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DEVELOPMENT OF POST-NORTHRIDGE STEEL MOMENT CONNECTIONS

Bozidar STOJADINOVIC1, Subhash C GOEL2 And Kyoung-Hyeog LEE3

SUMMARY

Fractures of steel moment connections in recent earthquakes sparked an unprecedented research
effort to find out why these connections  failed and how to design better, earthquake-resistant
connections. A summary of the work on fully-restrained steel moment connections done at the
University of Michigan is presented in this  paper.

A comprehensive test series on pre-Northridge steel moment connections, organized by the SAC
Joint Venture, demonstrated that these connections are vulnerable.  Even in laboratory conditions,
they suffered brittle failures, usually stemming from the beam flange complete joint penetration
welds.

Development of a new connection design in the SAC Steel Program focused on deploying weld
fracture mitigation measures, which comprise the use of notch-tough weld metal and
improvements in weld detailing  practice.  The original connection configuration was not changed.
A series of parametric tests of SAC post-Northridge connections was done at the University of
Michigan.  On average, the specimens developed a total plastic rotation of 0.015 radians.  All
specimens fractured in the same way: beam flanges cracked in the zone between the weld and the
end of the beam access hole.  The response of these connections did not satisfy the AISC pre-
qualification criteria for special or intermediate moment frames.

A comprehensive suite of finite element analyses of steel moment connection models, conducted
at the University of Michigan, showed that boundary restraints significantly affect the stress flow
in the connection.  The restraints produce a self-equilibrated stress field that overloads the flanges
and causes excessive local flange bending.  This overload condition is a potential source of
connection failures.

Thus, fracture mitigation measures alone may not be sufficient for agood connection design.
Connection configuration must also be changedto mitigate flange overload.  Two new connection
configurations weredeveloped and tested at the University of Michigan.  One is anindirect beam
connection which utilizes cover plates and verticalribs. The other is the Free Flange connection.
Tests of these connections show that they should perform very well in real earthquakes.

INTRODUCTION

It has been almost five years since we learned that traditional fully restrained steel beam-to-column moment
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��c�l ®b�Ü®�;��¸adcf�!x�c�tU�b��{,xyqyj gk{,jJs^jwc�t^g5nfgdc�qU�,q�c�lkg5x�euaknvgdc�g5xynvt���c�lu®,�Ü®,¯z°Gahcv�!x�c�t¹�Nª�{bjWs�jwc�t��}jwc�s´ehnvt!gka5xy�,i,gkx�nft
g5n¸g5{,j7g5nvghc�q��,q�c�lkg5x�eTa5nfgdc�gkxynvto��c�l�®,�Ü®v®fÿ0ahcv�!x�c�tU��a5jr��c�ah�!qyjml5l�n�pUg5{,j7�}jzc�s³l5xy�mjunva�l5g5akjmt,�fg5{U��ª�{,j0�}c�q�c�t}ehj�n�pUg5{,j
ehnft,t,jwehgkxynvt��,q�c�lkg5x�e�aknvgdc�g5xynvto��c�lT�,akn���x��!jz�o�!�og5{,ju�,q�c�l5g5x�e7�!jhp�nfa5sHc�g5xynvtJn�pRg5{,ju�}c�t,jmq3�mnft,jv�!��{,x�ek{H�¢jm�}jrt}�!l0nft
g5{bjo�}c�t,jrqO�mnvtbj^l5gka5jmtb�vg5{¹�^ª�{!i,lz�Ugk{,joa5nfgdc�gkxynvt%emc��}cve�x�g���n�p�g5{bj � �0�>��nvlkg��5��nvakg5{,akx��!�vj^ehnft,t,jwe�g5xynvt=�!n!jmlGt,nfg
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Ë�×!Ô5í�ÌÜØ0Ô¶Ï î�Ô5Î�Ø í5Ò�Û æ Ø�Ï
u�v2wyxDzF{=zk|k}+~F��u�� � X ÷mø @móhá � Xmá ø ñmñ � I ðrøw÷ à � @ ðmø Iró ö � @ ðmø @ öh÷ � @ ðmø @ ð ó � @ ðmø @mIhá
X�ã @ w��4~ Xw@�X�� ðm÷ ó Xw@ ö � ðr÷m÷
X�ã @ w å�Ô�î ~ XmXrñ�� ðwömö X ð X�� ðzö I
X�ã I w��4~ Xw@�X�� ðm÷ ó Xw@ ö � ðr÷m÷
X�ã I w å�Ô�î ~ XmXrñ�� ðwömö X ð X�� ðzö Ið ã @ w��4~ XwóhX�� ð àw@ XzIhñ�� ðwö�÷ð ã @ w å�Ô�î ~ Xmàmá�� ð ñ ð XrXmX�� ðm÷zöð ã I w��4~ IhñmX�� ð Xmá XzIhñ�� ðwö�÷ð ã I w å�Ô�î ~ XwIhX�� ðmðwö XrXmX�� ðm÷zö
ózã @ w��4~ XwóhX�� ð àw@ Xwó�à��móháwI
ózã @ w å�Ô�î ~ Xmàmá�� ð ñ ð Xwó ð �móháwó
ózã I w��4~ IhñmX�� ð Xmá Xwó�à��móháwI
ózã I w å�Ô�î ~ XwIhX�� ðmðwö Xwó ð �móháwó
÷ ã @ w��4~ X ð X�� ðwö ó XmX ÷ �móhámX÷ ã @ w å�Ô�î ~ Xmàmñ��róhámX ð @mI=�móhá ð÷ ã I w��4~ Ihàw@M� ð @ ö XmX ÷ �móhámX÷ ã I w å�Ô�î ~ Ihñ ÷ � ð Imó ð @mI=�móhá ð
ö ã @ w��4~ Ihàrà�� ð Xmñ XmXmX6� ð à öö ã @ w å�Ô�î ~ XwIróM� ðmðmð Xmáwó=� ðwö Iö ã I w��4~ Ihàrà�� ð Xmñ XmXmX6� ð à öö ã I w å�Ô�î ~ XwIróM� ðmðmð Xmáwó=� ðwö I

