�Z�g�Z�l�m�� �f�Z�}�� �f�Z�l�_�j�•�Z�e������
�i�j�h�n�•�e�v�� �j�•�\�q�Z�d�m�� �`�h�e�h�[�m�� �•�� �p�•�e�b�c�� �j�y�^�� �•�g�r�b�o�� �n�Z�d�l�h�j�•�\���� �L�h�f�m���� �[�_�j�m�q�b�� �^�h�� �m�\�Z�]�b��
�Z�d�l�m�Z�e�v�g�•�k�l�v�� �i�j�h�[�e�_�f�b�� �i�•�^�\�b�s�_�g�g�y�� �^�h�\�]�h�\�•�q�g�h�k�l�•�� �j�h�[�h�l�b�� �d�j�Z�g�h�\�b�o�� �d�Z�g�Z�l�•�\����
�j�_�d�h�f�_�g�^�m�}�l�v�k�y�� �i�j�b�� �\�b�[�h�j�•�� �^�•�Z�f�_�l�j�m�� �[�e�h�d�m�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �f�_�l�h�^�b�d�m��
�j�h�a�j�Z�o�m�g�d�m���i�h���k�l�j�h�d�m���k�e�m�`�[�b���� 
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�I�j�b�� �j�_�d�h�g�k�l�j�m�d�p�•�€�� �h�[�¶�}�d�l�•�\�� �\�•�^�i�h�\�•�^�g�h�� �^�h�� �>�;�G�� �:��������-���� �g�_�� �^�h�i�m�k�d�Z�}�l�v�k�y��
�j�h�a�j�h�[�e�_�g�g�y�� �i�j�h�}�d�l�g�h�€ �^�h�d�m�f�_�g�l�Z�p�•�€�� �[�_�a�� �m�l�h�q�g�_�g�g�y�� �\�b�d�h�g�Z�g�b�o�� �•�g�`�_�g�_�j�g�b�o��
�\�b�r�m�d�m�\�Z�g�v���l�Z���•�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�]�h���h�[�k�l�_�`�_�g�g�y���h�[�¶�}�d�l�•�\�����H�p�•�g�x�\�Z�g�g�y���l�_�o�g�•�q�g�h�]�h��
�k�l�Z�g�m�� �g�_�k�m�q�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �^�\�h�i�h�\�_�j�o�h�\�h�€�� �[�m�^�•�\�e�•�� �I�j�_�^�k�l�Z�\�g�b�p�l�\�Z�� �H�H�G�� �\��
�M�d�j�Z�€�g�•���\�b�a�g�Z�q�Z�e�h�k�v���a�Z���g�Z�l�m�j�g�b�f���h�]�e�y�^�h�f���h�k�g�h�\�g�b�o���d�h�g�k�l�j�m�d�l�b�\�g�b�o �_�e�_�f�_�g�l�•�\����
�•�g�k�l�j�m�f�_�g�l�Z�e�v�g�b�f�b�� �h�[�k�l�_�`�_�g�g�y�f�b���� �Z�� �l�Z�d�h�`�� �g�Z�� �i�•�^�k�l�Z�\�•�� �]�_�h�e�h�]�•�q�g�b�o�� �•��
�]�_�h�^�_�a�b�q�g�b�o���\�b�r�m�d�m�\�Z�g�v�����y�d�•���i�j�h�\�h�^�b�e�b�k�v���h�^�g�h�q�Z�k�g�h���a���l�_�o�g�•�q�g�b�f���h�[�k�l�_�`�_�g�g�y�f��
[1, 2]. 

�I�j�b���l�_�o�g�•�q�g�h�f�m���h�[�k�l�_�`�_�g�g�•���\�b�a�g�Z�q�_�g�h���d�h�g�k�l�j�m�d�l�b�\�g�m���k�o�_�f�m���•���\�k�l�Z�g�h�\�e�_�g�h��
�d�Z�l�_�]�h�j�•�€�� �l�_�o�g�•�q�g�h�]�h�� �k�l�Z�g�m �^�e�y�� �g�_�k�m�q�b�o�� �d�h�g�k�l�j�m�d�p�•�€�� �[�m�^�•�\�e�•���� �M�� �i�_�j�_�d�j�b�l�l�•�� �g�Z�^��
�^�j�m�]�b�f�� �i�h�\�_�j�o�h�f���� �y�d�_�� �l�j�b�\�Z�e�b�c�� �q�Z�k�� �a�Z�f�h�q�m�\�Z�e�h�k�y�� �\�g�Z�k�e�•�^�h�d�� �i�j�h�l�•�d�Z�g�g�y��
�i�h�d�j�•�\�e�•�����\�b�y�\�e�_�g�•���q�b�k�e�_�g�g�•���^�_�n�_�d�l�b���•���i�h�r�d�h�^�`�_�g�g�y�����s�h���i�h�d�Z�a�Z�g�•���a�Z���j�b�k�m�g�d�Z�o������
�•���������y�d�•���j�h�[�e�y�l�v���c�h�]�h���g�_�i�j�b�^�Z�l�g�b�f���^�e�y���i�h�^�Z�e�v�r�h�€���_�d�k�i�e�m�Z�l�Z�p�•�€ �m���y�d�h�k�l�•���g�_�k�m�q�h�€��
�d�h�g�k�l�j�m�d�p�•�€�� 

 

  
 

�J�b�k�����������I�h�r�d�h�^�`�_�g�g�y���^�_�j�_�\�¶�y�g�h�€�� 
�[�Z�e�d�b���]�h�j�b�s�g�h�]�h���i�_�j�_�d�j�b�l�l�y 

 
�J�b�k�����������J�h�a�d�j�b�l�l�y���]�h�j�b�s�g�h�]�h���i�_�j�_�d�j�b�l�l�y 

 
�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �l�_�o�g�•�q�g�h�]�h�� �h�[�k�l�_�`�_�g�g�y�� �[�m�e�h�� �i�j�b�c�g�y�l�h�� �j�•�r�_�g�g�y�� �i�h�� �\�_�j�o�m��

�j�_�d�h�g�k�l�j�m�c�h�\�Z�g�b�o���]�h�j�b�s�g�b�o���i�_�j�_�d�j�b�l�l�•�\���\�b�d�h�g�Z�l�b���g�h�\�•���f�h�g�h�e�•�l�g�•���a�Z�e�•�a�h�[�_�l�h�g�g�•��
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�i�_�j�_�d�j�b�l�l�y�� �i�h�� �k�l�Z�e�_�\�b�o�� �[�Z�e�d�Z�o�� �a�•�� �k�i�b�j�Z�g�g�y�f�� �g�Z�� �k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�•�� �i�h�y�k�b����
�\�e�Z�r�l�h�\�Z�g�•���i�h���\�k�•�o���k�l�•�g�Z�o�� 

�I�j�b�� �j�h�a�\�b�l�d�m �i�h�`�_�`�•�� �m�� �[�m�^�•�\�e�y�o���� �s�h�� �i�j�h�_�d�l�m�x�l�v�k�y�� �a�•�� �k�l�Z�e�_�\�b�o��
�d�h�g�k�l�j�m�d�p�•�c�����g�_�k�m�q�•���d�h�g�k�l�j�m�d�p�•�€���i�h�q�b�g�Z�x�l�v���Z�d�l�b�\�g�h���^�_�n�h�j�f�m�\�Z�l�b�k�y���l�Z���\�l�j�Z�q�Z�l�b��
�k�\�h�x�� �g�_�k�m�q�m�� �a�^�Z�l�g�•�k�l�v�� �q�_�j�_�a�� ������ �o�\�b�e�b�g�� �>���@�� �i�•�k�e�y�� �\�b�g�b�d�g�_�g�g�y�� �i�h�`�_�`�•���� �L�h�f�m��
�g�_�h�[�o�•�^�g�h�� �\�b�d�h�g�Z�l�b�� �h�p�•�g�d�m�� �f�_�`�•�� �\�h�]�g�_�k�l�•�c�d�h�k�l�•�� �k�l�Z�e�_�\�b�o�� �g�_�k�m�q�b�o�� �[�Z�e�h�d�� �a�Z��
�i�j�_�^�k�l�Z�\�e�_�g�h�x�� �q�b�k�_�e�v�g�h-�Z�g�Z�e�•�l�b�q�g�h�x�� �f�_�l�h�^�b�d�h�x�� �^�e�y�� �\�b�a�g�Z�q�_�g�g�y�� �_�n�_�d�l�b�\�g�h�]�h��
�\�h�]�g�_�a�Z�o�b�k�g�h�]�h���f�Z�l�_�j�•�Z�e�m���>���@���\��LIRA-FEM (�I�D���E�1�J�:-�K�:�I�J���� 

�:�e�]�h�j�b�l�f���j�h�a�j�Z�o�m�g�d�m���i�j�_�^�k�l�Z�\�e�_�g�h���g�Z���j�b�k�m�g�d�m������ 
 

 
 

�J�b�k�����������Q�b�k�_�e�v�g�h-�Z�g�Z�e�•�l�b�q�g�b�c���Z�e�]�h�j�b�l�f���\�b�a�g�Z�q�_�g�y���]�j�Z�g�b�p�•�� 
�\�h�]�g�_�k�l�•�c�d�h�k�l�•���k�l�Z�e�_�\�h�€���[�Z�e�d�b���i�_�j�_�d�j�b�l�l�y 

 
[1] �D�h�k�l�b�j�Z���G���H�����H�k�h�[�e�b�\�h�k�l�•���l�_�o�g�•�q�g�h�]�h���h�[�k�l�_�`�_�g�g�y���h�[�¶�}�d�l�•�\���i�j�b�e�_�]�e�b�o���^�h���•�k�g�m�x�q�h�€���a�Z�[�m�^�h�\�b�������G���H�����D�h�k�l�b�j�Z����
�<���F�����;�Z�d�m�e�•�g�Z���������;�m�^�•�\�_�e�v�g�•���d�h�g�k�l�j�m�d�p�•�€�����L�_�h�j�•�y���•���i�j�Z�d�l�b�d�Z�����D�G�M�;�:�����± �‹�����������±2023. �± �K����������-114. 
[2] �D�h�k�l�b�j�Z �G���H������ �F�Z�e�b�r�_�\�� �H���F������ �;�Z�d�m�e�•�g�Z�� �<���F���� �H�k�h�[�e�b�\�h�k�l�•�� �l�_�o�g�•�q�g�h�]�h�� �h�[�k�l�_�`�_�g�g�y�� �l�Z�� �i�Z�k�i�h�j�l�b�a�Z�p�•�€��
�i�j�b�c�g�y�l�b�o�� �\�� �_�d�k�i�e�m�Z�l�Z�p�•�x�� �h�[�¶�}�d�l�•�\�� �[�m�^�•�\�g�b�p�l�\�Z���� �0�D�F�K�L�Q�H�U�\�� �	�� �(�Q�H�U�J�H�W�L�F�V���� �-�R�X�U�Q�D�O�� �R�I�� �5�X�U�D�O�� �3�U�R�G�X�F�W�L�R�Q�� �5�H�V�H�D�U�F�K����
���������������9�R�O�������������‹���������3�����������±169. 
[3] Bilyk S., Bashynska O., Bashynskyi O. Determination of changes inthermal stress state of steel beams in LIRA-
SAPR software�����6�W�U�H�Q�J�W�K���R�I���P�D�W�H�U�L�D�O�V���D�Q�G���W�K�H�R�U�\���R�I���V�W�U�X�F�W�X�U�H�V�����������������‹�����������K����������-202. 
[4] �;�Z�r�b�g�k�v�d�b�c���H���<�������;�Z�r�b�g�k�v�d�Z���H���X�����:�g�Z�e�•�a���g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h���k�l�Z�g�m���\�h�]�g�_�a�Z�o�b�s�_�g�h�€���k�l�Z�e�_�\�h�€���[�Z�e�d�b��
�i�_�j�_�d�j�b�l�l�y�����;�m�^�•�\�_�e�v�g�•���d�h�g�k�l�j�m�d�p�•�€�����L�_�h�j�•�y���•���i�j�Z�d�l�b�d�Z�����������������‹���������K����������-138. 
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�H�^�g�•�}�x �a �]�h�e�h�\�g�b�o �a�Z�^�Z�q, �s�h �k�l�h�y�l�v �i�_�j�_�^ �[�m�^�•�\�g�b�p�l�\�h�f �g�Z �k�v�h�]�h�^�g�•, �} 
�k�l�\�h�j�_�g�g�y �g�h�\�b�o �i�j�h�]�j�_�k�b�\�g�b�o �d�h�g�k�l�j�m�d�l�b�\�g�b�o �_�e�_�f�_�g�l�•�\, �y�d�• �[ �a�Z�^�h�\�h�e�v�g�y�e�b 
�\�b�f�h�]�Z�f �a�f�_�g�r�_�g�g�y �\�b�l�j�Z�l �f�Z�l�_�j�•�Z�e�•�\, �f�Z�k�b �y�d �h�d�j�_�f�b�o �g�_�k�m�q�b�o �d�h�g�k�l�j�m�d�p�•�c, 
�l�Z�d �• �[�m�^�•�\�_�e�v �m �p�•�e�h�f�m, �a�g�b�`�_�g�g�y �l�j�m�^�h�f�•�k�l�d�h�k�l�• �\�b�]�h�l�h�\�e�_�g�g�y, �f�h�g�l�Z�`�m �• 
�i�•�^�\�b�s�_�g�g�y �g�_�k�m�q�h�€ �a�^�Z�l�g�h�k�l�•.  

�>�e�y �\�b�j�•�r�_�g�g�y �a�Z�^�Z�q�• �[�m�\ �a�Z�i�j�h�i�h�g�h�\�Z�g�b�c �i�h�i�_�j�_�q�g�b�c �i�_�j�_�j�•�a �d�h�g�k�l�j�m�d�p�•�€ 
�k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o �[�Z�e�d�h�\�b�o �a�]�b�g�Z�e�v�g�b�o �_�e�_�f�_�g�l�•�\ (�j�b�k.1) �l�Z �\�b�]�h�l�h�\�e�_�g�g�• 
�_�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�• �a�j�Z�a�d�b �^�e�y �\�b�a�g�Z�q�_�g�g�y �g�_�k�m�q�h�€ �a�^�Z�l�g�h�k�l�• �a�Z�i�j�h�i�h�g�h�\�Z�g�b�o 
�k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o �_�e�_�f�_�g�l�•�\ (�j�b�k.2). �<�b�]�h�l�h�\�e�_�g�g�y�� �a�]�b�g�Z�e�v�g�b�o��
�k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �[�Z�e�d�h�\�b�o���d�h�g�k�l�j�m�d�p�•�c�� �a�� �Z�j�f�m�\�Z�g�g�y�f�� �\�_�j�l�b�d�Z�e�v�g�b�f�b��
�e�b�k�l�Z�f�b���\�b�d�e�b�d�Z�}���i�j�Z�d�l�b�q�g�b�c���l�Z���g�Z�m�d�h�\�b�c���•�g�l�_�j�_�k���•���}���Z�d�l�m�Z�e�v�g�h�x���a�Z�^�Z�q�_�x�� 

�?�n�_�d�l�b�\�g�•�k�l�v�� �l�Z�d�b�o�� �k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �s�h�� �a�]�b�g�Z�x�l�v�k�y����
�a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �a�Z�� �j�Z�o�m�g�h�d�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �e�b�k�l�h�\�h�€�� �k�l�Z�e�•�� �r�e�y�o�h�f�� �j�h�a�f�•�s�_�g�g�y�� �€�€��
�g�Z���a�h�\�g�•�r�g�•�o�� �]�j�Z�g�y�o�� �i�_�j�_�j�•�a�m���� �:�j�f�m�\�Z�g�g�y�� �k�l�Z�e�_�\�b�f�b�� �e�b�k�l�Z�f�b�� �a�g�b�`�m�}��
�j�h�a�l�y�]�m�\�Z�e�v�g�•�� �g�Z�i�j�m�]�b�� �\�� �[�_�l�h�g�•���� �i�•�^�\�b�s�m�x�q�b�� �c�h�]�h�� �k�l�•�c�d�•�k�l�v�� �^�h��
�l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �Z�� �l�Z�d�h�`�� �^�Z�}�� �f�h�`�e�b�\�•�k�l�v�� �h�^�_�j�`�Z�l�b�� �\�•�^�i�h�\�•�^�g�b�c�� �i�j�b�j�•�k�l��
�f�•�p�g�h�k�l�•�� �l�Z�� �`�h�j�k�l�d�h�k�l�•���� �l�Z�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b�� �a�h�\�g�•�r�g�x�� �e�b�k�l�h�\�m�� �k�l�Z�e�v�� �y�d��
�h�i�Z�e�m�[�d�m���i�j�b���[�_�l�h�g�m�\�Z�g�g�•�����Z���i�•�k�e�y���a�Z�l�\�_�j�^�•�g�g�y���[�_�l�h�g�m���± �y�d���g�_�k�m�q�m���Z�j�f�Z�l�m�j�m�� 

�K�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�•���d�h�g�k�l�j�m�d�p�•�€���•�a���a�h�\�g�•�r�g�•�f���e�b�k�l�h�\�b�f���Z�j�f�m�\�Z�g�g�y�f���^�h�a�\�h�e�y�l�v��
�a�[�•�e�v�r�b�l�b�� �i�j�h�e�v�h�l�b�� �•�� �i�h�d�j�Z�s�b�l�b�� �n�m�g�d�p�•�h�g�Z�e�v�g�•�� �y�d�h�k�l�•�� �[�m�^�•�\�e�•���� �a�g�Z�q�g�h��
�j�h�a�r�b�j�x�x�l�v�� �f�h�`�e�b�\�h�k�l�•�� �l�j�Z�g�k�n�h�j�f�Z�p�•�€�� �i�j�b�f�•�s�_�g�v�� �l�Z�� �€�o�� �i�_�j�_�i�e�Z�g�m�\�Z�g�g�y�� �m��
�\�b�i�Z�^�d�m�� �a�f�•�g�b�� �l�_�o�g�h�e�h�]�•�€�� �Z�[�h�� �i�j�b�a�g�Z�q�_�g�g�y�� �h�[�¶�}�d�l�Z���� �l�Z�d�� �y�d�� �l�Z�d�•�� �d�h�g�k�l�j�m�d�p�•�€��
�f�Z�x�l�v���\�_�e�b�d�m���`�h�j�k�l�d�•�k�l�v�� 
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�J�b�k. 1. �A�Z�i�j�h�i�h�g�h�\�Z�g�b�c���i�_�j�_�j�•�a���d�h�g�k�l�j�m�d�p�•�c���k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o���[�Z�e�d�h�\�b�o���a�]�b�g�Z�e�v�g�b�o��

�_�e�_�f�_�g�l�•�\ 
 

 
 

�J�b�k�������� �<�b�]�h�l�h�\�e�_�g�g�•���a�j�Z�a�d�b���k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o���[�Z�e�d�h�\�b�o���a�]�b�g�Z�e�v�g�b�o���_�e�_�f�_�g�l�•�\���a��
�Z�j�f�m�\�Z�g�g�y�f���e�b�k�l�Z�f�b 

 
�D�h�g�k�l�j�m�d�p�•�€�� �k�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �[�Z�e�d�h�\�b�o�� �a�]�b�g�Z�e�v�g�b�o�� �_�e�_�f�_�g�l�•�\�� �r�b�j�h�d�h��

�a�Z�k�l�h�k�h�\�m�x�l�v�k�y�� �\�� �[�m�^�•�\�g�b�p�l�\�•�� �^�e�y�� �k�l�\�h�j�_�g�g�y�� �i�_�j�_�d�j�b�l�l�•�\���� �f�h�k�l�•�\���� �d�Z�j�d�Z�k�•�\��
�[�m�^�•�\�_�e�v���l�Z���•�g�r�b�o���d�h�g�k�l�j�m�d�p�•�c�����s�h���i�•�^�^�Z�x�l�v�k�y���\�_�e�b�d�b�f���g�Z�\�Z�g�l�Z�`�_�g�g�y�f���� 

�K�l�Z�e�_�a�Z�e�•�a�h�[�_�l�h�g�g�•�� �[�Z�e�d�h�\�•�� �d�h�g�k�l�j�m�d�p�•�€�� �a�� �e�b�k�l�h�\�b�f�� �Z�j�f�m�\�Z�g�g�y�f�� �i�•�^�o�h�^�y�l�v��
�^�e�y�� �h�[�¶�}�d�l�•�\���� �^�_�� �i�h�l�j�•�[�g�•�� �_�d�h�g�h�f�•�y�� �f�Z�l�_�j�•�Z�e�•�\�� �•�� �i�h�d�j�Z�s�_�g�g�y�� �_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �[�_�a�� �a�g�Z�q�g�h�]�h�� �a�[�•�e�v�r�_�g�g�y�� �f�Z�k�b�� �d�h�g�k�l�j�m�d�p�•�€���� �A�Z�\�^�y�d�b�� �k�\�h�€�f��
�\�b�k�h�d�b�f�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�� �\�h�g�b�� �a�g�Z�o�h�^�y�l�v�� �\�k�_�� �[�•�e�v�r�� �r�b�j�h�d�_�� �a�Z�k�l�h�k�m�\�Z�g�g�y�� �\��
�k�m�q�Z�k�g�h�f�m���[�m�^�•�\�g�b�p�l�\�•�� 
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1�>�G�I���©�>�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���D�b�€�\�k�v�d�b�c���Z�\�•�Z�p�•�c�g�b�c���•�g�k�l�b�l�m�l�ª�����f�����D�b�€�\�� 
 
 

�M�� �k�m�q�Z�k�g�b�o�� �m�f�h�\�Z�o�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �[�m�^�•�\�_�e�v�� �l�Z�� �k�i�h�j�m�^�� �i�b�l�Z�g�g�y�� �h�p�•�g�d�b��
�l�_�o�g�•�q�g�h�]�h�� �k�l�Z�g�m�� �d�h�g�k�l�j�m�d�p�•�c�� �g�Z�[�m�\�Z�}�� �h�k�h�[�e�b�\�h�€�� �Z�d�l�m�Z�e�v�g�h�k�l�•���� �A�Z�e�•�a�h�[�_�l�h�g�g�•��
�i�•�e�h�g�b�� �}�� �\�Z�`�e�b�\�b�f�b�� �_�e�_�f�_�g�l�Z�f�b�� �[�Z�]�Z�l�v�h�o�� �•�g�`�_�g�_�j�g�b�o�� �k�i�h�j�m�^���� �l�Z�d�b�o�� �y�d�� �f�h�k�l�b����
�\�b�k�h�l�g�•���[�m�^�•�\�e�•���l�Z���•�g�r�•���h�[�
�}�d�l�b�����^�_���€�o���k�l�•�c�d�•�k�l�v���•���^�h�\�]�h�\�•�q�g�•�k�l�v���f�Z�x�l�v���\�b�j�•�r�Z�e�v�g�_��
�a�g�Z�q�_�g�g�y���� �<�� �i�j�h�p�_�k�•�� �l�j�b�\�Z�e�h�€�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �i�•�^�� �^�•�}�x�� �j�•�a�g�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v����
�a�h�\�g�•�r�g�•�o�� �n�Z�d�l�h�j�•�\�� �l�Z�� �f�h�`�e�b�\�b�o�� �Z�\�Z�j�•�c�g�b�o�� �k�b�l�m�Z�p�•�c�� �a�Z�e�•�a�h�[�_�l�h�g�g�•�� �d�h�g�k�l�j�m�d�p�•�€��
�f�h�`�m�l�v���a�Z�a�g�Z�\�Z�l�b���q�Z�k�l�d�h�\�b�o���Z�[�h���a�g�Z�q�g�b�o���j�m�c�g�m�\�Z�g�v�� 

�<�b�a�g�Z�q�_�g�g�y�� �a�Z�e�b�r�d�h�\�h�€�� �f�•�p�g�h�k�l�•�� �Z�j�f�Z�l�m�j�b�� �m�� �a�j�m�c�g�h�\�Z�g�b�o�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o��
�_�e�_�f�_�g�l�Z�o�� �}�� �\�Z�`�e�b�\�b�f�� �_�l�Z�i�h�f�� �m�� �i�j�h�p�_�k�•�� �h�p�•�g�d�b�� �f�h�`�e�b�\�h�k�l�•�� �i�h�^�Z�e�v�r�h�]�h��
�\�b�d�h�j�b�k�l�Z�g�g�y�� �Z�[�h�� �g�_�h�[�o�•�^�g�h�k�l�•�� �j�_�d�h�g�k�l�j�m�d�p�•�€�� �d�h�g�k�l�j�m�d�p�•�€���� �>�h�k�e�•�^�`�_�g�g�y�� �p�v�h�]�h��
�Z�k�i�_�d�l�m�� �^�h�a�\�h�e�y�}�� �a�j�h�a�m�f�•�l�b�����g�Z�k�d�•�e�v�d�b�� �_�n�_�d�l�b�\�g�h�� �Z�j�f�Z�l�m�j�Z�� �f�h�`�_�� �\�b�d�h�g�m�\�Z�l�b��
�k�\�h�€�� �n�m�g�d�p�•�€�� �i�•�k�e�y���q�Z�k�l�d�h�\�h�]�h�� �j�m�c�g�m�\�Z�g�g�y�� �i�•�e�h�g�Z�� �l�Z�� �y�d�•�� �q�b�g�g�b�d�b�� �\�i�e�b�\�Z�x�l�v�� �g�Z��
�a�g�b�`�_�g�g�y���€�€���g�_�k�m�q�h�€���a�^�Z�l�g�h�k�l�•�� 

