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d�Y� �Ã{�f�³�d^�¿�Ä]�cZ ·Z�»�¾ÌÀr¼Å���Zf§���Â�y��{�ÉY

Ê³|Ì�¯� ½Á�Ì]�Ä¿Â¼¿��ÊËZÆf¿Y� [Ô«� ÉY�Y{� Ã{Z�� {�´¸Ì»� ÉZÅ
���ÂeFabbrocino�½Y�Z°¼Å�Á�@�����>d�Y�Äf§�³�¹Zn¿Y�����

                                                 
1� Fixed end rotation (FER) 
2� Pull out  
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��]�Ê]ÁZÀe�Á�YÂÀ°Ë�Ê^¿Zm��ËZ»�M�lËZf¿��Y�Ê��Y�³�Ä·Z¬»�¾ËY
��ZÌ¬»�Z]�Ã{Z��{�´¸Ì»�Ä]�t¸�»�ÊÀf]�½Âf��Ä¿Â¼¿��ZÆq�ÉÁ���

�Ä]��¹Zn¿Y�½Y�Æe�ÃZ´�¿Y{�ÊÀ§�Ã|°�¿Y{�Ã�Z��ÃZ´�ËZ»�M��{�Ä¯�Y��
Ê»�ÄWY�Y�d�Y�Ã|��Ê»�Ê ��Á�|ËZ¼¿��É�Zf§��dÌÅZ»��Y�ÊËZËYÁ��|À¯

½Âf�� cÁZ¨f»��Ä]� d^�¿� Y�� Ã{Z�� {�´¸Ì»� Ä]� t¸�»� ÊÀf]� ÉZÅ
½Âf���´¸Ì»�Ä]�t¸�»�ÊÀf]�ÉZÅkM�{�¾�Á���Y{�|ËZ¼¿��e���Á�ÊuY��

Ä¿Â¼¿� cZÌW�m� ÄWY�Y�]� ZÅ� ÄÄ¿Â³��¥� »� Ä¯� d�Y� Äf§�³� ¹Zn¿Y� ÉY
½Z¼fyZ��cZÌW�m��Ä¸�Á� ÃÂv¿� {�Â»� �{��Â�y� Ä]�Ê¼Ë|«�ÉZÅ

�¶�YÂ§� ¾ÌÀr¼Å� Á� Ä¬^�� �Y�e� ÉÓZ]� �{� Ê·Â�� ÉZÅ{�´¸Ì»
|�Z]� Ê���� ÉZÅ{�´¸Ì»� �]� lËZf¿� Ä�Ä·Z¬»� ¾ËY� �{� Ã|»M� d�{

Ê»�Â´z�Za�|¿YÂe�½{�]�Êa�ÉY�]�Ã�Z��½Z�|ÀÆ»��ZÌ¿��Y�Ê�z]�É
Ã��·� É�Zf§�� dÌÅZ»� Ä]�½Âf�� cÁZ¨f»� ÉY��Ä]� t¸�»� ÊÀf]� ÉZÅ

½Âf��Ä]�d^�¿� Ã{Z��{�´¸Ì»�kM� {�´¸Ì»�Ä]�t¸�»�ÊÀf]�ÉZÅ���Y{
|�Z]���
� �
����ËZ»�M�Ä»Z¿�] 

����Ä¿Â¼¿���ËZ»�M�ÉZÅ�Ì¤f»�Á��ËZ»�M�ÉZÅ��
� Ä ·Z�»�¾ËY� �{�Ã���½Âf��Ä¿Â¼¿���ZÌ¬»� Z]�ÉY���Ä]���Á�

É�Y~³�Z]� dve�|Àf§�³� �Y�«��ËZ»�M� {�Â»� Ê]ÁZÀe� Á� YÂÀ°Ë� ÉZÅ��
Ä¿Â¼¿�Ä¼Å��{Z ]Y�Ä]�Ê ]�»���¬»�ÉY�Y{� ZÅ�mm��� ����Ä]� Á�

� µÂ�mm���Ê»���{Z ]Y� Z]� ÉÂ«� ½ÂÌ�Y|¿Â§� ®Ë� Ä]� Ä¯� |À�Z]
�mm��� ��� ����Ê»�¶�f»��|¿{�³� �¾f]�Ä¿Â¼¿� É�Ë����{� ZÅ

]� Á� Ä¸u�»� Á{� Ä³� ¹Zn¿Y� ºWZ«� c�Â�d§�� ��¾f]� µÁY� Ä¸u�»� �{
|�� ÄfzË�� ½Âf�� ¾f]� ¹Á{� Ä¸u�»� �{� Á� ½ÂÌ�Y|¿Â§� ��tÌ¸�e

kM�{�´¸Ì»�Z]�½ÂÌ�Y|¿Â§��ÉÂv¿�Ä]�½M�ÊuY���Á�d§�³�c�Â���Y{
�Ì]|e��­�e�É|u�É�Y~³�Z]�dve�Á��ËZ»�M�¾Ìu��{�Ä¯�|Ë{�³
{�Âz¿��Ä¿Â¼¿�ÄÌ¸¯��ÉY�Y{�ZÅ��Á�Ã{Z���ÂeZ»�M�Z]�Ê·Â��{�´¸Ì»�{|��

���«�Ä]��¸Ì»�Ê�Ê»��f»�|À�Z]���cZÌW�m��YÂ¿Y��iY�Ê���]��Â�À»�Ä]
|Ë{�³�Ã{Z¨f�Y�Ê·Â��ÉZÅ{�´¸Ì»�ÉY�]�cZÌW�m��Â¿�Ä��,Ê¼Ë|«��

�Ê��Âa�Ä¸�Á�½Á|]�Ä¿Â¼¿�Á{�WOS���½Âf��cZÌW�m�¥� »�Ä¯�
Ê»� Ä¬^�� �Y�e� ¾ÌËZa� �{�|À�Z]� ��Ê��Âa� Ä¸�Á� ÉY�Y{� Ä¿Â¼¿�®Ë

�µÂ��Z]�ºÌ¬f�»���{�´¸Ì»���«��]Y�]��SOS��»�Ä¯��cZÌW�m�¥� 
�Ê¼Ë|«� ½Z�|ÀÆ»� º��� �]� ª^�À»� Ä¬^�� �Y�e� ÉÓZ]� �{� ½Âf�

Ê»�ÊËZ°Ë�»M�[Ô«�Ê��Âa�Ä¸�Á�ÉY�Y{� Ä¿Â¼¿�®Ë� Á�|�Z]��Z]� �Y{
�µÂ����{�´¸Ì»���«��]Y�]��HOS����{�½Âf��cZÌW�m�¥� »�Ä¯�

Ê»�ÊËZaÁ�Y�Ê¼Ë|«�½Z�|ÀÆ»�º���ª]Z�»�Ä¬^���Y�e�ÉÓZ]�|�Z]��

                                                 
1� Without overlap splice 
2� Straight overlap splice 
3� Hooked overlap splice 

Ë�Ê��Âa�Ä¸�Á�½Á|]�Ä¿Â¼¿�Á{�YÂÀ°Ë�c�Â��Ä]�Ê°�WOS-M���Á
]�É�´Ë{�Ä�Ê]ÁZÀe�c�Â��WOS-C��|Àf§�³��Y�«��ËZ»�M�{�Â»��

� ��«� Ä]� Ã{Z�� �ÂeZ»�M� Z]� Ê���� ÉZÅ{�´¸Ì»��Ä]� Á� �f»� Ê¸Ì»�
� ÉÁZ�»� ¶�YÂ§mm�����0Z^Ë�¬e»� ª¼�� Z]� �]Y�]�R�Ä¯� ��¬»� �i

Ê»� �Y�«� Ê¼Ë|«� ½Z�|ÀÆ»� Ã{Z¨f�Y� {�Â»�d�Y� Äf§�³� ��{�Â»
f§�³� �Y�«� Ã{Z¨f�Y|À� ��Ä¯� Ä¿Â¼¿� ÉÓZ]� �{� ZÅ{�´¸Ì»� ¾ËY� ¶�YÂ§

Ê»�Á�Ì¿�µZ¼�Y�¶v»��Ä]�|�Z]mm��d§ZË��ÅZ¯����¶»Z¯�cZÌW�m
Ä¿Â¼¿�¶°�� �{� ZÅ�����{��ËZ¼¿� Ä]��d�Y� Ã|»M� �½Âf�� ÄÌ¸¯��ZÅ

�µ{Z »�d]Zi�É�Âv»�ºWZ«��Z]�dve�����¬»�¾f]�dÌ§���|��{�
|Àf§�³��Y�«��ËZ»�M�{�Â»���

��
�����Â§�Á�ÊÀf]�t·Z�»�cZ�z�»É{Ó��

Ä¿Â»�M�¥|Å�Ä�z�»�d»ÁZ¬»��¾���{�ÉY�Ä¿YÂf�Y�ÊÀf]�ÉZÅ
��� �Á���
��|Ë{�³� [Zzf¿Y� µZ°�ZaZ´»�� ���Y� ¾f]� t·Z�»

²À��Ä¿Y{��Ã�Y|¿Y��j¯Y|u�Á�µZ»�¿�½�Á�Z]�ÉZÅmm���[M�d^�¿�Z]�
�½Z¼Ì��Ä]��
�|Ë{�³�ÄÌÆe�� �d^�¿���Å�ÉY�]��ÔfyY�s���ÉZÅ

�Y�{Â]�c�Z^��¾f]�\ °»��f»� ����»�¹�³Â¸Ì¯��Ä¿Y{�d��{�t·Z�
²À����«�Z]��¾Ì]Z»�Ä¿Y{mm��Á�mm���,����t·Z�»�¹�³Â¸Ì¯�

