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Figure 3: Standard Temperature-time curves

Figure 4  Comparison of the standard fire curve and real fire temperature-time

histories.  The fire load is in kg/m2 and the ventilation is a fraction of one wall .

(Drysdale 1998)
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Estimate maximum likely number
of occupants and their locations

Carry out fire engineering analysis

Acceptable performance?

Accept design

Modify fire 
safety 
features

Establish 
performance 
requirements

Determine geometry, 
construction and use 
of the building

Estimate maximum 
likely fuel loads

Assume certain fire 
protection requirem® ents
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Altitude of equal pressure

z

p(z)6

Tin, Pin(z) Internal pressure

External pressure

Cold air in

Hot gases out
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=E® È+É ¬qÏ�Î�«�¬.Ï�Ïyä�Ï�Î�«�Ð�¨�Ò!«�¬ Ú ÐEÎ�¨@Ì�Ò�Ï É ¨ Ë Ï�Õ�Ì�«+Í2Ì�Ò>Í2«�¬�Î�¬7Ð�Ò�Ñ!Ï�Î�¬�¬ Ú æ�¬�«�¬4ª�Ò�¨E�:ª%¬�®
× ® È+É ¬qÛ/ÐEÎ�¬�«�¨�Ð Ú Þk¬ É Ðwß�¨�Ì�ª%«Dæ�Ð�ÏUª�Ò�¨�Ð\ç%¨�Ð Ú ®
ð ® È+É ¬FDDÐE«�Ñ�¨�Ò%©�Î�Ì�Ò;Ï Ú ÐEÞ É Ð�Ñ�ª�Ò�¨�Õ�Ì�«�ÛvÎ É ¨�Í�ú�Ò%¬.Ï�ÏfÐ�Ò>Ñ;Û3ÐEÎ�¬�«�¨�Ð Ú Ë «�Ì Ë ¬�«�Î�¨@¬.ÏUÎ É «�Ì�ª�© É Ì�ª%Î
Î É ¬qÞ>ª�¨ Ú Ñ>¨�Ò%©%®

­%® È+É ¬�Î�«�Ð�Ò�Ï�ß�¬�«MÏ�¬/Ï É ¬.ÐE«?Ï�Î�¨76LÒ%¬.Ï�Ï=«�¬.Û/Ð�¨�Ò%¬.Ñ�Í2Ì�Ò�Ï�Î�Ð�Ò:Î4Õ"Ì�«4Ð Ú�Ú Ï�Î�«MÐ�¨�ÒsÐ�Ò�Ñ�Î�¬.Û Ë ¬�«MÐEÎ�ª%«�¬
Ï�Î�ÐEÎ�¬.Ï�®
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deflection of beam at x/l = 0.50 ( Model )

deflection of beam at x/l = 0.50 ( Experiment )

deflection of beam at x/l = 0.26  ( Model )

deflection of beam at x/l = 0.26  ( Experiment )
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� f , m � eKn�k�e&f�l g f�f�l 3 m�f 3*gHj��<1�3 m�m /21�3O-H3 e 3�1�g f 3 o��7q 3�p;g;� n 1�g f , e -Vj n , m�f /21�3Y�N1 n j�h n0e hB1�3 f 3HL
m 3��<g;1�g f 3 mOf�l 3 m�f 3�3*i o 3*h����N1 n j f�l 3`h n0e hB1�3 f 3!ËZ/<, f 3W3*g;1�i q&n0e , e�f�l 35�<1�3H6I� l 3 f 3*jV�R3�1�g f /21�3
o ,��C3�1�3 eZf ,9gHi � 3 frk 3�3 e&f�l 3 o 3*h��RL f�l 3Yh n0e hB1�3 f 3 m i9g � g eKo�f�l 3OgH,91�-0g;� m�f�l g f g;1�, m 3 � 3 frk 3�3 e�f�l 3
frk�n jVg f 3�1�,\gHi m , m�o ,RÌ�h�/Ki f�f�n j n[o 3*i[/ m , e - n 1 o , e g;1 q 3*i.3*jV3 e�f�m 6S� l , m�f�q �C3 n �<�<1 nH� i.3*j�, m=� 3 m�f
j n[o 3*i9i.3 o / m , e -�, eZf 3�1��NgHhB3J3*i.3*j�3 eZf�m 6J� l 3�1�3Vg;1�3Jg��N3 k j�3 f�l2n[oKm � n 15h�gHi9h�/<i9g f , e -�, eZf 3�1��_gHhB3
l 3*g f5f 1�g eKm �N3�1 � 3 frk 3�3 e?f�k�n�o ,��C3�1�3 eZf jVg f 3�1�,9gHi m , e�f�l , m , eKm�f g e hB3�g e , eZf 3�1��_gHhB3J3*i.3*j�3 eZfWn �
��3�1 n`f�l ,9h�� e 3 m�m�l g m�� 3�3 e / m 3 o�� g m 3 o�n0e�f�l 3]�]3 kcf�n0e ,9g e�l 3*g f�f 1�g eKm �N3�1�j n7o 3*i o 3 m hB1�, � 3 oJ�Zq
��Ë7/Kg f , n0e 476��76

��� ð%	 � >Bè���������� � è���������  ������¡ >X476�� ¡

��Ë7/Kg f , n0e 476��&h�g e�� 3Uh n0eKm , o 3�1�3 o g m g&h n0eKm�f 1�gH, eZf � n 1 f�l 3 o , m hB1�3 f , m 3 oTl 3*g fYf 1�g eKm �¢3�1Y3VË7/Kg¤£
f , n0eKm 6S� e�n 1 o 3�1 f�n ,9j��<i93*j�3 e�f�f�l 3Y/ m 3 n �(, e�f 3�1��_gHhB3Y3*i.3*j�3 eZf�m�f�l 3Aj�3 m�l j`/ m�f�� 3O-H3 e 3�1�g f 3 o
, eVf�l 3 k�l2n i93 o2n jVgH, eJm�nUf�l 3�3*i.3*j�3 eZf�m , e�f�l 3 m�f 3�3*iag e<oVf�l 3Oh n0e hB1�3 f 3Y1�3�-0, n0eKm�l g*pH3 e2n h n j^£
j n0e�e2n[o 3 m 6A¥ e , eZf 3�1��_gHhB3^3*i.3*j�3 eZf , m -H3 e 3�1�g f 3 o �¢1 n j f�l 3 e2n[o 3 mOn0eTf�l 3`h n , e h�, o , e -J�_gHhB3 m
n � f�l 3 m�f 3�3*i�g e<o&f�l 35h n0e hB1�3 f 353*i.3*j�3 eZf�m g mcm�lKn�k�e , e +=,9-0/21�3W476�¦76�� l 3 m�f ,�� e 3 m�m jVg f 1�,.§�� n 1
f�l 353*i93*j�3 e�f , m h�gHi9h�/Ki\g f 3 ob�7q , e�f 3�-H1�g f , e - n pH3�1 f�l 3`i.3 e - f�l�n � f�l 3U3*i.3*j�3 eZf g m]f�l 3 k , oKf�l , m
��3�1 n 6

¨Y©�¨ Ó%ª^u�« ¬W­�uy��®

� k�n j n[o 3*i m�l g*pH3 � 3�3 e5o 3�pH3*i n �R3 oUf�n j n7o 3*i f�l 3 f 3*j��C3�1�g f /21�3�1�3�-0,9j�3�, eAf�l 3 m i9g � 6=� l 3S�a1 m�f
j n[o 3*i23B§2h�i9/ o 3 myf�l 3]j�3 f gHi o 3*h��Vg e<o 3 e g � i93 m ËZ/<,9h�� m 3 eKm , f ,.p[, frq g e gHi q[m 3 m�n � f�l 3c�<g;1�gHj�3 f 3�1 m
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Metal Decking 
(0.9mm thick)

A142 Anti−cracking mesh

150mm
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Symmetry Boundary Conditions