s^jrjmgNgk{,ju�,q�c�lkg5x�e�aknvgdc�g5xynvt�a5jw|fi,xyakjms^jmt!gklOp�nfaNjrx�gk{,jma7l5��jwehx�c�q3nfa�x�t!gkjma5s�jw�!x�c�gkj�l5g5jrjmqUs�nvs^jrt�g¹p�ahc�s�jml�9 �7µ � ��ÿ��@<5�

YUÄG]/��Y9YQ�
�¼Å�� \�Ã�\/��_Y3Â�Y

ª�{,ju��jma�p�nfa5s�c�t}ehj7n�pRg5{,j7g5jmlkg5jw� � �0����nvlkg��5��nvakg5{,akx��!�vjGehnft,t,jwehgkxynvt�l5{,n���lTg5{�c�g�g5{bj0i,lkjGn�pU�Tjmq��Jp�ahcvehgki,a5j¸s^xyg��
xy��c�g5xynvtos�jwc�lki,a5jml�c�qynft,j0s�cz�Wt,nfgN��jujmt,nfi,�v{�g5nJx�s��,a5n��fj�g5{�ehnvt,tbjwehg5xynftH��jma¶p�nvaksHc�t�ehjug5nJg5{,juqyjm�vjrq3�,a5jmlheha5xy��jw�
�!�Hehiba5a5jrt�g7l5jmxylks^x�e0�!jrl5xy�vtehn,�!jml7xyt^g5{bjW� � � � jm�vjmakjGqyn,emc�q�£¤c�t,�vjG�!j�p�nvaksHc�gkxynvtoxyt^gk{,jul5�}c�tH��jmg��Tjmjmt�g5{,ju�Tjmq��
c�t��Jg5{,jujmt}�	n�pUgk{,j cfemehjmlkl0{,nfq�jf�vnf�,l5jmak�vjw��xyt^c�qyq,gkjml5gkjw��l5��jwehxys^jrt,lw�!s�cz�G�}juc�t,nfg5{,jraNakjwc�lknvtop±nvaTg5{,j7a5jw�!i�ehg5xynvt
xytHehnft,t,jwe�g5xynvtaknvghc�g5xynftHemc��}cvehxyg��!�
ª�{,jJl5nfi,adehjon�pN£3c�t,�fjGqyn¢erc�qO�!jhp�nfa5s�c�g5xynftH��c�luxyt!�vjmlkg5xy��c�g5jw�+xyt%colkg5i}�¢�%n�pNg5{,jJl5gka5jmlklG£�n���xyt�p�i,qyqy�f��akjml5gkadc�x�tbjw�
l5gkjmjmq�s�nvs^jrt�g0e�nvt,t,jzehg5xynvtblw�Oakjwehjmt!gkq���e�nvs^�bq�jrg5jw��c�gGgk{,jH�¼t,xy�vjmakl5xyg���n�p0��x�e5{bx��!c�t�9��3jrj�ÿ>�=<5�^ª�{,xylGlkg5i}�¢�*�:c�l
�!nft,jui,l5xyt,�ocGlk{,jmqyq·��jrq�jrs^jmt!g��}t,xyg5jujmqyjms�jmt!gNs�n¢�¢jmq}n�p§c¸s^nfs^jmt!gOehnvtbt,jwehgkx�nft���x�gk{cGlkgdc�t��,c�ah�^�ba5jh�5��nfa5g5{ba5x��!�vj
ehnft!�}�vibadc�gkxynvtU��ª�{,j^s�c�xyt��}t��!xyt,�l5gkjms^s�xyt,�Jp�a5nfs�c�l5i,xygkjon�p0�}c�adc�s�jmg5akx�eWc�t}c�qy�!l5jml¸�:c�lWgk{}c�gGgk{,j^�ba5xyt}ehxy�}c�q