�I�h�i�_�j�_�^�g�v�h�� �i�_�j�_�^�� �\�b�a�g�Z�q�_�g�g�y�f�� �a�Z�e�b�r�d�h�\�h�€�� �f�•�p�g�h�k�l�•�� �Z�j�f�Z�l�m�j�b�� �\�b�a�g�Z�q�Z�x�l�v��
�d�h�_�n�•�p�•�}�g�l���a�Z�i�Z�k�m���f�•�p�g�h�k�l�•���l�Z���i�j�b�c�f�Z�x�l�v���j�•�r�_�g�g�y���s�h�^�h���i�h�^�Z�e�v�r�h�€���_�d�k�i�e�m�Z�l�Z�p�•�€��
�a�Z�e�•�a�h�[�_�l�h�g�g�h�]�h���i�•�e�h�g�m���� 

�G�Z�� �i�j�b�d�e�Z�^�•�� �j�_�Z�e�v�g�h�]�h�� �a�j�m�c�g�h�\�Z�g�h�]�h�� �a�Z�e�•�a�h�[�_�l�h�g�g�h�]�h�� �i�•�e�h�g�m���� �y�d�b�c�� �[�m�\��
�i�h�i�_�j�_�^�g�v�h���h�[�k�l�_�`�_�g�b�c�����\�b�d�h�g�Z�g�b�c���j�h�a�j�Z�o�m�g�h�d���a�Z�e�b�r�d�h�\�h�€���g�_�k�m�q�h�€���a�^�Z�l�g�h�k�l�•���l�Z��
�i�j�b�c�g�y�l�h���j�•�r�_�g�g�y�����s�h�^�h���\�•�^�g�h�\�e�_�g�g�y���^�e�y���i�h�^�Z�e�v�r�h�€���_�d�k�i�e�m�Z�l�Z�p�•�€���i�•�e�h�g�m�� 

�<�b�k�h�l�Z���a�Z�e�•�a�h�[�_�l�h�g�g�h�]�h���i�•�e�h�g�m���k�l�Z�g�h�\�b�l�v�����������f���a���y�d�b�o�������f���i�•�e�h�g�m���a�j�m�c�g�h�\�Z�g�h��
���j�b�k�������������� �A�� �i�•�e�h�g�m�� �[�m�e�h�� �\�•�^�•�[�j�Z�g�h�� ���� �i�Z�j�l�•�x�� �a�j�Z�a�d�•�\�� �Z�j�f�Z�l�m�j�g�h�€�� �k�l�Z�e�•�� �‘������ �f�f�� �m��
�d�•�e�v�d�h�k�l�•�������r�l�m�d�� 

�<�b�i�j�h�[�m�\�Z�g�g�y�� �Z�j�f�Z�l�m�j�b�� �\�b�d�h�g�m�\�Z�e�h�k�y�� �g�Z�� �j�h�a�l�y�]�� �^�e�y�� �h�l�j�b�f�Z�g�g�y�� �]�j�Z�g�b�p�•��
�f�•�p�g�h�k�l�•���� �]�j�Z�g�b�p�•�� �i�e�b�g�g�h�k�l�•�� �l�Z�� �\�•�^�g�h�k�g�h�]�h�� �i�h�^�h�\�`�_�g�g�y�� �Z�j�f�Z�l�m�j�b���� �A�j�Z�a�d�b��
�Z�j�f�Z�l�m�j�b�� �a�Z�d�j�•�i�e�x�\�Z�e�b�k�y�� �\�� �\�b�i�j�h�[�m�\�Z�e�v�g�•�c�� �f�Z�r�b�g�•���� �i�•�k�e�y�� �q�h�]�h�� �^�h�� �g�b�o��
�i�j�b�d�e�Z�^�Z�e�h�k�y���g�Z�\�Z�g�l�Z�`�_�g�g�y���^�h���f�h�f�_�g�l�m���j�m�c�g�m�\�Z�g�g�y�����j�b�k.2). 

�J�_�a�m�e�v�l�Z�l�b���\�b�i�j�h�[�m�\�Z�g�v���a�j�Z�a�d�•�\���Z�j�f�Z�l�m�j�b�����g�Z�\�_�^�_�g�h���\���l�Z�[�e�b�p�•������ 
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�J�b�k. 1. �A�j�m�c�g�h�\�Z�g�b�c���i�•�e�h�g 

 
 

�J�b�k. 2. �:�j�f�Z�l�m�j�Z���i�•�k�e�y���\�b�i�j�h�[�m�\�Z�g�g�y 
 

�L�Z�[�e�b�p�y�������± �J�_�a�m�e�v�l�Z�l�b���\�b�i�j�h�[�m�\�Z�g�v���a�j�Z�a�d�•�\���Z�j�f�Z�l�m�j�b 

�G�h�f�_�j��
�i�Z�j�l�•�€ 

�G�h�f�_�j��
�a�j�Z�a�d�Z 

�J�h�a�f�•�j�b��
�i�_�j�_�j�•�a�m��

���^�•�Z�f�_�l�j������
�f�f  

�I�e�h�s�Z��
�i�_�j�_�j�•�a�m����

�f�f��  

�>�h�\�`�b�g�Z����
�f�f  

�=�j�Z�g�b�p�y��
�i�e�b�g�g�h�k�l�•����

�F�I�Z 

�L�b�f�q�Z�k�h�\�b�c��
�h�i�•�j�����F�I�Z 

�<�b�^�h�\-
�`�_�g�g�y���� 

% 

1 2 3 4 5 6 7 8 

1 
493/22 14 150.1 752 405.15 470.50 22.9 
494/22 14 149.6 632 406.47 474.66 21.4 

 
�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �i�j�h�\�_�^�_�g�b�o�� �\�b�i�j�h�[�m�\�Z�g�v�� �a�j�Z�a�d�•�\�� �Z�j�f�Z�l�m�j�g�h�€�� �k�l�Z�e�•���� �s�h��

�\�•�^�•�[�j�Z�g�•�� �a�� �a�Z�e�•�a�h�[�_�l�h�g�g�h�]�h�� �i�•�e�h�g�m���� �[�m�e�h���\�b�a�g�Z�q�_�g�h�� �f�_�o�Z�g�•�q�g�•�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b����
�y�d�•���k�l�Z�g�h�\�e�y�l�v�� 

- �]�j�Z�g�b�p�y���i�e�b�g�g�h�k�l�•���a�j�Z�a�d�•�\�����i�Z�j�l�•�y���������± �\�•�^�����������������F�I�Z���^�h�����������������F�I�Z�� 
- �l�b�f�q�Z�k�h�\�b�c���h�i�•�j���a�j�Z�a�d�•�\�����i�Z�j�l�•�y���������± �\�•�^�����������������F�I�Z���^�h�����������������F�I�Z�� 
- �\�•�^�g�h�k�g�_���\�b�^�h�\�`�_�g�g�y���a�j�Z�a�d�•�\�����i�Z�j�l�•�y���������± �\�•�^�������������^�h�������������� 
�A�]�•�^�g�h���a���>�K�L�M�����������������������\�b�i�j�h�[�m�\�Z�e�v�g�•���a�j�Z�a�d�b���Z�j�f�Z�l�m�j�b���f�h�`�g�Z���\�•�^�g�_�k�l�b���^�h��

�d�e�Z�k�m�� �Z�j�f�Z�l�m�j�g�h�]�h�� �i�j�h�d�Z�l�m�� �:�������K���� �s�h�� �\�•�^�i�h�\�•�^�Z�}�� �a�Z�i�j�h�}�d�l�h�\�Z�g�h�f�m�� �d�e�Z�k�m�� �\��
�a�j�m�c�g�h�\�Z�g�h�f�m�� �i�•�e�h�g�•���� �l�h�f�m�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �Z�j�f�Z�l�m�j�b�� �^�e�y�� �\�•�^�g�h�\�e�_�g�g�y�� �i�•�e�h�g�m��
�^�h�p�•�e�v�g�_�� 
 
[1] �>�K�L�M�� ���������������������� �I�j�h�d�Z�l�� �Z�j�f�Z�l�m�j�g�b�c�� �^�e�y�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�c�� �d�h�g�k�l�j�m�d�p�•�c���� �A�Z�]�Z�e�v�g�•�� �l�_�o�g�•�q�g�•�� �\�b�f�h�]�b�����>�Q�b�g�g�b�c��
�\�•�^����������-08-01]. �± �D�������>�I���©�M�d�j�G�>�G�P�ª�����������������������k�� 
[2] �>�;�G�� �<��������-14-������������ �K�b�k�l�_�f�Z�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �g�Z�^�•�c�g�h�k�l�•�� �l�Z�� �[�_�a�i�_�d�b�� �[�m�^�•�\�_�e�v�g�b�o�� �h�[�¶�}�d�l�•�\���� �A�Z�]�Z�e�v�g�•�� �i�j�b�g�p�b�i�b��
�a�Z�[�_�a�i�_�q�_�g�g�y���g�Z�^�•�c�g�h�k�l�•�� �l�Z�� �d�h�g�k�l�j�m�d�l�b�\�g�h�€�� �[�_�a�i�_�d�b�� �[�m�^�•�\�_�e�v���� �k�i�h�j�m�^���� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �l�Z�� �h�k�g�h�\������
�>�Q�b�g�g�b�c���\�•�^����������-01-01]. �± �D������ �F�•�g�j�_�]�•�h�g�[�m�^���M�d�j�Z�€�g�b�������������������� �k�� 
[3] �>�;�G���<��������-�������������������;�_�l�h�g�g�•���l�Z���a�Z�e�•�a�h�[�_�l�h�g�g�•���d�h�g�k�l�j�m�d�p�•�€�����H�k�g�h�\�g�•���i�h�e�h�`�_�g�g�y�����>�Q�b�g�g�b�c���\�•�^ 2009-24-12]. �± �D������
�F�•�g�•�k�l�_�j�k�l�\�h���j�h�a�\�b�l�d�m���l�Z���l�_�j�b�l�h�j�•�c���M�d�j�Z�€�g�b���������������������k�� 
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�I�j�b�� �f�h�^�_�e�x�\�Z�g�g�•���j�h�[�h�l�b�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �f�_�l�h�^�h�f�� �k�d�•�g�q�_�g�g�b�o��

�_�e�_�f�_�g�l�•�\�� �\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �k�d�•�g�q�_�g�g�•�� �_�e�_�f�_�g�l�b�� �j�•�a�g�h�€���j�h�a�f�•�j�g�h�k�l�•���� �k�l�_�j�`�g�_�\�•����
�i�e�Z�k�l�b�g�q�Z�k�l�•�� �l�Z�� �h�[�¶�}�f�g�•���� �<�b�[�•�j�� �i�_�\�g�h�]�h�� �l�b�i�m�� �k�d�•�g�q�_�g�g�h�]�h�� �_�e�_�f�_�g�l�Z�� �j�h�[�b�l�v�k�y�� �a��
�f�•�j�d�m�\�Z�g�v�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �^�h�k�l�Z�l�g�v�h�]�h�� �j�•�\�g�y�� �\�•�^�i�h�\�•�^�g�h�k�l�•�� �f�•�`�� �f�Z�l�_�f�Z�l�b�q�g�h�x��
�f�h�^�_�e�e�x�� �c�� �^�•�c�k�g�h�x�� �j�h�[�h�l�h�x�� �d�h�g�k�l�j�m�d�p�•�€���� �d�h�j�_�d�l�g�h�k�l�•�� �n�h�j�f�m�\�Z�g�g�y�� �\�m�a�e�Z��
�i�j�b�f�b�d�Z�g�g�y���^�h���•�g�r�b�o���_�e�_�f�_�g�l�•�\�����a�j�m�q�g�h�k�l�•���^�e�y���a�[�b�j�Z�g�g�y���g�Z�\�Z�g�l�Z�`�_�g�v���•���Z�g�Z�e�•�a�m��
�j�_�a�m�e�v�l�Z�l�•�\���� �i�j�b�^�Z�l�g�h�k�l�•�� �\�g�m�l�j�•�r�g�•�o�� �a�m�k�b�e�v�� �^�h�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�� �•�g�r�b�o��
�i�j�b�d�e�Z�^�g�b�o���j�h�a�j�Z�o�m�g�d�Z�o�� 

�>�_�y�d�•�� �d�h�g�k�l�j�m�d�p�•�€���� �l�Z�d�•�� �y�d�� �i�•�e�h�g�b���� �d�h�j�h�l�d�•�� �i�j�h�k�l�•�g�d�b���� �i�_�j�_�f�b�q�d�b���� �[�Z�e�d�b-
�k�l�•�g�d�b���� �a�[�•�j�g�•�� �i�e�b�l�b�� �i�_�j�_�d�j�b�l�l�•�\���� �k�l�•�g�h�\�•�� �i�Z�g�_�e�•���� �^�•�Z�n�j�Z�]�f�b���� �y�^�j�Z�� �`�h�j�k�l�d�h�k�l�•��
�[�m�^�•�\�_�e�v���� �f�h�^�_�e�x�x�l�v�k�y�� �g�Z�[�h�j�h�f�� �_�e�_�f�_�g�l�•�\�� �j�•�a�g�h�€�� �j�h�a�f�•�j�g�h�k�l�•���� �Z�e�_�� �a�Z�� �j�h�[�h�l�h�x��
�i�h�^�•�[�g�•�� �^�h�� �k�l�_�j�`�g�•�\���� �2�o�g�•�� �k�d�e�Z�^�_�g�•�� �i�h�i�_�j�_�q�g�•�� �i�_�j�_�j�•�a�b�� �[�m�^�m�l�v�� �i�j�_�^�k�l�Z�\�e�_�g�•�� �\��
�f�h�^�_�e�y�o�� �g�Z�[�h�j�Z�f�b�� �k�d�•�g�q�_�g�g�b�o�� �_�e�_�f�_�g�l�•�\�� �l�Z�� �\�m�a�e�•�\���� �>�e�y�� �^�h�d�e�Z�^�g�h�]�h�� �Z�g�Z�e�•�a�m�� �l�Z��
�i�j�b�d�e�Z�^�g�b�o�� �j�h�a�j�Z�o�m�g�d�•�\�� �l�Z�d�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �i�j�h�i�h�g�m�}�l�v�k�y�� �\�i�j�h�\�Z�^�`�_�g�Z�� �\��
�I�D �E�1�J�:-�K�:�I�J�� �>���@�� �q�b�k�_�e�v�g�h-�Z�g�Z�e�•�l�b�q�g�Z�� �f�_�l�h�^�b�d�Z�� �h�[�q�b�k�e�_�g�g�y�� �\�g�m�l�j�•�r�g�•�o��
�a�m�k�b�e�v�� �q�_�j�_�a�� �\�m�a�e�h�\�•�� �j�_�Z�d�p�•�€�� �_�e�_�f�_�g�l�•�\���� �s�h�� �n�h�j�f�m�x�l�v�� �k�d�e�Z�^�_�g�b�c�� �i�_�j�_�j�•�a���� �>�e�y��
�\�b�a�g�Z�q�_�g�g�y���•�g�l�_�]�j�h�\�Z�g�b�o���\�g�m�l�j�•�r�g�•�o���a�m�k�b�e�v���m���k�d�e�Z�^�_�g�h�f�m���i�_�j�_�j�•�a�•�����m�l�\�h�j�_�g�h�f�m 
�\�b�o�•�^�g�b�f�b�� �\�m�a�e�Z�f�b�� �l�Z �_�e�_�f�_�g�l�Z�f�b���� �k�e�•�^�� �h�[�q�b�k�e�b�l�b�� �k�m�f�Z�j�g�•�� �\�m�a�e�h�\�•�� �j�_�Z�d�p�•�€���� �s�h��
�\�b�g�b�d�Z�x�l�v�� �m�� �^�Z�g�b�o�� �\�m�a�e�Z�o �\�•�^���^�Z�g�b�o�� �_�e�_�f�_�g�l�•�\���� �i�j�b�\�_�^�_�g�•�� �^�h�� �h�[�j�Z�g�h�€�� �k�b�k�l�_�f�b��
�d�h�h�j�^�b�g�Z�l���k�d�e�Z�^�_�g�h�]�h���i�_�j�_�j�•�a�m�� 

�F�_�l�h�^�b�d�Z�� �j�_�Z�e�•�a�h�\�Z�g�Z�� �\�� �k�b�k�l�_�f�Z�o�� �©�D�Z�f�¶�y�g�•�� �l�Z�� �Z�j�f�h�d�Z�f�¶�y�g�•�� �d�h�g�k�l�j�m�d�p�•�€�ª�� �l�Z��
�©�K�l�_�j�`�g�_�\�•�� �Z�g�Z�e�h�]�b�ª���� �M�� �i�_�j�r�•�c�� �\�h�g�Z�� �^�h�a�\�h�e�y�}�� �j�h�a�j�Z�o�h�\�m�\�Z�l�b�� �a�m�k�b�e�e�y�� �\��
�i�j�h�k�l�•�g�d�Z�o���l�Z���}���h�k�g�h�\�h�x���^�e�y���i�h�^�Z�e�v�r�b�o���Z�\�l�h�f�Z�l�b�a�h�\�Z�g�b�o���j�h�a�j�Z�o�m�g�d�•�\���d�Z�f�¶�y�g�b�o��
�l�Z���Z�j�f�h�d�Z�f�¶�y�g�b�o���d�h�g�k�l�j�m�d�p�•�c�� 

�;�•�e�v�r���m�g�•�\�_�j�k�Z�e�v�g�•���f�h�`�e�b�\�h�k�l�•���^�e�y���Z�g�Z�e�•�a�m���l�Z���d�h�g�k�l�j�m�x�\�Z�g�g�y���j�•�a�g�h�f�Z�g�•�l�g�b�o��
�[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �j�h�[�h�l�Z�� �y�d�b�o�� �i�h�^�•�[�g�Z�� �^�h�� �j�h�[�h�l�b�� �k�l�_�j�`�g�•�\���� �g�Z�^�Z�}��
�k�b�k�l�_�f�Z�� �©�K�l�_�j�`�g�_�\�•�� �Z�g�Z�e�h�]�b�ª�� �>���@���� �K�l�_�j�`�g�_�\�b�c�� �Z�g�Z�e�h�]�� �k�d�e�Z�^�Z�}�l�v�k�y�� �a�� �\�b�o�•�^�g�b�o��
�\�m�a�e�•�\�� �l�Z�� �_�e�_�f�_�g�l�•�\���� �s�h�� �n�h�j�f�m�x�l�v�� �k�d�e�Z�^�_�g�•�� �i�_�j�_�j�•�a�b�� �Z�g�Z�e�•�a�h�\�Z�g�h�€�� �d�h�g�k�l�j�m�d�p�•�€����
�l�Z���p�•�e�v�h�\�h�]�h���k�l�_�j�`�g�y�����a�m�k�b�e�e�y���\���y�d�h�f�m���h�[�q�b�k�e�x�x�l�v�k�y���g�_���g�Z���h�k�g�h�\�•���i�_�j�_�f�•�s�_�g�v��
�c�h�]�h���\�m�a�e�•�\�����Z���r�e�y�o�h�f���i�•�^�k�m�f�h�\�m�\�Z�g�g�y���\�m�a�e�h�\�b�o���j�_�Z�d�p�•�c���m���\�m�a�e�Z�o���\�•�^���_�e�_�f�_�g�l�•�\��
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Concrete and reinforced concrete hydraulic structures located in marine areas and 

transport structures where road salt is regularly used are exposed to chlorides. As is 
known, chlorides are hazardous substances for concrete structures, as they accelerate 
the corrosion processes of steel reinforcement. Penetration of chlorides into concrete 
leads to a series of chemical reactions that cause corrosion of reinforcement and, 
ultimately, destruction of concrete. Understanding the mechanisms of chloride 
penetration into concrete, the mechanisms of chloride corrosion and the development 
of appropriate protection strategies are key tasks in the context of durability and 
operational safety of the mentioned structures. 

The presence of chloride ions in reinforced concrete leads to the destruction of the 
passivation layer of reinforcing bars; to the decrease in the pH of the pore solution, 
since the solubility of calcium hydroxide decreases; to the increase in humidity due to 
the absorption properties of salts in concrete; and an increase in the electrical 
conductivity of concrete [1, 2]. 

There are conflicting data in various literature sources on the effect of carbonate 
admixtures on chloride penetration in concrete. Research [3] shows that the more 
limestone powder in concrete, the faster chloride ions penetrate into it. Limestone 
powder increases the content of capillary pores, which is the main factor affecting the 
rate of diffusion of chloride ions in concrete. In turn, other studies discussed in the 
literature have shown that the penetration of chloride ions is significantly reduced 
when using mineral additives in concrete production, including calcium carbonates 
[4].  

It is reliably known that chloride ions bind to ordinary Portland cement paste and 
thus change its mineralogy. Chloride ions entering the cement system displace 
sulfates from the monosulfoaluminate, thereby forming Kusel's salt at lower chloride 
concentrations and Friedel's salt at higher concentrations. The released sulfate ions 
react with calcium and aluminum. This leads to the formation of ettringite, which 
usually causes volume expansion but also seals the pores. In the presence of 
carbonate additives, chloride ions displace carbonate from the monocarboaluminate 
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phase and thus form Friedel's salt [5-6]. Carbonate-containing systems and 
conventional systems have their advantages and disadvantages. Carbonate suppresses 
the potentially expansive chloride penetration reactions, but at the same time reduces 
the overall chloride binding capacity and increases the Cl-/OH- ratio in water [5]. 

Samples of cement-sand mortar were studied using Portland cement without 
additives and Portland cement with limestone as a binder. The samples were placed 
in solutions with different chloride concentrations. As a result of the studies, it was 
found that the depth of chloride penetration in all samples, as expected, varies 
depending on the concentration of the solution in which the samples were stored. 
Changing the composition of the cement did not lead to a significant change in the 
depth of chloride penetration. It can be concluded that the structure of the material 
still determines the penetration of chlorides. Although the addition of carbonates will 
affect the composition of the hydration products of the cement stone, it will not slow 
down the penetration process at high chloride concentrations. To learn more about 
this topic, studies are needed to detect additional hydration products and analyze their 
effect on chloride penetration. It is necessary to analyze individual hydration products 
and determine which of them affect the spread of chlorides. It is also necessary to 
conduct a detailed analysis of the structure of the cement stone and assess how the 
combined change in the mineral composition of hydration products and the capillary-
porous structure will affect the permeability of the cement composite for chlorides. 
 
[1] Agboola, O., Kupolati, K.W., Fayomi, O.S.I. et al. A Review on Corrosion in Concrete Structure: Inhibiting 
Admixtures and Their Compatibility in Concrete. J Bio Tribo Corros 8, 25 (2022). https://doi.org/10.1007/s40735-021-
00624-2 
[2] Vu Kim Anh T., Stewart Mark G. Structural reliability of concrete bridges including improved chloride-induced 
corrosion models, Structural Safety, Vol.22, Issue 4, 2000, pp 313-333. https://doi.org/10.1016/S0167-4730(00)00018-
7. 
[3] �.�
�S�Q�L�D�N���� �0������ �:�R�\�F�L�H�F�K�R�Z�V�N�L���� �3������ �à�X�N�R�Z�V�N�L���� �3������ �.�X�]�L�D�N���� �-������ �.�R�E�\�á�N�D���� �5���� �7�K�H���'�X�U�D�E�L�O�L�W�\�� �R�I�� �&�R�Q�F�U�H�W�H�� �0�R�G�L�I�L�H�G���E�\��
Waste Limestone Powder in the Chemically Aggressive Environment. Materials 2019, 12, 1693. 
https://doi.org/10.3390/ma12101693 
[4] Uysal M., Yilmaz K., The effect of mineral admixtures on mechanical properties, chloride ion permeability and 
impermeability of self-compacting concrete. Construction and Building materials, T. 27, N 1, 2012, pp 263-270. 
https://doi.org/10.1016/j.conbuildmat.2011.07.049 
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of reactive chloride transport in blended cementitious materials. Cement and Concrete Research, 156, 2022, 106770. 
https://doi.org/10.1016/j.cemconres.2022.106770. 
[6] Balonis M., Lothenbach B., Le Saout G., Glasser F. P. Impact of chloride on the mineralogy of hydrated Portland 
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Designing concrete structures that are resistant to seawater is of great importance 

for the global construction industry. Seawater causes corrosion of reinforcement and 
deterioration of concrete properties [1]. The use of corrosion-resistant materials 
ensures a long service life of offshore structures, reducing the need for frequent 
repairs and reconstruction. This is especially important for infrastructure facilities 
that must operate continuously and without significant interruptions for repair work.  

It is also important that corrosion of metal elements in concrete can lead to 
pollution of seawater. Reducing the corrosion of metal elements in concrete helps 
reduce the risk of pollution of the marine environment with heavy metals and other 
harmful substances. Corrosion-resistant materials help preserve coastal ecosystems. 
Due to climate change and rising sea levels, the need for offshore structures that are 
resistant to aggressive conditions is growing. This allows the infrastructure to adapt 
to new conditions and minimize the risks associated with climate change.  