+�,.-0/21�35476�°7:�� l 3Wh n0e hB1�3 f 3 m i9g � j n7o 3*i

g¤�R3*h f , e - f�l 3 l 3*g f�f 1�g eKm �N3�1&, e±f�l 3�h n0e hB1�3 f 3²gHi n0e 3H6�� l 3 m 3*h n0eKo g eKo � e gHi]j n7o 3*iO, m g
1�,.- n 1 n / m g;�K�K1 n gHh l�f�n�f�l 3^�K1 nH� i.3*j³, e h�i9/ o , e - f�l 3�j�3 f gHi o 3*h��a6^� l 3 m i9g ��k , f�lMf�l 3^jV3 f gHi
o 3*h��A�<1 n pH3 oUo ,RÌ�h�/Ki faf�n j n7o 3*iXL*�<1 m�f i q�� 3*h�gH/ m 3 f�l 3 m�f 3�3*i�, m�n0e i qY´ 6�µ;jVj f�l ,9h��V>_h n0eKm , o 3�1�g � i q
f�l , eKe 3�1 f�l g eQf�l 3?8*° ´ jVj n �]h n0e hB1�3 f 3�g �Cn pH3b, f ¡ g eKo#m 3*h n0e<o i q¶� 3*h�gH/ m 3 f�l 3�1�3�, m g l ,.- l
f 3*j��C3�1�g f /21�3 o ,��R3�1�3 e�f ,9gHi � 3 f�k 3�3 e¶f�l 3 l2nHfWm�f 3�3*i�g eKo�f�l 3Jg o¤· gHhB3 eZf h nZn i93�15h n0e hB1�3 f 3H6�� l 3
j�3 m�l%o 3 eKm , frq , e±f�l 3T1�3�-0, n0exn � f�l 3TjV3 f gHi o 3*h�� k�n /Ki o%l g�pH3 f�n¸� 3TpH3�1 q h n0e hB3 eZf 1�g f 3 o 6
Î m , e -¶, eZf 3�1��_gHhB3b3*i.3*jV3 e�f�m L`> m 3*h f , n0e 476¹d ¡ k , f�l ��3�1 n¸f�l ,9h�� e 3 m�m 3 e g � i.3 o±f�l 3 f 3*jV�R3�1�g f /21�3
-H1�g o ,.3 eZfY� 3 frk 3�3 e²f�l 3�h n0e hB1�3 f 3Vg eKo�f�l 3^jV3 f gHi o 3*h�� f�n&� 3�j n[o 3*i9i93 o gHh�h�/21�g f 3*i qbk , f�l2n / f
1�3VË7/K,.1�, e -�3B§2hB3 m�m ,.pH3cj�3 m�l 1�3B� e 3*j�3 eZf 6Sº nHf�l j n7o 3*i m g;1�3cg m ,9j��<i.3�¦;»x1�3��K1�3 m 3 eZf g f , n0e^n � f�l 3
k�l2n i.3 m i9g ��k , f�l�frk�n�m�q jVj�3 f 1 qV�Cn / e<o g;1 q h n0eKo , f , n0eKmyf�n 1�3 o /KhB3 f�l 3Y�K1 n hB3 m�m , e - f ,\j�3H6y¼ e
f�l 3V/ eKo 3�1 m , o 3 n � f�l 3 m i9g �²f�l 3 �Cn / eKo g;1 q h n0eKo , f , n0e<m g;1�3 o 3 m hB1�, � 3 oT�7qbf�l 3 f 3*j��C3�1�g f /K1�3 m
gHh l ,93�pH3 o , e
f�l 3Mg f j n0m � l 3�1�3 o /21�, e - f�l 3Mh n j��ag;1 f j�3 eZf �<1�3bg eKo g¶1�3 m /Ki f g e�f 3*jJ, m�m ,.p[, f�q
g eKo h n0e pH3*h f , n0e h n 3GÌ�h�,.3 eZf 6M¼ e?f�l 3 f�n � m /21��_gHhB3 n 1Uh n7n i m , o 3 n � f�l 3 m i9g �Qf�l 3 �Cn / eKo g;1 q
h n0eKo , f , n0eKm g;1�3 o 3 m hB1�, � 3 o¸�Zq ¦ ´H½*¾ gHj � ,.3 e�fJf 3*j��C3�1�g f /21�3�g eKo g²h n0e pH3*h f , n0e h n 3GÌ�h�,.3 eZf 6
+�,.-0/21�3J476�° o 3 m hB1�, � 3 mYf�l 3Vj n[o 3*iS, e²o 3 f gH,9i�g eKo +�,.-0/21�3J476¹d m�l2n�k�mAf�l 3JjV3 m�l -H3 e 3�1�g f 3 o , e
f�l 35j n[o 3*i�, e h�i9/ o , e - f�l 35jV3 f gHi o 3*h��R6

8Bd�¿



+=,9-0/21�35476¹d2:�� l 3Aj�3 m�l
À�1 n �C3�1 f�q ¾�n0e hB1�3 f 3 Á f 3�3*iìT>N�7-ZÂ¤jVÃ ¡ 8*¿H4 ´ ¯;¿H4 ´
hJ>XÄZÂ��7-0Å ¡ ¯ ´H´ d�� ´
��>NÆÇÂ¤jVÅ ¡ ´ 6È¯ d�476�¿
j n , m�f /K1�3Wh n0e�f 3 eZf >�É ¡ 4 ÊHÊ
f�l ,9h�� e 3 m�m >_jVj ¡ 8*° ´ ´ 6�µ

�(g � i93547698;:�ËTg f 3�1�,9gHi�Ày1 n �C3�1 f ,.3 m

Ì�Í¢Ì�ÍiÚ Î�âaÏHÐKÑmßUâ/ã�Ò�Ñ0ÓPÔIÐKÑ0ÏnßrÐ<Õ
� l 3�jVg f 3�1�,\gHi��K1 n �C3�1 f ,.3 m`n � f�l 3�i9,.- lZfrk 3*,.- lZf h n0e hB1�3 f 3b/ m 3 o , e¸f�l 3b¿�£ m�f�n 1�3 q±¾ g;1 o , e - f�n0e
+21�gHj�3�g;1�3�1�3*g m�n0e g � i q²k 3*i9i�� e2n�k]e 6M� l 3Jp;gHi9/23 m � n 1 o 3 eKm , frq L m �C3*h�,��ah l 3*g f g e<o h n0eKo /KhÖ£
f ,.p[, frq g;1�3�g*p;gH,9i9g � i93��N1 n j×º�1�, f , m�l Á f 3�3*iIg e<o , e¸f�l 3&� n 1�j n � f 3*h lKe ,9h�gHi�1�3�� n 1 f�m �N1 n j f�l 3
�K1 n[o /KhB3�1 mUn ��Ø qZf g;-K6 ÏrÙ�ÚÖÛgÏrÙ Ã�� l 3J3�p;g;� n 1�g f , n0e¸n �]40É �Zq?k 3*,.- lZfUk g f 3�1 � 3 frk 3�3 e#f 3*j��C3�1�£
g f /21�3 m5n �Y8 ´H´ ½ ¾ g eKo 8*¦ ´ ½ ¾�l g m5� 3�3 e , e h�i9/ o 3 o 6�� l 3Vj n , m�f /21�3Vh n0eZf 3 e�f`n � f�l 3Jh n0e hB1�3 f 3
g f�¾ g;1 o , e - f�n0e¶k g m j�3*g m /K1�3 o L � / f / e � n 1 f / e g f 3*i qTf�l 3J1�3 m /Ki f�m g;1�3�/ e g*p;gH,9i9g � i93 f�l 3�1�3�� n 1�3
40É�j n , m�f /21�3 k g m g m�m /<j�3 o 6�Í n�k 3�pH3�1AË nZn 1�3 ÏrÜ � � 3*i9,.3�pH3 m�f�l 3Wj n , m�f /21�3Ah n0eZf 3 e�f jVg q�l g�pH3
� 3�3 eM� 3 f�k 3�3 e 8 ´ £�8*¦0É�6U�(g � i93^47698^, e h�i\/ o 3 m g&i9, m�f�n � f�l 3`jVg f 3�1�,9gHi=�K1 n �C3�1 f ,.3 m / m 3 o , eMf�l 3
j n[o 3*i�� n 1 f�l 3Jh n0e hB1�3 f 3�g eKo�f�l 3 m�f 3�3*i�j�3 f gHi o 3*h��a6J� e²f�l 3^� e gHiSj n[o 3*i f�l 3 f 3*jV�R3�1�g f /21�3
o 3��C3 eKo 3 e hB3 n � f�l 3Yh n0eKo /Kh f ,9p7, f ,93 m g eKo�f�l 3 m �C3*h�,��ah l 3*g f�n � f�l 3 m�f 3�3*i k 3�1�3O, e h�i9/ o 3 o 6(�(3*j^£
�C3�1�g f /21�3 o 3��C3 eKo 3 e�f �K1 n �R3�1 f ,.3 m � n 1 m�f 3�3*iXL=, e h�i9/ o , e - f�l 3 m �<,.�H3�, e²m �C3*h�,��ah l 3*g f g f ¯ ´H´ ½ ¾
h�g e�� 3A� n / eKo , e&f�l 3Wi\, f 3�1�g f /21�3H6 ÏrÙ�Ñ
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^�_K`Oab_Kc�dbe  gf'f dbeihPj k f j?j?elhMj mnelo�el`Oe[�qp7e
ì >N�7-ZÂ¤jVÃ ¡ ¦ ´H´H´ 8*¿ ´H´ 8*¿H4 ´
h >XÄZÂ��7-0Å ¡ ¯;4 ´ ¯ ´H´ ¯ ´H´
� >NÆÇÂ¤jVÅ ¡ ´ 6�° 8;6 ´ ´ 6È¯
j�6 h;6 >�É ¡ 8 ´ ° 4
��p;g;� n 1�g f , n0e �(3*j��C3�1�g f /21�3 > ½*¾ ¡ 8 ´H´ £�8 ´ 4 8 ´H´ £�¦ ´H´ 8 ´H´ £�8*¦ ´
l > f�n � ¡ >NÆÇÂ¤jVÚ�Å ¡ ° ´ 8 ´ 8 ´
l > �CnHf�f�n j ¡ >NÆÇÂ¤j Ú Å ¡ 4 ° ´ 4
3*jV, m�m ,9p7, f�q ´ 6¹d ´ 6�µ ´ 6��
f�l ,9h�� e 3 m�m >_jVj ¡ 8�¯ ´ 8*° ´ 8*° ´