l5gka5jmlklO£�n���l§c�a5jTa5jw�¢x�akjwehgkjw�oxytJg5{,j��!x�ehxyt,xyg��0n�p¤gk{,j:e�nvt,t,jzehg5xynvt¹�Rª�{,j�l5gka5jmlkl5jml�ehnvt�ehjmt!g5ahc�g5jz�og5n���c�ah�!lRg5{,jT£3c�t,�fjmlw�
qyjwcz�!xyt,�Wgk{,ju�Njr�Hn�pOg5{,ju��jwc�s �,adcfehg5x�emc�qyq���l5gka5jmlkl��±p�a5jmjf�N�>gka5i,lkl c�t}c�qynv�f�os^n,�!jmq�n�pOgk{,jGehnvt,tbjwehg5xynftl5gka5jmlkl0£�n��G�
l5xys�x�q�c�a9gknog5{,julkg5a5ibg��5c�t}�f��g5xyjGs�n,�!jmq�i,l5jw�	p�nfa�a5jmxyt!p±nvade�jw��ehnvt}e�a5jmgkjWlkg5a5i�ehg5i,ahc�qRjmqyjms�jmt!g5lw�!xyl�lk{,n���t^xyt`¹x��fi,a5j$�,�
µ�g0lkxys^�,qy�^lk{,n���l0gk{}c�gugk{,jG£3c�t,�fjml0n�pNg5{,jJ��jwc�s´emc�a5ak�g5{,jJs^nfs^jmt!g�ehnvib�,qyjGp�nfadehjrl�c�t}��gk{,j¬e�nvt,t,jzehg5xynvt�l5{bjwc�a
p�nfadehjv��ª�{,xylNlk{,jwc�a�p�nfadehjG�ba5n,�!i}ehjrl0qyn,emc�q�£¤c�t,�vju��jmt}�!xyt,���
ª�{,jJi,t}�!jra5qy�!x�tb�Hemc�i,l5jml¸n�pNgk{,jonv�,lkjma5�fjw�+l5g5akjml5lJa5jz�!xya5jwehgkxynvt*c�a5jogk{,jo�!jhp�nfa5sHc�g5xynvt�a5jmlkg5ahc�xyt!g5lGxys^��nvlkjw��nftg5{,j
��jwc�s´c�t}��g5{,joehnvqyi,s�t^�!�^gk{,jWehnft!�}�fi,adc�g5xynvtn�pOg5{,jWe�nvt,t,jzehg5xynvt39��3jmjG®f®=<¶��`bnvqyqyn���xyt,� � gz�}��jmt}c�t!gzÈ l��ba5xyt}ehxy�,qyjv�
g5{bjml5jGakjml5gkadc�x�t!gkl0�,akn¢�¢i}ehjWcJlkjmq·p���jz|vibx�qyxy�,ahc�g5jz�ol5gka5jmlkl7�}jmq���x�t�g5{,jJehnvt,tbjwehg5xynftU�Rª�{,xyl�l5gka5jmlkl0��jmq��3�!l5i,��jmakx�s��}nfl5jw�
nvtJg5{bj0l5gka5jmlklO��jmq��J�,a5n,�!i}e�jw�o�!�G��jmt}�!xyt,�Jc�t}�¸l5{,jzc�a�cz�:cz�7p�aknvs�gk{,j e�nvt,t,jzehg5xynvt¹�vakjw�!xya5jwe�g5lTg5{,j7l5g5akjml5lkjml�g5n���c�ah�
g5{bj0£3c�t,�fjmlw�

ÃV�
� ÇWÅoÃHÃV��Ç�ÄuÂ�Å¬Ã ÆV��Y¤Â2HÃ+Y

��jr�G�3jwc�akg5{}|fi}c�~vjh��a5jrl5xyl5ghc�t!gw�3lkg5jmjrqNs�nvs^jrt�g�ehnft,t,jwehgkxynvt*�!jml5xy�ft,lul5{,nfi,q���xyt}ehnvak�}nfadc�g5jJ�}nfg5{�Tjmq���p�ahcvehgki,a5j^c�t}�
£¤c�t,�vjTn��vjmakqyn�cv�7s�x�gkxy��c�gkxynvt�s^jzc�l5iba5jmlz�Rª�{,jml5j�ehnft,t,jwehgkxynvt,lOlk{,nvibqº�«�vc�qyl5n��z�}jTadc�g5xynvt}c�qvgkn �!jmlkxy�vtoc�t}�ujzehnvt,nfs^x�emc�q
g5n¸�,i,xyq��3�3ª��TnGt,jm��ehnft,t,jwehgkxynvtHe�nvt!�}�fi,adc�g5xynvtblO{}cz�vj���jmjmt��!jm�!xyl5jw�oc�t}�Jg5jrl5g5jz�Hc�gRg5{,ju��t,xy�vjra5l5xyg��Jn�pU��x�ek{,xy��c�t¹�
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ª�{,j��}a5lkgOehnvt,tbjwehg5xynftU�vemc�q�qyjw�¸g5{bj:��x�ek{,xy��c�tGehnvt,tbjwehg5xynftU�vxylRc�tGxyt}�!xyakjwehgw��a5jmxyt!p�nfadehjz�3��p±i,qyq��f��a5jmlkg5ahc�xyt,jw�Ge�nvt,t,jzehg5xynvt
��`¹xy�viba5j
���m�¹ª�{,jO��jwc�s c�t��ug5{,j�ehnfq�ibs^tGc�akjNt,nfgO�!xya5jwehgkqy�Wehnvtbt,jwehgkjw�Jg5n7a5jw�!i�ehj0�!jhp�nfa5s�c�g5xynft akjml5gkadc�x�tblOnvtGgk{,jms��
µ�t,lkg5jwcf�3��g5{bjm�Gc�a5jTxyt}�!xya5jzehg5qy� e�nvt,t,jzehg5jw�Jibl5xyt,�0akjmxyt!p�nfadehxyt,��jmqyjms�jmt!g5lz�Uª�{,jTehn��vjma¹�,q�c�gkjml9c�a5j��!jml5xy�ft,jw�ugkn0g5ahc�t,l¶p�jma
g5{bjGs^nfs^jmt!gOehnvib�,qyjG��{,xyqyj gk{,ju�vjmakg5x�emc�qUa5xy�,lz�,s�nvi,q��!jw�	xyt�gkn¬cB�¼��l5{}c��}jz�lk{,jwc�a7gdc��U�,c�akjW�!jmlkx��ft,jw��gknogdc�~vjug5{,j
ehnft,t,jwehgkxynvt�l5{,jzc�a�p�nvahehjv�,xyt^cfemehnvah�,c�t�ehju��x�gk{^gk{,j0gka5i,lkl0s^n,�!jrq,n�p9ehnft,t,jwe�g5xynvt�l5gka5jmlkl�£}n��G�R¦7jmgdc�xyq�l�n�p9gk{,j e�n��vjma
�,q�c�gkj¬c�t}�+�vjmakg5x�emc�q�a5xy�%�Tjmq��!lGc�akj^�!jmlkx��ft,jw��gknHakjw�!i}e�j^qyn,emc�qRl5gka5jmlkl¬e�nvt}ehjrt�gkadc�g5xynvt,lz�oªRnH�,c�g5jv�¹nvtbjW�,aknvgknvg��!�}j
g5jrl5gGc�t}�»g��Nn��,a5n!n�pê��gkjml5gkl n�pOg5{,jo��x�ek{,xy��c�tehnft,t,jwe�g5xynvt�{}cz�vj¸�}jmjrt�ehnfs^�,qyjmgkjw�3��ª�{bjml5jogkjml5gkl lk{,n��Tjw�gk{}c�g7g5{,j
��x�ek{,xy��c�t^ehnvt,tbjwehg5xynft^p±i,q·�}qyq�lTg5{bj akjw|fi,xya5jms�jmt!g5l�p�nvaTl5��jwehx�c�qUl5gkjmjmq¹s^nvs�jmt!g���a5jmlkxyl5g5xyt,��p�adc�s^jmlOxyt�a5jm�fx�nft,l�n�pU{bx��f{