For China specifically, the development of corrosion-resistant materials is of great 
importance, as China is actively developing its seaports, docks, piers, breakwaters 
and other coastal infrastructure facilities. In addition, China is building artificial 
islands and other structures in the South China Sea [2]. The conditions there are very 
aggressive due to the high salinity of the water, which makes corrosion-resistant 
materials necessary to ensure the long-term operation of the facilities. 

Thus, the development of seawater-resistant concrete structures is an important 
step to ensure the durability, cost-effectiveness, safety and environmental 
sustainability of the construction industry. 
 
[1] Mangi, S.A., Makhija, A., Raza, M.S. et al. A Comprehensive Review on Effects of Seawater on Engineering 
Properties of Concrete. Silicon 13, 4519�±4526 (2021). https://doi.org/10.1007/s12633-020-00724-7 
[2] Zhao H., Wang L.Construction of Artificial Islands on Coral Reef in the South China Sea Islands (2017) Tropical 
Geography, 37 (5), pp. 681 - 693, Cited 12 times. DOI: 10.13284/j.cnki.rddl.002974 
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�n�h�j�f�m�\�Z�g�g�y�� �y�d�h�]�h�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �a�Z�� �€�o�g�v�h�€�� �[�_�a�i�h�k�_�j�_�^�g�v�h�€�� �m�q�Z�k�l�•���� �l�Z�� �a�m�f�h�\�e�x�}��
�c�h�]�h���^�h�\�]�h�\�•�q�g�•�k�l�v���•���g�Z�^�•�c�g�•�k�l�v���a�Z�o�h�j�h�g�_�g�g�y�� 

�M�� �^�Z�g�h�f�m�� �^�h�k�e�•�^�`�_�g�g�•�� �Z�d�p�_�g�l�� �a�j�h�[�e�_�g�b�c�� �g�Z�� �\�b�[�•�j�� �h�k�g�h�\�g�b�o�� �k�l�j�m�d�l�m�j�g�b�o��
�l�b�i�•�\�� �p�_�h�e�•�l�h�i�h�^�•�[�g�b�o�� �g�h�\�h�m�l�\�h�j�_�g�v�� �\�� �f�Z�l�j�b�p�•���� �\�� �a�Z�e�_�`�g�h�k�l�•�� �\�•�^��
�k�i�•�\�\�•�^�g�h�r�_�g�g�y�� �6�L�22/Al 2O3 �•�� �+2O/Al2O3���� �k�i�j�h�f�h�`�g�b�o�� �a�Z�[�_�a�i�_�q�b�l�b�� �€�o��
�_�d�k�i�e�m�Z�l�Z�p�•�c�g�•���\�e�Z�k�l�b�\�h�k�l�•���a�Z���d�j�b�l�_�j�•�y�f�b���s�•�e�v�g�h�k�l�•�����f�•�p�g�h�k�l�•, �J-�i�h�k�e�Z�[�e�_�g�g�y���o  
�P�D�[���•���h�[�¶�}�f�g�h�€���m�k�Z�^�d�b���l�Z���\�g�m�l�j�•�r�g�•�o���g�Z�i�j�m�`�_�g�v���o  min. 

�A�Z�� �^�h�i�h�f�h�]�h�x�� �h�i�l�b�f�•�a�Z�p�•�€�� �k�d�e�Z�^�•�\�� �]�_�h�p�_�f�_�g�l�•�\�� �f�_�l�h�^�h�f�� �l�j�b�n�Z�d�l�h�j�g�h�]�h��
�k�b�f�i�e�_�d�k�g�h�]�h�� �p�_�g�l�j�Z�e�v�g�h�]�h�� �i�e�Z�g�m�� �_�d�k�i�_�j�b�f�_�g�l�m�� �\�� �f�Z�l�_�f�Z�l�b�q�g�h�f�m�� �k�_�j�_�^�h�\�b�s�•��
�6�7�$�7�,�6�7�,�&�$�� �������� �\�b�a�g�Z�q�_�g�•�� �h�i�l�b�f�Z�e�v�g�•�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y�� �h�d�k�b�^�•�\���� �s�h��
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�a�Z�^�h�\�h�e�v�g�y�x�l�v�� �d�j�b�l�_�j�•�Z�e�v�g�•�� �\�b�f�h�]�b���� �J�_�a�m�e�v�l�Z�l�b�� �i�e�Z�g�m�\�Z�g�g�y�� �_�d�k�i�_�j�b�f�_�g�l�m��
�g�Z�\�_�^�_�g�•���\���l�Z�[�e���������•���l�Z�[�e���������� 

 
�L�Z�[�e�b�p�y�������± �F�Z�l�j�b�p�y���i�e�Z�g�m�\�Z�g�g�y���_�d�k�i�_�j�b�f�_�g�l�m 

�L�h�q�d�b��
�i�e�Z�g�m 

�I�e�Z�g���f�Z�l�j�b�p�•���\���d�h�^�Z�o �F�Z�l�j�b�q�g�b�c���i�e�Z�g���m���i�h�\�g�h�f�m���j�h�a�f�•�j�• 
X1 X2 X3 SiO2/Al 2O3 H2O/Al2O3 �>�=�R 

1 0,00 1,00 0,00 4 20 5 
2 0,33 0,33 0,33 5,3 16,7 7,3 
3 1,00 0,00 0,00 8 15 5 
4 0,50 0,50 0,00 6 17,5 5 
5 0,00 0,00 1,00 4 15 12 
6 0,50 0,00 0,50 6 15 8,5 
7 0,00 0,00 0,50 4 17,5 8,5 
 

�L�Z�[�e�b�p�y�������± �N�•�a�b�d�h-�f�_�o�Z�g�•�q�g�•���\�e�Z�k�l�b�\�h�k�l�•���a�j�Z�a�d�•�\���r�l�m�q�g�h�]�h 
�d�Z�f�_�g�x���g�Z���h�k�g�h�\�•���]�_�h�p�_�f�_�g�l�•�\ 

�L�h�q�d�b��
�i�e�Z�g�m 

�<�b�o�•�^�g�•���i�Z�j�Z�f�_�l�j�b 
�U�����]���k�f3 �5�F�P�����F�I�Z�� �Dv, % �?�\�g�����F�I�Z �K�J, % 

1 1,5 8,17 8,7 8,29 20,49 
2 1,63 8,64 2,2 9,44 26,46 
3 1,86 28,69 1,2 0 29,81 
4 1,74 10,29 2,4 8,93 29,49 
5 1,71 9,62 3,8 8,48 43,55 
6 1,81 19,93 6,3 8,12 29,55 
7 1,64 11,2 6,8 8,16 31,3 

 
�<�b�s�_�� �g�Z�\�_�^�_�g�b�c�� �f�Z�l�_�j�•�Z�e�� ���l�Z�[�e���� ������ �i�•�^�l�\�_�j�^�`�m�}�� �Z�d�l�m�Z�e�v�g�•�k�l�v�� �j�h�a�]�e�y�^�m��

�i�b�l�Z�g�v�� �s�h�^�h�� �\�i�e�b�\�m�� �k�i�•�\�\�•�^�g�h�r�_�g�g�y�� �h�d�k�b�^�•�\�� �y�d�� �g�Z�� �\�b�[�•�j�� �k�l�j�m�d�l�m�j�g�h�]�h�� �l�b�i�m��
�f�Z�l�j�b�p�•�����l�Z�d���•���g�Z���\�e�Z�k�l�b�\�h�k�l�•�� 

�A�Z�a�g�Z�q�_�g�b�f�� �\�b�f�h�]�Z�f�� �\�•�^�i�h�\�•�^�Z�}�� �f�h�j�^�_�g�•�l�h�\�b�c�� �l�b�i�� �]�_�h�p�_�f�_�g�l�g�h�€�� �f�Z�l�j�b�p�•��
���k�d�e�Z�^�� �‹������ �i�j�b�� �k�i�•�\�\�•�^�g�h�r�_�g�g�•�� �6�L�22/Al 2O3� ���� �•�� �+2O/Al2O3� �������� �g�_�a�\�Z�`�Z�x�q�b�� �g�Z��
�^�_�s�h�� �f�_�g�r�•�� �i�h�d�Z�a�g�b�d�b�� �i�h���J-�i�h�k�e�Z�[�e�_�g�g�x���� �f�Z�d�k�b�f�Z�e�v�g�•�� �a�g�Z�q�_�g�g�y�� �y�d�b�o��
�o�Z�j�Z�d�l�_�j�g�•�� �^�e�y�� �Z�g�Z�e�v�p�b�f�h�\�h�]�h�� �l�b�i�m�� �]�_�h�p�_�f�_�g�l�g�h�€�� �f�Z�l�j�b�p�•�� �i�j�b�� �k�i�•�\�\�•�^�g�h�r�_�g�g�•��
SiO2/Al 2O3� �����•���+2O/Al2O3=15-17,5 [2]. 

�J�h�[�h�l�Z���\�b�d�h�g�Z�g�Z���\���j�Z�f�d�Z�o���i�j�h�_�d�l�m�����7�K�H���(�8�5�$�'-2 project has been co-funded 
by the European Union under Grant Agreement No 101166718 

 
[1] NEW CRP: Geopolymers as an Immobilization Matrix for Radioactive Waste (T21029) 
[2] Guzii S. �J- weakening properties of aluminosilicate binders of analcimo-geylandite-mordenite composition [Text] / 
S. Guzii // XXI International Conference on Physics of Radiation Phenomena and Radiation Materials Science. 
Abstracts, 23-25 September 2024, Kharkiv, Ukraine, pp. 67-68. 
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�>�_�j�_�\�b�g�Z���}���h�^�g�b�f���•�a���g�Z�c�[�•�e�v�r���i�h�r�b�j�_�g�b�f���[�m�^�•�\�_�e�v�g�b�f���f�Z�l�_�j�•�Z�e�h�f�����h�k�d�•�e�v�d�b��

�}�� �i�h�g�h�\�e�x�\�Z�g�b�f�� �[�m�^�•�\�_�e�v�g�b�f�� �f�Z�l�_�j�•�Z�e�h�f�� �l�Z�� �f�Z�}�� �[�_�a�e�•�q�� �i�h�a�b�l�b�\�g�b�o��
�\�e�Z�k�l�b�\�h�k�l�_�c���� �H�^�g�Z�d���� �i�j�b�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �i�•�^�� �^�•�}�x�� �Z�l�f�h�k�n�_�j�b�� �a�f�•�g�x�}�l�v�k�y��
�k�l�Z�[�•�e�v�g�•�k�l�v�� �]�_�h�f�_�l�j�b�q�g�b�o�� �j�h�a�f�•�j�•�\�� �l�Z�� �k�l�•�c�d�•�k�l�v�� �^�h�� �`�h�e�h�[�e�_�g�g�y�� �•�� �g�Z�[�j�y�d�m�����s�h 
�k�i�h�g�m�d�Z�}�� �^�h�� �g�_�h�[�o�•�^�g�h�k�l�•�� �\�� �^�h�^�Z�l�d�h�\�•�c�� �h�[�j�h�[�p�•���� �K�b�e�v�g�Z�� �]�•�]�j�h�k�d�h�i�•�q�g�•�k�l�v��
�^�_�j�_�\�b�g�b�� �a�g�Z�q�g�h�� �k�d�h�j�h�q�m�}�� �l�_�j�f�•�g�� �€�€�� �k�e�m�`�[�b���� �A�Z�o�b�k�g�_�� �h�[�j�h�[�e�_�g�g�y�� �a�g�b�`�m�}��
�q�m�l�e�b�\�•�k�l�v�� �^�_�j�_�\�b�g�b�� �^�h�� �\�i�e�b�\�m�� �\�h�e�h�]�b�� �l�Z�� �[�•�h�e�h�]�•�q�g�h�]�h�� �i�h�r�d�h�^�`�_�g�g�y�� �l�Z��
�j�h�a�r�b�j�x�}�� �k�n�_�j�m�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �[�m�^�•�\�_�e�v�g�•�� �d�h�g�k�l�j�m�d�p�•�€�� �a�� �^�_�j�_�\�b�g�b���� �L�h�f�m��
�_�d�k�i�e�m�Z�l�Z�p�•�c�g�Z�� �g�Z�^�•�c�g�•�k�l�v�� �•�� �_�n�_�d�l�b�\�g�•�k�l�v�� �^�_�j�_�\�b�g�b�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �d�e�Z�k�m�� �m�f�h�\��
�_�d�k�i�e�m�Z�l�Z�p�•�€�� �h�[�¶�}�d�l�Z���� �Z�� �l�Z�d�h�`���� �\�•�^�� �y�d�h�k�l�•�� �l�Z�� �j�_�Z�d�p�•�c�g�h�€�� �a�^�Z�l�g�h�k�l�•�� �a�Z�o�b�k�g�h�]�h��
�a�Z�k�h�[�m���� 

�L�_�o�g�h�e�h�]�•�€�� �y�d�� �k�d�Z�a�Z�g�h���\�� �j�h�[�h�l�•��[1]���� �s�h���\�b�d�h�j�b�k�l�h�\�m�x�l�v�k�y�� �^�e�y�� �a�Z�o�b�k�l�m���y�d�h�k�l�• 
�l�Z�� �^�h�\�]�h�\�•�q�g�h�k�l�•�� �^�_�j�_�\�b�g�b�� �\�•�^�� �[�•�h�e�h�]�•�q�g�h�]�h�� �i�h�r�d�h�^�`�_�g�g�y�� �l�Z�� �\�i�e�b�\�m�� �\�h�^�b����
�l�_�f�i�_�j�Z�l�m�j�b���l�Z���j�Z�^�•�Z�p�•�€�����y�d�•���\�i�e�b�\�Z�x�l�v���g�Z���c�h�]�h���n�•�a�b�q�g�•���l�Z���f�_�o�Z�g�•�q�g�•���\�e�Z�k�l�b�\�h�k�l�•����
�M���p�•�c���j�h�[�h�l�•���j�h�a�]�e�y�^�Z�x�l�v�k�y���^�h�k�l�m�i�g�•���f�_�l�h�^�b���e�•�d�m�\�Z�g�g�y�����h�p�•�g�x�x�l�v�k�y���€�o���i�_�j�_�\�Z�]�b��
�l�Z�� �g�_�^�h�e�•�d�b���� �Z�� �l�Z�d�h�`�� �\�b�a�g�Z�q�Z�x�l�v�k�y�� �d�j�b�l�_�j�•�€�� �€�o�� �\�b�d�h�j�b�k�l�Z�g�g�y���� �L�_�f�Z�� �[�m�e�Z��
�j�h�a�^�•�e�_�g�Z���g�Z���^�\�Z���j�h�a�^�•�e�b�������,�����j�_�Z�]�_�g�l�b�����s�h���j�m�c�g�m�x�l�v���^�_�j�_�\�b�g�m�����•�����,�,�����d�e�Z�k�b�n�•�d�Z�p�•�y��
�l�_�o�g�h�e�h�]�•�c�� �a�Z�o�b�k�l�m���� �y�d�Z�� �\�d�e�x�q�Z�e�Z�� �y�d�� �l�j�Z�^�b�p�•�c�g�•�� �f�_�l�h�^�b���� �l�Z�d�� �•�� �g�h�\�•�l�g�•�� �i�•�^�o�h�^�b����
�l�Z�d�•�� �y�d�� �g�Z�g�h�l�_�o�g�h�e�h�]�•�€���� �<�b�k�g�h�\�d�b���� �h�l�j�b�f�Z�g�•�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �p�v�h�]�h�� �i�•�^�o�h�^�m����
�\�d�Z�a�m�x�l�v�� �g�Z�� �l�_���� �s�h�� �d�•�e�v�d�Z�� �l�j�Z�^�b�p�•�c�g�b�o�� �o�•�f�•�q�g�b�o�� �h�[�j�h�[�h�d�� �k�m�l�l�}�\�h�� �a�f�_�g�r�m�x�l�v��
�[�•�h�e�h�]�•�q�g�•�� �i�h�r�d�h�^�`�_�g�g�y�� �l�Z�� �i�h�]�e�b�g�Z�g�g�y�� �\�h�e�h�]�b�� �^�_�j�_�\�b�g�h�x���� �H�^�g�Z�d���� �k�e�•�^��
�\�j�Z�o�h�\�m�\�Z�l�b�� �i�h�l�_�g�p�•�c�g�b�c�� �\�i�e�b�\�� �g�Z�� �a�^�h�j�h�\�
�y�� �l�Z�� �g�Z�\�d�h�e�b�r�g�}�� �k�_�j�_�^�h�\�b�s�_���� �A��
�•�g�r�h�]�h�� �[�h�d�m���� �k�l�Z�[�•�e�v�g�•�k�l�v�� �j�h�a�f�•�j�•�\�� �^�_�j�_�\�b�g�b�� �i�h�d�j�Z�s�m�}�l�v�k�y�� �a�Z�\�^�y�d�b��
�\�b�d�h�j�b�k�l�Z�g�g�x���l�_�j�f�•�q�g�h�€���h�[�j�h�[�d�b�����<�b�d�h�j�b�k�l�Z�g�g�y���g�Z�g�h�f�_�l�j�b�q�g�b�o���d�h�f�i�h�a�b�l�•�\���^�e�y��
�a�Z�o�b�k�l�m�� �^�_�j�_�\�b�g�b�� �}�� �^�m�`�_�� �i�_�j�k�i�_�d�l�b�\�g�h�x�� �l�_�o�g�•�d�h�x���� �y�d�Z�� �a�g�Z�o�h�^�b�l�v�k�y�� �\�� �k�l�Z�^�•�€��
�j�h�a�\�b�l�d�m���� �I�j�h�l�_���� �p�y�� �l�_�o�g�h�e�h�]�•�y�� �\�b�f�Z�]�Z�}�� �h�k�h�[�e�b�\�h�€�� �h�[�_�j�_�`�g�h�k�l�•���� �h�k�d�•�e�v�d�b��
�g�Z�g�h�f�Z�l�_�j�•�Z�e�b�� �f�Z�x�l�v�� �[�m�l�b�� �l�h�d�k�b�q�g�b�f�b�� �^�e�y�� �Z�]�_�g�l�•�\���� �s�h�� �\�b�d�e�b�d�Z�x�l�v�� �[�•�h�e�h�]�•�q�g�_��
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�i�h�]�•�j�r�_�g�g�y���� �Z�e�_�� �g�_�r�d�•�^�e�b�\�b�f�b�� �Z�[�h�� �f�_�g�r�� �g�_�[�_�a�i�_�q�g�b�f�b�� �^�e�y�� �e�x�^�b�g�b�� �l�Z��
�g�Z�\�d�h�e�b�r�g�v�h�]�h���k�_�j�_�^�h�\�b�s�Z�� 
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�©�D�•�f�l�_�d�ª�����a�]�•�^�g�h���L�M���M���<�����������± 23.6 �± 33053934-002:2022) [3]. 
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[4] Andrii Mazurak, Ivan Kovalyk, Vasyl Mykhailechko, Justyna Sobczak-�3�L���V�W�N�D  Strength of joints of concrete 
abutment surfaces  Author & Article Information. AIP Conf. Proc. 2077, 020041-1�±020041-7 (2019) 
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�J�_�a�m�e�v�l�Z�l�b�� �k�l�Z�l�b�k�l�b�q�g�b�o�� �l�Z�� �g�Z�m�d�h�\�b�o�� �^�h�k�e�•�^�`�_�g�v�� �k�\�•�^�q�Z�l�v���� �s�h��
�\�b�j�h�[�g�b�p�l�\�h �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�m ���� �y�d�b�c�� �\�\�Z�`�Z�}�l�v�k�y�� �h�k�g�h�\�g�b�f�� �f�Z�l�_�j�•�Z�e�h�f�� �^�e�y��
�[�m�^�•�\�g�b�p�l�\�Z���� �k�d�e�Z�^�Z�}�� ���������� �k�\�•�l�h�\�b�o�� �\�b�d�b�^�•�\�� �&�22 [1-3].   �J�_�Z�e�•�a�Z�p�•�y�� �i�•�^�o�h�^�•�\�� �^�h��
�a�f�_�g�r�_�g�g�y�� �\�b�d�b�^�•�\�� �i�Z�j�g�b�d�h�\�b�o�� �]�Z�a�•�\�� �l�Z�� �k�i�j�b�y�g�g�y�� �^�h�k�y�]�g�_�g�g�x �p�•�e�•�� �©�\�m�]�e�_�p�_�\�h�€��
�g�_�c�l�j�Z�e�v�g�h�k�l�•�ª�� �i�h�e�y�]�Z�}�� �\�� �l�h�f�m���� �s�h�� �^�e�y�� �[�m�^�•�\�g�b�p�l�\�Z�� �g�_�h�[�o�•�^�g�h�� �j�h�a�]�e�y�g�m�l�b��
�Z�e�v�l�_�j�g�Z�l�b�\�g�•�� �f�Z�l�_�j�•�Z�e�b�� �a�� �g�b�a�v�d�b�f�b�� �i�h�d�Z�a�g�b�d�Z�f�b�� �\�b�d�b�^�•�\�� �d�Z�j�[�h�g�\�f�•�k�g�b�o��
�k�i�h�e�m�d�����a�h�d�j�_�f�Z���K�H2 [1, 4].  

�J�•�a�g�•�� �f�Z�l�_�j�•�Z�e�b�� �\�•�^�j�•�a�g�y�x�l�v�k�y�� �a�^�Z�l�g�•�k�l�x�� �i�h�]�e�b�g�Z�l�b�� �k�i�h�e�m�d�b�� �d�Z�j�[�h�g�m����
�;�m�^�•�\�e�•���� �k�d�h�g�k�l�j�m�c�h�\�Z�g�•�� �a�� �f�Z�l�_�j�•�Z�e�•�\���� �s�h�� �f�•�k�l�y�l�v�� �[�•�h�\�m�]�•�e�e�y���� �f�h�`�m�l�v�� �j�h�d�Z�f�b��
�[�m�l�b�� �i�h�]�e�b�g�Z�q�Z�f�b�� �\�m�]�e�_�p�x���� �l�h�^�•�� �y�d�� �•�g�r�•�� �f�Z�l�_�j�•�Z�e�b�� ���k�l�Z�e�v���� �Z�[�h�� �[�_�l�h�g���� �g�_��
�k�i�j�b�y�x�l�v���c�h�]�h���\�e�h�\�e�x�\�Z�g�g�x���>��������].  

�L�b�i���\�b�o�•�^�g�h�€���k�b�j�h�\�b�g�b���^�e�y���[�•�h�f�Z�k�b���l�Z���m�f�h�\�b���i�•�j�h�e�•�a�m���f�h�`�m�l�v���f�Z�l�b���a�g�Z�q�g�b�c��
�\�i�e�b�\�� �g�Z�� �\�e�Z�k�l�b�\�h�k�l�•�� �[�•�h�\�m�]�•�e�e�y���� �D�j�•�f�� �l�h�]�h���� �m�f�h�\�b�� �l�Z�� �i�Z�j�Z�f�_�l�j�b�� �i�j�h�p�_�k�m��
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���l�_�f�i�_�j�Z�l�m�j�Z���� �r�\�b�^�d�•�k�l�v���� �l�b�k�d���� �i�•�j�h�e�•�a�m���� �f�h�`�m�l�v�� �\�i�e�b�\�Z�l�b�� �g�Z�� �k�l�j�m�d�l�m�j�m��
�m�l�\�h�j�_�g�h�]�h���[�•�h�\�m�]�•�e�e�y���>���������@��  

�<�k�_�a�j�h�k�l�Z�x�q�b�f�� �g�Z�� �k�v�h�]�h�^�g�•�� �}�� �i�_�j�_�e�•�d�� �\�b�^�•�\�� �[�•�h�\�m�]�•�e�e�y�� �a�� �i�•�j�h�e�•�a�h�\�Z�g�h�€����
�]�•�^�j�h�e�•�a�h�\�Z�g�h�€���� �Z�[�h�� �`�� �]�Z�a�b�n�•�d�h�\�Z�g�h�€�� �[�•�h�f�Z�k�b���� �y�d�� �i�h�l�m�`�g�b�o�� �_�d�h�e�h�]�•�q�g�b�o��
�Z�^�k�h�j�[�_�g�l�•�\�� �j�•�a�g�h�]�h�� �i�h�o�h�^�`�_�g�g�y�� �l�Z�� �i�j�b�a�g�Z�q�_�g�g�y���� �s�h�� �\�h�e�h�^�•�x�l�v��
�\�b�k�h�d�h�i�h�j�b�k�l�h�x���k�l�j�m�d�l�m�j�h�x���l�Z���\�_�e�b�d�h�x���i�e�h�s�_�x���i�h�\�_�j�o�g�•���>��-5, 9].  