�(g � i.35476�¦7:�r�g;1�,\g � i.3 m g m�m�n h�,9g f 3 obk , f�l&f�l 3 lKnHf�f 3 m�f g eKo h n7n i.3 m�f]m i9g �

Ì�Í�s�Íbt uQÓ�Ï;ÏHÐ<Õ�Ï�â'v�wyx�Ó�ÓûãrÐ<Õ�ÏMÕ\ãUâ0z
À�1 nH� g � i.3�3B§ f 1�3*j�3bp;gHi9/Kg � i.3 m�n �AgHi9iI1�3*i93�p¤g eZf �<g;1�gHjV3 f 3�1 mJk 3�1�3 o 3 f 3�1�jV, e 3 o±m�n?f�l g f�f 3 m�f
1�3 m /Ki f�myk�n /Ki o�� 3 � 1�gHh��H3 f 3 o��7q g e /2�K�C3�1�g eKo i n�k 3�1 �Cn / eKo�m�n i9/ f , n0eVn ���<1�3 o ,9h f 3 o�f 3*j��C3�1�£
g f /21�3 m 1�3��¢3�1�1�3 o�f�nbl 3�1�3Vg mAf�l 3 l2nHf�f 3 m�f g eKo h n7n i.3 m�fWm i9g � 1�3 m �C3*h f ,.pH3*i q 6�� l 3^i n�k 3�1 �Cn / eKo
k g mIo 3B� e 3 oV�7qJm / �[· 3*h f , e - f�l 3Yj n[o 3*i f�n g m 3�1�,93 m�n ���<g;1�gHj�3 f 3�1 m gHi9i n � k�l ,9h l�k�n /<i o 1�3 m /Ki f
, e gUh n7n i.3�1 m i9g � 6S+ n 1c, e<m�f g e hB3]g`i n�k p;gHi9/23]� n 1�h n0eKo /<h f ,.p7, frq L[g l ,9- l j n , m�f /21�3Oh n0e�f 3 eZf g eKo
g l ,.- l h n0e pH3*h f , n0e h n 3GÌ�h�,93 e�f�n0e&f�l 3 f�n � n � f�l 3 m i9g ��k , f�l g^i n�k h n0e pH3*h f , n0e h n 3GÌ�h�,.3 eZfIn0e
f�l 3Y�<1�3Y3B§[� n0m 3 o �NgHhB3H6�� l 3A/2�K�C3�1 �Cn / eKo�m�n i9/ f , n0e&k g m gHh l ,.3�pH3 o , e g m ,9jV,9i9g;1�jVg eKe 3�1 � / f
k , f�l gHi9i f�l 3A�<g;1�gHj�3 f 3�1 m g¤�C3*h f , e - f�l 3 m i9g ��f 3*j��C3�1�g f /21�3A1�3 m /Ki f , e -�, e g l2nHf�f 3�1 m i9g � 6
� l 3^p;g;1�,9g � i.3 m LCg e<o�f�l 3�p¤gHi\/23 m g m�m ,.- e 3 oMf�n�f�l 3*j}, eTn 1 o 3�1 f�n�nH�Kf gH, eMf�l 3 m 3 m�n i9/ f , n0eKm g;1�3
i9, m�f 3 o , e �=g � i.3^476�¦76O� l 351�3 m /Ki f�m h�g eM� 3 m 3�3 e , e +=,9-0/21�3 m 476�µJg eKo 476�¿�g eKo , f , m h�i.3*g;1 f�l g f
f�l 3�h n7n i.3 m�f�m i9g � , m g � 3 f�f 3�1y1�3��K1�3 m 3 e�f g f , n0eVn � f�l 3�gHh f /KgHi m i9g �Jf 3*j��C3�1�g f /21�3 m�o /21�, e - f 3 m�f °76
� l 3�1�3 m /Ki f�m �N1 n j f�l 3�h n7n i.3 m�f�m i9g � gHi m�nYm�l2n�k g m i9,.- lZf �ai9g f 3*gH/U, e5f�l 3�h n0e hB1�3 f 3 f 3*j��C3�1�g f /K1�3 m
g;1 n / eKo 8 ´H´H½*¾ g m�m�n h�,9g f 3 oQk , f�l²f�l 3 k g f 3�1 � 3*, e - o 1�,.pH3 e²n ��6&� l 3V�<i9g f 3*gH/Qg f 8 ´H´H½�¾ l g m
� 3�3 e j n7o 3*i\i.3 o¶l 3�1�3 � 3*h�gH/ m 3 f�l 3�j n , m�f /21�3�h n0eZf 3 eZf , e¶f�l 3&j n7o 3*i�, m 8 ´ É frk ,\hB3 f�l g f^n �
f�l 3�40É}g m�m /KjV3 o²f�nb� 3V�K1�3 m 3 e�f , e²f�l 3 ¾ g;1 o , e - f�n0e¶m i9g � g eKo g � 3 f�f 3�151�3��<1�3 m 3 eZf g f , n0e?n �
i n h�gHi9, m 3 o j n , m�f /21�3Ah n0e hB3 eZf 1�g f , n0eKm 6
� e&f�l 3O1�3*gHi m i9g ��f�l 3Aj n , m�f /21�3Ai.3�pH3*i m g fcf�l 3 o 1 q £ k 3 f , eZf 3�1��NgHhB3 k ,\i9i � 3 l ,.- l 3�1 f�l g e&f�l 3W40É
g;�K�<i9,93 o&f�n 3�pH3�1 q�e2n[o 3A, e�f�l 3A1�3��N3�1�3 e hB3Uj n7o 3*iX6