�Ë��� �j¯Y|u� ��«� Z]� Ä¿Y{mm�� Á�����|À¸e�a�½Z¼Ì�� ¹�³Â¸Ì¯�
®Ë� �Â¿� �pÌÅ�d§�´¿� �Y�«� Ã{Z¨f�Y� {�Â»� ºÅ� Ê¿{Á�§Y� Ä¿Â³��

� ÉÁ�� d»ÁZ¬»� ¾Ì´¿ZÌ»�Ä¿YÂf�Y� Ä¿Â»�M���{�Y|¿Zf�Y� ÉY
�mm��� �������Á���{Ä¿Â¼¿��ËZ»�M�Å�\Ìe�e�Ä]�Z�
���,�
���,
�
���Á��
��Ä¿Â¼¿�ÉÁ��\Ìe�e�Ä]�µZ°�ZaZ´»���ÉZÅWOS-M�,

WOS-C�,SOS-C�Á�HOS-C]��Ä|»M�d�{���d»ÁZ¬»�¾Ì´¿ZÌ»
�½|��É�Zm����«�Ä]� Ã{Z��Ê·Â��{�´¸Ì»�Ä¿Â»�M���Ê¸Ì»����f»

MPa���]�� ÄÊ·Zu� �{� |»M� d�{��ÊËZÆ¿� d»ÁZ¬»� ¾Ì´¿ZÌ»� Ä¯
½M��ZÅMPa���¸¯�µÂ��{ZË{�Y��{��¾Ì´¿ZÌ»�Ê����]�Ä|»M�d�{���
��
����ÊÅZ´�ËZ»�M��ËZa�]�� �

�¶°���{��ËZ»�M�{�Â»�Ä¿Â¼¿�Á�ÊÅZ´�ËZ»�M��ËZa�]��Y�ÊËZ¼¿
���¦·Y��{��ËZ¼¿� Ä]��d�Y� Ã|»M� �� ��Âe� Ä¿Â¼¿� ½ÂÌ�Y|¿Â§��

wY�Â�� Ä¯� ÊËZeÁ{� d·Â]� ¦Ë{��½M� �Â^�� ÉY�]� ÊËZÅ��¶yY{� �{� ZÅ
�ÃZ´�ËZ»�M�ÉÂ«�¦¯�Ä]�{Â]�Ã|��ÄÌ^ e�½ÂÌ�Y|¿Â§�®Ë�ªË����Y

�Ìa�Ã|��dz��¾¼Ì�¿�|Ë{�³�Ã|ÌÀe���®m�®Ë���Âe�Ê^¿Zm��Z]
� �j¯Y|u� dÌ§��� Z]� Ê¬§Y� Ê°Ì·Á�|ÌÅkN����{�YÁ� Ä¿Â¼¿� Ä]�

|Ë{�³��Ê»�¶�f»�ÉÂ«�Á�dz��[Z«�®Ë�Ä]�®m�¾ËY��Ä¯�|Ë{�³
�°��ÉZÅÁ�Ì¿�Ê»�¶¬fÀ»�ÉÂ«�¦¯�Ä]�Y��¶¼ ·Y�{Â¼¿���

��
��
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�¶°���Ä¿Â¼¿�cZÌW�m��ÊÅZ´�ËZ»�M�ÉZÅ�¦·Y���Ä¿Â¼¿�`Ìe�cZÌW�m�[�,ZÅ��½Âf��`Ìe���¬»�_�,ZÅ��½ÂÌ�Y|¿Â§�`Ìe���¬»�,ZÅ� �
c��Ä¿Â¼¿�Äf�ÂÌa�Ê·Â��{�´¸Ì»�cZÌW�m��ÉZÅWOSg����Ê·Â��{�´¸Ì»�`Ìe�cZÌW�m�Ä¸�Á�Á��Z�f¿Y��Ä¿Â¼¿SOS�,k���{�´¸Ì»�`Ìe�cZÌW�m

�Ê·Â��Ä¸�Á�Á��Z�f¿Y���Ä¿Â¼¿ HOS� �
� �

� ���
¦·Y��[��

 
�¶°���¦·Y����]��Y�ÊËZ¼¿[�,ÊÅZ´�ËZ»�M��ËZa����ËY�MlÀ��½Z°»��ÌÌ¤e�ZÅ��

��
�� ��®Ë�ªË����Y�ºWZ«�Ê°Ì·Á�|ÌÅ�®m�®Ë���Âe�d]Zi�ºWZ«��Z]

���®Ë��]Y�� �Ìe�|��¶¬fÀ»� Ä¿Â¼¿� Ä]�¶�¨»� ���Ìe� �Y� �Z]� µZ¬f¿Y
�Ä¿Â¼¿�Ä]��ÌqZ¿�­Z°��Y�Z]�®f¸£�®Ë��Y�Ã{Z¨f�Y�Z]�Ä¿Â¼¿�Ä]��]Y�

Ê»�¹Zn¿Y�d§�³���{Â»��{�Ê¬§Y�®m�É�Y~³�Z]�ÌÌ¤e�½Z°»�����µ�fÀ¯
Á�Ì¿�{Â»��{�ºWZ«�®m�É�Y~³�Z]�Á�Ê°ÌeZf�Y�Ä^��c�Â��Ä]�Á���

|Ë{�³�¹Zn¿Y��ËZ»�M�µÂ��¶¯��{�d]Zi�ÉÁ�Ì¿�Z]�µ�fÀ¯� ��Á{��Å
�ÌÌ¤e�ÉY�Y{�®m�Á�Ì¿�Á�lÀ��½Z°»�|¿{Â]�Ê¸yY{�lÀ����

� �
����É|À]�Y�]Y�� �

Ã�Y|¿Y�ÉY�]��ÌÌ¤e�É�Ì³�¶°��� �Y� ZÅ��{|���ÌÌ¤e���lÀ��½Z°»
�LVDT�� |Ë{�³� Ã{Z¨f�Y��¶°����[� ��� {Y| e��¾ËY� �Y� {|��

�´�u�Ã�Y|¿Y� ÉY�]� ZÅ�� �Y�e� Á{� �{� �y�q� É�Ì³mm����Á�

mm���|Ë{�³�Ã{Z¨f�Y�Ä¿Â¼¿�d¼��Á{��Å��{�|¿�Ä¯��½Z°»��ÌÌ¤e
lÀ��� �Y�e�ÉZÅmm���,BR-LVDT Á�lÀ��½Z°»� �ÌÌ¤e���ÉZÅ
��Y�emm���,TR-LVDT |¿|��Ã|Ì»Z¿�����ÉY�]�ºÅ��´Ë{�{|��
Ã�Y|¿Y���¤·� É�Ì³��¾ÌËZa� Á� ÓZ]� �{� ¾f]� Ä]� d^�¿� {�´¸Ì»� ÉZÅ

|Ë{�³�Ã{Z¨f�Y|¿�Ä¯�lÀ��½Z°»��ÌÌ¤e��¾ÌËZa�ÉZÅBS-LVDT�Á�
¤eÌÌ�lÀ��½Z°»���ÓZ]�ÉZÅTS-LVDT|¿|��Ã|Ì»Z¿�� ��ÄÌ¸¯��ÌÌ¤e

lÀ��½Z°»�½ZÌ»�ÉZÅ{�´¸Ì»��Y�Ã{Z¨f�Y�Z]�Ä¿Â¼¿�Ä]�ZÅ���{�Ä¯��~³
¾f]�Ä¸u�»�\·Z«�Á�É�Ë��Ã|��ÄÌ^ e�É|À]|¿|Ë{�³�¶�f»�|¿{Â]���

�¶°����[���ËY�M�lÀ��½Z°»��ÌÌ¤e��½Z�¿� Y��Ä¿Â¼¿�ÉÁ���]� ZÅ
Ê»�|Å{���cZ�Ô�Y�ÊmÁ�ylÀ��½Z°»��ÌÌ¤e��ÃZ´f�{�®Ë���Âe�ZÅ

� Ã{Y{�d^i��]�Ä·Z¿Z¯��Ä��ËZ»�M�¹Zn¿Y�¾Ìu��{�µZfÌnË{�c�Â�
|¿|Ë{�³�d^i���
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����Ä¿Â¼¿�É�Y~³�Z]�|¿Á���ZÅ��
³�Z]� ÄrzË�Ze/¿Â¼¿� Ê]ÁZÀe� É�Y~Ä�ÄÌ�Âe� Z]� ª]Z�»� ZÅ��ÉZÅ

ACI Innovation Task Group 1.1�@��>|Ë{�³�[Zzf¿Y����¾ËY
�ÌÌ¤e�ÄrzË�Ze�®Ë�ÄrzË�Ze��]�µ�fÀ¯�½Z°»��½Z°»��ÌÌ¤e�\�u

Ê»�Ê^�¿�|�Z]� ��Ê^�¿�½Z°»��ÌÌ¤e�d^�¿��Å��{��¶»Z¯�¶°Ì��
Ê»� �Y�°e��µZ¼�Y� Ê¸^«� ÄÀ»Y{�¦�¿� Z]� ¶°Ì��®Ë��b�� Á� {{�³

Ê»�{Â�� �»� �ÌÌ¤e� d^�¿� ÄÌ·ÁY� Ê^�¿� ½Z°��
��� �Ä¿Â³� Ä]��ÉY
Ê»�[Zzf¿Y��0Z»Y�·Y�Ê^�¿�½Z°»��ÌÌ¤e�d^�¿�½M��{�Ä¿Â¼¿�Ä¯�{{�³

|�Z]�Äf�Y{�Ê�y�®Ìf�ÓY�x�Za��d^�¿��Ê^�¿�½Z°»��ÌÌ¤e�ÉZÅ
Ä¿Â³�Ä]��Ì¿�É| ]�Ê»�ºÌ�Àe�ÉY���Y��f¼¯�Ä¯�|¿{�³��
��Á��]Y�]�

� �Y� �f�Ì]�
��|À�Z^¿� Ê¸^«� ÄÀ»Y{� �]Y�]� ��Z]� µZ¼�Y� ¶v»�É�Y~³
mm����®Ë�µÂ��¦�¿� �´¿ZÌ]� Ä¯� Ã{Â]�½ÂÌ�Y|¿Â§� �Y�e�ÉÓZ]�

��ZÌ¬»� Z]� ¶»Z¯� ½Âf��� Ä]��Ê»�¦��� Ä�¬¿� Ze� ,�|�Z]� ��¾Ì¼Å
d^�¿�cZ^�Zv»�ÉY�]�µÂ���Ã{Z¨f�Y�{�Â»�Ê^�¿�½Z°»��ÌÌ¤e�ÉZÅ

d§�³��Y�«��¹Z³�µZ¼�Y�Z]��Ì¿�YÂÀ°Ë�É�Y~³�Z]��d^�¿�Ze�®qÂ¯�ÉZÅ
�Ê^�¿�½Z°»��ÌÌ¤e��
������{���¹Z³���Ä]��b��Á�d§�³�¹Zn¿Y

�Ê��É�Y{�]�Z]�Êf�³�]�ÄyZ��d�Y{�]��Â�À»���½|Ì���Ze�¹Z³�
�ÌÌ¤e�Ä]��ÄÌ·ÁY�½Z°»��¨���d§ZË�Ä»Y{Y���

� �
����ËZ»�M�cY|ÅZ�»��
�� ��ËZ»�M�¹Zn¿Y�¾Ìu��{��|¿|Ë{�³�d^i�Ê¨¸fz»�cY|ÅZ�»� ,ZÅ

�{�hv]� Ä]��z]� ¾ËY� �{� Ä¯�½M��Â�y�Ê»� ÄfyY{�a� ZÅ�{Â���
Ê»�� Ä¼Å�d¨³� ½YÂeÄ¿Â¼¿�� Ê^�¿� ½Z°»� �ÌÌ¤e� Ze� ZÅ�
�� ��ÉÂ´·Y

|Àf�Y{� ÊÆ]Z�»� Ê³{�Ây� ­�e� �� ¶Ì°�e���{� Ê�¼y� ­�e�
�Z¨e�Y�� ÄËZa� �Y�e�ÉZÅ�Ä¿Â¼¿�ÉZa�­�e��ª¼��¦�¿�Ê^Ë�¬e� �Y�e� ,
�½Âf��­�e��ÉZÅh�
����½Âf��ª¼��Ê^Ë�¬e��Y�e�Á�­�e��ÉZÅh��

Ä¿Â¼¿� �{� Ã|�� Ã|ÅZ�»� ��Z]� Ä�z�»�{Â]� ZÅ� �¼¿� �{/Ä¿Â��ÉZÅ
WOS-C��Á WOS-M��-C�Á�Ê]ÁZÀe�d�e�ÉY�]�-M�d�e�ÉY�]�

YÂÀ°Ë� ��­�e� Á� Ä¿Â¼¿�ÉZa�­�eh�
��­�e� �Y� �e�µZ §�h�,|¿{Â]�
�­�eh�
��¶ËZ¼e� Z]� �Ì¿���Ê�¼y� �Zf§�� Äm�{����½Z�¿�Ê��]�

Ê»�{Y{� �Ä¿Â¼¿��{���Y{�Ä¸�Á�ÉZÅ SOS-C�Á�HOS-C��ÉZa�­�e
�­�e�Á�Ä¿Â¼¿hµZ §���­�e��Y��eh�
��­�e�Á�|¿{Â]�h�Z]��¶ËZ¼e���

Ê�¼y��Zf§��Äm�{�{Y{�Ê»�½Z�¿�{Ây��Y�Ê��]����sÂ�Á�Ä]�Är¿M
¾ËY�d�Y��z�»���¬¿�{Ây�{ZË��Ê³|��Z]�Z]�Ä¿Â¼¿�ÉZa�­�e�Ä¯

�ÌÌ¤e�{ZnËY��{�Y��Ê¸�Y�¶°���É�Zf§��{Â»�Á�{�Y{�Ã|Æ���]�¶¯�ÉZÅ
Ã�YÂÆ³�Ä¿Â¼¿� Ä¼Å� ÉY�]� Y�� |À¿Z»� ÉY�Ê»� {ZnËY� ZÅ��|À¯� ��cZ ·Z�»

Yalcin��½Y�Z°¼Å�Á@�>e��Ì¿�PÃ�YÂÆ³��Zf§���]�|Ì¯�½Âf��ÉY��ÉZÅ
{�Y{�Ã{Z��{�´¸Ì»�ÉY�Y{���

�� ��Ä¿Â¼¿��Y��Ì£�{�YÂ»�Ä¼Å��{WOS-C�]�Ä¯�Ä�½�Z¬f»Z¿�c�Â�
Äf�Âa�,{Â¼¿��Zf§��Ê³|���Ê^�¿�½Z°»��ÌÌ¤e�d^�¿��{�¾f]��
���

{Y{�w��É�Y~³�Z]�dÆm�Á{��Å��{���Ä¿Â¼¿HOS-CÄ¿Â¼¿�ZÆÀe���ÉY
^�¿�½Z°»��ÌÌ¤e��{�Ä¯�{Â]�Ê�
�­�e�¶¼vf»�|��{���ºWZ«�ÉZÅ

� Ê^�¿� ½Z°»� �ÌÌ¤e� d^�¿� �Y� ¾ÌÀr¼Å� Á� |Ë{�³� �Ì¿� �|��{
­�e�¶¼vf»��ÉZÅX|Ë{�³�¶°��� �¾ËY��Â«Á�­�e�Ä¿Â³��½Z�¿� ZÅ

Ä¸�Á�µZ §� {�°¸¼�� Ã|ÀÅ{�[Ô«�ÉZÅ�Ê»� Ä¿Â¼¿�ÉZa� �Y{��Ä¯�|�Z]
½M�[Ô«�ÉZÆf¿Y���Y�e��{�ZÅ���Ê¸Ì»���½ÂÌ�Y|¿Â§��Y�e�ÉÓZ]�É�f»

� �Y�«{�Y{� �[Ô«� Êe�Z^�� Ä]���ÌÌ¤e� �{� Y�� É{ZË�� ÉZÅÁ�Ì¿� ZÅ
½Z°»�Ã|Ë{�³� ¶¼vf»�±��]� Ê^�¿� ÉZÅ��Ä¿Â¼¿� ÄnÌf¿� �{� Ä¯� |¿Y

HOS-C\Ì�M��Ã|Ë{��Ã|��{�y�ÄÌuZ¿�d �Á��Zv·��Y�Ä¿Â¼¿�¾Ë�e
�¾f]��ª¼�� Ze�
���¬»�ª¼���]Y�]�� �Ê»�Ê·Zu�{�|�Z]���Ä¿Â¼¿�Ä¯

SOS-C� Ä]� ¾f]� ®qÂ¯� Ã|�� {�y� ÄÌuZ¿� ®Ë� ÉY�Y{���Z¨e�Y
� �j¯Y|u��Ê¸Ì»��Ê»�½Âf��ÄnÀa� �{� �f»�|�Z]� ��Ä¿Â¼¿WOS-C�

{Â¼¿� Ä]�ne� Y�� Ê¯|¿Y�\Ì�M� Äf^·Y� ºÅ-��Y� ½M�\Ì�M� ½Y�Ì»� Z»Y�
�Ä¿Â¼¿SOS-C{Â^¿��f¼¯�� ��Ä¿Â¼¿�\Ì�M�½Y�Ì»�d�Y��¯}�½ZËZ�

WOS-M� Ä¿Â¼¿� �Y�Êfu�SOS-CÉ�Â��Ä]� {Â]� �f¼¯�ºÅ���Ä¯
�Ê^�¿�½Z°»��ÌÌ¤e�d^�¿��{�Êfu��
��|��{��É�Y~³�Z]�ÉZÆf¿Y��

Ê³|�{�y��Zq{�|Ë{�´¿�ºÅ�¾f]����ºÅ�Ê·Â��ÉZÅ{�´¸Ì»��¿Z¼¯
pÌÅ� �{� ¾f]� Ê³|�{�y� �Y��a� Êfu�Ä¿Â¼¿� �Y�®Ë��Ã|ÅZ�»� ZÅ

|Ë{�´¿����
� ��]��Â�À���Y�Ã|��dWY�«�lËZf¿��Z�Y�ÉZÅ�TS-LVDT�Ä]�Ä¯�

�Ä¿Â¼¿�ÉÓZ]� �{�Ê·Â��ÉZÅ{�´¸Ì»�Ê·Z¼fuY���¤·��ËZa� �Â�À»
Zm� ,|¿{Â]� Ã|�� ÄÌ^ e�ÉZÆf¿Y� �{� ZÆÀe� ��¤·� Ä¯� d�Y� \·

�ÉZÅ{�´¸Ì»WOS-CÄ¿Â¼¿��´Ë{� �Y�®Ë�pÌÅ��{� Á� Ã{Y{�w����,ZÅ
|Àf�Y|¿� Ê��¤·� ÊËÓZ]� ÉZÅ{�´¸Ì»� �| ]� �«YÁ� �{��Y����¤·

mm��
���¬»� Á{� ¾Ì´¿ZÌ»/`q� Á� d�Y�� �{� �Y|� ��Ä¿Â¼¿� �{
WOS-C��Z£M� Ê¯Z°��Y� ��¤·� º�Ì¿Z°»� Z]� É��¿Y� ¥ÔeY�

Ê»�{{�³��º¯���¤·�¾ËY��º¯Ê»��Á�]�ºÅ�É�Z�§�Ã{Á|v»��{�|ËZ¼¿��
Ê»� Zn]Zm� ZÅ{�´¸Ì»�Ä]�d^�¿� 0Ô»Z¯�ÊÀf]�­Â¸]�Êe�Z^��Ä]��{{�³