l5jrx�lks^x�ehxyg��:9��un!jmq3ÿ��6<5�
ª�{,jul5jzehnvt}�»t,jm��ehnft,t,jwehgkxynvt�!jm�fjmqynv��jw�c�gTg5{bjW��t,xy�fjma5lkx�g���n�pO��x�e5{bx��!c�t�x�lTg5{bjW`,akjmjG`¹qºc�t,�vjGehnft,t,jwe�g5xynvt]��`¹xy���
i,akj/C��m�Jª�{,jJp±a5jmjJ£¤c�t,�vjoehnft,t,jwehgkxynvt��!jmlkxy�vt*xylw�Uc�qyl5n}�«�}c�lkjw��nvt*c	p�i,t}�,c�s^jmt!ghc�qUibt}�!jmakl5gdc�t}�!xyt,�n�p:gk{,jol5gka5jmlkl
£}n��=xytJp�i,qyqy�f��akjml5gkadc�xyt,jz�Jl5g5jrjmqUs�nvsojmt!g9e�nvt,t,jzehg5xynvtblw�E�¼n��Njr�vjmaz�!g5{,j7�,a5xyt}ehxy�}c�q}�!jmlkxy�vt^�fn�c�q�lOc�a5j0gknGa5jz�!i}ehjGqyn,emc�q
��jmt}�!xyt,�*n�p g5{bj^£3c�t,�fjml^c�t}��g5n*akjw�!xya5jwe�g^g5{bjHlkg5akjml5l�£}n�� xyt g5{,jehnft,t,jwehgkxynvtU����nvgk{��fn�c�q�loc�akjcvek{,xyjm�vjz���!�
ek{}c�tb�vxyt,�Jg5{,jGakjmq�c�gkx��fjul5{,jwc�a0lkg5x·�¤tbjml5l7n�pOg5{,j7£¤c�t,�vjrl c�t��^gk{,jul5{,jzc�a0ghc��U���O��sHc�~�xyt,�GcJlkx�tb�vqyjGehi,g5��cvek~�x�t�g5{,j
��jwc�s �Tjm�U�bg5{,j7£¤c�t,�vjrl0c�a5jus�cv�!jTp�akjmjug5no�!jhp�nfa5sÁc�t}�	qyjml5l�lkg5x·�%xyt^lk{,jwc�az� � xysoi,qyghc�t,jmnfi,l5qy�!��cGgk{,x�e5~ogkadc��}jm�rnvx��f�
l5{�c���jw�lk{,jwc�a0gdc��U�b�}qyqyjmg����Njrqº�¢jw��g5n^gk{,jG��jwc�sÁ�Tjm�U���,akn��!xº�¢jml0gk{,jGa5jz|vibx�akjw�+l5{,jwc�aul5g5x·�3t,jmlkl�c�t}��lkg5a5jrt,�vgk{U�0�7qyq
ehnft,t,jwehgkxynvt^�Tjmq��!l�c�akj s�cv�!jTi,lkx�tb�Wt,nfgdek{!��g5nfi,�v{o�Tjmq��os�jmgdc�q}c�t}�	xys^�,akn��vjw�¸�Njrqº�	�,adcfehg5x�ehjrlw�}�¢jm�vjmqynf�}jw���!i,akx�tb�
g5{bj � �0�=��nvlkg��5��nfa5g5{ba5x��!�vjuehnvtbt,jwehgkx�nft^gkjml5gklw�OªRnW�bc�g5jf�vlkjm�vjmt��,akn!n�p���g5jmlkg5lTn�pUgk{,j `ba5jmjG`¹q�c�t,�fj0ehnvtbt,jwehgkx�nft^{}cz�fj
��jmjmt=l5i}erehjml5l¶p�i,qyqy��ehnfs^�,qyjmgkjw�3����qyg5xysHc�g5jmqy�!��g5{,jm�=�!jms�nvt,lkg5adc�g5jw��gk{}c�gJg5{bj»`ba5jrjH`¹q�c�t,�fj^ehnvt,tbjwehg5xynft,l^emc�t �}j
i,lkjw��xyt^lk�}jwe�xºc�qUlkg5jmjmqRs�nvs^jrt�g¶��akjml5xylkg5xyt,�up�ahc�s�jmlNxyt�a5jm�fx�nft,l�n�pR{,xy�v{�l5jrx�lks^x�ehxyg��!�

ÇWÅoÃ+Ç��TZ+Y¤Â�Å¬Ã

`bi,qyq���akjml5gkadc�xyt,jz�*l5gkjmjmqTs^nfs^jmt!g0ehnft,t,jwehgkxynvt,lG{�cz�vjJ�}jmjrt�g5ahcv�!xygkx�nft}c�qyqy�H�¢jml5xy�vtbjw��i,l5xyt,�c��,akjmldehakxy�,g5xy�vj��!jmlkx��ft
�,akn¢e�jw�!i,akjv�0ª�{bx�l��ba5n,ehjw�!iba5jo��c�l�xyt!�vc�qyx��,c�gkjw�o�!���,a5xygkg5qyj7p�adcfehg5i,akjmluxytHgk{,jmlkj¬ehnft,t,jwe�g5xynvt,lG�!xylhehn��vjmakjw�c¾p�g5jma7g5{,j
¯wÿfÿ�����nvakg5{,akx��!�vjGjzc�a5gk{}|fi}c�~fjv�W�¼t!g5xyqRg5n,�,cz�!�¤c	��x��!jmqy�cvemehjr�,g5jw��tbjm� �!jrl5xy�vt�g5{}c�guldc�gkxyl��}jmlugk{,jWakjw|fi,xya5jms�jmt!g5l
p�nfa�jwc�akg5{}|fi}c�~vjua5jmlkxyl5gdc�t}ehjJ{}c�l�tbnvgT�}jmjrt%�!jm�fjmqynv��jw�3�
ª�{,jG�Tnvak~�g5n���c�ad�+�!jm�vjrq�nf�,xyt,�ot,jm�Vjwc�akg5{}|fi}c�~vjh��a5jrl5xyl5ghc�t!gul5g5jrjmqOs^nfs^jmt!gNe�nvt,t,jzehg5xynvtbl�e�nvt}�!i�ehg5jw�*c�g0gk{,jW��tbx½�
�vjra5l5xyg��Gn�p¤��x�ek{,xy��c�t ��c�lR�,akjml5jrt�gkjw�JxytWgk{,xylU�}c��}jraw�Rª�{,j�p�i,t}�bc�s^jrt�ghc�qz�}t��!xyt,�0lkg5jms�s^xyt,�Tp�aknvs#g5{,xylR�Nnfa5~uxylRg5{}c�g
l5i�emehjmlkl�p�i,q�jwc�a5g5{�|vi�c�~vj���akjml5xyl5ghc�t!g�ehnvt,tbjwehg5xynftWlk{,nvi,q��u��j0�!jmlkxy�vt,jw�¸g5{ba5nvib�v{oc0ehnfso�,xyt}c�gkx�nftun�p}�Tjmq��7p�ahcvehgki,a5j0c�t}�
£¤c�t,�vj�n��fjma5qyn�cf�Gs�xyg5xy��c�g5xyn�tus^jwc�l5i,akjmlw�Rª�{,xylNe�nvso�,xyt}c�g5xynvtusoi,lkg9��j��}c�l5jw�Jnftog5{,jTp�ibt}�,c�s�jmt!gdc�q�ibt}�!jmakl5gdc�t}�!xyt,�
n�pRg5{,j¸jh�¤jzehg0n�p§��nvibt}�,c�ak�^akjml5gkadc�xyt!g5l7nvt�g5{,jGlkg5akjml5l¼£}n���xyt�g5{,jWe�nvt,t,jzehg5xynvt¹�
ª�{,jTjmt}�¸a5jmlki,qygRn�p}gk{,j:�¼t,xy�vjmakl5xyg��un�p¤�»xºek{,xy�!c�tu�Nnfa5~Gc�akjNg��Tn0�badcve�g5x�emc�q,c�t}�uadc�g5xynvt�c�q��¢jml5xy�vtbl9n�p,p�i,qyqy�f��akjml5gkadc�x�tbjw�
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5.2 6.1 6.2 7.1 7.2