�<�i�e�b�\�� �^�h�^�Z�\�Z�g�g�y�� �[�•�h�\�m�]�•�e�e�y�� �g�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�g�b�o��
�d�h�f�i�h�a�b�l�•�\�� �i�h�\�g�•�k�l�x�� �s�_�� �g�_�� �\�b�\�q�_�g�h�����>�h�k�e�•�^�`�_�g�g�y�� �>���@�� �^�h�\�h�^�y�l�v���� �s�h�� �a�Z�f�•�g�Z��
�[�•�e�v�r�_���������f�Z�k�b���[�_�l�h�g�m���[�•�h�\�m�]�•�e�e�y�f���g�_�^�h�p�•�e�v�g�Z�����h�k�d�•�e�v�d�b���p�_���g�_�]�Z�l�b�\�g�h���\�i�e�b�\�Z�}��
�g�Z�� �j�h�a�\�b�l�h�d�� �f�•�p�g�h�k�l�•���� �D�h�g�p�_�i�p�•�y�� �\�e�h�\�e�x�\�Z�g�g�y�� �l�Z �a�Z�l�j�b�f�m�\�Z�g�g�y�� �d�Z�j�[�h�g�h�\�b�o��
�k�i�h�e�m�d�� �>����- ���@�� �\�� �}�� �i�_�j�k�i�_�d�l�b�\�g�h�x�� �l�Z�� �d�h�j�b�k�g�h�x���� �i�j�h�l�_�� �i�h�k�l�Z�}�� �i�b�l�Z�g�g�y�� �\�i�e�b�\�m��
�i�h�]�e�b�g�_�g�h�]�h���Z�^�k�h�j�[�h�\�Z�g�h�]�h�� �&�2 2 �g�Z�� �i�j�h�[�e�_�f�b�� �^�h�\�]�h�\�•�q�g�h�k�l�•�� �d�h�g�k�l�j�m�d�p�•�€����
�\�b�d�e�b�d�Z�g�•���d�Z�j�[�h�g�•�a�Z�p�•�}�x���\���a�Z�e�•�a�h�[�_�l�h�g�•���� 

�F�_�l�Z-�Z�g�Z�e�•�a�h�f���>���@���^�h�k�e�•�^�`�_�g�h���\�i�e�b�\���^�h�^�Z�\�Z�g�g�y���[�•�h�\�m�]�•�e�e�y���g�Z����- �l�Z������-�^�_�g�g�m��
�f�•�p�g�•�k�l�v�� �g�Z�� �k�l�b�k�d�� �d�h�f�i�h�a�b�l�•�\�� �a�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�m�� �g�Z�� �h�k�g�h�\�•�� �k�i�h�k�l�_�j�_�`�_�g�v�� �l�b�i�m��
�k�b�j�h�\�b�g�b���� �m�f�h�\�� �i�•�j�h�e�•�a�m���� �i�h�i�_�j�_�^�g�v�h�€�� �h�[�j�h�[�d�b�� �l�Z�� �f�h�^�b�n�•�d�Z�p�•�€���� �^�h�a�m�\�Z�g�g�y��
�[�•�h�\�m�]�•�e�e�y�� �l�Z�� �l�b�i�m�� �l�\�_�j�^�•�g�g�y���� �;�•�h�\�m�]�•�e�e�y���� �h�l�j�b�f�Z�g�_�� �a�� �k�b�j�h�\�b�g�b�� �j�h�k�e�b�g�g�h�]�h��
�i�h�o�h�^�`�_�g�g�y�� ���d�j�•�f�� �j�b�k�m�� �l�Z�� �e�b�k�l�y�g�h�€�� �^�_�j�_�\�b�g�b������ �i�h�d�j�Z�s�b�e�h�� ����-�^�h�[�h�\�m�� �f�•�p�g�•�k�l�v��
�g�Z�� �k�l�b�k�d�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�g�b�o�� �d�h�f�i�h�a�b�l�•�\�� ���g�Z�� ���±������ �������� �I�h�a�b�l�b�\�g�b�f�� �g�Z�� ���±7% 
�l�Z�d�h�`�� �[�m�\�� �\�i�e�b�\�� �^�h�^�Z�l�d�m�� �[�•�h�\�m�]�•�e�e�y�� ������ ���������� �\�•�^�� �f�Z�k�b�� �\�¶�y�`�m�q�h�]�h������ �a�Z��
�l�_�f�i�_�j�Z�l�m�j�b���i�•�j�h�e�•�a�m���\�b�s�_���������ƒ�&���l�Z���r�\�b�^�d�•�k�l�x���g�Z�]�j�•�\�Z�g�g�y���[�e�b�a�v�d�h���������&���o�\ -1 ) 
�l�Z���a�\�b�q�Z�c�g�b�o���f�_�l�h�^�•�\���l�\�_�j�^�•�g�g�y�� 

�<�b�\�q�_�g�g�y�� �j�h�k�l�m�� �d�Z�j�[�h�g�•�a�h�\�Z�g�b�o�� �f�•�d�j�h�q�Z�k�l�b�g�h�d�� �m�� �p�_�f�_�g�l�g�b�o�� �d�h�f�i�h�a�b�l�Z�o��
�a�g�Z�c�r�e�b�� �\�•�^�h�[�j�Z�`�_�g�g�y�� �m�� �j�h�[�h�l�Z�o��[6, 7]. �K�i�h�k�l�_�j�•�]�Z�e�b�� �i�h�d�j�Z�s�_�g�g�y�� �n�•�a�b�q�g�b�o��
�\�e�Z�k�l�b�\�h�k�l�_�c�� �p�_�f�_�g�l�g�h�]�h�� �j�h�a�q�b�g�m���� �Z�j�f�h�\�Z�g�h�]�h�� �\�h�e�h�d�g�Z�f�b���� �d�h�e�b��
�i�h�e�•�i�j�h�i�•�e�_�g�h�\�•�� �\�h�e�h�d�g�Z�� �i�h�d�j�b�\�Z�x�l�v�k�y�� �f�•�d�j�h�q�Z�k�l�b�g�d�Z�f�b�� �[�•�h�\�m�]�•�e�e�y�����I�j�b�j�h�^�g�•��
�g�_�h�j�]�Z�g�•�q�g�•���l�Z���h�j�]�Z�g�•�q�g�•���\�•�^�o�h�^�b���\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�k�v���y�d���Z�e�v�l�_�j�g�Z�l�b�\�g�•���f�Z�l�_�j�•�Z�e�b��
�\�� �[�m�^�•�\�_�e�v�g�•�c�� �i�j�h�f�b�k�e�h�\�h�k�l�•���� �j�h�a�i�b�e�_�g�m�� �a�h�e�m�� �k�i�Z�e�x�\�Z�g�g�y���� �f�_�e�_�g�b�c��
�]�j�Z�g�m�e�v�h�\�Z�g�b�c�� �^�h�f�_�g�g�b�c�� �r�e�Z�d���� �a�h�e�m-�\�b�g�_�k�_�g�g�y�� �i�Z�e�v�f�h�\�h�€�� �h�e�•�€���� �d�j�_�f�g�_�a�_�f�� �•��
�a�h�e�m�� �j�b�k�h�\�h�]�h�� �e�m�r�i�b�g�g�y���� �^�_�j�_�\�b�g�b���� �k�h�e�h�f�b���� �•�g�r�•�� �^�h�^�Z�l�d�b�� �>��-9, 12]���� �M��
�^�h�k�e�•�^�`�_�g�g�y�o�� �>�����@�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �j�h�a�j�h�[�d�m�� �_�d�h�e�h�]�•�q�g�h�� �q�b�k�l�h�]�h���� �i�h�\�g�•�k�l�x��
�[�_�a�p�_�f�_�g�l�g�h�]�h �\�
�y�`�m�q�h�]�h�����i�h�l�j�•�c�g�h�€���k�m�f�•�r�•���a���a�h�e�b���j�b�k�h�\�h�]�h���e�m�r�i�b�g�g�y�����i�l�b�p�•���l�Z��
�i�Z�i�_�j�h�\�h�]�h���r�e�Z�f�m���a���i�h�d�j�Z�s�_�g�b�f�b���f�_�o�Z�g�•�q�g�b�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���i�•�k�e�y���������^�•�[��
�l�\�_�j�^�g�_�g�g�y�� �������������� �F�I�Z������ �r�e�y�o�h�f�� �a�f�•�r�m�\�Z�g�g�y�� �i�m�p�h�e�Z�g�h�\�b�o�� �l�Z�� �\�b�k�h�d�h�e�m�`�g�b�o��
�f�Z�l�_�j�•�Z�e�•�\�� �a�� �h�j�]�Z�g�•�q�g�b�o�� �\�•�^�o�h�^�•�\���� �d�h�f�[�•�g�h�\�Z�g�b�f�� �a�Z�k�l�h�k�m�\�Z�g�g�y�f�� �f�_�o�Z�g�•�q�g�h�€�� �l�Z��
�o�•�f�•�q�g�h�€���Z�d�l�b�\�Z�p�•�c���� 

�J�h�a�j�h�[�e�_�g�g�y���l�Z���\�b�j�h�[�g�b�p�l�\�h���[�_�a�p�_�f�_�g�l�g�b�o���\�¶�y�`�m�q�b�o���f�Z�l�_�j�•�Z�e�•�\���y�d���i�h�\�g�•�k�l�x��
�a���\�•�^�o�h�^�•�\�����l�Z�d���•���q�Z�k�l�d�h�\�h���a���i�h�[�•�q�g�b�o���f�Z�l�_�j�•�Z�e�•�\�����\�•�^�o�h�^�•�\�����•�a���\�e�Z�k�l�b�\�h�k�l�y�f�b�����y�d���m��
�a�\�b�q�Z�c�g�h�]�h�� �p�_�f�_�g�l�m���� �f�h�`�_�� �^�h�i�h�f�h�]�l�b�� �m�� �a�g�b�`�_�g�g�•�� �g�_�]�Z�l�b�\�g�h�]�h�� �\�i�e�b�\�m��
�\�b�j�h�[�g�b�p�l�\�Z�� �p�_�f�_�g�l�m�� �g�Z�� �^�h�\�d�•�e�e�y���� �Z�� �l�Z�d�h�`�� �a�f�_�g�r�_�g�g�•�� �h�[�k�y�]�•�\�� �\�•�^�o�h�^�•�\���� �s�h��
�\�•�^�i�j�Z�\�e�y�x�l�v���g�Z���a�\�Z�e�b�s�Z�� 
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�A�]�•�^�g�h�� �a�•�� �k�l�j�Z�l�_�]�•�}�x�� �g�b�a�v�d�h�_�f�•�k�•�c�g�h�]�h �j�h�a�\�b�l�d�m�� �/�K�� �^�h�� ���������� �j�h�d�m�� �g�_�h�[�o�•�^�g�h��

�k�d�h�j�h�l�b�� �h�[�k�y�]�b�� �\�b�d�b�^�•�\�� �i�Z�j�g�b�d�h�\�b�o�� �]�Z�a�•�\�� �g�Z�� ����-������ ���� �i�h�j�•�\�g�y�g�h�� �a�� �i�h�d�Z�a�g�b�d�h�f��
���������� �j�h�d�m���� �>�e�y�� �M�d�j�Z�€�g�b�� �k�e�•�^�� �^�h�l�j�b�f�m�\�Z�l�b�k�y�� �}�\�j�h�i�_�c�k�v�d�b�o�� �d�h�g�p�_�i�p�•�c���� �a�h�d�j�_�f�Z����
�*�U�H�H�Q�� �'�H�D�O�� ���/�\�j�h�i�_�c�k�v�d�b�c�� �³�a�_�e�_�g�b�c�´�� �d�m�j�k������ �H�^�g�b�f�� �•�a�� �g�Z�i�j�y�f�d�•�\�� �a�f�_�g�r�_�g�g�y��
�i�Z�j�g�b�d�h�\�b�o�� �]�Z�a�•�\�� �}�� �h�^�_�j�`�Z�g�g�y�� �g�b�a�v�d�h�_�f�•�k�•�c�g�b�o�� �[�_�l�h�g�•�\���� �M�� �i�_�j�_�^�h�\�b�o�� �d�j�Z�€�g�Z�o��
�/�K�� �\�b�d�b�^�b�� �K�H2 �a�g�b�`�_�g�•�� �^�h�� ���������� �d�]�� �K�H2 �g�Z�� ���� �l�� �[�_�l�h�g�m���� �s�h�� �g�Z�� ������������ �g�b�`�q�_�� �\�•�^��
�k�_�j�_�^�g�v�h�]�h�� �j�•�\�g�y�� ������������ �d�]�� �K�H2 �g�Z�� ���l�� �[�_�l�h�g�m�� �>���@���� �I�j�b�� �\�b�j�h�[�g�b�p�l�\�•�� �f�h�g�h�e�•�l�g�b�o��
�]�m�k�l�h�Z�j�f�h�\�Z�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �a�g�Z�q�g�b�c�� �•�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�}�� �l�_�o�g�h�e�h�]�•�y��
�k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�•�\�� ���6�H�O�I-�&�R�P�S�D�F�W�L�Q�J�� �&�R�Q�F�U�H�W�H�V���� �>���@���� �L�Z�d�•�� �[�_�l�h�g�b�� �m��
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�[�m�^�•�\�g�b�p�l�\�•�� �a�Z�a�\�b�q�Z�c�� �}�� �[�•�e�v�r�� �\�Z�j�l�•�k�g�b�f�b�� �l�Z�� �f�_�g�r�� �_�d�h�e�h�]�•�q�g�b�f�b�� �i�h�j�•�\�g�y�g�h�� �•�a��
�l�j�Z�^�b�p�•�c�g�b�f�b���[�_�l�h�g�Z�f�b���� 

�<�•�^�i�h�\�•�^�g�h�� �^�h�� �g�b�a�v�d�h�\�m�]�e�_�p�_�\�h�€�� �d�h�g�p�_�i�p�•�€�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �g�h�\�b�c�� �l�b�i��
�k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�•�\���� �a�h�d�j�_�f�Z�� �(�F�R-�6�&�&�� �Z�[�h�� �*�U�H�H�Q�� �6�&�&�� �>���@���� �>�Z�g�b�c��
�_�d�h�[�_�l�h�g�� �o�Z�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �i�h�g�b�`�_�g�b�f�� �\�f�•�k�l�h�f�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�m���� �\�•�^�i�h�\�•�^�g�h�� �•��
�p�_�f�_�g�l�g�h�]�h�� �l�•�k�l�Z���� �Z�� �p�_�� �m�� �k�\�h�x�� �q�_�j�]�m�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �a�g�b�`�_�g�g�y�� �\�¶�y�a�d�h�k�l�•�� �l�Z��
�j�h�a�r�Z�j�h�\�m�\�Z�g�g�y�� �[�_�l�h�g�g�h�€�� �k�m�f�•�r�•���� �>�e�y�� �a�[�•�e�v�r�_�g�g�y�� �\�¶�y�a�d�h�k�l�•�� �i�j�b�� �\�b�j�h�[�g�b�p�l�\�•��
Eco-�6�&�&���i�h�d�Z�a�Z�g�h���f�h�`�e�b�\�•�k�l�v���\�b�d�h�j�b�k�l�Z�g�g�y���\�Z�i�g�y�d�m���>���@���� 

�F���� �M�j�[�Z�g�h�f�� �>���@�� �a�Z�i�j�h�i�h�g�h�\�Z�g�h�� �m�l�h�q�g�_�g�g�y�� �l�_�j�f�•�g�m�� �(�F�R-SCC - 
�k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�c�� �[�_�l�h�g���� �h�[�¶�}�f�g�b�c�� �\�f�•�k�l�� �p�_�f�_�g�l�m�x�q�b�o�� �f�Z�l�_�j�•�Z�e�•�\�� �y�d�h�]�h��
�k�l�Z�g�h�\�b�l�v�� �g�_�� �[�•�e�v�r�_�� �������� �^�f3/�f3 �Z�[�h�� �f�Z�k�h�\�b�c�� �\�f�•�k�l�� �g�_�� �[�•�e�v�r�_�� �������� �d�]���f3���� �I�j�b��
�p�v�h�f�m�����i�h�d�Z�a�g�b�d���*�:�3�����*�O�R�E�D�O���:�D�U�P�L�Q�J���3�R�W�H�Q�W�L�D�O�����a�g�b�`�m�}�l�v�k�y���\�•�^�����������^�h�����������d�]��
�K�H2���f3 �i�j�b���k�_�j�_�^�g�•�c���f�•�p�g�h�k�l�•���[�_�l�h�g�m���g�Z���k�l�b�k�d���q�_�j�_�a���������^�•�[���l�\�_�j�^�g�_�g�g�y����������-32,1 
�F�I�Z���� �J�Z�a�h�f�� �a�� �l�b�f���� �� �\�b�d�h�j�b�k�l�Z�g�g�y�� �m�� �k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�Z�o��
�q�b�k�l�h�d�e�•�g�d�_�j�g�h�]�h�� �p�_�f�_�g�l�m�� �&�(�0�� �,�� �\�b�a�g�Z�q�Z�}�� �a�f�•�g�m�� �i�h�d�Z�a�g�b�d�Z�� �d�e�•�g�d�_�j-
�•�g�l�_�g�k�b�\�g�h�k�l�•���\�•�^�������������^�h �����������d�]���d�e�•�g�d�_�j�m�����F�I�Z���f3�������L�h�f�m���\�b�g�b�d�Z�}���g�_�h�[�o�•�^�g�•�k�l�v��
�i�j�h�\�_�^�_�g�g�y���i�h�^�Z�e�v�r�b�o���^�h�k�e�•�^�`�_�g�v���k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o���[�_�l�h�g�•�\���•�a���i�h�g�b�`�_�g�b�f��
�d�e�•�g�d�_�j-�n�Z�d�l�h�j�h�f���� 

�<�b�k�h�d�•�� �i�h�d�Z�a�g�b�d�b �j�_�h�e�h�]�•�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �[�_�l�h�g�g�b�o�� �k�m�f�•�r�_�c���� �Z�� �l�Z�d�h�`��
�j�Z�g�g�v�h�€�� �l�Z�� �f�Z�j�h�q�g�h�€�� �f�•�p�g�h�k�l�•�� �g�b�a�v�d�h�\�m�]�e�_�p�_�\�b�o�� �k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�•�\��
�^�h�k�y�]�Z�}�l�v�k�y�� �r�e�y�o�h�f�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �g�Z�g�h�f�h�^�b�n�•�d�h�\�Z�g�b�o�� �p�_�f�_�g�l�m�x�q�b�o�� �k�b�k�l�_�f��
�©�i�h�j�l�e�Z�g�^�p�_�f�_�g�l��- �f�•�d�j�h�g�Z�i�h�\�g�x�\�Z�q��- �k�m�i�_�j�i�e�Z�k�l�b�n�•�d�Z�l�h�j���± �g�Z�g�h�f�h�^�b�n�•�d�Z�l�h�j��
�± �e�m�`�g�b�c���i�j�b�k�d�h�j�x�\�Z�q���l�\�_�j�^�•�g�g�y�ª���>���@�� �>�e�y���i�j�b�]�h�l�m�\�Z�g�g�y���p�_�f�_�g�l�m�x�q�b�o���k�b�k�l�_�f��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�� �&�(�0�� �,�,���$-�/�/�� ���������� �5�� �I�j�:�L�� �³�1�\�Z�g�h-
�N�j�Z�g�d�•�\�k�v�d�p�_�f�_�g�l�´���� �^�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �j�_�h�e�h�]�•�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c���± �^�h�[�Z�\�d�m��
�k�m�i�_�j�i�e�Z�k�l�b�n�•�d�Z�l�h�j�� �g�h�\�h�€�� �]�_�g�_�j�Z�p�•�€�� �g�Z�� �h�k�g�h�\�•�� �_�l�_�j�•�\�� �i�h�e�•�d�Z�j�[�h�d�k�b�e�Z�l�•�\�� �a��
�g�Z�g�h�k�i�j�h�_�d�l�h�\�Z�g�b�f�b�� �e�Z�g�p�x�]�Z�f�b�� �0�D�V�W�H�U�*�O�H�Q�L�X�P�� �$�F�H�� ���������� �Y�d�� �g�Z�g�h�f�h�^�b�n�•�d�Z�l�h�j��
�l�Z�� �i�j�b�k�d�h�j�x�\�Z�q�� �l�\�_�j�^�g�_�g�g�y�� �\�b�d�h�j�b�k�l�h�\�m�\�Z�e�b�� �^�h�[�Z�\�d�m�� �;-�6�(�(�'�� �������� ���%�$�6�)���� �a��
�k�b�g�l�_�l�b�q�g�h�� �h�l�j�b�f�Z�g�b�f�b�� �&�6�+-�g�Z�g�h�q�Z�k�l�b�g�d�Z�f�b���� �\�b�k�h�d�h�^�b�k�i�_�j�k�g�b�c�� �\�Z�i�g�y�d���± �y�d��
�f�•�d�j�h�g�Z�i�h�\�g�x�\�Z�q�����Z���k�•�e�v���k�m�e�v�n�Z�l�m���g�Z�l�j�•�x���y�d���e�m�`�g�b�c���i�j�b�k�d�h�j�x�\�Z�q���l�\�_�j�^�•�g�g�y���� 

�J�h�a�j�h�[�e�_�g�•�� �k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�•�� �[�_�l�h�g�g�•�� �k�m�f�•�r�•�� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�v�k�y��
�g�Z�k�l�m�i�g�b�f�b���i�h�d�Z�a�g�b�d�Z�f�b���a�]�•�^�g�h���>�K�L�M���(�1��������-�������������d�e�Z�k���i�h���j�h�a�i�e�b�\�m���6�)��������������
�f�f�������q�Z�k���j�h�a�i�e�b�\�m���W500� ���������F�����s�h���\�•�^�i�h�\�•�^�Z�}���d�e�Z�k�m���\�y�a�d�h�k�l�• �9�6�������I�j�b���\�b�a�g�Z�q�_�g�g�•��
�^�h�e�Z�x�q�h�€�� �a�^�Z�l�g�h�k�l�•�� �[�_�l�h�g�g�h�€�� �k�m�f�•�r�•�� �a�Z�� �^�h�i�h�f�h�]�h�x�� �[�e�h�d�m�x�q�h�]�h�� �d�•�e�v�p�y��
�\�k�l�Z�g�h�\�e�_�g�h�� �d�e�Z�k�� �6�)j���� ���������� �f�f������ �Z�� �q�Z�k�� �j�h�a�i�e�b�\�m�� �W500j� �������� �F���� �I�j�h�\�_�^�_�g�b�f�b��
�^�h�k�e�•�^�`�_�g�g�y�f�b�� �f�•�p�g�h�k�l�•�� �j�h�a�j�h�[�e�_�g�b�o�� �k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�•�\��
�\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �f�•�p�g�•�k�l�v�� �g�Z�� �k�l�b�k�d�� �q�_�j�_�a�� ���� �^�h�[�b�� �l�\�_�j�^�g�_�g�g�y�� �k�l�Z�g�h�\�b�l�v�� ����������
�F�I�Z���� �q�_�j�_�a�� ������ �^�•�[�� �l�\�_�j�^�g�_�g�g�y��- ���������� �F�I�Z�� ���d�e�Z�k�� �K���������������� �A�Z�� �h�p�•�g�d�h�x�� �i�b�l�h�f�h�€��
�f�•�p�g�h�k�l�•���Icm2/fcm28� �����������^�Z�g�•���[�_�l�h�g�b���f�h�`�g�Z���\�•�^�g�_�k�l�b���^�h���r�\�b�^�d�h�l�\�_�j�^�g�m�q�b�o�����I�j�b��
�p�v�h�f�m�� �\�f�•�k�l�� �d�e�•�g�d�_�j�m�� �\�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�•�� �k�d�e�Z�^�Z�}�� �������� �d�]���f3���� �d�e�•�g�d�_�j��
�•�g�l�_�g�k�b�\�g�•�k�l�v���± �����������d�]���F�I�Z���f3�����Z���K�H2-�•�g�l�_�g�k�b�\�g�•�k�l�v���k�l�Z�g�h�\�b�l�v�����������d�]���F�I�Z���f3. 