Ì�Í�s�Íb{ |�Ð%vyÕ\ß�Ïnß~}�ßXÏM���3v�â/ã~�SÕ¤Ð<Õ
� eWn 1 o 3�1 f�n 3 m�f g � i9, m�lYf�l 3yj n0m�f , e �a/K3 e�f ,9gHi¤�<g;1�gHj�3 f 3�1 mPn0e5f�l 3 f 3*j��C3�1�g f /K1�3 m gHh l ,.3�pH3 o , eYf�l 3
h n0e hB1�3 f 3Ag m 3 eKm , f ,.p[, f�q g e gHi q7m , mSk g m h�g;1�1�,.3 oVn / fyn0e gHi9i f�l 3]�<g;1�gHj�3 f 3�1 m�o 3B� e , e - f�l 3Yj n[o 3*i
g eKo 3*gHh lbk g m g e gHi q[m 3 o�m 3��<g;1�g f 3*i q 6�Î m , e -�1�3��¢3�1�3 e hB3Wp;gHi9/23 m � n 1�gHi9i nHf�l 3�1]�<g;1�gHj�3 f 3�1 m 6
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204MD predict
448 predict
447 predict

446R predict
topthick predict

204MD measured
448 measured
447 measured

446R measured
topthick measured

Þ�ß.à0á2â�ã�ä7åD�7æ�çyâ�ã*èKß9éBê�ã*è?ëHì<è¶í�ã*ëHî�áKâ�ã*è¶éBï0ìKéBâ�ã�ê�ã�ê�ã*í�ðCã�â�ë;ê�áKâ�ã*î5ß9ì¶ñ�ã*î�ê^ò�ë;ê�ócôCõ;æg�]ðKðCã�â
<Cï0áKìKè�î�ï0ú9áKê�ß.ï0ìW��S2�Añcñ���ô2ñ ô-�q�T�U��ùaö�ïJíVã�ê�ëHú�è2ã*é�û
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Þ�ß.à0á2â�ã&ä7åDC7æVç�â�ã*èKß\éBê�ã*è¶ëHìKèQí�ã*ëHî�á2â�ã*è¸éBï0ìKéBâ�ã�ê�ã�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îUß9ìQñ�ã*î�ê`ò�ë;êVócôCõ;æ���ï�÷�ã�â
<Cï0áKìKè�î�ï0ú9áKê�ß.ï0ìW��ó����2����ô[ñÇô���������ù<ö]ïJí�ã�ê�ëHú�è2ã*é�û
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447 predict (k=0.4)
447 predict (k=temp depend)

447 predict (k=0.7)
447 predict (k=0.9)

447 measured
446R predict (k=0.4)

446R predict (k=temp depend)
446R predict (k=0.7)
446R predict (k=0.9)

446R measured

Þ�ß.à0á2â�ãVä7å9õPA[æWç�â�ã*èKß9éBê�ã*è�ëHìKè²í�ã*ëHî�áKâ�ã*è�éBï0ìKéBâ�ã�ê�ãVê�ã*í�ðCã�â�ë;ê�áKâ�ã*îAß9ì�ñ�ã*î�êAò&ë;êUó�ôCõ;æAô[ã*ìKî�ß�E
ê�ß.ø[ß.ê�9�ï/F�ê�82ãAðKâ�ã*èKß\éBê�ã*è�éBï0ìKéBâ�ã�ê�ãWê�ã*íVðRã�â�ë;ê�á2â�ã*îcê�ï�é	8KëHì2àHã*î]ß9ì�éBï0ìKèKá<éBê�ß.ø7ß9ê�9

�0�Z�'�Z����� ���K���q���q� �g¡5��¢�£q¤/¥O�§¦q��¥¨�

ñ�82ã�éBï0ìKèKáKéBê�ß9ø7ß.ê�9Wï/F<ê�8Kã�éBï0ì<éBâ�ã�ê�ã�8KëHî�ëYî�ß.à0ìKß�HRé�ëHì�ê=ß9í�ð<ëHéBê=ï0ì^ê�82ã�ðKâ�ã*èKß9éBê�ã*è`ê�ã*í�ðCã�â�ë;ê�áKâ�ã*î
�_Þ�ß.à0á2â�ã�ä7å9õPA©��åª�Oî�ê�82ãTéBï0ì<èKáKéBê�ß.ø[ß.ê�9
ë;ðKðaú9ß.ã*è ß9î�ß9ìKéBâ�ã*ëHî�ã*è ê�82ãTðKâ�ã*è<ß9éBê�ã*è ê�ã*í�ðCã�â�ë;ê�áKâ�ã*î
ß9ìKéBâ�ã*ëHî�ãMëHî�ãJ>7ðCã*éBê�ã*è�å«S�ï�÷�ã�øHã�â�ù]ê�82ãMê�ã*í�ðCã�â�ë;ê�á2â�ãTè2ã�ðCã*ìKè2ã*ìZê�éBï0ìKè<áKéBê�ß.ø[ß.ê�9#à0ß.øHã*î�øHã�â�9
î�ß9íVß\ú9ë;â�â�ã*î�áKú.ê�î]ê�ï�ê�82ï0î�ã`ð<â�ã*èKß9éBê�ã*èI<l9bû-¬2A[å®­°¯�±¤í³² ëHìKèTëG<Cã�ê�ê�ã�âYâ�ã�ðKâ�ã*î�ã*ì�ê�ë;ê�ß9ï0ìMï/Fyê�82ã
â�ã*ëHú�ê�ã*í�ðCã�â�ë;ê�áKâ�ã*î�å

�0�Z�'�Z���Z´ ���K���q���q�*µl¶

ñ�82ã^íVë;ê�ã�â�ß9ëHú(ðKâ�ïHðCã�â�ê�ß9ã*îcï/F�ê�82ã^éBï0ìKéBâ�ã�ê�ã�áKî�ã*èMß9ìMê�82ãVó�ë;â�èKß\ì2àHê�ï0ìbÞ2â�ëHí�ã�ë;â�ãUâ�ã*ëHî�ï0ìKë=<<ú:9
÷�ã*ú\úPû[ì2ï�÷�ì·<<á2êcê�82ã�â�ãUß9îcî�ê�ß9ú9ú�ëVâ�ëHì2àHã5ï/F�ø;ëHú9á2ã*î�FNïHâ]èKã*ìKî�ß.ê�9�ëHìKèMî�ðCã*é�ß�Haé¸82ã*ë;ê]ï�øHã�âY÷;8Kß\é	8
ê�82ã5î�ã*ì<î�ß.ê�ß.ø[ß.ê�9�ï/F(ê�8Kã5í�ï[è2ã*ú�î�82ï0áKú\èG<CãAê�ã*î�ê�ã*èPå
Þ�ß.à0á2â�ã�ä7å9õHõ�î�82ï�÷�î`ê�82ã�â�ã�ß9î`øHã�â�9¸ú9ß.ê�ê�ú.ã�è2ã�ðCã*ìKè2ã*ìKéBã�ï0ì#ê�82ã�ø¤ëHú9áKã*î^ï/F µl¶ áKî�ã*è¸ê�ï?í�ï[è2ã*ú
ê�82ã5éBï0ìKéBâ�ã�ê�ã5ëHìKè�ëHî�ê�82ãWíVë;ê�ã�â�ß9ëHúPø¤ëHú9áKã*îIë;â�ãWâ�ã*ëHî�ï0ì<ë=<<ú:9�÷�ã*ú9úCû[ì2ï�÷�ì�ê�82ãP9�÷�ß9ú9úRâ�ã*íJëHß9ì�ë;ê
µ ¬^õM�Hä=A;û7àl±¤í³¹UëHìKè�é?¬�[OA/A;û-ºl±�û7à7²�å

�0�Z�'�Z���:� ���K���q���q�¼»½¡��b¾P¥�£���¿I¤7¡5��¥?¿���¥

ñ�82ãyíVï0ß9î�ê�á2â�ã�éBï0ìZê�ã*ìZê=ß9ìWê�82ãyî�ú9ë=<`ß9îPëIûHãP9Wß\î�î�á2ãHå=ñ�82ãSð<ú9ë;ê�ã*ëHá5ãJ>7ðCã�â�ß9ã*ìKéBã*èWë;ê�õPA/A Q ó?é�ëHì�<Cã
î�ã�ã*ìTé�ú.ã*ë;â�ú:9�ß9ìbê�82ãUí�ã*ëHî�á2â�ã*èbéBï0ì<éBâ�ã�ê�ãUê�ã*íVðRã�â�ë;ê�á2â�ã*î�åcñ�8Kã5è2ã�ðCã*ìKè2ã*ìKéBã5ï/FSê�82ã5ðKâ�ã*èKß9éBê�ã*è
ê�ã*í�ðCã�â�ë;ê�á2â�ã*î5ê�ïMí�ï0ß\î�ê�á2â�ãVéBï0ìZê�ã*ì�ê^ß9îAðaú.ïHê�ê�ã*è¶ß9ì²Þ�ß.à0áKâ�ã�ä7å9õMY7åV�]î5ê�82ãJí�ï0ß\î�ê�á2â�ãJéBï0ìZê�ã*ìZê
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448 predict (density=1750, c=700)
448 predict (density=1850, c=700)
448 predict (density=2000, c=700)