�Ê§����{�ºÅ�Á�|¿�Y{��Y�«���¯��{�ZÅ{�´¸Ì»�Ä¯�Ê§����{�ºÅ
|¿�Y{��Y�«��Z�§��{�ZÅ{�´¸Ì»�Ä¯� ��Ä¿Â¼¿��{�ZÅ{�´¸Ì»���¤·�¹|�

WOS-Me�P��{� Ê´f�ÂÌa� É�Zf§�� dÌÅZ»� cÁZ¨e� �]� É|ÌË
ËZ»�M���ËZ»�M� Ä]� d^�¿� YÂÀ°Ë� ÉZÅ��Á� d�Y� Ê]ÁZÀe� ÉZÅ

�y�{/Ä¿Â¼¿� �{� ZÅ{�´¸Ì»� ��¤·� ¹|�� �Â�� ÉZÅSOS-C��Á
HOS-CÊ»���Ä]� �Z�f¿Y�ÉZÅ�ÂeZ»�M� �Y� Á�Ì¿�µZ¬f¿Y� Ä¯�d¨³�½YÂe

���¤·�\^�� |¿YÂf]� Ä¯�d�Y� Ã{Â^¿� É|u� �{� Ä¸�Á� ÉZÅ�ÂeZ»�M
                                                 
1� Spalling 
2� Crushing 

mailto:1.1�@��>|�{���[Zzf�Y������Y
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�dËZ¨¯�¹|���Y�½Z�¿�Ä¯�{{�³�Â���ÉZÆf¿Y��{�Ä¸�Á�ÉZÅ{�´¸Ì»
�cZÌW�m� �]YÂ�Ä¸�Á� É|À]��ÉZÅÁ�Ì¿� µZ¬f¿Y� �{� Ê¼Ë|«� ÉZÅ

{�Y{�Ã{Z��ÉZÅ{�´¸Ì»�¾Ì]�Ê´f�ÂÌa���
� �
���Ä¿Â¼¿�x�Za�Á�Ì¿�ÉZÅ�Y{Â¼¿�\�u��]�ZÅ�±�½Z°»��ÌÌ¤e�

Ê^�¿ 

� �¶°���{��ÉZÅ��-¦·Y�� Ze����c���ZÆq��Å�x�Za�ÉZÅ�Y{Â¼¿�
�Ê^�¿� ½Z°»� �ÌÌ¤e�\�u� �]� Ä¿Â¼¿��ÌÌ¤e��®m�¶v»� �{�½Z°»

�¬e�É�Y~³�Z]Êa�ÉÁ�� Ze��Z]�µZ¼�Y�¶v»�Ä¸�Z§��]�ºÌ���ÉÁ�Ì¿�Á
� �Z]� µÂ¸�� �Y� Ã|��dWY�«�lÀ�Á�Ì¿� �d�Y� Ã|»M�®m� Ä]�¶�f»��

��ÌÌ¤e� �j¯Y|u� �Z¬¿� µZ�eY� �Y� x�Za��Âa� ÉZÅ�Y{Â¼¿� ¾ÌÀr¼Å
Ã|Ë{�³�º���¶°Ì���Å�¹Â���Y�°e��{�Ê^�¿�½Z°»�|¿Y����

� �� Ä¿Â¼¿WOS-M� Ê^�¿� ½Z°»� �ÌÌ¤e� |u� Ze���
�� ��0Z^Ë�¬e
Zf§��Ê�y�Y|Ìa�Ê�y�Ì£�d·Zu��Y{Â¼¿�| ]�Ä]�½M��Y�Á�d�Y�Ã{�¯��

¾ËY� Ze�d�Y� Ã{�¯��Ê^�¿�½Z°»� �ÌÌ¤e� �{� Ä¯��
�� ���j¯Y|u� Ä]
� {Á|u�ÊÀ Ë� {Ây�d»ÁZ¬»kN��d�Y� Ã|Ì���� ��Ä]� Ä�¬¿�¾ËY� �Y

¾ËY�Ze�Ã|Ë{�³��Z£M��Y{Â¼¿�d§Y�| ]��½Z°»��ÌÌ¤e��{�dËZÆ¿��{�Ä¯
�Ê^�¿��
����Ê^Ë�¬e�d»ÁZ¬»�Ä]kN��Ê»��|����d§Y�¾ËY�\Ì��

� {Á|u� �{kN��
��Ê»� Ê^�¿� ½Z°»� �ÌÌ¤e� |uYÁ� �Å� �{���|�Z]
�kN/m��
�������ÊÀvÀ»�É�Y{�]�Z]�cZÌ¸¼���{�,Ä¸u�»�¾ËY��Y��a

�|¿Z¼�a�Ê^�¿�½Z°»��ÌÌ¤e�Z]�Á�Ã{Â¼¿�d§Y�{ZË��0Z^Ë�¬e�\Ì��®Ë�Z]
�
����d]Zi� 0Z^Ë�¬e�ÊËÁ�Ì¿� Z]� Á� �¨��Ê^�¿�½Z°»� �ÌÌ¤e�ÉÂ��Ä]

Ê»� �Ì�»� Ä»Y{Y�|Å{�� �¨�� Ä�¬¿�Ê°Ë{�¿� �{���½Z°»� �ÌÌ¤e� {Á|u

�Ê^�¿��
�� ��­�e�½|��Äf�]� Z]��Y|Ìa�Êfz�� Ã�Z]Á{� �Y{Â¼¿� ZÅ
�ÉÁ�Ì¿�{Á|u�Ä]�dËZÆ¿��{�Á�Ã{�¯kN����Ê^�¿�½Z°»��ÌÌ¤e��{�

|���Ê»��¨��� 

� �� Ä¿Â¼¿� �{WOS-CÄy�q� ÉZÅ�Y{Â¼¿���Y�³O|^»� ¶°�� Ä]� ÉY
Äf§�³�¶°��|¿Y� �É�Y{�]�Z]�Ä¸u�»��{��´Ë{�c�Z^��Ä]�d§Y��Y��a�

�¶Ì»�O|^»�d¼��Ä]�d����Ä]�x�Za�ÊÀvÀ»�,d»ÁZ¬»��Ë���ÄÌ·ÁY
Ê»�|À¯���ÌÌ¤e�Á�ÊÀvÀ»�{ZË��²ÀÌrÀÌa�¶°����Y�º¯�|¿Z¼�a�ÉZÅ

Ä�z�»�Ê»� Ä¿Â¼¿� ¾ËY� x�Za� É�Zf§�� ��Z]� ÉZÅ�|À�Z]� ��Ä¿Â¼¿� �{
SOS-C� Ä¿Â¼¿� |À¿Z»� ºÅ�WOS-C�Y�³O|^»� ,x�Za� ÉZÅ�Y{Â¼¿�

Ê»�°�� Ê¼q�a� É�ÅZ�� Z»Y� -|À�Z]Äf§�³� {Ây� Ä]� ¶�|¿Y� ��½ZÌ]� Ä]
�ÊÀvÀ»� ,d»ÁZ¬»� �Ë���d§Y� �Y��a� É�Y{�]�Z]� Ä¸u�»� �{� �´Ë{
��ÌÌ¤e�ÉÂ��Ä]�Ê¨À»�\Ì��®Ë� Z]�Êfu�Á�d]Zi�ÉÁ�Ì¿� Z]�x�Za

½Z°»�Ê»�d¯�u� �¨��Ê^�¿�ÉZÅ��Ê°Ë{�¿� �{�dËZÆ¿� �{� Á� |ËZ¼¿
Ê»�¶ËZ¼f»� O|^»�Ä]� {ZË��\Ì�� Z]� �¨��Ê^�¿�½Z°»� �ÌÌ¤e�{{�³��

�{ZË��²ÀÌrÀÌaÄy�q�x�Za��{�º¯�|¿Z¼�a�½Z°»��ÌÌ¤e�Á��¾ËY�ÉY
Ê»� {ÂÆ�»� �Ì¿� Ä¿Â¼¿�|À�Z]� �q� x�Za� ÊÀvÀ»/Äy���Ä¿Â¼¿� ÉY

HOS-C�Ä¿Â¼¿�Z]�Ä]Z�»��ZÌ�]�SOS-CÊ»��|�Z]���{�\·Zm�Äf°¿�
Ä¿Â¼¿� Ä¼Å� É�Y~³�Z]� Ä¸u�»��Â�y��É�Y~³�Z]� �Ì�»� cÁZ¨e� ZÅ

¶°Ì��µÁY��Y�°e�¶°Ì��¹Â��Á�¹Á{�ÉZÅ�Y�°e�Z]�ZÅ�Ê»�ZÅ�Z]|�����{
¶°���Y{Â¼¿��ÉZÅ����¦·Y��Ze����c��Á�¾Ìq��y�Z]�µÁY�ÉZÅ�Y�°e�

Ã|��Ã{Y{��ËZ¼¿��a��y�Z]�¹Â��Á�¹Á{�ÉZÅ�Y�°e�|¿Y���

��
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�c� �Ê^�¿�½Z°»��ÌÌ¤e��� �_� �¿�½Z°»��ÌÌ¤e�Ê^��� 

� �
�¶°���Á�Ì¿�x�Za�ÉZÅ�Y{Â¼¿��Ê^�¿�½Z°»��ÌÌ¤e��¦·Y����Ä¿Â¼¿WOS-M,[����Ä¿Â¼¿WOS-C,k����Ä¿Â¼¿ SOS-C�,{��Ä¿Â¼¿HOS-C��
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Ê»�Y��Ã|Ë|a�¾ËY�{�´¸Ì»�Á�¾f]�¾Ì]�Ê´f�ÂÌa�dÌ�Â�y�Ä]�½YÂe��
{Y{� d^�¿� Ã{Z�� ÉZÅ{�´¸Ì»� �{���{� µÁY� �Y�°e� �Ì�»� Är¿ZÀq�

ËZ»�M��{�Ê´f�ÂÌa�ÉZÅ�Y{Â¼¿���cÁZ¨f»��Ì¿�Ê³|Ì�¯�½Á�Ì]�ÉZÅ
Ê»�É| ]�ÉZÅ�Y�°e��Y��|À�Z]@��Á���>���

� ��¶°�� �{����¦·Y�]� YÂÀ°Ë� Á�Ê]ÁZÀe��Âa�ÉZÅ�Y{Â¼¿� ÄÌ¸¯��Ä
®Ë�c�Â��Ã|Ë{�³�ºÌ��e�Zm�|¿Y���Ä¿Â¼¿��{�d»ÁZ¬»�º¯��ZÌ�]�d§Y

Ä¿Â¼¿��{�d»ÁZ¬»�{ZË��d^�¿�Ä]�d§Y�d^�¿�Ä]� YÂÀ°Ë��Ê]ÁZÀe�ÉZÅ
d�Y� {ÂÆ�»� �½Z¼Å�¯� �Â�0Ô^«� Ä��ËZ»�M� cY|ÅZ�»� �z]� �{�

Ä¿Â¼¿�ZÆÀe�YÂÀ°Ë�Ä¿Â¼¿�|Ë{�³�½YÂÀ��{�y�Ä¯�{Â]�ÉY���{�¾f]�Ê³|�
d�Y� Ã{Â¼À¿� Ä]�ne� Y�� ÄnÀa� �Ê»� Y�� ¾ËY��½|¿Z»� �Y�«�]� Ä]� ½YÂe

Ê^�¿�½Z°»� �ÌÌ¤e� �{�¾f]� Á�É�Z�§� {�´¸Ì»�¾Ì]�Ê´f�ÂÌa��ÉZÅ
¹|�� Á� �Y{Â¼¿�d§Y� ¹|�� Ä]� �nÀ»� ÄnÌf¿� �{� Ä¯� {Y{�d^�¿� ÓZ]�

d�Y� Ã|Ë{�³�¾f]�²ÀÌ�Y�¯� ��¶°�� �{����[��ÉZÅ�Y{Â¼¿� ÄÌ¸¯�
�µZ»�¿� {Ây� d»ÁZ¬»� �j¯Y|u� �Ë{Z¬»� t��� Ä]� Ê]ÁZÀe� �Âa

Ã|Ë{�³�|¿Y��Ê»�Y��Ê�y�Ä���Y{Â¼¿�®Ë��ÄÌ¸¯���Y�]�½YÂÀ��Ä]�½YÂe
{Â¼¿� ºÌ��e� ZÅ�Y{Â¼¿� ��Ê^Ë�¬e�Ê^�¿� ½Z°»� �ÌÌ¤e� Ze� �Y{Â¼¿�¾ËY

�� �Ê^�¿�½Z°»� �ÌÌ¤e� Ze��b�� Á� Ã{Â]�Ê�y��
�� ��d»ÁZ¬»� Z]
Ê»�Ä»Y{Y�d]Zi�|]ZË���Ê^�¿�½Z°»��ÌÌ¤e��Y�
����¥{Z�»�0Z^Ë�¬e�Ä¯

Ê»�¾f]�Ê³|��Äf�Âa��Z£M� Z]��{ZË��Ê¨À»�\Ì��®Ë�Z]�d§Y�|�Z]
{{�³�Ê»��Z£M���
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�[� �Ê^�¿�½Z°»��ÌÌ¤e��� 

��
�¶°����¦·Y����Y{Â¼¿�Âa�ÉZÅ,[����Ã|��µZ»�¿��Âa�ÉZÅ�Y{Â¼¿

��Y{Â¼¿�Á�Äf§ZË���Y�]�Ê�y���

                                                 
1� Bond 

����ÌÌ¤e��{���¤·�d¯�Z�»�¶°��¶¯�ÉZÅ 

� ��{�¶°���ÉZÅ����¦·Y��Ze�����c�¼¿�ÉZa��y�q�/�Ä¿ÂWOS-

C�{��ËZ¼¿�Ä]�¦¸fz»�Ê^�¿�½Z°»��ÌÌ¤e�d^�¿��ZÆq��{���Ã|»M
d�Y� ��ÉZÆf¿Y� �y�q� ½M� Ä]� ÊÀ§� cZÌ]{Y� �{� Ä¯��y�q� ¾ËY

�Y{�Ì³Ê»�Äf¨³��0Ze|¼��{Â��Ä]� ZÅ�ÂeZ»�M���¤·�d¯�Z�»��iY� �{�
]� Êa� �{��¿�¯� }Â¨¿� ¶Ì·{� ÄÊ»� {ÂmÁ�½Âf�� �{� Á� |ËM��Z]� ÉZÅ

�ÌÌ¤e�{ZnËY��{�Ê�Z�Y�Ê�¬¿�Ã{Z��{�´¸Ì»�¶°��{�Y{�Ê¸¯�ÉZÅ��
�½Âr¼Å�Ê¿Z¬¬v»���Âe�\¸�»�¾ËYVerderame��½Y�Z°¼Å�Á@��

Á��>Á�� Ozcan��½Y�Z°¼Å� Á@�>� Á�½ZÌ]� {�Â»� �Ì¿���Y�«�Ê���]
d�Y�Äf§�³��w���Y�¶^«�Ze��Ê·Â��ÉZÅ{�´¸Ì»��{�Ê´f�ÂÌa�µYÁ��{Y{
Ä¿Â¼¿� ¶yY{,Ê»� Y�� �y�q� ¾ËY���µÂ�� {ZË{�Y� �Y� Ê�Z¿� ½YÂe

d�¿Y{� Êa� ¶yY{� �{� Ã{Z�� ÉZÅ{�´¸Ì»� ��d¸�� Ä]� Êe�Z^�� Ä]
�Ê��¯�ÉÁ�Ì¿�µZ¼�Y�Z]�,Êa�¶yY{��{�Ã{Z��{�´¸Ì»�º¯�Ê´f�ÂÌa

Ã|Ë|a�d¸��Ä]�½M�Ä]��¼y��Y�Ê�Z¿��ÂeZ»�M���«�Ê¨À»�½Â�YÂa�
Ê»�¶�Zu�¾f]�Á��ÂeZ»�M�¾Ì]�ÊËY|m�Á�Ã|���f°qÂ¯�0Z Ë���{{�³��

Ê»�ºÅY�§� Y��½Z°»Y�¾ËY��Â¯~»�ÊËY|m�µÂ���ËY�§Y�®Ë�Ze�{�ÁM��
���ZÀf»�Á�{�Ì´]�¶°��Êa�¶yY{�ÉZÅ{�´¸Ì»��{�|¿YÂf]�ÄmÂe�¶]Z«

¶°���ÌÌ¤e��ËY�§Y�Z]�e{ZË��Á�{ZË��,µÂ���ËY�§Y�¾ËY�,Ä¿Â¼¿�ÉZÅ��
{Â���Ê»�Ä»Y{Y�Ê¿Z»��Ze�dÌ �Á�¾ËY��Ã|À]ZË��ËY�§Y�ÉÁ�Ì¿�Ä¯�|]ZË

É�Zm�� Ê³|��Ê�¿�¯� Ê³|�� dz�� d¸�� Ä]� ��dÌ§��� Ä]
�½M� �{� Ä¯� |��]� Ä¿Â¼¿� ¶yY{� �{� �Z�f¿Y� ÉZÅ{�´¸Ì»� Ê´f�ÂÌa
�¹�Ì¿Z°»�Á�Ã{Y{�w��Ä¿Â¼¿�¶yY{�{�´¸Ì»��{�Ê´f�ÂÌa�µYÁ��Ä�v·

Ê»�¶°��Ê¯Z°��Y� Ê��¤·� Ê´f�ÂÌa�{�Ì³� �^�� Ä]�¹�Ì¿Z°»� Êe�Z
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� µÁ|m� �{� Á� Ã|�� Ä^�Zv»���Y�Ã|Ë{�³� ÄWY��|¿Y� ��Ä¯� {Â�� ÄmÂe
� ÓZ]� ÉZÅ{�´¸Ì»� ¾Ì]� µZ�eY� É�Y�«�]� ¹|�� ��§��ÉZÅ{�´¸Ì»

Ä¿Â¼¿� ��¾ÌËZa�Á�Êa�ÉZÅ{�´¸Ì»��d�Y��Y�«�]�½Z¯Z¼¯� ����¿��{� Z]
� É|u� Ê�Z¼e� ª¼�� Ä¯� dÌ «YÁ� ¾ËY� ¾f§�³���{� É�Z�§� ª¼�

,É|u�d·Zu�ucd ,� �Ê»�{�y�É|u�d·Zu��{�½M��Y��a�Á�{Â��
Ã�YÂÆ³�d¯�u��Ä»Y{Y�Ê¿Â³�YÁ�Ä�v·�Ze�Ê¸^«�Ä�¬¿�½Z¼Å�µÂu�ÉY

Ê»�Ê»� Y�� Ê¿Â³�YÁ� ½Z°»� �ÌÌ¤e� ,|]ZË�c�Â�� Ä]� ½YÂe�
ucd

d
,2

�

� �Y|¬»� Ä]� �nÀ»� Ä¯� {Â¼¿� Ä^�Zv»mm��Ê»��{{�³� ��c�Z^�� Ä]
� �{�Ê¿Â³�YÁ��y�q� �´Ë{���
�� ZË�½ZË{Y���
�� ���ÌÌ¤e�d^�¿

Ê»� �«YÁ� Ê^�¿� ½Z°»�� {{�³�� Y�Ë�mm ' 1000L � ,�� ¶°���
¦·Y����Ê»� �Ì¿� Y�� É|u� Á� ½|�� É�Zm� cÓZu� �{� ZÀv¿Y��Z]� ½YÂe