�J�_�a�m�e�v�l�Z�l�b���^�h�k�e�•�^�`�_�g�v���i�h�d�Z�a�Z�e�b���i�h�a�b�l�b�\�g�b�c���\�i�e�b�\���Z�j�f�m�\�Z�g�g�y���i�h�e�•�f�_�j�g�b�f�b��
�\�h�e�h�d�g�Z�f�b�� �k�Z�f�h�m�s�•�e�v�g�x�\�Z�e�v�g�b�o�� �[�_�l�h�g�•�\�� �g�Z�� �h�k�g�h�\�•�� �g�Z�g�h�f�h�^�b�n�•�d�h�\�Z�g�b�o 
�p�_�f�_�g�l�m�x�q�b�o�� �k�b�k�l�_�f���� �I�j�b�� �^�h�k�e�•�^�`�_�g�g�•�� �m�^�Z�j�g�h�€�� �\�¶�y�a�d�h�k�l�•�� �j�h�a�j�h�[�e�_�g�b�o�� �[�_�l�h�g�•�\��
�\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �i�b�l�h�f�Z�� �_�g�_�j�]�•�y�� �m�^�Z�j�m�� �^�h�� �i�h�y�\�b�� �i�_�j�r�h�€�� �l�j�•�s�b�g�b�� �q�_�j�_�a�� ������ �^�•�[��
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�J�h�a�j�Z�o�m�g�d�h�\�•���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���\�b�j�h�[�•�\ 
�=�m�k�l�b�g�Z���!����

�d�]���f3 
�L�_�i�e�h�\�Z��

�Z�d�l�b�\�g�•�k�l�v����

�<�l�Ü�k1/2/ 

���f2�Ü�D��
 

�L�_�f�i�_�j�Z�l�m-
�j�h�i�j�h�\�•�^-
�g�•�k�l�v�����f2���k 

�L�_�i�e�h-
�i�j�h�\�•�^-�g�•�k�l�v��
���� �<�l�����f�Â�D�� 

�L�_�i�e�h-
�}�f�g�•�k�l�v����

�d�>�`/(�d�]���D) 

�I�e�h�k�d�Z��
�i�h�\�_�j�o�g�y��

�������o������ �f�f  

32 8,4 8,75 110,1 ���������Ü�����±7 0,0028 39,79 

 
�>�h�k�e�•�^�`�_�g�g�y���i�h�d�Z�a�Z�e�b���� �s�h�� �a�Z �l�_�i�e�h�n�•�a�b�q�g�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b �a�j�Z�a�h�d��

�k�l�•�g�d�b���a���d�h�g�h�i�e�y�g�h�]�h�� �m�l�_�i�e�x�\�Z�q�Z �\�•�^�i�h�\�•�^�Z�}�� �\�b�f�h�]�Z�f�� �^�h�� �l�_�i�e�h�•�a�h�e�y�p�•�c�g�h�]�h��
�f�Z�l�_�j�•�Z�e�m���� �I�j�b�� �p�v�h�f�m���d�h�_�n�•�p�•�}�g�l�� �l�_�i�e�h�i�j�h�\�•�^�g�h�k�l�•�� �k�y�]�Z�}�� ������������ �<�l�����f���.������
�l�_�f�i�_�j�Z�l�m�j�h�i�j�h�\�•�^�g�•�k�l�v�� �k�d�e�Z�^�Z�}�� ���������Ü�����±7 �f2���k���� �Z�� �l�_�i�e�h�}�f�g�•�k�l�v���± 39,79 
�d�>� /̀(�d�]���D)). 

�L�Z�d�b�f�� �q�b�g�h�f���� �^�e�y�� �h�[�e�Z�r�l�m�\�Z�g�g�y�� �i�j�b�f�•�s�_�g�v�����^�_�� �^�h���l�_�i�e�h�•�a�h�e�y�p�•�c�g�b�o��
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�f�Z�l�_�j�•�Z�e�•�\ �i�j�_�^�¶�y�\�e�y�x�l�v�k�y�� �i�•�^�\�b�s�_�g�•�� �\�b�f�h�]�b���� �}�� �^�h�p�•�e�v�g�b�f�� �a�Z�k�l�h�k�h�\�m�\�Z�l�b��
�d�h�g�h�i�e�y�g�b�c���m�l�_�i�e�x�\�Z�q. 

�H�l�j�b�f�Z�g�•�� �^�Z�g�•�� �s�h�^�h�� �\�i�e�b�\�m�� �f�Z�l�_�j�•�Z�e�•�\�� �l�Z�� �k�l�j�m�d�l�m�j�b�� �\�b�j�h�[�m�� �g�Z�� �i�j�h�p�_�k��
�i�_�j�_�^�Z�\�Z�g�g�y�� �l�_�i�e�Z�� �c�� �a�f�•�g�b�� �•�a�h�e�x�\�Z�e�v�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �^�h�a�\�h�e�y�x�l�v��
�k�l�\�_�j�^�`�m�\�Z�l�b���g�Z�k�l�m�i�g�_�� 

�± �h�k�g�h�\�g�b�f���j�_�]�m�e�y�l�h�j�h�f���i�j�h�p�_�k�m���}���]�m�k�l�b�g�Z���c���i�h�j�b�k�l�•�k�l�v���f�Z�l�_�j�•�Z�e�m�����h�k�d�•�e�v�d�b��
�g�_�� �\�b�k�h�d�Z�� �]�m�k�l�b�g�Z�� �•�� �g�b�a�v�d�Z�� �i�h�j�b�k�l�•�k�l�v�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �r�\�b�^�d�h�]�h�� �m�j�•�\�g�h�\�Z�`�_�g�g�y��
�l�_�f�i�_�j�Z�l�m�j���� �Z�� �i�j�b�� �i�•�^�\�b�s�_�g�•�c�� �\�h�e�h�]�h�k�l�•�� �•�� �i�j�h�f�h�d�Z�g�g�•�� �k�l�•�g�� �[�m�^�•�\�e�•�� �i�h�d�Z�a�g�b�d��
�i�j�h�o�h�^�`�_�g�g�y���€�o���[�m�^�_���\�b�s�_; 

�± �k�m�l�l�}�\�b�c���\�i�e�b�\���g�Z���i�j�h�p�_�k���l�_�i�e�h�i�j�h�\�•�^�g�h�k�l�•���i�j�b���a�Z�k�l�h�k�m�\�Z�g�g�•���d�h�g�h�i�e�y�g�h�]�h��
�m�l�_�i�e�x�\�Z�q�Z���a�^�•�c�k�g�x�}�l�v�k�y���m���g�Z�i�j�y�f�d�m���h�j�•�}�g�l�Z�p�•�€���i�j�b�j�h�^�g�h�]�h���f�Z�l�_�j�•�Z�e�m. 

 
�>���@���7�V�D�S�N�R���<�X�������=�D�Y�L�D�O�R�Y���'�������%�R�Q�G�D�U�H�Q�N�R���2�������3�L�Q�F�K�H�Y�V�‰�N�D���2�������0�D�U�F�K�H�Q�N�R���1�������*�X�]�L�L���6�����'�H�V�L�J�Q���R�I���I�L�U�H-resistant heat- and 
soundproofing wood wool panels. EasternEuropean Journal of Enterprise Technologies. �± Vol. 3. �± 3/10 (99) 2019. �± 
�S�j��������-31. 
[2] Tsapko Yu., Zavialov D., Bondarenko O., Marchenco N., Mazurchuk S., Horbachova O. Determination of thermal 
and physical characteristics of dead pine wood thermal insulation products. Eastern-European Journal of Enterprise 
Technologies. �± Vol. 4. �± 4/10 (100) 2019. �± �S�j��������-43. 
[3] Bozsaky D., �È�E�U�D�K�i�P-�+�R�U�Y�i�W�K���5�� Laboratory tests on properties of innovative natural thermal insulation material. 
Pollack Periodica, 2023. �± 18(2). �± pp. 125-130. 
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�L���I�����>�h�g�_�p�v1 

1�G�Z�p�•�h�g�Z�e�v�g�b�c���Z�\�•�Z�p�•�c�g�b�c���m�g�•�\�_�j�k�b�l�_�l�����f�����D�b�€�\���� 
  

T.P. Donets1  
1National aviation university (Kyiv) 

  
 
�I�_�j�r�h�q�_�j�]�h�\�_���a�Z�\�^�Z�g�g�y���s�h�^�h���k�l�Z�[�•�e�•�a�Z�p�•�€���i�h�r�d�h�^�`�_�g�b�o���d�h�g�k�l�j�m�d�p�•�c���[�m�^�•�\�e�•��

�i�_�j�_�^�[�Z�q�Z�}�� �i�j�h�\�_�^�_�g�g�y�� �l�_�o�g�•�q�g�h�]�h���h�[�k�l�_�`�_�g�g�y�����>�_�y�d�•���i�j�h�[�e�_�f�b�� �l�Z���h�k�h�[�e�b�\�h�k�l�•��
�i�j�h�\�_�^�_�g�g�y���l�Z�d�b�o���j�h�[�•�l���^�h�k�e�•�^�`�m�\�Z�e�b�k�v���\���g�Z�m�d�h�\�b�o���i�j�Z�p�y�o���>���������@�����<���q�_�j�\�g�•������������
�j�h�d�m���j�Z�d�_�l�Z�� �\�e�m�q�b�e�Z�� �\�� ������ �i�h�\�_�j�o�h�\�b�c�� �`�b�l�e�h�\�b�c�� �[�m�^�b�g�h�d�� �i�h�� �\�m�e���� �F�b�l�j�h�i�h�e�b�l�Z��
�<���� �E�b�i�d�•�\�k�v�d�h�]�h���� ����-�<���� �\�g�Z�k�e�•�^�h�d�� �q�h�]�h�� �[�m�^�•�\�e�y�� �a�Z�a�g�Z�e�Z�� �a�g�Z�q�g�b�o�� �i�h�r�d�h�^�`�_�g�v�� �\��
�f�_�`�Z�o������-�������i�h�\�_�j�o�•�\�����j�b�k�������������I�•�^���q�Z�k���i�j�h�\�_�^�_�g�g�y���l�_�o�g�•�q�g�h�]�h���h�[�k�l�_�`�_�g�g�y���[�m�e�h��
�\�k�l�Z�g�h�\�e�_�g�h�� �f�Z�k�r�l�Z�[�b���� �h�[�¶�}�f�� �l�Z�� �k�l�m�i�•�g�v�� �i�h�r�d�h�^�`�_�g�v�� �l�Z�� �g�Z�\�•�l�v�� �j�m�c�g�m�\�Z�g�v��
�d�h�g�k�l�j�m�d�p�•�c���� �<�� �i�h�r�d�h�^�`�_�g�•�c�� �q�Z�k�l�b�g�•�� �[�m�^�•�\�e�•�� �[�m�e�h�� �a�j�m�c�g�h�\�Z�g�h�� �q�Z�k�l�b�g�m��
�i�_�j�_�d�j�b�l�l�y���� �^�_�y�d�•�� �i�•�e�h�g�b�� �[�m�e�b�� �a�j�m�c�g�h�\�Z�g�•�� �Z�[�h�� �i�_�j�_�[�b�l�•�� �l�Z�� �f�Z�e�b�� �a�g�Z�q�g�•��
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�\�•�^�o�b�e�_�g�g�y�� �\�•�^�� �\�_�j�l�b�d�Z�e�•���� �H�k�h�[�e�b�\�h�k�l�•�� �i�j�h�\�_�^�_�g�g�y�� �]�_�h�^�_�a�b�q�g�h�]�h�� �f�h�g�•�l�h�j�b�g�]�m��
�p�•�}�€���[�m�^�•�\�e�•���\�b�k�\�•�l�e�_�g�h���\���i�m�[�e�•�d�Z�p�•�€���>3]. 

  

     
�J�b�k������. �A�Z�]�Z�e�v�g�b�c���\�b�]�e�y�^���i�h�r�d�h�^�`�_�g�v���l�Z���j�m�c�g�m�\�Z�g�v���d�h�g�k�l�j�m�d�p�•�c���[�m�^�•�\�e�• 

  
�A�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���i�j�h�\�_�^�_�g�h�]�h���l�_�o�g�•�q�g�h�]�h���h�[�k�l�_�`�_�g�g�y���[�m�^�•�\�e�•���[�m�e�h���i�j�b�c�g�y�l�_��

�j�•�r�_�g�g�y�� �i�j�h�� �\�e�Z�r�l�m�\�Z�g�g�y�� �^�h�^�Z�l�d�h�\�b�o�� �i�•�^�l�j�b�f�m�x�q�b�o�� �k�l�•�c�h�d�� �a�� �j�h�a�i�h�^�•�e�v�q�b�f�b��
�[�Z�e�d�Z�f�b�� �^�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �k�l�•�c�d�h�k�l�•�� �d�h�g�k�l�j�m�d�p�•�c�� �h�[�\�Z�e�_�g�g�x�� �l�Z�� �a�[�•�e�v�r�_�g�g�x��
�i�h�r�d�h�^�`�_�g�v�� �•�� �^�_�n�h�j�f�Z�p�•�c�� �[�m�^�•�\�e�•���� �J�Z�a�h�f�� �a�� �p�b�f�� �\�•�^�[�m�\�Z�e�h�k�v�� �[�_�a�i�_�j�_�j�\�g�_��
�j�h�a�[�b�j�Z�g�g�y���a�Z�\�Z�e�•�\���^�e�y���a�f�_�g�r�_�g�g�y���g�Z�\�Z�g�l�Z�`�_�g�g�y���g�Z���i�h�r�d�h�^�`�_�g�•���d�h�g�k�l�j�m�d�p�•�€���l�Z��
�f�h�`�e�b�\�h�k�l�•���\�b�d�h�g�m�\�Z�l�b���i�•�^�k�b�e�_�g�g�y���� 

�I�•�k�e�y�� �i�j�h�\�_�^�_�g�g�y�� �k�l�Z�[�•�e�•�a�Z�p�•�c�g�b�o�� �a�Z�o�h�^�•�\�� �[�m�e�h�� �\�b�d�h�g�Z�g�h�� �i�_�j�_�\�•�j�g�b�c��
�j�h�a�j�Z�o�m�g�h�d�� �g�Z�� �k�l�•�c�d�•�k�l�v�� �^�h�� �i�j�h�]�j�_�k�m�x�q�h�]�h�� �h�[�\�Z�e�_�g�g�y�� �\�•�^�� �i�h�r�d�h�^�`�_�g�v���� �y�d�•��
�\�b�g�b�d�e�b�� �\�g�Z�k�e�•�^�h�d�� �\�h�}�g�g�b�o�� �^�•�c���� �J�h�a�j�Z�o�m�g�d�h�\�Z�� �f�h�^�_�e�v�� �[�m�e�Z �j�h�a�j�h�[�e�_�g�Z�� �^�e�y��
�n�j�Z�]�f�_�g�l�m���[�m�^�•�\�e�•���a���\�j�Z�o�m�\�Z�g�g�y�f���n�Z�d�l�b�q�g�b�o���i�h�r�d�h�^�`�_�g�v�����j�b�k������������ 

 

 
  

�Z�� �[�� 
�J�b�k������. �A�Z�]�Z�e�v�g�b�c���\�b�]�e�y�^���K�?���f�h�^�_�e�•���n�j�Z�]�f�_�g�l�m���[�m�^�b�g�d�m�����Z�����l�Z���n�j�Z�]�f�_�g�l���K�?���f�h�^�_�e�•���a��

�\�•�^�f�•�q�_�g�b�f�b���\�b�d�e�x�q�_�g�b�f�b���_�e�_�f�_�g�l�Z�f�b 
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�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �\�b�d�h�g�Z�g�b�o�� �j�h�a�j�Z�o�m�g�d�•�\�� �\�k�l�Z�g�h�\�e�_�g�h���� �s�h�� �k�l�•�c�d�•�k�l�v��
�`�b�l�e�h�\�h�]�h�� �[�m�^�b�g�d�m�� �^�h�� �i�j�h�]�j�_�k�m�x�q�h�]�h�� �h�[�\�Z�e�_�g�g�y�� �\�k�•�}�€�� �d�h�g�k�l�j�m�d�l�b�\�g�h�€���k�b�k�l�_�f�b��
�^�e�y���j�h�a�]�e�y�g�m�l�h�]�h���k�p�_�g�Z�j�•�x���a�Z�[�_�a�i�_�q�_�g�Z�� 
  
�>���@�� �E�•�k�_�g�b�c���� �H������ �=�e�m�o�h�\�k�v�d�b�c���� �<������ �F�Z�j�¶�}�g�d�h�\���� �F������ �>�m�[�h�\�b�d���� �K������ �E�x�[�q�_�g�d�h���� �1������ �Y�d�h�\�_�g�d�h���� �F���� ����������������
�H�;�K�L�?�@�?�G�G�Y�����H�P�1�G�D�:���L�?�O�G�1�Q�G�H�=�H���K�L�:�G�M���L�:���M�F�H�<�B���<�1�>�G�H�<�E�?�G�G�Y���@�B�L�E�H�<�H�=�H���;�M�>�B�G�D�M���G�:��
�I�J�H�K�I�?�D�L�1�� �<���� �E�H�;�:�G�H�<�K�V�D�H�=�H���� ��-�:�� �<�� �F���� �D�B�/�<�1���� �I�H�R�D�H�>�@�?�G�H�=�H�� �<�G�:�K�E�1�>�H�D�� �<�H�/�G�G�B�O�� �>�1�C����
�G�Z�m�d�Z���l�Z���[�m�^�•�\�g�b�p�l�\�h��������-34(3-4) 
�>���@�� �L�Z�[�Z�j�d�_�\�b�q���� �G������ �K�_�j�]�•�c�q�m�d���� �<������ �;�_�e�h�d�h�g�v���� �:������ �L�Z�[�Z�j�d�_�\�b�q���� �H���� ���������������� �H�K�H�;�E�B�<�H�K�L�1�� �H�;�K�L�?�@�?�G�G�Y�� �L�:��
�H�P�1�G�D�B���L�?�O�G�1�Q�G�H�=�H���K�L�:�G�M���@�B�L�E�H�<�H�=�H���;�M�>�B�G�D�M�����I�H�R�D�H�>�@�?�G�H�=�H���<�G�:�K�E�1�>�H�D���<�1�C�K�V�D�H�<�B�O��
�>�1�C�����S�H�>�H���C�H�=�H���I�J�B�>�:�L�G�H�K�L�1���>�H���I�H�>�:�E�V�R�H�2���?�D�K�I�E�M�:�L�:�P�1�2�����G�Z�m�d�Z���l�Z���[�m�^�•�\�g�b�p�l�\�h�������������� 
�>���@�� �K�_�j�]�•�c�q�m�d���� �<������ �Y�d�h�\�_�g�d�h���� �F������ �G�_�k�l�_�j�_�g�d�h���� �H������ �A�h�j�•�g���� �/������ �	�� �;�_�g�v���� �1���� ���������������� �=�?�H�>�?�A�B�Q�G�?�� �A�:�;�?�A�I�?�Q�?�G�G�Y��
�D�H�F�I�E�?�D�K�M�� �J�H�;�1�L�� �A�� �H�;�K�L�?�@�?�G�G�Y�� �;�M�>�1�<�?�E�V���� �S�H�� �I�H�K�L�J�:�@�>�:�E�B�� �<�G�:�K�E�1�>�H�D�� �<�1�C�K�V�D�H�<�B�O�� �>�1�C��
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DEVELOPMENT OF METHODS FOR PREDICTING  
THE REMAINING RESOURCE OF METAL AND REINFORCED 

CONCRETE STRUCTURES OF ANNULAR SECTION  
UNDER AGGRESSIVE INFLUENCES 

� -̂�j. �l�_�o�g�����g�Z�m�d���:���:�� �I�e�m�]�•�g1�����d�Z�g�^�b�^�Z�l���l�_�o�g�����g�Z�m�d���<���>�����@�\�Z�g2, 
�d�Z�g�^�b�^�Z�l���l�_�o�g�����g�Z�m�d���H���<�����E�h�[�y�d�����d�Z�g�^�b�^�Z�l���l�_�o�g�����g�Z�m�d���H���:�� �D�Z�e�•�g�•�g����

�d�Z�g�^�b�^�Z�l���l�_�o�g�����g�Z�m�d���H���H�� �H�\�q�b�g�g�•�d�h�\1 
1�M�d�j�Z�€�g�k�v�d�b�c���^�_�j�`�Z�\�g�b�c���m�g�•�\�_�j�k�b�l�_�l���a�Z�e�•�a�g�b�q�g�h�]�h���l�j�Z�g�k�i�h�j�l�m�����f�����O�Z�j�d�•�\�� 

2�G�Z�p�•�h�g�Z�e�v�g�b�c���m�g�•�\�_�j�k�b�l�_�l���©�A�Z�i�h�j�•�a�v�d�Z���i�h�e�•�l�_�o�g�•�d�Z�ª�� 
  

Dr. Sc. (Tech.) A.A. Plugin1, candidats of eng. scien. V.D. Zhvan2, 
candidats of eng. scien. O.V. Lobyak1, candidats of eng. scien. O.A. Kalinin1, 

candidats of eng. scien. O.O. Ovchinnikov1 
Ukrainian State University of Railway Transport (Kharkiv) 

2National �8�Q�L�Y�H�U�V�L�W�\���©�=�D�S�R�U�L�]�K�]�K�\�D �3�R�O�L�W�H�F�K�Q�L�F�ª 
  
 

�<�� �f�_�l�Z�e�m�j�]�•�€���� �i�Z�e�b�\�g�h-�_�g�_�j�]�_�l�b�q�g�h�f�m�� �d�h�f�i�e�_�d�k�•���� �\�b�j�h�[�g�b�p�l�\�•�� �[�m�^�•�\�_�e�v�g�b�o��
�f�Z�l�_�j�•�Z�e�•�\�� �[�•�e�v�r�•�k�l�v�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�•�\�� �a�Z�[�_�a�i�_�q�m�x�l�v�k�y�� �]�h�j�•�g�g�y�f�� �i�Z�e�b�\����
�s�h�� �}�� �h�d�b�k�e�_�g�g�y�f�� �k�i�h�e�m�d�� �\�m�]�e�_�p�x�� �d�b�k�g�_�f�� �i�h�\�•�l�j�y���� �L�j�Z�g�k�i�h�j�l�m�\�Z�g�g�y�� �i�h�\�•�l�j�y�� �l�Z��
�i�j�h�^�m�d�l�•�\�� �]�h�j�•�g�g�y�� �a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �i�j�b�j�h�^�g�h�x�� �l�y�]�h�x���� �k�l�\�h�j�x�\�Z�g�h�x�� �a�Z��
�^�h�i�h�f�h�]�h�x�� �f�_�l�Z�e�_�\�b�o���l�Z�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o���^�b�f�h�\�b�o���l�j�m�[�� �d�•�e�v�p�_�\�h�]�h���i�_�j�_�j�•�a�m�� �G�Z��
�i�h�l�m�`�g�b�o�� �i�•�^�i�j�b�}�f�k�l�\�Z�o �l�Z�d�•�� �k�i�h�j�m�^�b�� �[�m�^�m�x�l�v�k�y�� �d�Z�i�•�l�Z�e�v�g�b�f�b�� �l�Z��
�^�h�\�]�h�\�•�q�g�b�f�b���� �I�j�h�l�_�� �]�Z�a�h�^�b�f�h�\�•�� �k�m�f�•�r�•�� �}�� �Z�]�j�_�k�b�\�g�b�f�b�� �•�� �k�i�j�b�q�b�g�y�x�l�v�� �d�h�j�h�a�•�x��
�f�_�l�Z�e�_�\�b�o�� �•�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �s�h�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �a�g�b�`�_�g�g�y�� �€�o��
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�_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �l�Z�� �i�h�k�l�m�i�h�\�h�]�h�� �g�Z�[�e�b�`�_�g�g�y�� �€�o�� �k�l�Z�g�m�� �^�h��
�g�_�i�j�b�^�Z�l�g�h�]�h�� �^�h�� �_�d�k�i�e�m�Z�l�Z�p�•�€���� �M�� �j�Z�a�•�� �a�f�•�g�� �\�� �l�_�o�g�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�Z�o�� �l�Z��
�\�•�^�i�h�\�•�^�g�b�o�� �a�f�•�g�� �j�_�`�b�f�•�\�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �l�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �Z�]�j�_�k�b�\�g�h�]�h��
�k�_�j�_�^�h�\�b�s�Z�� �i�b�l�Z�g�g�y�� �i�j�h�]�g�h�a�m�\�Z�g�g�y�� �€�o�� �a�Z�e�b�r�d�h�\�h�]�h�� �j�_�k�m�j�k�m�� �k�l�Z�}�� �Z�d�l�m�Z�e�v�g�b�f��
�g�_�j�h�a�\�¶�y�a�Z�g�b�f���a�Z�\�^�Z�g�g�y�f����   

�>�h�\�]�h�\�•�q�g�•�k�l�v�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �•�� �k�i�h�j�m�^  �\�b�a�g�Z�q�Z�}�l�v�k�y�� �a�^�Z�l�g�•�k�l�x��
�f�Z�l�_�j�•�Z�e�•�\���� �a�� �y�d�b�o�� �\�h�g�b�� �a�\�_�^�_�g�•���� �a�[�_�j�•�]�Z�l�b�� �k�\�h�€�� �\�e�Z�k�l�b�\�h�k�l�•�� �m�� �q�Z�k�•�� �Z���� �h�l�`�_����
�d�•�g�_�l�b�d�h�x�� �€�o�� �^�_�]�j�Z�^�Z�p�•�€���� �>�_�]�j�Z�^�Z�p�•�x�� �f�Z�l�_�j�•�Z�e�•�\�� �f�h�^�_�e�x�x�l�v�� �a�Z�� �^�h�i�h�f�h�]�h�x��
�d�•�g�_�l�b�q�g�b�o���l�Z���k�l�Z�l�b�k�l�b�q�g�b�o���l�_�h�j�•�c�����L�Z�d�����m���\�•�^�i�h�\�•�^�g�h�k�l�•���^�h���n�e�m�d�l�m�Z�p�•�c�g�h�€���l�_�h�j�•�€��
�@�m�j�d�h�\�Z�� �^�_�]�j�Z�^�Z�p�•�y�� �f�Z�l�_�j�•�Z�e�•�\�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �\�g�Z�k�e�•�^�h�d�� �j�h�a�j�b�\�m�� �o�•�f�•�q�g�b�o��
�a�\�¶�y�a�d�•�\�� �m�� �g�b�o�� �\�•�^�� �l�_�i�e�h�\�b�o�� �n�e�m�d�l�m�Z�p�•�c�� �l�Z�� �g�Z�i�j�m�`�_�g�v���� �Z�� �q�Z�k���W �\�•�^�� �i�j�b�d�e�Z�^�Z�g�g�y��
�g�Z�\�Z�g�l�Z�`�_�g�g�y�� �^�h�� �j�m�c�g�m�\�Z�g�g�y�� �•�� �\�b�a�g�Z�q�Z�}�� �^�h�\�]�h�\�•�q�g�•�k�l�v�� �d�h�g�k�l�j�m�d�p�•�€�� �a�� �p�v�h�]�h��
�f�Z�l�_�j�•�Z�e�m���W  �\�b�a�g�Z�q�Z�}�l�v�k�y���j�•�\�g�y�g�g�y�f��   