448 measured
447 predict (density=1750, c=700)
447 predict (density=1850, c=700)
447 predict (density=2000, c=700)

447 measured
446R predict (density=1750, c=700)
446R predict (density=1850, c=700)
446R predict (density=2000, c=700)

446R measured

Þ�ß.à0á2â�ãVä7å9õHõ;æWç�â�ã*èKß9éBê�ã*è�ëHìKè²í�ã*ëHî�áKâ�ã*è�éBï0ìKéBâ�ã�ê�ãVê�ã*í�ðCã�â�ë;ê�áKâ�ã*îAß9ì�ñ�ã*î�êAò&ë;êUó�ôCõ;æAô[ã*ìKî�ß�E
ê�ß.ø[ß.ê�9�ï/F�ê�82ãAðKâ�ã*èKß\éBê�ã*è�éBï0ìKéBâ�ã�ê�ãWê�ã*íVðRã�â�ë;ê�á2â�ã*îcê�ï�é	8KëHì2àHã*î]ß9ì�è2ã*ìKî�ß.ê�9&ëHìKè�î�ðCã*é�ß�Haé¸8Kã*ë;ê

ß9ìKéBâ�ã*ëHî�ã*î�ê�82ãUðKâ�ã*èKß\éBê�ã*èbéBï0ìKéBâ�ã�ê�ã`ê�ã*í�ðCã�â�ë;ê�á2â�ã*î]è2ã*éBâ�ã*ëHî�ãUëHîOãJ>[ðRã*éBê�ã*èPåcñ�82ã5ê�ã*íVðRã�â�ë;ê�á2â�ã
â�ëHì2àHãWï�øHã�â�÷;8<ß9é	8&ê�82ãWíVï0ß9î�ê�á2â�ãYã�ø;ë;ðCïHâ�ë;ê�ã*îc÷�ëHî�ëHú9î�ïVëHì�ß9î�î�áKãOê�ï�<CãWß9ìZøHã*î�ê�ß.à0ë;ê�ã*è·<Rã*é�ëHá<î�ã
ê�82ãWðCïHâ�ãAðKâ�ã*î�î�á2â�ã2<<á<ß9ú9èKß9ìKà5á2ð�ß9ì�ê�8KãWéBï0ìKéBâ�ã�ê�ã5÷]ß9ú9úCß9ìKéBâ�ã*ëHî�ãAê�82ãAê�ã*í�ðCã�â�ë;ê�á2â�ãAâ�ëHì2àHãWï�øHã�â
÷;8Kß9é�8%ê�82ã�÷�ë;ê�ã�âTé�ëHì ã�ø;ë;ðRïHâ�ë;ê�ãHåÀ]EìKè2ã�ã*èPù]ê�82ãW��á2â�ï[éBï7èKãMâ�ã*éBï0íJí�ã*ìKèKî�ë#ê�ã*íVðRã�â�ë;ê�á2â�ã
â�ëHì2àHã�<Cã�êr÷�ã�ã*ì±õPA/AOE�Y=A/A/Q¤óOåDÁÃÂ ]Eì�ê�8Kß9îYí�ï[è2ã*ú�ê�82ãVèKã�ðRã*ì<è2ã*ìKéBã`ï0ì²ê�82ã�â�ëHì2àHã�FNïHâWí�ï0ß9î�ê�á2â�ã
ã�ø¤ë;ðCïHâ�ë;ê�ß9ï0ìbß9îIß9ì<î�ß.à0ìKß�HRé�ëHì�ê¸�_Þ�ß.à0á2â�ã5ä7å9õ*ò7��å

�0�Z�'�Z����Ä ���K���q���q�ÆÅ¸»*�b¾M¾?��¦q��¥¨�

ñ�82ã`ãJNRã*éBê�ß9øHã�ã*íVß9î�î�ß9ø7ß.ê�9�ëHî�î�ï[é�ß9ë;ê�ã*è�÷�ß.ê�8Mâ�ëHèKß\ë;ê�ß.øHãÇ8Kã*ë;êOê�â�ëHìKîÈFNã�âOß9îYè2ã�ðCã*ìKèKã*ì�ê]ï0ìTíJëHì©9
FNëHéBê�ïHâ�î�ß9ìKé�ú9á<èKß9ì2àIê�82ã�ã*íVß\î�î�ß.ø[ß.ê�95ï/F<ê�82ãÊÉaëHí�ã*î*ùHê�82ãIéBï0í�ð<ë;â�ê�í�ã*ìZêS÷�ëHú9ú9î=ëHìKè^ê�82ãIî�ú9ë=<^ß.ê�î�ã*ú:F�å
ñ�82ãVâ�ã*î�áKú.ê�ëHìZêWã*íVß9î�î�ß.ø[ß.ê�9Mï/F�î�ê�ã�ã*ú�ëHìKè¶éBï0ìKéBâ�ã�ê�ã&ß9îWë=<Cï0á2ê�A[å\[�ëHìKèWA[åDX�â�ã*î�ðCã*éBê�ß.øHã*ú:9Hå&ñ�82ã
ã*íVß9î�î�ß.ø7ß9ê�9�ß9ìMê�8Kß9îYî�ã*ìKî�ß.ê�ß.ø[ß.ê�9�ëHìKëHúZ97î�ß\î�÷�ëHîOø¤ë;â�ß9ã*èI<Cã�ê�÷�ã�ã*ì3A[å®­�ëHìKè¸õ;åËA�î�82ï�÷�ì�ß9ìTÞ=ß9à0á2â�ã
ä7å9õJ­2å�]�êcß9îIé�ú.ã*ë;âcê�8<ë;ê�é	8KëHìKà0ß9ì2à^ê�82ãAâ�ã*î�á<ú.ê�ëHì�êIã*íJß9î�î�ß.ø[ß.ê�9Jß9ì&ê�82ãWí�ï[è2ã*ú08KëHîcî�ï0í�ãAãJNRã*éBê]ï0ì
ê�82ã�ðKâ�ã*èKß9éBê�ã*èWê�ã*í�ðCã�â�ë;ê�á2â�ã�ð<ë;â�ê�ß9é�áKú\ë;â�ú:9Yß9ìAê�82ã�éBï0ìKéBâ�ã�ê�ã�ì2ã*ë;â=ê�82ãÌH<â�ãHå(ñ�82ã�ê�ã*í�ðCã�â�ë;ê�á2â�ã�ß9ì
ê�82ãWë;ê�í�ï0î�ð582ã�â�ã³�_í�ã*ëHî�á2â�ã*è�èKá2â�ß9ìKà5ê�82ãAê�ã*î�ê�î¨��÷�ß9ú9ú�8Kë*øHãWë�<aß.àHàHã�âIß9í�ð<ëHéBê�ï0ì&ê�82ãAâ�ëHè<ß9ë;ê�ß.øHã
82ã*ë;êcê�â�ëHì<îÈF¢ã�â;<Rã*é�ëHá<î�ãWï/F=ê�82ã5ñUÍAè2ã�ðCã*ìKè2ã*ì<éBã����ÎLZá<ë;ê�ß.ï0ìbä7å®­l��å