�¿�¯� Á� É�Z�§� Ê�Z¼e� ª¼�� ½{Â]� ¹Â¸ »�]� ZÅ� Ä��Ë�� c�Â�
{Â¼¿�Ä^�Zv»����

��

��� ����������������
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��
�µÁ|m���¶uY�»��{�Ê�Z¼e�ª¼��Á�Ê��]�d»ÁZ¬»�Ä^�Zv»�

¦¸fz» 

Vcr �kN) Vy (kN) Vu (kN) dc,y(mm) dc,u(mm) 

18.75 44.25 46.70 80.00 57.14 

N�=�225 kN, d�=�250 mm, L�=�1000 mm, fy�=�22.5 MPa,  
A�=�250×250 mm2, åy�=�0.003, åu�=�0.005 

� �� ��y�q�Ä^�Zv»�ÉY�]�Zm�d·Zu��{�Ä�Â]�»�ÉZÅ�Á�½|��É�
Ê»� ½Âf�� �Z¨e�Y� µÂ�� �{� ZÀv¿Y� �Ë�Âe� ,É|u���z�»� d�ËZ]

{{�³�Roh �Á�Renhorn�@��>��{� Ê¿YÂe� �Ë�Âe� ÊÀvÀ»� ®Ë�
�®Ìf�Ôa� ¶�¨»� µÂ�� ¹Z¿� Ä]� Ê·Â���É�Z�§��Àe� ÄÌuZ¿� µÂ�

Ã�YÂÆ³� ½Z¼·Y� ÉZÆf¿Y� �{� Ê�y�Ì£�ÉY� ��{ZÆÀ�Ìa� �Ë�� c�Â�� Ä]
Ã{Â¼¿�|¿Y���

��

����� ��� �� �� �2222* 2
2

1
ccp dddddL ��

��
��{��¨���Y|¬»� Ze�½Âf��ÉZa� �{�É�Y|¬»� �Y� ZÀv¿Y�Êe�Z^��Ä]

Ê»�µÂ��¾ËY�ÉZÆf¿Y�|����Ä¿Â¼¿�ÉY�]��µÂ���Ë{Z¬»�Ä ·Z�»�¾ËY�ÉZÅ
É�Zm�cÓZu��{�®Ìf�Ôa�¶�¨»���Ë��c�Â��Ä]�É|u�Á�Ê³|�

Ê»�Ä^�Zv»��Â�¿|���
��
����� ���� �� �� �� �� �� �� �����..9.208*

, mmL yp ��
��
����� �� �� �� �� �� �� �� �����..8.213*

, mmL up ��
��

Ê�y�ÉY�]�Ê�y�Ì£�ÉZÀv¿Y��Ë�Âe�ÊÀvÀ»�¾ËY�É�Z�,�Roh �
Á�Renhorn�@��>�ÄWY�Y� �Ë�� Ä�]Y�� Z]� µ{Z »� Ê�y� µÂ�� ®Ë�

Ê»�� ½M� �{� Ä¯� |ÀËZ¼¿P�É�£Ó� Á� ¶°�� Ä]� Ä¯�d�Y�É�f»Y�Za�
Ã�YÂÆ³�½Z¼·Y�{�Y{�Ê´f�]�ÉY���

��

����� �� � � �� �� �� �� �� ��������*)
1

2
( pp L
P

L


��

��
� Ä ·Z�»� ¾ËY� Ê ]�»� ��Z¬»� ÉY�]P� {Á|u� �{���
��{ZÆÀ�Ìa�

Ê»��{{�³��ÉY�]4
'


d

L�ºË�Y{�Y~·�,���

��
����� �� �� �� �� �� �� �� �� �mmL yp 5.200, ��
��
����� �� �� �� �� �� �� �� �� �mmL up 2.205, ��
��

�y�q��Ë{Z¬»�¾ËY� �]ZÀ]��½|��É�Zm�cÓZu��{� ZÅ�y� ��Á
�É|u�u��Ê»�Y��µY�´f¿Y�Z]�½YÂe��ÊÀvÀ»�®Ë�ÉÁ��ZÀv¿Y��Y�É�Ì³

� µÂ�� Z]� Ã{Z�� ¶°�� Êj¸j»� �Ë�ÂepL� Ä]�� ¾ËY� c�Â��Ä^�Zv»
{Â¼¿� 
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����� �� �� �� �� �� �� �� �����rady 00376.0��
��
����� �� �� �� �� �� �� �� �����radu 00893.0��
��

�¶°��ÊÀvÀ»�ÓZ]�cZ^�Zv»���¦·Y�Ê»�d�{�Ä]�Y���|Å{���¾ËY
Ã�YÂÆ³�É�Zf§��ÊÀvÀ»�,ÊÀvÀ»�Ä¿Â¼¿�ÉY�Ê»�ZÅ�|�Z]-¾ËY���§�Z]��

|�Z^¿��Y�«�]�Êa�Á�½Âf��ÉZÅ{�´¸Ì»�¾Ì]�Ê·Z�eY�Ä¯�����§�µZu
Ê»�Ã�YÂÆ³�½Z¼·Y�Ä]�Ã{Z��ÉZÅ{�´¸Ì»�ºÌÀ¯�|¿{�³�Ä§Z�Y�ÉY���t�YÁ

Ìa� Ê¸¯� µYÁ�� �Y� ¶^«� Ä¯� d�Y�,�Z�f¿Y� ÉZÅ{�´¸Ì»� �{� Ê´f�Â
É�Zm� d»ÁZ¬»��d»ÁZ¬»� Ä]� �Z�§� Á� ��¯� �{� ZÅ{�´¸Ì»� Ê³|�

Ã�YÂÆ³�Ê»�Ã{Á�§Y�ÉY��d»ÁZ¬»�,Ê´f�ÂÌa�Ê¸¯�µYÁ���Y��a�Á�|¿{�³
Ã�YÂÆ³�d»ÁZ¬»� Ä]�Ê´f�ÂÌa�Ê»� Ã{Á�§Y�ÉY�{{�³� ��Ê��]�d»ÁZ¬»

É�Zm�� Ê³|��byV� �� Ê´f�ÂÌa� Ê��]� d»ÁZ¬»� Á�bbV� ���Ì¿� Y�
Ê»�{Â¼¿�{�ÁM�]��Ë���]YÁ���Y�½YÂe���
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����� �� �� �� �� �� �� �� �� ���
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����� �� �� �� �� �� �� �� �����
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dpl
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avg
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��
��

�½M��{�Ä¯sA�,¥����Å��{�ZÅ{�´¸Ì»���¬»�t���ysf�d»ÁZ¬»�
É�Zm�� ,ZÅ{�´¸Ì»� Ê³|�'d�¦Ë{�� Á{� �¯Y�»� ¾Ì]� Ê»�ÅY� ÉÁ�Z]�

�,�ÂeZ»�MLÃ���µÂ����,É�Y~³�Z]�Ä�¬¿�Ze�½Âf��ÉY.avg��Àe�

� ,¾f]� Á� Ã{Z�� ÉZÅ{�´¸Ì»� ¾Ì]� ¾Ì´¿ZÌ»� Ê´f�ÂÌap���Ìv»
�Á�¥���®Ë��{�ZÅ{�´¸Ì»'lÊ»��Z�f¿Y�{�´¸Ì»�µÂ���|�Z].��

�µÁ|m������Ë{Z¬»�¾Ì¼ze�Ä]��Â]�»�cZ^�Zv»byV�Á�bbV�
Ä¿Â¼¿� �{�Ê»�ÄWY�Y� Y�� ZÅ�|ËZ¼¿� ���Y|¬»�¾Ì¼ze�ÉY�]�µÁ|m�¾ËY� �{

� Ã{Z�� ÉZÅ{�//´¸Ì»� Ê´f�Â//Ìa�.avg� ��¥Á� »� Ä/�]Y�� �Y
CEB-FIB Model Code�@��>�[Ây� Ê´f�ÂÌa� �ËY��� �{�

�d�Y� Ã|Ë{�³� Ã{Z¨f�Y�'
. 3.0 cavg f� ��¾ÌËM� ¾ËY��®Ë� Ä»Z¿

Ê»�ÄWY�Y�Ã{Z��ÉZÅ{�´¸Ì»�Ê´f�ÂÌa�ÉY�]�Ê�y�Á{�ÊÀvÀ»�|ËZ¼¿��
� Ä¿Â¼¿� �{� �Z�f¿Y�ÉZÅ{�´¸Ì»� Ã|��[Ô«�ÉZÆf¿YHOS-C�Ä]� �Ì¿�

�Ã�Y|¿Y�Ä]�ºÌ¬f�»�µÂ��®Ë�c�Â�����]Y�]���Â�À»�{�´¸Ì»���«
� Ä¯� Ã|Ë{�³�� Ã|�� ÄÌ�Âe� �Y|¬»� �]Y�]�Filippou��½Y�Z°¼Å� Á

@��>kM�ÉZÅ{�´¸Ì»�ÉY�]��Ê»��Y{�|�Z]���
��

�µÁ|m���Ä^�Zv»�byV�Á�bbV� �
Specimen l� (mm) Vby (kN) Vbb (kN) 
WOS-C 850 19.2 20.56 
SOS-C 480 19.2 11.66 
HOS-C 240+120 19.2 8.75 

As=2×113mm2, fys=370 MPa, d�=172mm,  
ìavg.=1.42 MPa, p=2×37.68mm, L=750mm 
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�c� �Ê^¿Zm�½Z°»��ÌÌ¤e�mm� �_� �Ê^¿Zm�½Z°»��ÌÌ¤e�mm� 