,                                                   (1) 
�^�_���W0 �± �i�h�k�l�•�c�g�Z�����s�h���^�e�y���\�k�•�o���f�Z�l�_�j�•�Z�e�•�\���a�g�Z�o�h�^�b�l�v�k�y���\���f�_�`�Z�o������12�±1013 �k����V �± 

�_�g�_�j�]�•�y�� �Z�d�l�b�\�Z�p�•�€�� �j�h�a�j�b�\�m�� �a�\�¶�y�a�d�m�����J �± �i�Z�j�Z�f�_�l�j���� �s�h�� �\�j�Z�o�h�\�m�}�� �g�_�h�^�g�h�j�•�^�g�h�k�l�•��
�k�l�j�m�d�l�m�j�b���f�Z�l�_�j�•�Z�e�m���l�Z���j�h�a�i�h�^�•�e�m���g�Z�i�j�m�`�_�g�g�y����R �± �m�g�•�\�_�j�k�Z�e�v�g�Z���]�Z�a�h�\�Z���k�l�Z�e�Z����T 
�± �Z�[�k�h�e�x�l�g�Z���l�_�f�i�_�j�Z�l�m�j�Z�� �A�Z�k�l�h�k�m�\�Z�g�g�y���p�v�h�]�h���j�•�\�g�y�g�g�y���[�•�e�v�r-�f�_�g�r���i�j�b�c�g�y�l�g�_��
�^�e�y�� �f�_�l�Z�e�_�\�b�o�� �d�h�g�k�l�j�m�d�p�•�c���� �o�h�q�Z�� �c�� �g�_�� �\�j�Z�o�h�\�m�}�� �d�h�j�h�a�•�c�g�b�o�� �i�j�h�p�_�k�•�\�� �l�Z��
�a�f�_�g�r�_�g�g�y�� �i�_�j�_�j�•�a�m�� �d�h�g�k�l�j�m�d�p�•�€�� �q�_�j�_�a�� �g�b�o���� �>�e�y�� �g�Z�[�Z�]�Z�l�h�� �k�d�e�Z�^�g�•�r�h�]�h�� �a�Z��
�k�d�e�Z�^�h�f�� �l�Z�� �k�l�j�m�d�l�m�j�h�x�� �a�Z�e�•�a�h�[�_�l�h�g�m�� �Z�[�h�� �^�e�y�� �n�m�l�_�j�h�\�Z�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �\�h�g�h��
�\�a�Z�]�Z�e�•���g�_���}���a�Z�k�l�h�k�h�\�g�b�f���� 

�F�_�l�Z�� �^�h�k�e�•�^�`�_�g�v���± �k�l�\�h�j�_�g�g�y�� �f�_�l�h�^�b�d�b�� �\�b�a�g�Z�q�_�g�g�y�� �a�Z�e�b�r�d�h�\�h�]�h�� �j�_�k�m�j�k�m��
�f�_�l�Z�e�_�\�b�o�� �•�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �d�•�e�v�p�_�\�h�]�h�� �i�_�j�_�j�•�a�m�� �a�� �Z�]�j�_�k�b�\�g�b�f��
�k�_�j�_�^�h�\�b�s�_�f���a�k�_�j�_�^�b�g�b��  

�A�Z�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �l�_�h�j�_�l�b�q�g�b�o�� �^�h�k�e�•�^�`�_�g�v���� �Z�g�Z�e�•�a�m�� �d�h�g�k�l�j�m�d�p�•�c�� �l�Z�� �m�f�h�\�� �€�o��
�_�d�k�i�e�m�Z�l�Z�p�•�€���� �j�_�a�m�e�v�l�Z�l�•�\�� �g�Z�l�m�j�g�b�o�� �h�[�k�l�_�`�_�g�v�� �l�Z�� �e�Z�[�h�j�Z�l�h�j�g�b�o�� �^�h�k�e�•�^�`�_�g�v��
�\�•�^�•�[�j�Z�g�b�o�� �a�j�Z�a�d�•�\�� �j�h�a�j�h�[�e�_�g�Z�� �f�_�l�h�^�b�d�Z�� �i�j�h�]�g�h�a�m�� �h�k�l�Z�l�h�q�g�h�]�h�� �j�_�k�m�j�k�m��
�f�_�l�Z�e�_�\�b�o�� �•�� �a�Z�e�•�a�h�[�_�l�h�g�g�b�o�� �d�h�g�k�l�j�m�d�p�•�c�� �d�•�e�v�p�_�\�h�]�h�� �i�_�j�_�j�•�a�m�� �a�� �Z�]�j�_�k�b�\�g�b�f��
�k�_�j�_�^�h�\�b�s�_�f�� �\�k�_�j�_�^�b�g�•���� �A�Z�i�j�h�i�h�g�h�\�Z�g�Z�� �l�Z�d�Z�� �i�h�k�e�•�^�h�\�g�•�k�l�v�� �i�j�h�]�g�h�a�m�\�Z�g�g�y��
�a�Z�e�b�r�d�h�\�h�]�h���j�_�k�m�j�k�m�� 

- �Z�g�Z�e�•�a�� �o�•�f�•�q�g�h�]�h�� �k�d�e�Z�^�m�� �•�� �l�_�f�i�_�j�Z�l�m�j�g�h-�\�h�e�h�]�•�k�g�h�]�h�� �j�_�`�b�f�m�� �k�_�j�_�^�h�\�b�s�Z��
���]�Z�a�h�^�b�f�h�\�h�€���k�m�f�•�r�•�����a���\�b�a�g�Z�q�_�g�g�y�f���k�l�m�i�_�g�y���Z�]�j�_�k�b�\�g�h�€���^�•�€���•���h�p�•�g�d�h�x �r�\�b�^�d�h�k�l�•��
�d�h�j�h�a�•�€���m���f�f���j�•�d��  

- �g�Z�l�m�j�g�_�� �h�[�k�l�_�`�_�g�g�y�� �d�h�g�k�l�j�m�d�p�•�€�� �a���\�b�y�\�e�_�g�g�y�f�� �g�Z�y�\�g�b�o�� �i�h�r�d�h�^�`�_�g�v����
�l�_�i�e�h�\�•�a�•�c�g�b�f�� �h�[�k�l�_�`�_�g�g�y�f�� �a�� �\�b�a�g�Z�q�_�g�g�y�f�� �a�h�g�� �\�l�j�Z�l�b�� �n�m�l�_�j�m�\�Z�g�g�y���� �\�•�^�[�h�j�h�f��
�i�j�h�[���^�e�y���e�Z�[�h�j�Z�l�h�j�g�b�o���^�h�k�e�•�^�`�_�g�v�����\�b�f�•�j�x�\�Z�g�g�y�f���a�Z�e�b�r�d�h�\�h�€���l�h�\�s�b�g�b���k�l�•�g�d�b��
�a���\�b�a�g�Z�q�_�g�g�y�f���]�e�b�[�b�g�b���l�Z���r�\�b�^�d�h�k�l�•���d�h�j�h�a�•�€���m���f�f���j�•�d���� 

- �e�Z�[�h�j�Z�l�h�j�g�•�� �^�h�k�e�•�^�`�_�g�g�y �d�h�j�h�a�•�c�g�h�]�h�� �k�l�Z�g�m�� �l�Z�� �a�Z�e�b�r�d�h�\�b�o�� �n�•�a�b�d�h-
�f�_�o�Z�g�•�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �f�Z�l�_�j�•�Z�e�m�� �d�h�g�k�l�j�m�d�p�•�€�� ���[�_�l�h�g�m���� �a�� �h�p�•�g�d�h�x�� �\�l�j�Z�l�b��
�f�•�p�g�h�k�l�•���m�������g�Z���j�•�d�� 

- �Z�g�Z�e�•�a�� �g�Z�i�j�m�`�_�g�h-�^�_�n�h�j�f�h�\�Z�g�h�]�h�� �k�l�Z�g�m�� �d�h�g�k�l�j�m�d�p�•�€�� �a�� �m�j�Z�o�m�\�Z�g�g�y�f��
�i�h�r�d�h�^�`�_�g�v���� �\�b�a�g�Z�q�_�g�g�y�� �d�j�b�l�b�q�g�b�o�� �a�h�g�� �a�� �f�Z�d�k�b�f�Z�e�v�g�b�f�b�� �g�Z�i�j�m�`�_�g�g�y�f�b�� �•��
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�]�j�Z�g�b�q�g�b�o���\�_�e�b�q�b�g���l�h�\�s�b�g�b���k�l�•�g�d�b�����f�•�p�g�h�k�l�•���[�_�l�h�g�m�����a�Z���y�d�b�o���g�Z�k�l�m�i�Z�}���\�•�^�f�h�\�Z��
�a�Z���g�_�k�m�q�h�x���a�^�Z�l�g�•�k�l�x�� 

- �j�h�a�j�Z�o�m�g�h�d�� �y�d�� �h�k�l�Z�l�h�q�g�h�]�h�� �j�_�k�m�j�k�m�� �q�Z�k�m���� �a�Z�� �y�d�b�c�� �l�h�\�s�b�g�Z�� �k�l�•�g�d�b��
�d�h�g�k�l�j�m�d�p�•�€���Z�[�h���f�•�p�g�•�k�l�v���[�_�l�h�g�m���\���d�j�b�l�b�q�g�•�c���a�h�g�•���^�h�k�y�]�g�_���]�j�Z�g�b�q�g�h�]�h���a�g�Z�q�_�g�g�y�� 
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�a�� �h�^�g�Z�d�h�\�h�€�� �k�l�Z�e�•�� �a�� �l�b�f�q�Z�k�h�\�b�f�� �h�i�h�j�h�f�� ���������� �F�I�Z���� �^�h�\�`�b�g�Z�� �\�h�e�h�d�g�Z�� ������ �f�f����
�^�•�Z�f�_�l�j�������f�f���� 

�G�Z�\�Z�g�l�Z�`�_�g�g�y�� �i�h�^�Z�\�Z�e�h�k�y�� �a�� �^�h�i�h�f�h�]�h�x�� �^�h�f�d�j�Z�l�m���� �c�h�]�h�� �\�_�e�b�q�b�g�Z��
�\�b�a�g�Z�q�Z�e�Z�k�y�� �a�j�Z�a�d�h�\�b�f�� �^�b�g�Z�f�h�f�_�l�j�h�f���� �M���i�j�h�p�_�k�•�� �\�b�i�j�h�[�m�\�Z�g�v�� �n�•�d�k�m�\�Z�e�h�k�y��
�g�Z�\�Z�g�l�Z�`�_�g�g�y���� �^�_�n�h�j�f�Z�p�•�y�� �a�j�Z�a�d�Z���� �Z�� �l�Z�d�h�`�� �f�h�f�_�g�l�� �i�h�q�Z�l�d�m��
�l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �>�e�y�� �\�b�f�•�j�x�\�Z�g�g�y�� �^�_�n�h�j�f�Z�p�•�c�� �g�Z�� �a�j�Z�a�d�b�� �[�m�e�b�� �i�j�b�d�j�•�i�e�_�g�•��
�•�g�^�b�d�Z�l�h�j�b���]�h�^�b�g�g�h�]�h���l�b�i�m���a���p�•�g�h�x���i�h�^�•�e�d�b�������������f�f �a���[�Z�a�h�x���������k�f�����G�Z���a�j�Z�a�d�Z�o���a��
�n�•�[�j�h�x���[�m�e�b���\�b�f�•�j�y�g�•���l�j�•�s�b�g�b�����€�o���\�b�k�h�l�Z���l�Z���r�b�j�b�g�Z���j�h�a�d�j�b�l�l�y�����<�k�•���i�j�b�a�f�b���i�j�b��
�\�b�i�j�h�[�m�\�Z�g�g�y�o�� �g�Z�� �j�h�a�l�y�]�� �i�j�b�� �a�]�b�g�•�� �a�Z�a�g�Z�e�b�� �j�m�c�g�m�\�Z�g�g�y�� �\�� �k�_�j�_�^�g�•�c�� �l�j�_�l�b�g�•��
�i�j�h�e�v�h�l�m�����s�h���\�•�^�i�h�\�•�^�Z�}���\�b�f�h�]�Z�f���i�������������>�K�L�M���;���<��������-214:2009. 

 

  
�J�b�k������. �J�h�a�l�Z�r�m�\�Z�g�g�y���•�g�^�b�d�Z�l�h�j�•�\���g�Z���i�j�b�a�f�•���i�j�b���\�b�i�j�h�[�m�\�Z�g�g�y�o�� 

�g�Z���j�h�a�l�y�]���i�j�b���a�]�b�g�• 
  
�I�j�h�\�_�^�_�g�•�� �\�b�i�j�h�[�m�\�Z�g�g�y�� �i�h�d�Z�a�m�x�l�v���� �s�h�� �a�g�Z�q�_�g�g�y�� �f�h�f�_�g�l�m��

�l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �a�Z�e�_�`�b�l�v�� �\�•�^�� �\�b�^�m�� �n�•�[�j�b���� �G�Z�c�[�•�e�v�r�� �\�b�]�•�^�g�b�f�� �a�� �p�•�}�€�� �l�h�q�d�b��
�a�h�j�m�� �\�b�y�\�e�y�}�l�v�k�y�� �^�h�^�Z�\�Z�g�g�y�� �^�h�� �[�_�l�h�g�m�� �Z�g�d�_�j�g�h�€�� �n�•�[�j�b�� �g�Z�c�f�_�g�r���± �o�\�b�e�v�h�\�h�€����
�:�e�_���i�j�b�k�m�l�g�•�k�l�v���m���k�d�e�Z�^�•���k�m�f�•�r�•���[�m�^�v-�y�d�b�c���•�a���j�h�a�]�e�y�g�m�l�b�o���k�l�Z�e�_�\�b�o���n�•�[�j���a�g�Z�q�g�h��
�i�•�^�\�b�s�m�}�� �f�h�f�_�g�l�� �l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �a�j�Z�a�d�Z���� �D�j�•�f�� �l�h�]�h���� �l�b�i�� �j�m�c�g�m�\�Z�g�g�y�� �l�Z�d�h�]�h��
�a�j�Z�a�d�Z���a�f�•�g�x�}�l�v�k�y���a���d�j�b�o�d�h�]�h���g�Z���\�¶�y�a�d�b�c�����l�h�[�l�h���y�d�s�h���^�e�y���d�h�g�l�j�h�e�v�g�h�€���[�_�l�h�g�g�h�€��
�i�j�b�a�f�b�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �i�h�q�Z�l�d�m�� �l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �•�� �j�m�c�g�•�\�g�_�� �g�Z�\�Z�g�l�Z�`�_�g�g�y�� �p�_��
�h�^�g�_���•���l�_���`���a�g�Z�q�_�g�g�y�����l�h���^�e�y���n�•�[�j�h�[�_�l�h�g�g�h�]�h���j�m�c�g�•�\�g�_���g�Z�\�Z�g�l�Z�`�_�g�g�y���\�•�^���i�h�q�Z�l�d�m��
�l�j�•�s�b�g�h�m�l�\�h�j�_�g�g�y�� �\�•�^�j�•�a�g�y�}�l�v�k�y�� �g�Z�� ����-�������� �g�_�a�Z�e�_�`�g�h�� �\�•�^�� �n�h�j�f�b�� �n�•�[�j�b�� �Y�d�s�h��
�i�h�j�•�\�g�x�\�Z�l�b�� �j�•�a�g�•�� �\�b�^�b�� �n�•�[�j�� �f�•�`�� �k�h�[�h�x�� �l�h�� �k�l�Z�}�� �h�q�_�\�b�^�g�h�x�� �i�_�j�_�\�Z�]�Z�� �i�_�j�r�h�]�h��
�\�Z�j�•�Z�g�l�Z���� �A�\�•�^�k�b�� �f�h�`�g�Z�� �^�•�c�l�b�� �\�b�k�g�h�\�d�m���� �s�h�� �m�� �d�h�g�k�l�j�m�d�p�•�y�o�� �^�h�p�•�e�v�g�h��
�\�b�d�h�j�b�k�l�h�\�m�\�Z�l�b���k�Z�f�_���Z�g�d�_�j�g�m���k�l�Z�e�_�\�m���n�•�[�j�m�� 

�;�m�^�v-�y�d�_���n�•�[�j�h�\�_���Z�j�f�m�\�Z�g�g�y���i�h�a�b�l�b�\�g�h���\�i�e�b�\�Z�}���g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���f�•�p�g�h�k�l�•��
�[�_�l�h�g�m�� �i�j�b�� �\�b�i�j�h�[�m�\�Z�g�g�y�o�� �g�Z�� �j�h�a�l�y�]�� �i�j�b �a�]�b�g�•���� �A�Z�k�l�h�k�m�\�Z�g�g�y�� �k�l�Z�e�_�\�h�€�� �n�•�[�j�b�� �m��
�k�d�e�Z�^�•�� �[�_�l�h�g�m�� �\�� �k�_�j�_�^�g�v�h�f�m�� �i�•�^�\�b�s�m�}�� �l�j�•�s�b�g�h�k�l�•�c�d�•�k�l�v�� �g�Z�� ���������� �Z�� �f�•�p�g�•�k�l�v�� �g�Z��
���������� �S�h�^�h�� �a�j�Z�a�d�•�\�� �[�_�a�� �n�•�[�j�h�\�h�]�h�� �Z�j�f�m�\�Z�g�g�y�� �a�j�Z�a�d�b�� �a�� �Z�g�d�_�j�g�h�x�� �n�•�[�j�h�x��
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�i�h�d�Z�a�m�x�l�v�� �i�•�^�\�b�s�_�g�g�y�� �f�•�p�g�h�k�l�• �^�h ���������� �Z�� �l�j�•�s�b�g�h�k�l�•�c�d�h�k�l�•�� �^�h ���������� �I�j�b��
�\�b�d�h�j�b�k�l�Z�g�g�•�� �i�e�x�s�_�g�h�€���n�•�[�j�b�� �p�•�� �a�g�Z�q�_�g�g�y���������� �l�Z�� ���������� �Z�� �^�e�y�� �o�\�b�e�v�h�\�h�€���± 47% 
�l�Z�� ���������� �<�b�d�h�j�b�k�l�Z�g�g�y�� �k�l�Z�e�_�\�h�€�� �n�•�[�j�b�� �^�e�y�� �\�b�]�h�l�h�\�e�_�g�g�y�� �[�_�l�h�g�g�h�€�� �k�m�f�•�r�•��
�^�h�a�\�h�e�y�}���m�g�b�d�g�m�l�b���d�j�b�o�d�h�]�h���o�Z�j�Z�d�l�_�j�m���j�m�c�g�m�\�Z�g�g�y�� 

  
[1] �;�_�l�h�g�b�����F�_�l�h�^�b���\�b�a�g�Z�q�_�g�g�y���f�•�p�g�h�k�l�•���a�Z���d�h�g�l�j�h�e�v�g�b�f�b���a�j�Z�a�d�Z�f�b�����>�K�L�M���;���<��������-214:2009. �± �>�q�b�g�g�b�c���\�•�^��
2009-12-22]. �± �D�������F�•�g�j�_�]�•�h�g�[�m�^���M�d�j�Z�€�g�b�����������������± �������k�������G�Z�p�•�h�g�Z�e�v�g�b�c���k�l�Z�g�^�Z�j�l���M�d�j�Z�€�g�b���� 
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�N�•�a�b�q�g�•�� �\�e�Z�k�l�b�\�h�k�l�•�� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�v�� �h�k�h�[�e�b�\�h�k�l�•�� �n�•�a�b�q�g�h�]�h�� �k�l�Z�g�m��
�[�m�^�•�\�_�e�v�g�b�o�� �d�h�f�i�h�a�b�l�•�\���� �y�d�b�c�� �\�b�a�g�Z�q�Z�}�� �€�o�� �a�^�Z�l�g�•�k�l�v�� �j�_�Z�]�m�\�Z�l�b�� �g�Z�� �l�•�� �q�b�� �•�g�r�•��
�a�h�\�g�•�r�g�•�� �l�Z�� �\�g�m�l�j�•�r�g�•�� �i�h�^�j�Z�a�g�b�d�b���� �>�h�� �n�•�a�b�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �\�•�^�g�h�k�y�l�v��
�i�h�j�b�k�l�•�k�l�v���� �\�h�^�h�i�h�]�e�b�g�_�g�g�y�� �l�Z�� �\�h�^�h�i�j�h�g�b�d�g�•�k�l�v���� �s�•�e�v�g�•�k�l�v�� �•�� �i�h�\�¶�y�a�Z�g�•�� �a�� �g�b�f�b��
�l�Z�d�•�� �\�e�Z�k�l�b�\�h�k�l�•�� �y�d�� �\�h�e�h�]�•�k�g�•�� �l�Z�� �l�_�j�f�•�q�g�•�� �^�_�n�h�j�f�Z�p�•�€�� �g�Z�[�m�o�Z�g�g�y�� �l�Z�� �m�k�Z�^�d�b����
�f�h�j�h�a�h�k�l�•�c�d�•�k�l�v���� �k�l�•�c�d�•�k�l�v�� �\�� �m�f�h�\�Z�o�� �[�Z�]�Z�l�h�j�Z�a�h�\�h�]�h�� �a�\�h�e�h�`�_�g�g�y�� �l�Z�� �\�b�k�b�o�Z�g�g�y����
�g�Z�]�j�•�\�m�� �l�Z�� �h�o�h�e�h�^�`�_�g�g�y���� �k�i�j�b�c�g�y�l�l�y�� �l�Z�� �j�h�a�i�h�^�•�e�m�� �k�l�Z�p�•�h�g�Z�j�g�b�o�� �•�� �^�b�g�Z�f�•�q�g�b�o��
�k�b�e�h�\�b�o�� �g�Z�\�Z�g�l�Z�`�_�g�v���� �\�g�m�l�j�•�r�g�v�h�]�h�� �l�_�i�e�h- �l�Z�� �f�Z�k�h�i�_�j�_�g�h�k�m�� �l�Z�� �•�g�r�b�o��
�\�e�Z�k�l�b�\�h�k�l�_�c���� �y�d�•�� �\�b�a�g�Z�q�Z�x�l�v�� �[�_�a�i�_�q�g�m�� �k�d�e�Z�^�h�\�m�� �n�m�g�d�p�•�h�g�m�\�Z�g�g�y�� �[�m�^�•�\�_�e�v�g�b�o��
�h�[�¶�}�d�l�•�\���� �L�Z�d�b�f�� �q�b�g�h�f�� �f�h�`�g�Z�� �a�j�h�[�b�l�b�� �\�b�k�g�h�\�h�d���� �s�h�� �\�b�a�g�Z�q�Z�e�v�g�b�f�b��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �h�k�g�h�\�g�b�o�� �n�•�a�b�q�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �[�m�^�•�\�_�e�v�g�b�o�� �d�h�f�i�h�a�b�l�•�\��
�\�b�k�l�m�i�Z�x�l�v�� �j�•�a�g�•�� �a�Z�� �y�d�•�k�g�b�f�b�� �l�Z�� �d�•�e�v�d�•�k�g�b�f�b�� �h�a�g�Z�d�Z�f�b�� �g�_�k�m�p�•�e�v�g�h�k�l�•����
�G�_�k�m�p�•�e�v�g�h�k�l�•���� �^�h�� �y�d�b�o�� �\�•�^�g�h�k�y�l�v�� �k�m�d�m�i�g�m�� �d�Z�i�•�e�y�j�g�h-�i�h�j�b�k�l�m�� �k�l�j�m�d�l�m�j�m����
�\�o�h�^�y�l�v�� �g�_�\�•�^�¶�}�f�g�h�x�� �k�d�e�Z�^�h�\�h�x�� �[�m�^�•�\�_�e�v�g�b�o�� �f�Z�l�_�j�•�Z�e�•�\�� �l�Z�� �\�b�j�h�[�•�\���� �<�� �k�\�h�x��
�q�_�j�]�m���� �g�_�k�m�p�•�e�v�g�h�k�l�•�� �g�_�� �\�o�h�^�y�l�v���^�h�� �i�_�j�_�e�•�d�m�� �\�b�o�•�^�g�b�o�� �k�d�e�Z�^�h�\�b�o���± �\�h�g�b��
�a�¶�y�\�e�y�x�l�v�k�y�� �\�� �i�_�j�•�h�^�� �l�_�o�g�h�e�h�]�•�q�g�h�€�� �i�_�j�_�j�h�[�d�b�� �f�Z�l�_�j�•�Z�e�m�� �\�� �\�b�j�h�[�b�� �l�Z��
�d�h�g�k�l�j�m�d�p�•�€���� �s�h���� �\�� �i�h�^�Z�e�v�r�h�f�m���� �\�i�e�b�\�Z�}�� �g�Z�� �€�o�� �n�•�a�b�q�g�•�� �\�e�Z�k�l�b�\�h�k�l�•���� �L�h�f�m��
�\�Z�`�e�b�\�h�x�� �a�Z�^�Z�q�_�x�� �k�e�•�^�� �\�\�Z�`�Z�l�b�� �a�Z�^�Z�q�m���� �i�h�\�¶�y�a�Z�g�m�� �a�� �^�h�k�e�•�^�`�_�g�g�y�f�� �f�_�o�Z�g�•�a�f�•�\��
�a�Z�j�h�^�`�_�g�g�y�� �l�Z�� �j�h�a�\�b�l�d�m�� �g�_�k�m�p�•�e�v�g�h�k�l�_�c���� �€�o�� �\�i�e�b�\�� �g�Z�� �i�j�h�p�_�k�b��
�k�l�j�m�d�l�m�j�h�m�l�\�h�j�_�g�g�y�� �•�� �\�e�Z�k�l�b�\�h�k�l�•�� �f�Z�l�_�j�•�Z�e�•�\�� �l�Z�� �\�b�j�h�[�•�\���� �s�h�� �^�Z�k�l�v�� �a�f�h�]�m��
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�\�b�a�g�Z�q�b�l�b�� �n�Z�d�l�h�j�b�� �p�•�e�v�h�\�h�]�h�� �m�i�j�Z�\�e�•�g�g�y�� �n�•�a�b�q�g�b�f�b�� �\�e�Z�k�l�b�\�h�k�l�y�f�b��
�[�m�^�•�\�_�e�v�g�b�o���d�h�f�i�h�a�b�l�•�\�� 
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Glass fiber-reinforced polymer (GFRP) bars and basalt fiber reinforced polymer 
(BFRP) are currently used in reinforced concrete. The integration of fiber-reinforced 
polymer (FRP) bars as reinforcement in concrete structures is becoming increasingly 
critical in addressing challenges posed by corrosion. FRP bars present numerous 
advantages over conventional steel reinforcement, including superior strength-to-
weight ratios, enhanced durability, ease of handling due to their lightweight 
characteristics, and immunity to electromagnetic interference [1-3]. However, the 
effectiveness of these materials heavily relies on the bond behavior at the interface 
between FRP and concrete, which is a pivotal factor influencing the failure 
mechanisms in reinforced concrete structures. Research has demonstrated that 
various surface treatment techniques can significantly improve the bond strength 
between polymer bars and concrete. Experimental results highlight that bars coated 
with polymeric composites exhibit enhanced bond strength, reinforcing the 
importance of surface treatments [4]. Interestingly, pull-out tests reveal that while 
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chemical adhesion is beneficial, mechanical bonding forces often play a more 
substantial role in achieving high bond strength. 