�0�Z�'�Z���Z� ���K���q���q� �g¡5��¦�¿l¤7¥��b¡5���g¡'¿©ÏÆ¤©�b¿i��¥�¾

S�ã*ë;ê�ñ�â�ëHì<îÈF¢ã�â�<i9¸â�ëHèKß9ë;ê�ß.ï0ì#è2ï0íJß9ìKë;ê�ã*î^ê�82ã�ê�ã*í�ðCã�â�ë;ê�áKâ�ã&â�ã�à0ß9í�ã�ß9ì¸ê�82ã�ú\ë;ê�ã�âVî�ê�ë;àHã*îVï/F
ê�82ã³Haâ�ã�<<á2êAê�82ã�éBï0ì�øHã*éBê�ß.ï0ì#éBï7ãJÐ�é�ß.ã*ìZêUé�ëHìQì2ïHê�<CãJß.à0ì2ïHâ�ã*è�å�ñ�8KãVéBï0ì�øHã*éBê�ß.ï0ì#éBï7ãJÐ�é�ß.ã*ìZê
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448 predict (m.c.=3%)
448 predict (m.c.=5%)
448 predict (m.c.=7%)

448 measured
447 predict (m.c.=3%)
447 predict (m.c.=5%)
447 predict (m.c.=7%)

447 measured
446R predict (m.c.=3%)
446R predict (m.c.=5%)
446R predict (m.c.=7%)

446R measured
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448 predict (range=100-105)
448 predict (range=100-120)
448 predict (range=100-150)

448 measured
447 predict (range=100-105)
447 predict (range=100-120)
447 predict (range=100-150)

447 measured
446R predict (range=100-105)
446R predict (range=100-120)
446R predict (range=100-150)

446R measured
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204MD predict (emissivity=0.4)
204MD predict (emissivity=0.6)
204MD predict (emissivity=0.9)

204MD measured
448 predict (emissivity=0.4)
448 predict (emissivity=0.6)
448 predict (emissivity=0.9)

448 measured
447 predict (emissivity=0.4)
447 predict (emissivity=0.6)
447 predict (emissivity=0.9)

447 measured
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204MD predict (h=10[t], 5[b])
204MD predict (h=10[t], 15[b])
204MD predict (h=10[t], 25[b])

204MD measured
448 predict (h=10[t], 5[b])

448 predict (h=10[t], 15[b])
448 predict (h=10[t], 25[b])

448 measured
447 predict (h=10[t], 5[b])

447 predict (h=10[t], 15[b])
447 predict (h=10[t], 25[b])

447 measured
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204MD predict (h=30[t], 5[b])
204MD predict (h=30[t], 15[b])
204MD predict (h=30[t], 23[b])

204MD measured
448 predict (h=30[t], 5[b])

448 predict (h=30[t], 15[b])
448 predict (h=30[t], 23[b])

448 measured
447 predict (h=30[t], 5[b])

447 predict (h=30[t], 15[b])
447 predict (h=30[t], 23[[b]])

447 measured

Þ�ß.à0á2â�ãVä7å9õMX7æWç�â�ã*èKß9éBê�ã*è�ëHìKè²í�ã*ëHî�áKâ�ã*è�éBï0ìKéBâ�ã�ê�ãVê�ã*í�ðCã�â�ë;ê�áKâ�ã*îAß9ì�ñ�ã*î�êAò&ë;êUó�ôCõ;æAô[ã*ìKî�ß�E
ê�ß.ø[ß.ê�9�ï/F�ê�82ãAðKâ�ã*èKß\éBê�ã*è�éBï0ìKéBâ�ã�ê�ãWê�ã*íVðRã�â�ë;ê�á2â�ã*îcê�ï�é	8KëHì2àHã*î]ß9ì�éBï0ìZøHã*éBê�ß.ï0ìMéBï7ãJÐ�é�ß.ã*ìZê
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447 predict (170mm)
447 predict (130mm)

447 measured
446R predict (170mm)
446R predict (130mm)

446R measured
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204MD predict
448 predict
447 predict

446R predict
topthick predict

204MD measured
448 measured
447 measured

446R measured
topthick measured
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300mm
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FIRE COMPARTMENT 

AMBIENT 
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AMBIENT 
CONDITIONS

COMPARTMENT WALL

190mm

CERAMIC FIBRE 
BLANKET

~500mm CLEARANCE TO ALLOW 
BEAM TO DEFLECT

=!>�?A@CB�DFE9G�° ´ H ¾ B��A|�|\|�DT��~�>�� L ~�wCB��A@C?Aw[z��MB���~�DT��~�DTy[DTyC?�D � DTz�{�> L �ODT|�~O°

À<B��H��D$B�~�� ¾ � L ��B�D$~�DF|���z � Á�~�D$DT� � DTz�{ r
>��$@M�$��z�y&�MB���~�DT��~�>�� L��_ a�?ZÂt{VÃ ¡ J ¿�E ´ ¯;¿�E ´ P0´H´� _ Ä7Â a�?0Å ¡ ¯ ´H´ P � ´ J�J E ´a _ Æ Ât{JÅ ¡ ´ GÈ¯ P E9G�¿ ´ G J�P{V�A>�|�~�@CB�D���� L ~�D L ~ _ É ¡ E ÊHÊ °~�wM>���a L DT|�| _ {b{ ¡ J ° ´ ÊHÊ ¦�E
��z � ��DFE9G�°9H�ËozW~�D$B�>�z��PÀ�B��H�QD$B�~�>�DT|7> L ~�wCDW��yC?�D � DTz�{�z L y ¾ �A��@M{ L {V��yCDT��|

�IDT{���D$B�zW~�@CB�D a � �
_�¾ ¡ _ Æ Ât{VÅ ¡ _ a�?ZÂt{JÃ ¡ _ Ä7Â a�?0Å ¡
¦ ´ ´ G J�P P0´H´o_ °�E ´ £ P E�E ¡ J�J E ´
¦ ´H´ ´ G J �P0´H´ ´ G J µ
� ´H´ ´ G�¦H¦
¯ ´H´ ´ G�¦ P¡_ DB§�~�B�z;���A��zW~�DTy � z���@CD ¡

�Iz � ��D�E9G P H�À<B��H��D$B�~�>�DT|��H�'r
>��$@M�$��z�y�zW~<DT��D � zW~�DTy�~�DT{���D$B�zW~�@CB�DT|TG�À<B�� � >�yCDTy � ��À<B��A{bzW~��IDT��w2£L >��$z��P»�D���zWB�~�{VD L ~Y¯HÂ;�0Â;¦ ´H´H´ Ü1�

J �0¯



=!>�?A@MB�DFE9G�° J H��IDT|�~]°9Hy�\wCD�{VDT|�w[@�|�DTy^~���{V��yCDT���MB���~�DT��~�DTy[DTyC?�D � DTz�{
�}z�|�z�|�|�@M{bDTy � DT�$z�@�|�D�~�wCD7wCDTzW~�|�> L aFD�¢�DT��~��H�Q~�wCD\|���z � >�|�|�~�>����9z��$�$@CB�zW~�DT���V{V��yCDT����DTyxz L yX~�wCD?�D$�A{VD$~�B����H�O~�wCD
{V��yCDT�Q>�|�|�>�{�����D$BTGI=!>�?A@CB�D
E9G�°H°X|�wM�#�\|}~�wCDY���A|�>�~�>�� L �H�O~�wCD
~�wCD$B�{V�9���A@K����DT|z���� L ?�~�wCDV|�~�D$DT� � DTz�{b|
> L ~�DT|�~W°9GW���}�^|�D$~�|��H�<{VDTz�|�@CB�DTy¡y�zW~�z U zW~
���9�$zW~�>�� L |
£¤z L y�Å¥� L?�B�>�yM��> L D�= U zWB�D����A{���zWB�DTy��\>�~�w�~�wCD���B�DTyM>���~�DTy�B�DT|�@M��~�|TG=�7wMDe�����$zW~�>�� L �H��~�wMDe~�wCD$B�{V�9���A@K����DT|zW~P���A|�>�~�>�� L |O£�z L yWÅ�zWB�D<|�wC� � L > L =!>�?A@CB�D<E9G�° P G��\wCD L @M{ � D$B�> L ?��H�9~�wCD�~�wCD$B�{V�9���A@K����DT|���z�|z�yC�H�M~�DTy[> L ~�wMD���D$?�D L y^�H��~�wCDZB�DT|�@M��~�|}|�wC�#� L > L =!>�?A@MB�DT|7E9G�°�Ebz L y[E9G�°H�9G�¥�~7�����$zW~�>�� L =¦~�wCD
�MB�DTyM>���~�DTy�z L y¡{VDTz�|�@CB�DTy�~�DT{���D$B�zW~�@MB�DT|\�H��~�wMD-��� ��D$B�d�z L ?�DxzWB�DX> L B�DTz�|�� L z � ��DxzW?�B�D$DT{VD L ~
_ =!>�?A@CB�D§E9G�°�E ¡ G��7wMD�@K�K��D$B�dQz L ?�D�~�DT{���D$B�zW~�@CB�DT|]zWB�D�z���|���> L ?��9�9y.zW?�B�D$DT{bD L ~ _ =�>�?A@CB�DE9G�°H� ¡ z���~�wC�A@M?Aw¨~�wCD���D � ~�DT{���D$B�zW~�@MB�DT|]zWB�D�@ L yCD$B��MB�DTy�>���~�DTy�G ¥�~[�����$zW~�>�� L Å©~�wCD��}D �~�DT{���D$B�zW~�@CB�DT|�����B�B�DT��zW~�D\��DT�����e>�~�wb{VDTz�|�@MB�DTybyMzW~�z�z L yV~�wCD7��� ��D$B<d�z L ?�D\>�|<@ L yCD$BS�MB�DTyM>���~�DTy
_ =!>�?A@CB�D�E9G�°0¯ ¡ G��7wCDb{V��yCDT�!� � D$B�£��MB�DTyM>���~�|�~�DT{���D$B�zW~�@CB�DT|�> L ~�wCDVDTzWB�����|�~�zW?�DT|�~�w�>�|Z{bzT� � DyM@CDX~��[wM>�?AwMD$B�{V�A>�|�~�@CB�DV��� L ��D L ~�B�zW~�>�� L |F> L ~�wMD�r�>��$@��$��z�yT�MB���~�DT��~�>�� L ~�wMz L B�D��MB�DT|�D L ~�DTy�> L~�wCD�{V�9yMDT�ªG �7wCD¡���#�}D$B�d�z L ?�D¡~�DT{���D$B�zW~�@CB�DT|�zWB�D�z���|��¦� � D$B��MB�DTyM>���~�DTy«zW~^~�DT{���D$B�zW~�@MB�DT|zWB��A@ L y J�´H´H½�¾¬_ =�>�?A@CB�DFE9G�°H¿ ¡ G
Ì�Ígf�Íbt j�w<kPÐ*zIÐ�l�m%Õon�vqp&ÑrnXÏAn�Õts |(ÏHÐKÐ�u
vOÐ<Õ�Ï�­
¥ ����z L �H��~�wMD�~�DT|�~ P ���A{���zWB�~�{VD L ~X>�|->�����@M|�~�B�zW~�DTy�> L =!>�?A@CB�D�E9G�°Hµ¡|�wC�#�e> L ?]~�wCD����9�$zW~�>�� L |�H�!~�wCD�~�DT|�~7~�wMD$B�{V�����A@2����DT|$G�ÀI�A|�>�~�>�� L |IºI°bz L y�º J�J �}D$B�DF��wM�A|�D L �R��B\���A{���zWB�>�|�� L �\>�~�w^~�wCD{V��yCDT�ªGör�D L ~�>���zW~�>�� L �}z�|J�MB�� � >�yCDTy�z���� L ?�?�B�>�y���> L D P z L y
���A|�>�~�>�� L ºI°�>�|byM>�B�DT��~����®z � � � Dz L �H��D L > L ?CGA�7wCDX~�wCD$B�{V�9���A@K����DX��z � DT��| _ =!>�?A@CB�DVE9G P0´ ¡ zWB�DVz�yC�H�M~�DTy�> L ~�wCDV��D$?�D L yM|��H��~�wCD
������~�~�DTy-B�DT|�@M��~�|$G��7wCD�{VDTz�|�@CB�DTy-z L yW��B�DTyM>���~�DTyFB�DT|�@M��~�|OzW~=ºI°7zWB�Dy������~�~�DTy-> L =!>�?A@MB�D�E9G PMJ z L y~�wCDe����B�B�DT��zW~�>�� L >�|�?��9�9y�GS»
>�|���B�D���z L �$>�DT|�zWB�Dez�|�z�B�DT|�@���~��H�����9�$z���zW~�{V�A|���wMD$B�D\~�DT{���D$B�zW~�@MB�DT|$G
¥�~�{V�A|���wMD$B�D]~�DT{���D$B�zW~�@CB�DT|X> L ~�wCD]{V��yCDT����D$B�D]~�zWa�D L z�|V�$���A|�D^~���~�wCD � DTz�{¯z�|^�Q�A|�|�> � ��D
� @C~�~�DT{���D$B�zW~�@CB�DT|�zW~}~�wCDeDTyM?�De�H��~�wMD����A{���zWB�~�{VD L ~ L DTzWB�~�wCD � D L ~�>���zW~�>�� L ���A@M��y�wMz � D � D$D L

J �H¿



=!>�?A@CB�DFE9G�°H¦9H��ODT|�~]°9H�¦;»°YO¥]»c¥OÀy�±��� L ~��A@CB�������~��H�I~�wCD5�MB���~�DT��~�DTy[DTyM?�D � DTz�{

=!>�?A@CB�DVE9G�°H°9HO�IDT|�~A°9H]À���z L �H�<~�DT|�~Z���A{���zWB�~�{VD L ~Z|�wC� �\> L ?^�����$zW~�>�� L �H��~�wCD$B�{V�����A@2����DT|��R��B{VDTz�|�@CB�> L ? � DTz�{�~�DT{���D$B�zW~�@CB�D5�MB��;����DT|

J �Hµ



ÿ�����²�³$´�����µ¶³�·F¸ ÿ�����²�³$´1����µ¶³�·Z¹
=�>�?A@CB�DFE9G�° P H��ODT|�~O°9HyØ����$zW~�>�� L �H�!~�wCD$B�{b�9���A@2����DT|�> L �MB���~�DT��~�DTy�DTyC?�D � DTz�{�� L ?�B�>�yM��> L De=

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

370 predict
371 predict
372 predict
373 predict

370 measured
371 measured
372 measured
373 measured

Þ�ß.à0á2â�ãJä7å�òHä7æ`ñ�ã*î�ê5ò7æUéBï0í�ð<ë;â�ß9î�ï0ì@<Rã�ê�÷�ã�ã*ì¶ðKâ�ã*èKß\éBê�ã*è²ëHìKè²í�ã*ëHî�á2â�ã*è?î�ê�ã�ã*úSê�ã*í�ðCã�â�ë;ê�áKâ�ã*î
ß9ì&ê�82ãW÷�ãP<bëHìKèbú.ï�÷�ã�â�ÉaëHìKàHãAï/F=ê�8KãAã*è2àHã�<Cã*ëHí�ï0ì�àHâ�ß9èKú9ß9ìKã]Þ
ë;ê�ú.ï[é�ë;ê�ß.ï0ìoº

õ?[OA



0

20

40

60

80

100

120

140

160

180

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

366 predict
367 predict
368 predict
369 predict

366 measured
367 measured
368 measured
369 measured

Þ�ß.à0á2â�ãWä7å�ò/X7æyñ(ã*î�ê�ò`éBï0í�ð<ë;â�ß\î�ï0ì°<Cã�êr÷�ã�ã*ì&ðKâ�ã*èKß9éBê�ã*è&ëHìKè&í�ã*ëHî�á2â�ã*è�î�ê�ã�ã*úCê�ã*í�ðCã�â�ë;ê�áKâ�ã*îIß9ì
ê�82ãWê�ïHðÚÉaëHì2àHãAï/F�ê�82ãAã*è2àHã�<Cã*ëHí�ï0ìbàHâ�ß9èKú\ß9ì2ã]Þ
ë;ê]ú.ï7é�ë;ê�ß9ï0ìoº