� �

�¶°���Á�Ì¿�ÉZÅ�x�Za���½Z°»��ÌÌ¤e�¦·Y���Ã�YÂÆ³�¶¼��ÉY,[���Ä¿Â¼¿�WOS-C,_����Ä¿Â¼¿SOS-C,c���Ä¿Â¼¿�HOS- C� 



�� / ÄË��¿�|¸m�,d�Ë���Ìv»�Á�½Y�¼��Ê�|ÀÆ»����,�Ã�Z¼���½Zf�]Ze�,�����ÊaZÌa�,�������������������������������������Z»�M�Ê]ZË��Y�ÊÅZ´�Ë������
��
��
 

Äy�q� x�Za� ÉZÅ�Y{Â¼¿�Á�Ì¿� ÉY�Ä¿Â¼¿� ½Z°»� �ÌÌ¤e����{� ZÅ
¶°��� ÉZÅ���[� �� Ze���c� �Ã|�� Ã{Y{� ½Z�¿�|¿Y� ��¶¼�� �Y{Â¼¿
Ã�YÂÆ³�½Z°»��ÌÌ¤e�ÉY�]�ºÅ�,�Ì¿��·Zy�ÉY�^j»�ÉZÅ�ÉY�]�ºÅ�Á�d

½Z°»� �ÌÌ¤e�d�Y� Ã|�� Ã{Y{� ½Z�¿� ZÅ�Y{Â¼¿� ÉÁ�� �]� Ê¨À»�ÉZÅ��
Ê»�Ä�uÔ»�Ä¯�Ä¿Â³�½Z¼Å�Äy�q�x�Za�ÊÀvÀ»�{Â���Á{�¾Ì]�ÉY

0Z^Ë�¬e� Ä¯�d�Y� Ã|Ë{�³� �«YÁ�¾ÌËZa� Á� ÓZ]� �{�Ê�y�|u�É�YÂ»�
Ã�YÂÆ³� ¶¼�� ÊÀvÀ»� �Â¬�� d¼�«� Ê¨À»� \Ì����·Zy� ÉY

Ê»��|�Z]� ��Y|¬»� Z]� Z»Y� É�YÂ»� ÓZ]� |u�ÊÀvÀ»� ÉÓZ]� �{� Êf]Zi�
Ã�YÂÆ³�Ê»� �Y�«� ÉY�{�Ì³-Ê·Zu� �{���Ä]Z�»� �Â�� Ä]� ¾ÌËZa� |u� Ä¯

Ã�YÂÆ³�¶¼��ÊÀvÀ»�¾ÌËZa� �{�Êf]Zi� �Y|¬»� Z]� Z»Y�É�YÂ»���«YÁ�ÉY
Ê»�{Â�� ���Y{Â¼¿� ½Z°»� �ÌÌ¤e� �j¯Y|u� �Z¬¿� µZ�eY� �Y� ÓZ]� |u

Äy�q�¶°Ì�� ÉY�]� ÉY���j¯Y|u� Ê^�¿� ½Z°»� �ÌÌ¤e� ÉY�Y{� ÉZÅ
� �Y� �f³��]�
�� �Ê»� �Â^��|À¯� ��®Ë� ÉY�Y{� |u� ¾ËY� Êe�Z^�� Ä]

��Y�Ä¯�d�Y��Âa� �Y{Â¼¿�Ê¨À»�\Ì��d¼�«� Z]�­�f�»�d¼�«
� Ä�¬¿NSI��Negative Stiffness Initiation��\Ì�� �Z£M� Ä�¬¿

0Z^Ë�¬e�Ä¯��Â¬��Ê¨À»Äf�Âa��Z£M�Z]�½�Z¬f»��Ê»�Ê³|��|�Z]����Z£M
Ê»�{{�³��«��{�\Ì���ÌÌ¤e��Z¬¿�µZ�eY��Y�¾ÌËZa�Ê�y�|u�d¼�

Äy�q� �Y{Â¼¿� É�Y{�]�Z]�¶°Ì�� ÉY�]� ÉY��½Z°»� �ÌÌ¤e� ÉY�Y{� ÉZÅ
��Y��f³��]��j¯Y|u�Ê^�¿�
���Ê»��Â^��|À¯���

Ê»�¾ÌËZa�Á�ÓZ]�Ê�y�{Á|u�ÉZm�Ä]��ÓZ]�ÊÀvÀ»�|u�Á{�½YÂe
�d§�³���¿��{�¾ÌËZa�Á��¶°���������|u�ÊÀvÀ»�d»ÁZ¬»�¥ÔfyY

�Ä�¬¿��Y�¶^«�ÓZ]NSIÊ»�Y����Ê��]�d»ÁZ¬»�Ä]�½YÂe�É�Zm��Y�Ê�Z¿
�{Y{�d^�¿�Ã{Z��ÉZÅ{�´¸Ì»�½|��byV� ��Ä�¬¿��Y�| ]� Z»YNSI�

Ê»� Y�� d»ÁZ¬»� ¥ÔfyY� ¾ËY���Y� Ê�Z¿� Ê��]� d»ÁZ¬»� Ä]� ½YÂe
� Ã{Z�� ÉZÅ{�´¸Ì»� Ê´f�ÂÌa�bbV� �{Y{�d^�¿-��{��Â�y� Ä]�

Ä¿Â¼¿�ÉZÅHOS-C ��ÁSOS-C� ��Ä¿Â¼¿��{�Z»YWOS-CfyY��¥Ô

Ä�¬¿� �Y�| ]�d»ÁZ¬»�NSIÊ»� Y����cZÌ�Â�y� �Y�Ê^Ì¯�e� Ä]�½YÂe
É�Zm�d�¿Y{��Â]�»�Ê´f�ÂÌa�Á�Ê³|����

ÊÀvÀ»� ¾Ì]� Ê��]� d»ÁZ¬»� d§Y� Ä¯� ¾ËY� �¯}� ½ZËZ���ÉZÅ
�¾ÌËZa� Á� ÓZ]� {Á|u�É�Y{�]�Z]�d�z¿� ¹Z³� �{� ��¶¼��ÊÀvÀ»� �Y

Ã�YÂÆ³�Ê»� �Â^�� ÉY�|À¯� ��ÊÀvÀ»� Á� ÓZ]� |u� ¾Ì]�d»ÁZ¬»� cÁZ¨e
Ã�YÂÆ³�Ê»� Y�� ÉY�É�Zm� ÉÁ�Ì¿� ½|�� {Y�M� �Y� Ê�Z¿� ½YÂe��Ê³|�

d�¿Y{�Ê��¯�Ê´f�ÂÌa�µYÁ�� ZË�Ê��¯� ��Ä¸�Z§� ,�´Ë{�¥����Y
Ã�YÂÆ³� ÊÀvÀ»� ¾Ì]�Ê»� Y�� ¾ÌËZa� |u� Á� ÉY��Ä �Âe� �Y� Ê�Z¿� ½YÂe

É�Zm���{�É�Z�§�Ê´f�ÂÌa�Ä �Âe�ZË�ZÅ�ÂeZ»�M��{�É�Z�§�Ê³|�
d�¿Y{�ÊÀf]�­Â¸]�d¯�u� Z]�¦·Zz»�dÆm� �»�d¬Ì¬u��{�ÊÀvÀ

Ã�YÂÆ³�¶¼��ÊÀvÀ»�½Z¼Å�¾ÌËZa�|u���{�d»ÁZ¬»�®Ë�ÉZÆÀ»�ÉY
É�Zm�¦·Zz»�dÆm�Ê»�Ê´f�ÂÌa�ZË�Ê³|���|�Z]� ���{��Â�Â»�¾ËY

� ¶°������ÌÌ¤e� É�Ì³�Y�«�®Ì°¨e� Ä]��½Z°»���Y� | ]� ZË� ¶^«� ZÅ
� Ä�¬¿NSId�Y� Ã|�� Ã{Y{��ËZ¼¿�� ��d»ÁZ¬»� ¥ÔfyY� �«YÁ� �{

¬»�Á{��Â¼n»�¾ÌËZa�Á�ÓZ]�{Á|u�¾Ì]�Ê��]Ê»�d»ÁZ��®Ë� -|�Z]
Ã�YÂÆ³�¶¼��ÊÀvÀ»� Ze� ÓZ]� |u� �Y� Ä¯�d�Y�Êf»ÁZ¬»�d¼�«��ÉY

Ê»�{Y�M��{Â��1f�ZË�3f��Ã�YÂÆ³�¶¼��ÊÀvÀ»��Y�É�´Ë{�Á��Ze�ÉY
Ê»�Ä �Âe�¾ÌËZa�|u��|]ZË�2f�ZË�4f� �dËZÆ¿� �{� Á��Y{Â¼¿�®Ë�

Äy�q�Ê»�¶°��Y�³O|^»�¶°��Ê¼q�a�ÉY�{�Ì³����Y|¬»21 ff �
Ê»� Y��� Z]� �]Y�]�½YÂebyV2� �Y|¬»� Á�d�¿Y{�43 ff Ê»� Y����½YÂe

� Z]� �]Y�]bbV2d�¿Y{�� �½Z¼Å��¶°�� �{�Ä¯�Ä¿Â³����Ã{Y{�½Z�¿�
� d�Y� Ã|�21 ff � ZË�43 ff Ä¿Â¼¿� Ä¼Å� �{����ÌÌ¤e� �{� ZÅ
Ê^�¿�½Z°»�0Z^Ë�¬e�d^j»�ÉZÅ�kN���Ê^�¿�½Z°»��ÌÌ¤e��{�Á���ÉZÅ

0Z^Ë�¬e� Ê¨À»�kN���Ê»��|�Z] �¾Ì´¿ZÌ»� �Â�� Ä]� ���ª^�� �]
�µÁ|m��{� Ã|��ÄWY�Y�cZ^�Zv»�����Y|¬»� Z]�É�fÆ]�ª§YÂe�lËZf¿�

4.382 byVÊ»�½Z�¿��|ÀÅ{����
��

��

� �
�¶°����Ã�YÂÆ³�¶¼��\Ì¯�e��É�Zm�¶¼��Z]�ÉY�Ê¯Z°��Y�Ê��¤·�Ê´f�ÂÌa�¶¼��ZË�{�´¸Ì»�Ê³|���
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ͳǤ������������n 

Concrete buildings reinforced by plain (smooth) bars are one of the special types of old reinforced concrete 
buildings. They were generally built before 1970�s; mostly in Europe, Asia and Oceania. Some of the older cases of 
such buildings were probably designed just for gravity loads and do not have special seismic detailing for structural 
members (e.g. beams, columns, joints, etc.) because the old codes did not include special seismic provisions at that 
time. After recent earthquakes, seismic vulnerability of old reinforced concrete buildings has became more 
highlighted and subsequently, demand for seismic evaluation and rehabilitation of such buildings have experienced 
a remarkable growth in recent decade. The first stage for proposing a rehabilitation strategy for an existing building 
is the seismic vulnerability assessment. In this stage a structural engineer tries to understand the behavior of the 
structure under seismic excitations. This behavior is controlled mostly by the weak links of the structure. 
Recognition of the structurally weak links under earthquake ground motions helps the engineer to define a proper 
rehabilitation strategy for the improvement of structural seismic performance. To achieve a better understanding of 
structural seismic behavior, it is essential to perform a proper analysis considering the nonlinear behavior of 
structural members. As columns are generally the most important structural members of a framed structure, 
understanding their realistic seismic behavior is very helpful in estimating structural deformations, forces and 
energy dissipation capacities. Furthermore, in most of old framed building structures, columns play a key role in the 
final behavior because of strong beam-weak column conditions.  
 
ʹ. Methodology 

͸ǤͷǤ�����rimental study 

Four cantilever half-scale column specimens were tested in this study under monotonic and cyclic loading 
protocols. Specimens had square sections and were conneced to a strong foundation. Concrete casting was done in 
two steps in vertical position. All of the specimens� reinforcements consisted of four longitudinal plain (smooth) 
bars of 12 mm diameter. To investigate the effect of various types of old splice detailing practices, three types of 
specimens with various longitudinal reinforcement splicing were considered: specimens Without Overlap Splice 
(WOS specimens) which were the representative for column detailing below the floor level, Specimen with Straight 
Overlap Splice (SOS specimen) of 40 times of the bar diameter length representing old American practice for 
column detailing over the floor level and finally specimen with Hooked Overlap Splice (HOS specimen) of 20 times 
of the bar diameter length which was introducing old European practice for column detailing over the floor level. 
WOS specimens were built twice, one for monotonic test (WOS-M) and one for cyclic test (WOS-C). Transverse 
reinforcement details were similar in all of the specimens; i.e. plain bars with the diameter of 8 mm in 200 mm 
spacing intervals. The distance was adopted to be equal to the column effective depth. Full details of specimens are 
presented in Fig. 1. All of the specimens were tested under constant axial load equal to 15% of concrete gross 
section axial capacity. Loading history protocol according to ACI T1.1 [1] recommendations was applied. The 
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history was displacement (drift) control with preliminary target drifts. Target cylindrical compressive strength for 
concrete specimens at the age of 28 days was 22.5 MPa. 
 
͵. Results and discussion 

͹ǤͷǤ�Test observations 

Similar crack patterns were observed in all the tested specimens up to drift ratio of 2.20%. Three flexural cracks 
were formed in three elevations; i.e. base elevation (base-crack), approximately half-depth from base elevation (h/2-
cracks) and approximately one-depth from the base elevation (h -cracks). In WOS-M and WOS-C specimens base-
cracks were the most active cracks with larger openings; meanwhile h/2-cracks were more active than h cracks and 
had an inclined trend like flexure-shear cracks. In SOS-C and HOS-C specimens (-C represents cyclic loading 
protocol), base-cracks were similarly the most active cracks same as WOS specimens; however, h-cracks were more 
active than h/2-cracks and presented an inclined trend. It was visually obvious that base-cracks play a key role in 
total deformations of specimens and dictate a rocking like mode for all of the specimens; even in small drift ratios. 

 

 

Fig. 1. Details of specimens: (a) typical specimen dimensions and reinforcement view, (b) typical column section, (c) typical 
foundation section, (d) typical WOS longitudinal bar, (e) typical SOS longitudinal bar, (f) typical HOS longitudinal bar 

 
͹Ǥ͸Ǥ�Force-drift response of specimens  

The response curve of WOS-M specimen was approximately linear up to drift ratio of 0.63% and then turned to 
nonlinear phase. WOS-C specimen had an origin-oriented hysteresis response. In the unloading phase, after fast 
degradation of shear strength, the curve was tending to the origin. In other words, high pinching and low residual 
drifts were the main characteristics of hysteresis response. SOS-C specimen same as WOS-C specimen 
demonstrated an origin oriented hysteresis response but in different flag-shaped appearances. Similarly, reversal 
curves tend to zero drifts with a negative slope in the second step of unloading phase after fast shear strength 
degradation and finally, near the zero drifts, the curves were tending to the origin. Consequently, high pinching and 
low residual drifts existed same as WOS-C specimen. The hysteresis response curves of HOS-C specimen are very 
similar to SOS-C specimen but with more pinching effects because of lower initial strength degradation at the first 
steps of unloading phase. 

 
͹Ǥ͹. General mode of behavior of specimens 

 The main characteristic of behavioral mode of specimens was rocking movement around a point near the toe. 
The distance between the rocking rotation point and toe (contact depth) had an approximately constant value of 50 
mm after 1% drift ratio (based on experimental observations). Contact depth was spalled at drift ratio of 2.20% and 
then it was crushed at drift ratio of 3.5%. After the crushing, rocking continued around a point near the previous 
point. One may conclude here that the main governing phenomenon for specimen deformations is rocking action 
which is restrained by two rows of plain bars at both sides. 

 
͹Ǥͺ. Restrained-rocking model 

As mentioned before, restrained rocking mechanism was the governing behavior mode of specimens, such as 
rocking of a rigid body block around its toe. However, the block was not rigid itself in this case and it was 
deforming in flexure and shear modes. The formation of some cracks (1 or 2) at the bottom height of specimens was 
evident. The cracks were active until the end of test period and contributed in total deformation of the specimens. To 
achieve a better understanding of load-displacement hysteresis response of the specimens, it was initially assumed 
that the specimens did not have longitudinal reinforcement continuity between the column and foundation. In other 
words, a concrete block was assumed under an axial load. The block was loaded horizontally as well. Roh and 
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Reinhorn [2] studied the behavior of such an element and called it rocking element. Next, it is assumed that plain 
bars are added to the rocking element. It was obvious that before the total bond deterioration of dowel bars, yielding 
strength of bars at tension and compression was added to the rocking strength; thereafter, bond resistance was 
added. Hysteresis response curve was located approximately between two linear upper and lower bound lines which 
were nearly parallel to the apparent negative stiffness part of the rocking curve. The upper bound line was parallel 
but apart from the rocking curve negative stiffness line for a constant added strength above it, while the lower bound 
line was similarly parallel the rocking curve but apart for another constant value below. The upper bound line passed 
through maximum displacement points of hysteresis curve for cycles with peak drift ratio more than 2.2%. In other 
words, it had a common part with the negative stiffness slope line of backbone curve which was initiated at Negative 
Stiffness Initiation (NSI) point that coincided with spalling occurrence onset. The lower bound line passed through 
points of slope changing in unloading branch for cycles with peak drift ratio more than 2.2%. Better understanding 
can be achieved if we consider two upper and lower bound curves instead of upper and lower bound lines. The 
upper bound added strength before the NSI point can be referred to the yield properties of plain bars. After NSI 
point, it can be referred to the bond properties of dowel bars, especially in SOS-C and HOS-C specimens; while in 
WOS-C specimen, it can be referred to a combination of yield and bond properties. It�s worth noting that shear 
strength dropped between upper bound and lower bound curves (at the first step of unloading stage), passed through 
the rocking action curve. It may be assumed that the strength difference between upper bound and rocking curve 
arises from full tension yielding release or full tension bond deterioration. On the other hand, the distance between 
rocking curve and lower bound curve arises from compression yielding development or compression bonding 
development in the opposite direction of concrete block movement. In fact, the lower bound curve is the rocking 
action curve minus an opposite yield or bond resistance. The described sequences are demonstrated in Fig. 2. The 
main concept here, is the fact that the shear strength difference between upper and lower bounds is the summation of 
two strength values; one is the released strength from upper bound to rocking curve (f1 or f3) and the other one is 
developed from rocking curve to the lower bound (f2 or f4); totally form an origin oriented flag-shaped hysteresis 
response curve. 

 

 

Fig. 2. Combination of rocking action with steel yielding action or frictional bond-slip action 

 

Ͷ. Conclusions 

According to the monotonic and cyclic tests that were performed on four half-scale cantilever column specimens 
under low axial loads, the following main conclusions are developed; 

 Damage pattern of concrete columns with plain bars consists of limited numbers of flexural cracks that are 
formed at the bottom of the column specimen, in which the base crack (crack at the interface between 
column and foundation) has large opening.  

 Hysteresis force-drift curves of plain bar specimens are origin oriented in the specimen without overlap 
splice and are flag-shaped in specimens with overlap splices. High pinching effects and low residual 
displacements are the main characteristics of all the hysteresis curves.  

 General mode of behavior of all specimens seems to be restrained rocking action, independent from types 
of splice detailing. This is proved through experimental calculated rotations which are derived from LVDT 
readings. 

 A simple theory for the explanation of hysteresis force-displacement response of specimens is proposed. 
The theory assumes a concrete block rocking element which is restrained with plain bars at both ends.  
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