Methods for Enhancing Bonding. To bolster the bond between reinforcement 
bars and the surrounding concrete, several additional techniques are necessary. These 
methods encompass surface deformations, sand coating, over-molding, and novel 
surface treatments. Numerous studies have introduced various mathematical models 
to estimate bond strength and have conducted both experimental and numerical 
evaluations of composite-reinforced bars in concrete applications. Among the 
innovative methods, the incorporation of jute fibers in conjunction with polymer 
composites has emerged as a promising avenue; however, research indicates that the 
results may not always meet expectations due to the unique properties of jute. 

Experimental Data. The experimental phase was conducted at the Kharkiv 
National University of Civil Engineering and Architecture, where composite 
reinforcement bars were treated with a polymeric composite adhesive and allowed to 
cure for 48 hours. Concrete cubes measuring 15x15x10 cm were prepared with a 
specific aggregate composition and water-cement ratio, and the reinforcement bars 
were embedded vertically into these cubes during the concrete mixing process. 
Subsequently, pull-out tests were performed to quantify the bonding strength of the 
composite reinforcement. 

Results. Results from the experiments indicate that treating GFRP and BFRP bars 
with granite sand enhances bond strength to 13.1 and 14.4 MPa, respectively. This 
improvement is primarily attributed to the increased mechanical interlock facilitated 
by the surface treatment [2]. Notably, the application of specialized epoxy polymer 
compositions significantly boosts bond strength to values of 17.5 and 20.5 MPa, 
which is due to heightened intermolecular interactions at the interface and improved 
penetration of the epoxy into the concrete matrix [5]. Conversely, while the inclusion 
of organic jute fibers showed some promise, it ultimately fell short of expectations, 
with bond strengths measured at 13.8 and 16.5 MPa, respectively. This reduction in 
bond strength can be traced back to the jute fibers&apos; tendency to absorb a 
significant portion of the epoxy resin, thereby diminishing the chemical adhesion 
while failing to compensate with adequate mechanical bonding. 

Conclusions. The findings of this research underscore the efficacy of using 
polymeric compositions for the surface treatment of FRP bars to enhance bond 
strength with concrete. The study highlights the potential for innovative applications 
of FRP materials in construction, especially in environments vulnerable to corrosion 
and mechanical stress. By optimizing surface treatments and exploring new 
composite materials, the construction industry can leverage the benefits of FRP 
reinforcement to improve the longevity and performance of concrete structures [6]. 
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�k�l�j�b�f�m�}���i�j�h�p�_�k���\�b�g�b�d�g�_�g�g�y���a�Z�j�h�^�d�•�\���d�j�b�k�l�Z�e�•�a�Z�p�•�€�����a�g�b�`�m�}���r�\�b�^�d�•�k�l�v���]�•�^�j�Z�l�Z�p�•�€��
�l�Z  �l�\�_�j�^�•�g�g�y�� �p�_�f�_�g�l�m���� �A�Z�\�^�y�d�b�� �h�k�h�[�e�b�\�h�k�l�y�f�� �o�•�f�•�q�g�h�€�� �k�l�j�m�d�l�m�j�b��
�i�e�Z�k�l�b�n�•�d�m�x�q�h�€�� �^�h�[�Z�\�d�b�� �l�Z�� �€�€�� �\�a�Z�}�f�h�^�•�€�� �a�� �K3�:�� �l�Z�� �i�j�h�^�m�d�l�Z�f�b�� �c�h�]�h�� �]�•�^�j�Z�l�Z�p�•�€��  
�h�^�j�Z�a�m�� �`�� �j�h�a�i�h�q�b�g�Z�x�l�v�k�y�� �i�j�h�p�_�k�b�� �i�h�\�_�j�o�g�_�\�h�€�� �o�_�f�h�k�h�j�[�p�•�€�� �i�e�Z�k�l�b�n�•�d�Z�l�h�j�Z�� �g�Z��
�f�•�g�_�j�Z�e�•�� �K3�:  �>���@���� �L�h�f�m���� �i�j�b�� �\�\�_�^�_�g�g�•�� �g�_�\�_�e�b�d�h�€�� �d�•�e�v�d�h�k�l�•�� �i�e�Z�k�l�b�n�•�d�m�x�q�h�€��
�^�h�[�Z�\�d�b���^�h���p�_�f�_�g�l�m���a���\�b�k�h�d�b�f���\�f�•�k�l�h�f���K3�:���l�Z���g�b�a�v�d�b�f���\�f�•�k�l�h�f���K3�6�����€�€���a�Z�e�b�r�d�m��
�\�� �j�•�^�d�•�c�� �n�Z�a�•�� �g�_�^�h�k�l�Z�l�g�v�h�� �^�e�y�� �^�b�k�i�_�j�]�m�\�Z�g�g�y�� �k�b�e�•�d�Z�l�g�b�o�� �n�Z�a�� �•�� �a�g�b�`�_�g�g�y��
�\�¶�y�a�d�h�k�l�•�� �\�� �k�b�k�l�_�f�•���� �s�h�� �i�j�b�a�\�h�^�b�l�v�� �^�h�� �i�h�^�Z�e�v�r�h�]�h�� �k�i�Z�^�m�� �f�•�p�g�h�k�l�•���� �>�e�y��
�^�h�k�y�]�g�_�g�g�y�� �_�n�_�d�l�m�� �^�b�k�i�_�j�]�m�\�Z�g�g�y�� �p�_�f�_�g�l�g�h�€�� �k�b�k�l�_�f�b�� �g�_�h�[�o�•�^�g�h�� �a�[�•�e�v�r�_�g�g�y��
�d�•�e�v�d�h�k�l�• �i�e�Z�k�l�b�n�•�d�m�x�q�h�€�� �^�h�[�Z�\�d�b���� �I�j�b�� �\�\�_�^�_�g�g�•�� �i�e�Z�k�l�b�n�•�d�m�x�q�h�€�� �^�h�[�Z�\�d�b�� �^�h��
�p�_�f�_�g�l�g�h�€�� �k�b�k�l�_�f�b�� �a�� �g�b�a�v�d�b�f�� �\�f�•�k�l�h�f�� �f�•�g�_�j�Z�e�m�� �K3�:�� �l�Z���� �\�•�^�i�h�\�•�^�g�h���� �\�b�k�h�d�b�f��
�\�f�•�k�l�h�f�� �K3�6���� �_�n�_�d�l�� �i�e�Z�k�l�b�n�•�d�Z�p�•�€�� �^�h�k�y�]�Z�}�l�v�k�y�� �i�j�b�� �f�_�g�r�b�o��
�^�h�a�m�\�Z�g�g�y�o �i�e�Z�k�l�b�n�•�d�Z�l�h�j�Z�����i�j�b���p�v�h�f�m�����g�Z�[�•�j���f�•�p�g�h�k�l�•���\���q�Z�k�•���\�•�^�[�m�\�Z�}�l�v�k�y���[�•�e�v�r��
�k�l�Z�[�•�e�v�g�h�� 

�I�j�b�� �^�h�^�Z�\�Z�g�g�•�� �g�Z�g�h�d�Z�j�[�h�g�Z�l�g�h�€�� �^�h�[�Z�\�d�b�� �^�h�� �i�e�Z�k�l�b�n�•�d�h�\�Z�g�h�]�h�� �[�•�e�h�]�h��
�p�_�f�_�g�l�m�� �\�•�^�[�m�\�Z�}�l�v�k�y�� �€�€�� �\�a�Z�}�f�h�^�•�y�� �a�� �f�•�g�_�j�Z�e�h�f�� �K3�:���� �\�g�Z�k�e�•�^�h�d�� �q�h�]�h�� �\�b�g�b�d�Z�}��
�f�h�`�e�b�\�•�k�l�v�� �m�l�\�h�j�_�g�g�y�� �d�Z�j�[�h�g�Z�l�g�h�]�h�� �_�l�j�b�g�]�•�l�m���� �y�d�b�c�� �k�i�j�b�y�}�� �g�Z�i�j�Z�\�e�_�g�h�f�m��
�k�b�g�l�_�a�m�� �g�b�a�v�d�h�h�k�g�h�\�g�b�o�� �\�h�e�h�d�g�b�k�l�b�o�� �]�•�^�j�h�k�b�e�•�d�Z�l�g�b�o�� �n�Z�a���� �\�� �l�h�f�m�� �q�b�k�e�•��
�l�h�[�_�j�f�h�j�b�l�m�� �l�Z�� �i�_�j�_�r�d�h�^�`�Z�}�� �i�_�j�_�o�h�^�m�� �]�_�d�k�Z�]�h�g�Z�e�v�g�b�o�� �]�•�^�j�h�Z�e�x�f�•�g�Z�l�•�\�� �\��
�d�m�[�•�q�g�•�����s�h���g�•�\�_�e�x�} �k�i�Z�^���f�•�p�g�h�k�l�•���\���[�•�e�b�o���p�_�f�_�g�l�Z�o���a���i�•�^�\�b�s�_�g�b�f���\�f�•�k�l�h�f���K3�:��
�l�Z�� �a�g�b�`�_�g�b�f�� �\�f�•�k�l�h�f�� �K3�6���� �J�Z�a�h�f�� �a�� �l�b�f���� �i�j�b�� �]�•�^�j�Z�l�Z�p�•�€�� �K3�6�� �\�g�Z�k�e�•�^�h�d�� �Z�^�k�h�j�[�p�•�€��
�•�h�g�•�\�� �d�Z�e�v�p�•�x�� �i�h�\�_�j�o�g�_�x���g�Z�g�h�d�Z�j�[�h�g�Z�l�g�h�€�� �^�h�[�Z�\�d�b���� �i�j�b�k�d�h�j�x�}�l�v�k�y�� �i�j�h�p�_�k��
�]�•�^�j�Z�l�Z�p�•�€�� �f�•�g�_�j�Z�e�m���� �\�•�^�[�m�\�Z�}�l�v�k�y�� �i�j�b�r�\�b�^�r�_�g�g�y�� �d�j�b�k�l�Z�e�•�a�Z�p�•�€�� �i�h�j�l�e�Z�g�^�b�l�m����
�d�j�•�f�� �l�h�]�h�� �g�Z�g�h�^�h�[�Z�\�d�Z�� �\�b�k�l�m�i�Z�}�� �y�d�� �©�i�•�^�e�h�`�d�Z�ª  �^�e�y�� �g�Z�i�j�Z�\�e�_�g�h�€�� �d�j�b�k�l�Z�e�•�a�Z�p�•�€��
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�]�•�^�j�h�k�b�e�•�d�Z�l�g�b�o�� �n�Z�a���� �s�h�� �^�h�a�\�h�e�y�}�� �d�h�g�k�l�Z�l�m�\�Z�l�b�� �i�j�h�y�\�e�_�g�g�y�� �g�m�d�e�_�Z�p�•�c�g�h�]�h��
�_�n�_�d�l�m [2]. 

�J�_�]�m�e�x�\�Z�g�g�y���f�•�p�g�•�k�g�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���[�•�e�b�o���p�_�f�_�g�l�•�\���a���i�•�^�\�b�s�_�g�b�f���\�f�•�k�l�h�f��
�K3�:�� �l�Z�� �a�g�b�`�_�g�b�f�� �\�f�•�k�l�h�f�� �K3S �[�m�^�_�� �h�k�h�[�e�b�\�h�� �\�Z�`�e�b�\�b�f�� �^�e�y�� �d�h�e�v�h�j�h�\�b�o��
�p�_�f�_�g�l�•�\���� �h�k�d�•�e�v�d�b�� �\�\�_�^�_�g�g�y�� �[�Z�j�\�g�b�d�Z�� �a�Z�\�`�^�b�� �k�m�i�j�h�\�h�^�`�m�}�l�v�k�y�� �i�_�\�g�b�f��
�a�f�_�g�r�_�g�g�y�f�� �f�•�p�g�h�k�l�•���� �s�h�� �^�h�k�y�]�Z�}�� ���«������ �>���@���� �<�b�j�•�r�_�g�g�y�� �p�•�}�€�� �i�j�h�[�e�_�f�b�� �a�Z��
�j�Z�o�m�g�h�d�� �g�Z�g�h�f�h�^�b�n�•�d�Z�p�•�€�� �j�h�a�d�j�b�\�Z�}�� �g�h�\�•�� �f�h�`�e�b�\�•�k�l�v�� �k�l�Z�[�•�e�•�a�Z�p�•�€�� �f�•�p�g�•�k�g�b�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d���g�_���l�•�e�v�d�b���[�•�e�b�o�����Z�e�_���c���d�h�e�v�h�j�h�\�b�o���p�_�f�_�g�l�•�\�� 

  
[1] V.S. Ramachandran, V. Mohan Malhotra (1996). 7 �± Superplasticizers. Concrete Admixtures Handbook 
(Second Edition), William Andrew Publishing, 410-517, ISBN 9780815513735. https://doi.org/10.1016/B978-
081551373-5.50011-8 
[2] Pushkarova, K., Sheinich, L., �*�D�G�D�L�F�K�X�N���� �'������ �.�X�V�K�Q�L�H�U�R�Y�D���� �/������ �	�� �0�D�]�X�U���� �9���� ���������������� �D�j�b�k�l�Z�e�h�o�•�f�•�q�g�•�� �Z�k�i�_�d�l�b��
�i�j�h�p�_�k�•�\�� �k�l�j�m�d�l�m�j�h�m�l�\�h�j�_�g�g�y�� �[�•�e�h�]�h�� �i�h�j�l�e�Z�g�^�p�_�f�_�g�l�m�� �\�� �i�j�b�k�m�l�g�h�k�l�•�� �g�Z�g�h�d�Z�j�[�h�g�Z�l�g�b�o�� �^�h�[�Z�\�h�d�� �G�Z�m�d�Z�� �l�Z��
�[�m�^�•�\�g�b�p�l�\�h�� 30(4), 36-45. https://doi.org/10.33644/2313-6679-15-2021-4 
�>���@�� �I�m�r�d�Z�j�v�h�\�Z�� �D���D������ �L�_�j�_�s�_�g�d�h�� �E���<���� ���������������� �>�h�k�e�•�^�`�_�g�g�y�� �k�m�f�•�k�g�h�]�h�� �\�i�e�b�\�m�� �g�_�h�j�]�Z�g�•�q�g�b�o�� �i�•�]�f�_�g�l�•�\�� �l�Z��
�g�Z�g�h�d�Z�j�[�h�g�Z�l�g�b�o�� �^�h�[�Z�\�h�d�� �g�Z�� �k�b�g�l�_�a�� �f�•�p�g�h�k�l�•�� �^�_�d�h�j�Z�l�b�\�g�b�o�� �p�_�f�_�g�l�•�\���� �A�[�•�j�g�b�d�� �g�Z�m�d�h�\�b�o�� �i�j�Z�p�v��
�©�J�_�k�m�j�k�h�_�d�h�g�h�f�g�• �f�Z�l�_�j�•�Z�e�b�����d�h�g�k�l�j�m�d�p�•�€�����[�m�^�•�\�e�•���l�Z���k�i�h�j�m�^�b�ª����������������-75. https://doi.org/10.31713/budres.v0i45.08 
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�G�Z�� �k�m�q�Z�k�g�h�f�m�� �_�l�Z�i�•�� �j�h�a�\�b�l�d�m�� �_�g�_�j�]�_�l�b�q�g�h�]�h�� �k�_�d�l�h�j�m�� �M�d�j�Z�€�g�b�� �Z�d�l�m�Z�e�v�g�b�f��
�k�l�Z�}�� �i�b�l�Z�g�g�y�� �_�g�_�j�]�_�l�b�q�g�h�€�� �[�_�a�i�_�d�b�� �l�Z�� �_�g�_�j�]�_�l�b�q�g�h�€�� �g�_�a�Z�e�_�`�g�h�k�l�•���� �L�j�Z�^�b�p�•�c�g�•��
�^�`�_�j�_�e�Z�� �_�g�_�j�]�•�€�� �M�d�j�Z�€�g�b���� �\�m�]�•�e�e�y�� �•�� �]�Z�a���� �\�•�^�o�h�^�y�l�v�� �g�Z�� �^�j�m�]�b�c�� �i�e�Z�g���� �Z�� �q�Z�k�l�d�Z��
�Z�l�h�f�g�h�€�� �_�g�_�j�]�_�l�b�d�b�� �a�g�Z�q�g�h�� �a�j�h�k�l�Z�}���� �P�•�e�d�h�f�� �a�Z�d�h�g�h�f�•�j�g�h���� �s�h�� �f�Z�x�q�b�� �k�v�h�]�h�^�g�•��
�������� �_�g�_�j�]�•�€���� �y�d�Z�� �\�b�j�h�[�e�y�}�l�v�k�y�� �Z�l�h�f�g�b�f�b�� �_�e�_�d�l�j�h�k�l�Z�g�p�•�y�f�b���� �g�_�h�[�o�•�^�g�•�k�l�v��
�i�h�\�h�^�`�_�g�g�y�� �a�� �\�•�^�i�j�Z�p�v�h�\�Z�g�b�f�� �y�^�_�j�g�b�f�� �i�Z�e�b�\�h�f���� �^�h�[�m�^�h�\�Z�� �[�e�h�d�•�\��
�O�f�_�e�v�g�b�p�v�d�h�€�� �:�?�K���� �^�_�Z�d�l�b�\�Z�p�•�y�� �a�h�g�b�� �\�•�^�q�m�`�_�g�g�y�� �Q�h�j�g�h�[�b�e�v�k�v�d�h�€�� �:�?�K���� �y�d��
�g�•�d�h�e�b���� �j�h�[�b�l�v�� �Z�d�l�m�Z�e�v�g�b�f�� �i�b�l�Z�g�g�y�� �g�Z�y�\�g�h�k�l�•�� �\�e�Z�k�g�b�o�� �j�Z�^�•�Z�p�•�c�g�h-�a�Z�o�b�k�g�b�o��
�[�_�l�h�g�•�\���•���l�_�o�g�h�e�h�]�•�c���€�o���\�b�]�h�l�h�\�e�_�g�g�y���\���i�j�h�f�b�k�e�h�\�b�o���f�Z�k�r�l�Z�[�Z�o�� 
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�1�k�g�m�}�� �g�_�h�[�o�•�^�g�•�k�l�v�� �j�h�a�j�h�[�d�b�� �l�_�o�g�h�e�h�]�•�€�� �h�l�j�b�f�Z�g�g�y�� �k�m�f�•�r�•���� �n�h�j�f�m�\�Z�g�g�y��
�d�h�g�k�l�j�m�d�p�•�c�� �a�� �^�j�•�[�g�h�a�_�j�g�b�k�l�b�o�� �[�_�a�m�k�Z�^�h�q�g�b�o�� �[�_�l�h�g�•�\�� �g�Z�� �f�_�l�Z�e�_�\�b�o�� �l�Z��
�a�Z�e�•�a�h�j�m�^�g�b�o�� �a�Z�i�h�\�g�x�\�Z�q�Z�o���� �s�h�� �h�[�m�f�h�\�e�_�g�h�� �\�•�^�f�•�g�g�•�k�l�x�� �€�o�� �k�d�e�Z�^�m�� �•��
�\�e�Z�k�l�b�\�h�k�l�_�c���\�•�^���l�j�Z�^�b�p�•�c�g�b�o���[�_�l�h�g�•�\�����Z���l�Z�d�h�`���g�_�h�[�o�•�^�g�•�k�l�x���h�l�j�b�f�Z�g�g�y���k�m�f�•�r�•��
�a�� �g�Z�c�[�•�e�v�r�� �s�•�e�v�g�h�x�� �k�l�j�m�d�l�m�j�h�x�� �•�� �f�•�g�•�f�Z�e�v�g�b�f�� �j�h�a�r�Z�j�m�\�Z�g�g�y�f�� ���Z�g�•�a�h�l�j�h�i�•�}�x��
�\�e�Z�k�l�b�\�h�k�l�_�c���� �a�� �f�_�l�h�x�� �i�•�^�\�b�s�_�g�g�y�� �j�Z�^�•�Z�p�•�c�g�h�a�Z�o�b�k�g�b�o�� �\�e�Z�k�l�b�\�h�k�l�_�c���� �€�o��
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3CaSO 4 �������&�D�2���$�O��2 O 3 + (30-32)H 2 �2���:�����&�D�2���$�O��2 O 3 �� 3CaSO4 + 
���&�D�2���$�O2O3 + (30-32)H2�2���:�����&�D�2���$�O2O3�Â���&�D�6�24��������-�������G2O                    (4.8) 
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A large number of reinforced concrete products and structures are operated on the 

railways of the world, in particular in Ukraine and China. As a result of mechanical, 
electrical, temperature, and other aggressive influences associated with the operation 
of railway transport, reinforced concrete structures undergo intensive wear and tear, 
and their bearing capacity decreases. On electrified sections of railways, corrosion 
damage to reinforced concrete structures, cracking, and deformation occur more 
intensively than on non-electrified sections. Electrical leakage currents can lead not 
only to accelerated leaching of concrete, but also to the formation of cracks caused by 
electrocorrosion of steel reinforcement. 

Passive protection of reinforced concrete constructions, buildings and structures 
of electrified direct current rail transport is ensured by certain methods, namely: using 
a concrete grade with a water resistance of at least W6; excluding the use of concrete 
with additives that reduce the electrical resistance of concrete, and for prestressed 
structures reinforced with steel - chloride salts, nitrates and nitrites; by specifying the 
thickness of the protective layer of concrete over any reinforcement at least 20 mm, 
and for catenary network supports and foundations of supports at least 16 mm; by 
limiting the crack opening width to no more than 0.1 mm for prestressed structures 
and no more than 0.2 mm for conventional structures. These methods, given the 
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purpose and operating conditions of reinforced concrete structures, are not always 
rational both from the point of view of their strength and rigidity, and the 
technological efficiency of their production. Active (electrochemical) protection also 
requires significant costs for its installation and maintenance. 

At the same time, in recent years, the approach to creating products and structures 
from gradient materials, the properties of which change according to the volume of 
the product or structure by various technological techniques, has been increasingly 
used. The implementation of this approach to the specified products and 
constructions of transport structures that are exposed to leakage currents and stray 
currents, in particular, increasing the electrical conductivity of concrete in local areas, 
will significantly increase the electrocorrosion resistance of products and structures 
as a whole and, consequently, their resource and durability. 