beam plastic rotationtotal rotation

panel zone plastic rotation

3.1 5.1

+

4.24.1

+

3.2

0

[rad]

0.02

0.01

0.03

0.04

0.026    0.007

0.015    0.006

���������� V�L"
�#&LK=(�	hÃ/&'��(6)1���+*L�' /.�&'0�0� �.2(���&'0d��&�(65-(6�F&'0O.25-b�5�.���(MgQK=�1cdcd5l��g-8

l5gkjmjmq�s�nvs^jrt�guehnvtbt,jwehgkx�nftU�ª�{bjH��x�ek{,xy��c�t�ehnft,t,jwe�g5xynvt=c�t}��gk{,jH`ba5jmj`¹q�c�t,�fj^ehnvtbt,jwehgkx�nft�lhc�g5xyl¶p��%gk{,j^�7µ � �
l5jrx�lks^x�e��ba5n!n�p���g5jrl5g�a5jz|vibx�akjms^jrt�gkl�9 �7µ � ��ÿ>�=<9c�t}��lk{,nvi,q��	�}jm{�cz�vju�vjmak�o�Njrq�q3xyt�a5jwc�q3jwc�akg5{}|fi}c�~vjmlz�Oª�{,jm��l5{,nfi,q��
a5jrl5g5nfa5jo�!jmlkx��ft,jmaklwÈ}e�nvt!�¤�¢jmt}ehjJxyt^g5{bjGl5��jwehx�c�q¹s^nfs^jmt!g���a5jrl5xyl5gkx�tb�up�adc�s^j�lkg5a5i�ehg5i,ahc�qRl5�!lkg5jms��

\�Ç���Ã+Å����E�7Æ:�[n�0Ã�ÄJY

ª�{,j�c�i,gk{,nvaklW�fadc�gkjhp�i,qyqy�*cvek~!t,n���qyjw�!�vjogk{,j�p�i,t}�¢x�tb�^p±a5nvs�� � `T� � �0�³�vnfxyt�g¸�Ojmt!g5i,akjHc�t}�*�7µ � �u�U��{bxºek{ �:c�l
i,lkjw��g5n^ehnfs^�,qyjmgkj �!x·�3jma5jmt!g���nvakg5xynvt,l�n�p9gk{,ju�Nnfa5~o�,akjml5jmt!gkjw�{bjma5jmxytU�Rª�{bj nf�,xyt,xynvt,lz�f�}t}�!xyt,�fl:c�t}�^e�nvt}ehqyi,lkxynvt,l
�,akjml5jmt!gkjw�*xytgk{,xyl0�}c��}jmaGc�a5jJg5{,nfl5jon�pOgk{,j^c�i,gk{,nvakl c�t}�s�cz�ot,nvguakjh£}jwehg¸g5{,jJ�!x�jr��l n�pNg5{bjGp�ibt}�!xyt,�^c��fjmt}ehxyjmlz�
ª�{,jc�ibg5{,nfa5lJ�Nnfi,q��*qyxy~vjog5n�g5{�c�t,~=¦0n,ehgknvahc�q���c�t}�!x��,c�g5jmlo�J�O�c�ak��c�a5x�c�t�c�t}�*��� ���G�O�T{bnvx�p�nvaJg5{,jrx�ao{bjmqy��xyt
ehnft}�!i}ehgkxyt,�og5{,j¸g5jmlkg5l c�t}��a5jw�¢i}ehxyt,�og5{bjWehnvqyqyjwehgkjw���,c�ghc,�
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ÿv°z�5®�;b�
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°%¤Fµ�£=²�¤Í�£�¥$Î�µ2¬�¤¶¥�«2ªMÏBÐ�«�Ñ�Òv�0`R¡O���$Ë � �0�#�fnvxyt!g0�Ojrt�gki,a5jf�U�c�ahek{�¯wÿfÿ��,�
Ì¼jm�}nfa5g
��n}� � �0���¶ÿ>�z�5®�A,�

9Ü`,ak�^ÿ�C@< �o�-ÌG��`,ak���$Ó�Ì�jw�!i�ehjw����jwc�s l5jzehg5xynvt�ehnvt,tbjwehg5xynft,lw� Ô}��¨Rakjml5jrt�ghc�gkx�nftU�3��jmjmgkxyt,�on�p � �0� � g5jrjmq
¨Ra5n ¥ jwehg ¨Rc�a5g5x�ehxy�}c�t!g5lw�'�3nflN�7t,�vjmqyjmlz� � jm�,gkjmso�}jraG¯w°6?3¯�C�¯wÿfÿ�C,�

9��un!jmqUÿ��@< � �3�u���un!jmq����7� � g5n ¥ cv�!xyt,n��!x6Re���c�t}�:�J� ���G���«jmjv�VÓkª9aki,l5luc�t}c�qynv�v�	p�nva�lkg5jmjrqOs^nfs^jmt!g�ehnvt,tbjwek�
g5xynvt,lz� ÔÆÎJ¸�¢UÕ�¾E%·�¤k�£�£=ªM¤k%·�Ö%«�°%ªM'±�²½�-A2�-�+;��m² �%A6?¢°>A,� � jwehnvt��:×7i}c�akg5jmaJ¯wÿvÿ>�,�

9��3jmjGÿ>�6< �W� ���G�-�«jmjv� � �,�u�4�un!jmq��,c�t}�/�7� � g5n ¥ cv�!xyt,n��!x6Re��
Ó��Onfi,t}�,c�a5��jh�¤jzehg5l7x�t��Njrqº�¢jw��l5g5jrjmqUs�nvs^jrt�g
ehnvt,tbjwehg5xynft,lw� Ô>ªRjwek{,t,x�emc�q Ì¼jm��nva5gG�7���¡O¡#ÿ��z��;v®b�3¦0jr�,gw��n�p��Tx��!xyq9c�t}��¡Rt!�¤�3¡Rtb�vxyt,jmjmakxyt,�}�
��t,xy�vjra5l5xyg���n�p§�»xºek{,xy�!c�tU�!�7t,t��0a5��nvaz�}��µj�4C,¯z®vÿ¾�D;b¯�;v°b�}¯zÿvÿ>�,�

9��3jmjG®f®6< �W� ���G�%�3jmjf� � ���u�%�un!jmq��vc�t}�/�7� � g5n ¥ cf�!xyt,n��!x�Re���Óf��nvi,t}�bc�a5�Jjh�3jwehgkl�x�tolkg5jmjrqUs^nfs^jmt!gRehnvt,tbjwek�
g5xynvt,lz� Ô%µ�t�©Eªf«6¨�£f£�µ2¤k%·6¥f¿�Ò�Ø�¯�ÙOÇ�Õ�¾T¾N����jm�nÚ�jwc�q�c�t}�3�,�!c�t!i}c�a5��;f®v®f®,�
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Ì�jm��nvakg0��n}� � �0�
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3/8"

E70T-7
typ.

30o

1/4"

1/8"gap
E70TG-K2

typ.

E71T-8

E71T-8

E71T-8

30o 3/8"

E70TG-K2

30o 3/8"

E71T-8
typ.

E71T-8

E71T-8

E71T-8

E70TG-K2
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E71T-8

3/8"

30o

30o

E70TG-K2
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30o

E70TG-K2

3/8"

E71T-8

E70T-7
typ.

1/4"

1/8"gap
E70TG-K2

typ.

E71T-8

1/4"min.

E71T-8

1/4"min.
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