Thus, research aimed at creating gradient concrete for electrocorrosion-resistant 
products and structures is relevant. 
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�a�Z�]�e�b�[�e�_�g�•�� �k�i�h�j�m�^�b�� �f�h�`�g�Z�� �[�m�^�m�\�Z�l�b�� �g�Z�� �s�_�[�_�g�_�\�b�o�� �i�h�^�m�r�h�d�� �^�h�� ������ �k�f��
�l�h�\�s�b�g�h�x���� �h�k�d�•�e�v�d�b�� �f�Z�k�Z�� �\�b�c�g�y�l�h�]�h�� �]�j�m�g�l�m�� �f�h�`�g�Z�� �i�h�j�•�\�g�y�l�b�� �a�� �l�b�k�d�h�f�� �i�h��
�i�•�^�h�r�\�•�� �n�m�g�^�Z�f�_�g�l�•�\���� �H�k�Z�^�d�Z�� �k�i�h�j�m�^���� �g�Z�\�•�l�v�� �g�Z�� �k�e�Z�[�d�b�o�� �‰�j�m�g�l�Z�o���� �i�j�Z�d�l�b�q�g�h�� �g�_��
�\�•�^�[�m�\�Z�}�l�v�k�y���± �i�•�k�e�y�� �m�s�•�e�v�g�_�g�g�y�� �‰�j�m�g�l�� �i�•�^�� �i�h�^�m�r�d�Z�f�� �^�h�k�y�]�Z�}�� �i�j�Z�d�l�b�q�g�h��
�i�j�b�j�h�^�g�h�€���s�•�e�v�g�h�k�l�•���•���i�j�b���p�v�h�f�m���a�¶�y�\�e�y�}�l�v�k�y���s�_���\�l�h�j�b�g�g�_���a�q�_�i�e�_�g�g�y���� 

�L�j�_�[�Z�� �\�•�^�a�g�Z�q�b�l�b�� �\�Z�`�e�b�\�m�� �j�h�e�v���� �y�d�m�� �\�b�d�h�g�m�x�l�v�� �s�_�[�_�g�_�\�•�� �i�h�^�m�r�d�b�� �\�� �a�h�g�•��
�k�_�a�h�g�g�b�o�� �d�h�e�b�\�Z�g�v�� �j�•�\�g�y�� �]�j�m�g�l�h�\�h�€�� �\�h�^�b  �•�� �g�Z�� �l�_�j�b�l�h�j�•�y�o���� �s�h�� �i�h�l�_�g�p�•�c�g�h��
�i�•�^�l�h�i�e�x�x�l�v�k�y - �i�h��̂m�r�d�Z�� �k�i�j�b�y�}���j�•�\�g�h�f�•�j�g�h�f�m���j�h�a�i�h�^�•�e�m���g�Z�i�j�m�]���� �i�h�\�¶�y�a�Z�g�b�o���a��
�i�•�^�c�h�f�h�f���j�•�\�g�y���]�j�m�g�l�h�\�h�€���\�h�^�b�� 

  
�>���@�� �?�]�m�i�h�\�� �<���X���� �H�k�h�[�_�g�g�h�k�l�b�� �b�g�`�_�g�_�j�g�h-�]�_�h�e�h�]�b�q�_�k�d�b�o�� �b�� �]�b�^�j�h�]�_�h�e�h�]�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c�� �i�h�^�l�h�i�e�_�g�g�u�o��
�l�_�j�j�b�l�h�b�c�� �]�h�j�h�^�Z�� �O�Z�j�v�d�h�\�Z�� ���� �?�]�m�i�h�\�� �<���X������ �;�h�g�^�Z�j�_�g�d�h�� �:���B������ �B���<���� �O�j�Z�i�Z�l�h�\�Z�������� �G�Z�m�d�h�\�b�c�� �\�•�k�g�b�d�� �[�m�^�•�\�g�b�p�l�\�Z����
�O����  �O�G�M�;�:�����������������‹���������&�������������± 241. 
�>���@�� �>�;�G�� �<��������-���������������� �;�m�^�•�\�e�•�� �•�� �k�i�h�j�m�^�b�� �\�� �k�d�e�Z�^�g�b�o�� �•�g�`�_�g�_�j�g�h-�]�_�h�e�h�]�•�q�g�b�o�� �m�f�h�\�Z�o���� �A�Z�]�Z�e�v�g�•�� �i�h�e�h�`�_�g�g�y���� �D����
�F�•�g�j�_�]�•�h�g���M�d�j�Z�€�g�b�����������������������k�� 
�>���@�� �>�;�G�� �<��������-25-���������� �A�Z�o�b�k�l�� �\�•�^�� �g�_�[�_�a�i�_�q�g�b�o�� �]�_�h�e�h�]�•�q�g�b�o�� �i�j�h�p�_�k�•�\���� �r�d�•�^�e�b�\�b�o�� �_�d�k�i�e�m�Z�l�Z�p�•�c�g�b�o�� �\�i�e�b�\�•�\���� �\�•�^��
�i�h�`�_�`�•�����1�g�`�_�g�_�j�g�b�c���a�Z�o�b�k�l���l�_�j�b�l�h�j�•�c���l�Z���k�i�h�j�m�^���\�•�^���i�•�^�l�h�i�e�_�g�g�y���l�Z���a�Z�l�h�i�e�_�g�g�y�����D�����F�•�g�j�_�]�•�h�g�[�m�^���M�d�j�Z�€�g�b�������������� 



226 

�M�>�D 666.972 
 

�<�I�E�B�<���A�<�H�E�H�@�?�G�H�2���A�H�E�B-�<�B�G�?�K�?�G�G�Y���G�:���O�:�J�:�D�L�?�J�B�K�L�B�D�B��
�G�B�A�V�D�H�<�M�=�E�?�P�?�<�H�=�H���;�?�L�H�G�M 

 

THE EFFECT OF WET FLY  ASH ON THE PERFORMANCE 
OF LOW  CARBON CONCRETE 

 

� -̂�j���l�_�o�g�����g�Z�m�d���F���:�����K�Z�g�b�p�v�d�b�c1, � -̂�j���l�_�o�g�����g�Z�m�d �L���I�����D�j�h�i�b�\�g�b�p�v�d�Z1, 
�d�Z�g�^�����l�_�o�g�����g�Z�m�d���1���F�����=�_�\�C�x�d2 

1�G�Z�p�•�h�g�Z�e�v�g�b�c���m�g�•�\�_�j�k�b�l�_�l���©�E�v�\�•�\�k�v�d�Z���i�h�e�•�l�_�o�g�•�d�Z�ª�����f�����E�v�\�•�\�� 
2�I�j�:�L���©�1�\�Z�g�h-�N�j�Z�g�d�•�\�k�v�d�p�_�f�_�g�l�ª�����k�����Y�f�g�b�p�y�� 

 

M.A. Sanytsky1, DSc (Tech.), T.P. Kropyvnytska1, DSc (Tech.), 
�,���F�����*�H�Y�L�X�N2, PhD (Tech.) 

1Lviv Polytechnic National University (Lviv) 
2�-�6�&���³�,�Y�D�Q�R-�)�U�D�Q�N�L�Y�V�N���&�H�P�H�Q�W�´���<�D�P�Q�\�W�V�L�D�� 

 

�<�Z�`�e�b�\�h�x���i�j�h�[�e�_�f�h�x���a�]�•�^�g�h���a���i�j�•�h�j�b�l�_�l�g�b�f�b���g�Z�i�j�y�f�d�Z�f�b���/�\�j�h�i�_�c�k�v�d�h�]�h��
�A�_�e�_�g�h�]�h�� �d�m�j�k�m�� ���*�U�H�H�Q�� �'�H�D�O���� �}�� �a�Z�[�_�a�i�_�q�_�g�g�y�� �\�m�]�e�_�p�_�\�h�€�� �g�_�c�l�j�Z�e�v�g�h�k�l�•�� �l�Z��
�_�d�h�e�h�]�•�a�Z�p�•�€�� �i�j�h�f�b�k�e�h�\�h�k�l�•�����<�•�^�i�h�\�•�^�g�h�� �^�h�� �k�l�j�Z�l�_�]�•�€�� �g�b�a�v�d�h�\�m�]�e�_�p�_�\�h�]�h��
�j�h�a�\�b�l�d�m���\���M�d�j�Z�€�g�•���^�h�������������j�����[�m�e�h���a�Z�i�e�Z�g�h�\�Z�g�h���k�d�h�j�h�l�b�l�b���\�b�d�b�^�b��C�H2 �g�Z���_�l�Z�i�• 
�\�b�j�h�[�g�b�p�l�\�Z�� �[�_�l�h�g�m�� �g�Z�� ���������� �I�j�b�� �p�v�h�f�m�� �a�Z�f�•�g�Z�� �d�h�`�g�h�]�h�� �d�•�e�h�]�j�Z�f�m��
�i�h�j�l�e�Z�g�^�p�_�f�_�g�l�g�h�]�h�� �d�e�•�g�d�_�j�m�� �\�� �[�_�l�h�g�•�� �g�Z�� �f�•�g�_�j�Z�e�v�g�•�� �^�h�[�Z�\�d�b�� �^�h�a�\�h�e�y�}��
�a�f�_�g�r�b�l�b���_�f�•�k�•�x���K�H2 �g�Z���������±���������d�]�����L�h�f�m���\�Z�`�e�b�\�b�f�b���}���^�h�k�e�•�^�`�_�g�g�y���i�h�l�_�g�p�•�Z�e�m��
�i�•�^�\�b�s�_�g�g�y���i�h�d�Z�a�g�b�d�•�\���l�_�o�g�•�q�g�h�€���l�Z���_�d�h�e�h�]�•�q�g�h�€���_�n�_�d�l�b�\�g�h�k�l�•���[�_�l�h�g�m���>���@�� 

�G�Z�� �^�Z�g�b�c�� �q�Z�k�� �\�� �l�_�o�g�h�e�h�]�•�€�� �p�_�f�_�g�l�•�\�� �•�� �[�_�l�h�g�•�\�� �r�b�j�h�d�_�� �j�h�a�i�h�\�k�x�^�`�_�g�g�y��
�h�l�j�b�f�Z�e�Z���a�h�e�Z-�\�b�g�_�k�_�g�g�y���L�?�K�����A�<�����>���@�����<�b�d�h�j�b�k�l�Z�g�g�y���a�h�e�b-�\�b�g�_�k�_�g�g�y���f�Z�}���g�b�a�d�m��
�i�_�j�_�\�Z�]�� �y�d�� �^�e�y�� �i�h�d�j�Z�s�_�g�g�y�� �\�e�Z�k�l�b�\�h�k�l�_�c�� �[�_�l�h�g�m���� �l�Z�d�� �•�� �a�� �i�h�]�e�y�^�m�� �_�d�h�e�h�]�•�€�� �l�Z��
�a�f�_�g�r�_�g�g�y���\�Z�j�l�h�k�l�•���\�b�j�h�[�g�b�p�l�\�Z���>���@�����M���l�h�c���`�_���q�Z�k�����a�g�Z�q�g�b�c���i�j�Z�d�l�b�q�g�b�c���•�g�l�_�j�_�k��
�i�j�_�^�k�l�Z�\�e�y�}���•���a�\�h�e�h�`�_�g�Z���a�h�e�Z-�\�b�g�_�k�_�g�g�y�����A�A�<�������s�h���}���\�l�h�j�b�g�g�h�x���k�b�j�h�\�b�g�h�x�����y�d�Z��
�\�e�h�\�e�_�g�Z���n�•�e�v�l�j�Z�f�b���l�Z���k�d�e�Z�^�m�}�l�v�k�y���g�Z���a�h�e�h�\�•�^�\�Z�e�•���>���@�� 

�<�� �i�j�h�p�_�k�•�� �_�d�k�i�e�m�Z�l�Z�p�•�€�� �;�m�j�r�l�b�g�k�v�d�h�€�� �L�?�K�� �m�� �\�•�^�\�Z�e�Z�o�� �g�Z�]�j�h�f�Z�^�`�_�g�h��
� �̂_�k�y�l�d�b���f�•�e�v�c�h�g�•�\���l�h�g���a�\�h�e�h�`�_�g�h�€���a�h�e�b�����G�_�a�\�Z�`�Z�x�q�b���g�Z���_�d�h�e�h�]�•�q�g�•���j�b�a�b�d�b�����l�Z�d�•��
�\�•�^�o�h�^�b�� �f�Z�x�l�v�� �i�h�l�_�g�p�•�Z�e�� �^�e�y�� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�� �j�•�a�g�b�o�� �k�n�_�j�Z�o���� �a�h�d�j�_�f�Z�� �m��
�[�m�^�•�\�g�b�p�l�\�•���� �A�\�h�e�h�`�_�g�Z�� �a�h�e�Z-�\�b�g�_�k�_�g�g�y���;�m�j�r�l�b�g�k�v�d�h�€�� �L�?�K�� �} 
�\�b�k�h�d�h�Z�e�x�f�•�g�Z�l�g�h�x�� �Z�d�l�b�\�g�h�x�� �f�•�g�_�j�Z�e�v�g�h�x�� �^�h�[�Z�\�d�h�x�� �a���i�b�l�h�f�h�x�� �i�h�\�_�j�o�g�_�x��
���������� �k�f2���]�� �•�� �g�Z�k�b�i�g�h�x�� �]�m�k�l�b�g�h�x�� ���������� �d�]���f3���� �O�•�f�•�q�g�b�c�� �k�d�e�Z�^�� �a�\�h�e�h�`�_�g�h�€�� �a�h�e�b-
�\�b�g�_�k�_�g�g�y�� �o�Z�j�Z�d�l�_�j�b�a�m�}�l�v�k�y�� �\�f�•�k�l�h�f�� �h�k�g�h�\�g�b�o�� �h�d�k�b�^�•�\���� �f�Z�k���� ������SiO2 �± 49,04, 
Al 2O3 �± 22,16, Fe2O3 �± 11,02, MgO �± 1,58, K2O �± 2,85, Na2O �± ������������ �>�Z�g�Z�� �A�A�<��
�g�Z�e�_�`�b�l�v���^�h���g�b�a�v�d�h�d�Z�e�v�p�•�}�\�b�o�����\�f�•�k�l CaO �± ���������f�Z�k�����������•���k�d�e�Z�^�Z�}�l�v�k�y���i�_�j�_�\�Z�`�g�h��
�a�� �d�m�e�_�i�h�^�•�[�g�b�o�� �q�Z�k�l�b�g�h�d���� �s�h�� �f�•�k�l�y�l�v�� �i�h�g�Z�^�� �������� �k�d�e�h�\�b�^�g�h�€�� �n�Z�a�b����
�J�_�g�l�]�_�g�h�n�Z�a�h�\�b�c�� �Z�g�Z�e�•�a�� �a�Z�� �J�•�l�\�_�e�v�^�h�f���A�A�<�� �\�d�Z�a�m�}�� �g�Z�� �g�Z�y�\�g�•�k�l�v�� �m�� �€�€�� �k�d�e�Z�^�•��
�f�•�d�j�h�d�j�b�k�l�Z�e�•�q�g�b�o���n�Z�a�����.-�d�\�Z�j�p���������������f�Z�k�����������f�m�e�•�l����Al2�H3

.2Si�H2 �������������f�Z�k���������l�Z��
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�g�_�a�g�Z�q�g�Z�� �d�•�e�v�d�•�k�l�v�� �a�Z�e�•�a�h�\�f�•�k�g�b�o�� �k�i�h�e�m�d���� �]�_�l�b�l �.-Fe�H�H�G���� �]�_�f�Z�l�b�l���.-Fe2O3      
�����������f�Z�k�������� 

�;�_�l�h�g�b���h�l�j�b�f�Z�g�h���a���\�b�d�h�j�b�k�l�Z�g�g�y�f���i�h�j�l�e�Z�g�^�p�_�f�_�g�l�m���a���\�Z�i�g�y�d�h�f��CEM �1�1���:-
LL  42,5R �I�j�:�L�� �©�1�\�Z�g�h-�N�j�Z�g�d�•�\�k�v�d�p�_�f�_�g�l�ª���� �>�e�y�� �a�Z�[�_�a�i�_�q�_�g�g�y���i�•�^�\�b�s�_�g�h�€��
�j�m�o�h�f�h�k�l�•�� �[�_�l�h�g�g�b�o�� �k�m�f�•�r�_�c�� �\�b�d�h�j�b�k�l�Z�g�h�� �i�h�e�•�d�Z�j�[�h�d�k�b�e�Z�l�g�b�c��
�k�m�i�_�j�i�e�Z�k�l�b�n�•�d�Z�l�h�j��Sika ViscoFlow�Š-���������� �m�� �d�•�e�v�d�h�k�l�•�� �������� �f�Z�k���� ���� �I�j�h�\�_�^�_�g�h��
�i�h�j�•�\�g�y�e�v�g�•�� �^�h�k�e�•�^�`�_�g�g�y�� �\�i�e�b�\�m�� �k�m�o�h�€�� �l�Z�� �a�\�h�e�h�`�_�g�h�€�� �a�h�e�b-�\�b�g�_�k�_�g�g�y�� �g�Z��
�\�e�Z�k�l�b�\�h�k�l�•���[�_�l�h�g�•�\�����<�k�l�Z�g�h�\�e�_�g�h�����s�h���^�e�y���[�_�l�h�g�m���g�h�f�•�g�Z�e�v�g�h�]�h���k�d�e�Z�^�m���P���I���S5�±

20 = ������������������������ ���P�� � �� ������ �d�]���f3���� �A�< = 40 �d�]���f3���� �f�Z�j�d�Z�� �a�Z�� �d�h�g�k�b�k�l�_�g�p�•�}�x��S4 
���H�D = �������f�f�����^�h�k�y�]�Z�}�l�v�k�y���i�j�b���<���<� �������������j�Z�g�g�y���f�•�p�g�•�k�l�v���q�_�j�_�a�������^�h�[�b���k�l�Z�g�h�\�b�l�v��
fcm2 = ���������� �F�I�Z���� �Z�� �i�j�h�}�d�l�g�Z���± fcm28 = 46,5 �F�I�Z�� �•�a���a�Z�[�_�a�i�_�q�_�g�g�y�f �d�e�Z�k�m�� �f�•�p�g�h�k�l�•��
�K���������������I�j�b���\�\�_�^�_�g�g�•���A�A�<�������� �f�Z�k���������\�h�^�h�\�C�y�`�m�q�_���\�•�^�g�h�r�_�g�g�y���a�[�•�e�v�r�m�}�l�v�k�y���^�h��
�<���< = ������������ �Z�� �f�•�p�g�•�k�l�v�� �a�f�_�g�r�m�}�l�v�k�y�� �g�Z���������� �•�� �^�h�k�y�]�Z�}�l�v�k�y�� �d�e�Z�k�� �f�•�p�g�h�k�l�•�� �K��������������
�>�e�y�� �k�d�e�Z�^�m �P���I���S5�±20� ������������������������ ���P = 300 �d�]���f3���� �A�A�< = 60 �d�]���f3���� �f�Z�j�d�Z�� �k�m�f�•�r�•��
�a�Z�� �d�h�g�k�b�k�l�_�g�p�•�}�x��S���� ���H�D = 20 �f�f���� �^�h�k�y�]�Z�}�l�v�k�y�� �i�j�b���<���< = ������������ �i�j�b�� �p�v�h�f�m��
�a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �i�j�h�}�d�l�g�Z�� �f�•�p�g�•�k�l�v��fcm28 = 38,8 �F�I�Z�� ���d�e�Z�k�� �f�•�p�g�h�k�l�•�� �K����������������
�F�_�o�Z�g�h-�Z�d�l�b�\�Z�p�•�y�� �\�b�k�m�r�_�g�h�€���A�A�<�� �m�� �\�•�[�j�Z�p�•�c�g�h�f�m�� �f�e�b�g�•�� �^�h��S�i�b�l = 4500 �k�f2���]��
�a�Z�[�_�a�i�_�q�m�}�� �i�j�b�j�•�k�l���f�•�p�g�h�k�l�•�� �[�_�l�h�g�m�� ���P = 300 �d�]���f3���� �A�A�< = 60 �d�]���f3) �q�_�j�_�a�� ���� �•�� ������
�^�•�[���\�������������•�������������j�Z�a�b���\�•�^�i�h�\�•�^�g�h���•�a���^�h�k�y�]�g�_�g�g�y�f���d�e�Z�k�m���K����������. 

�<�k�l�Z�g�h�\�e�_�g�h�����s�h���i�h�d�Z�a�g�b�d���K�H2-�•�g�l�_�g�k�b�\�g�h�k�l�•���^�e�y���[�_�l�h�g�m���a���^�h�[�Z�\�d�h�x���a�h�e�b-
�\�b�g�_�k�_�g�g�y ���A�< = 40 �d�]���f3�����d�e�Z�k�m���f�•�p�g�h�k�l�•���K�������������k�d�e�Z�^�Z�} 5,23 �d�]���K�H2���F�I�Z.�f3�����I�j�b��
�\�b�l�j�Z�l�•�� �A�A�<���± 40�±������ �d�]���f3 �[�_�l�h�g�m�� �i�h�d�Z�a�g�b�d�� �K�H2-�•�g�l�_�g�k�b�\�g�h�k�l�•�� �^�h�k�y�]�Z�} 6,22 �±
 5,88 �d�]�� �K�H2���F�I�Z.�f3. �I�j�b�� �\�\�_�^�_�g�g�•�� �f�_�o�Z�g�h-�Z�d�l�b�\�h�\�Z�g�h�€�� �A�A�<�� �\�� �d�•�e�v�d�h�k�l�•�� ���� �d�]���f3 
�a�Z�[�_�a�i�_�q�m�}�l�v�k�y�� �g�Z�c�f�_�g�r�_�� �a�g�Z�q�_�g�g�y�� �K�H2-�•�g�l�_�g�k�b�\�g�h�k�l�•���± 5,04 �d�]�� �K�H2���F�I�Z.�f3. 
�A�Z���i�h�d�Z�a�g�b�d�Z�f�b���i�b�l�h�f�h�€���_�f�•�k�•�€���K�H2 �^�Z�g�•���[�_�l�h�g�b���g�Z�e�_�`�Z�l�v���^�h���g�b�a�v�d�h�\�m�]�e�_�p�_�\�b�o�� 

�I�j�Z�\�b�e�v�g�h�� �i�•�^�•�[�j�Z�g�b�c�� �k�d�e�Z�^�� �d�h�f�i�h�g�_�g�l�•�\�� �[�_�l�h�g�g�h�€�� �k�m�f�•�r�•�� �l�Z�� �\�\�_�^�_�g�g�y��
�i�h�e�•�d�Z�j�[�h�d�k�b�e�Z�l�g�h�]�h�� �k�m�i�_�j�i�e�Z�k�l�b�n�•�d�Z�l�h�j�Z�� �^�h�a�\�h�e�y�}�� �h�^�_�j�`�Z�l�b�� �s�•�e�v�g�_��
�m�i�Z�d�m�\�Z�g�g�y�� �k�d�e�Z�^�h�\�b�o�� �p�_�f�_�g�l�m�x�q�h�€�� �f�Z�l�j�b�p�•�� �[�_�l�h�g�m�� �a�Z���j�Z�o�m�g�h�d�� �a�f�_�g�r�_�g�g�y��
�\�•�^�k�l�Z�g�•�� �f�•�`�� �q�Z�k�l�b�g�d�Z�f�b�� �p�_�f�_�g�l�m�� �l�Z�� �f�•�g�_�j�Z�e�v�g�b�o�� �^�h�[�Z�\�h�d�� ���A�A�<���� �\�Z�i�g�y�d���� �m��
�i�h�q�Z�l�d�h�\�b�c�� �i�_�j�•�h�^�� �i�j�h�p�_�k�m�� �]�•�^�j�Z�l�Z�p�•�€���� �s�h�� �^�h�a�\�h�e�y�}�� �a�[�•�e�v�r�b�l�b�� �f�•�p�g�•�k�l�v�� �l�Z��
�^�h�\�]�h�\�•�q�g�•�k�l�v�� �g�b�a�v�d�h�\�m�]�e�_�p�_�\�b�o�� �[�_�l�h�g�•�\�����L�Z�d�b�f�� �q�b�g�h�f���� �\�b�d�h�j�b�k�l�Z�g�g�y�� �\�•�^�o�h�^�•�\��
�a�h�e�h�\�•�^�\�Z�e�•�\�� �L�?�K���� �a�h�d�j�_�f�Z�� �a�\�h�e�h�`�_�g�h�€�� �a�h�e�b-�\�b�g�_�k�_�g�g�y���� �^�h�a�\�h�e�y�}�� �a�f�_�g�r�b�l�b��
�k�i�h�`�b�\�Z�g�g�y�� �i�j�b�j�h�^�g�h�€�� �k�b�j�h�\�b�g�b���� �a�g�b�a�b�l�b�� �_�f�•�k�•�x�� �K�H2 �l�Z�� �a�\�•�e�v�g�b�l�b�� �d�h�j�b�k�g�•��
�i�e�h�s�•�� �‰�j�m�g�l�•�\���� �s�h�� �k�i�j�b�y�}�� �j�_�Z�e�•�a�Z�p�•�€�� �k�l�j�Z�l�_�]�•�€�� �g�b�a�v�d�h�\�m�]�e�_�p�_�\�h�]�h�� �j�h�a�\�b�l�d�m�� �\��
�M�d�j�Z�€�g�•�� 
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