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

393 predict
392 predict
391 predict

393 measured
392 measured
391 measured

Þ�ß.à0á2â�ãJä7å�ò7[Zæ`ñ�ã*î�ê5ò7æUéBï0í�ð<ë;â�ß9î�ï0ì@<Rã�ê�÷�ã�ã*ì¶ðKâ�ã*èKß\éBê�ã*è²ëHìKè²í�ã*ëHî�á2â�ã*è?î�ê�ã�ã*úSê�ã*í�ðCã�â�ë;ê�áKâ�ã*î
ß9ì&ê�82ãW÷�ãP<bëHìKèbú.ï�÷�ã�â�ÉaëHìKàHãAï/F=ê�8KãAã*è2àHã�<Cã*ëHí�ï0ì�àHâ�ß9èKú9ß9ìKã]Þ
ë;ê�ú.ï[é�ë;ê�ß.ï0ì·²

õ?[7õ



0

20

40

60

80

100

120

140

160

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

395 predict
394 predict

395 measured
394 measured

Þ�ß.à0á2â�ãWä7å�ò/�7æyñ(ã*î�ê�ò`éBï0í�ð<ë;â�ß\î�ï0ì°<Cã�êr÷�ã�ã*ì&ðKâ�ã*èKß9éBê�ã*è&ëHìKè&í�ã*ëHî�á2â�ã*è�î�ê�ã�ã*úCê�ã*í�ðCã�â�ë;ê�áKâ�ã*îIß9ì
ê�82ãWê�ïHðÚÉaëHì2àHãAï/F�ê�82ãAã*è2àHã�<Cã*ëHí�ï0ìbàHâ�ß9èKú\ß9ì2ã]Þ
ë;ê]ú.ï7é�ë;ê�ß9ï0ì·²

øHã�â�9�ø¤ë;â�ß\ë=<<ú.ãHåå��ê��YõHõ)�_Þ�ß.à0á2â�ãWä7å®­©Y7��ê�82ãAí�ã*ëHî�á2â�ã*è�ëHìKè&ðKâ�ã*èKß9éBê�ã*è�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îIë;â�ãWëHú9î�ï
ß9ì&â�ã*ëHî�ï0ì<ë=<<ú.ã5ë;àHâ�ã�ã*íVã*ì�ê�å

üYý1» ¼Ù��
�÷Ì�	ø��0���T
��
]�ì�àHã*ì2ã�â�ëHúaê�8Kß9îyâ�ã*ú9ë;ê�ß.øHã*úZ9Vî�ß9í�ð<ú9ãcí�ï7èKã*ú%8KëHî�ðKâ�ã*èKß\éBê�ã*èVê�82ãOí�ã*ëHî�á2â�ã*è�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îyß9ìJê�82ã
î�ú9ë=<bß\ì&ê�82ã¸H<â�î�ê�ê�8Kâ�ã�ã���â�ß.ê�ß9î	8bô7ê�ã�ã*ú0H<â�ãAê�ã*î�ê�î�å�ñ�8KãAðKâ�ã*èKß9éBê�ã*è&ê�ã*íVðRã�â�ë;ê�á2â�ã*îcè2ï�ì2ïHê�î�82ï�÷
ë`ðKâ�ï0ì2ï0áKì<éBã*è�ðaú9ë;ê�ã*ëHá&ë;êWõPA/A�½�óOå7ñ;8Kß9î�ß9îÊ<Rã*é�ëHá<î�ãOú9ï7é�ëHú9ß\î�ã*è�íVï0ß9î�ê�á2â�ãYéBï0ìKéBã*ìZê�â�ë;ê�ß.ï0ìKî�íVëM9
<Cã5éBï0ìKî�ß9èKã�â�ë=<<ú:9n8Kß.à782ã�âcê�8<ëHì�ê�82ãUä7Ñ ß9ìKé�ú\áKè2ã*è&áKìKß:FNïHâ�íVúZ9JèKß9î�ê�â�ß:<<á2ê�ã*è�ß9ì�ê�82ã5í�ï[è2ã*úXå�ñ�82ã
í�ï[è2ã*úSß9ìKé�ú9á<èKß9ì2à�ê�82ãVí�ã�ê�ëHú�è2ã*é�û�ï�øHã�âÈE�ðKâ�ã*èKß9éBê�îAê�82ãVî�ê�ã�ã*ú�ê�ã*í�ðCã�â�ë;ê�á2â�ã*î2<<á2êYðKâ�ã*èKß\éBê�îYê�82ã
éBï0ìKéBâ�ã�ê�ãYê�ã*í�ðCã�â�ë;ê�á2â�ã*î�øHã�â�9V÷�ã*ú9úXå��]à0ëHß9ìJê�8Kã�ï�øHã�â�E�ðKâ�ã*èKß9éBê�ß9ï0ìJï/F�ê�82ãOî�ê�ã�ã*úaê�ã*í�ðCã�â�ë;ê�á2â�ã*î�ß9î
ï/<Zø[ß.ï0áKî�ú:95èKá2ã�ê�ïAê�82ãcß\ìKëHè2ãML7áKëHé�ß.ã*î�ß9ìK82ã�â�ã*ì�ê�ß9ì^ê�82ãIí�ï[è2ã*ú7÷;82ã*ì�í�ï[è2ã*ú9ú\ß9ì2à�í�ï0ß\î�ê�á2â�ã�ã�ø;ë;ð-E
ïHâ�ë;ê�ß.ï0ì�åU]Eì�ê�ã�â�íVîcï/FSï/<Kê�ëHß\ìKß9ì2àVâ�ã*ú9ß9ë=<<ú.ãAî�ú\ë=<bê�ã*í�ðCã�â�ë;ê�á2â�ã*î�FNïHâOë�î�ê�â�áKéBê�á2â�ëHúPëHìKëHú:9[î�ß9î�ê�8Kß9î
ê�97ðCãWï/Få82ã*ë;ê�ê�â�ëHì<îÈF¢ã�â]í�ï7èKã*úPß9îcí�ïHâ�ãWê�8KëHì�ëHè2ãML7áKë;ê�ãHåÕ]�ê�ëHú9î�ï³8KëHî�ê�82ã5ëHè2ø;ëHìZê�ë;àHãUï/F�<Cã*ß9ì2à
øHã�â�9�ãJÐ�é�ß.ã*ìZêcëHìKèVLZá<ß9é�û�ê�ïVáKî�ãHå�ñ�8KãYî�ú9ë=<�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îIß\ì&ê�ã*î�ê�îWõ¨E�ò�8Kë�øHã�<Cã�ã*ì&í�ï7èKã*ú9ú.ã*è
î�ë;ê�ß9îÈF_ëHéBê�ïHâ�ß9úZ9�ëHìKèTê�82ãUð<â�ã*èKß9éBê�ã*èbê�ã*í�ðCã�â�ë;ê�á2â�ã*îTFNïHâ]ê�ã*î�ê2­�÷;82ã�â�ãUê�82ã�â�ã`÷�ëHîAìKï�î�áKé�8�èKë;ê�ë
é�ëHìV<CãWëHî�î�áKíVã*è&ê�ï�<RãYâ�ã*ú\ß9ë=<<ú.ãHå�¾MïHâ�ã�ï�øHã�â*ùaê�82ã*î�ãAê�ã*í�ðCã�â�ë;ê�áKâ�ã*îI÷�ß9ú\ú%<CãAß9ìZø¤ëHú9á<ë=<<ú.ãOê�ïVëHì©9
àHâ�ï0á2ð?ë;ê�ê�ã*í�ð<ê�ß9ì2à&ê�ï�í�ï7èKã*ú=ëHì<èTëHì<ëHú:97î�ã`ê�8Kã^î�ê�â�áKéBê�á2â�ëHúþ<CãM8Kë�ø7ß.ï0áKâOß9ì@��â�ß.ê�ß\î�8�ô[ê�ã�ã*ú�ê�ã*î�ê
­2å
ñ�82ãAðKâ�ïHê�ã*éBê�ã*èbëHìKè�áKìKðKâ�ïHê�ã*éBê�ã*è�ã*è2àHã�<Rã*ëHí ê�ã*íVðRã�â�ë;ê�á2â�ã*îI÷�ã�â�ãWëHú9î�ï�ð<â�ã*èKß9éBê�ã*è&÷�ß9ê�8&â�ã*ëOE
î�ï0ìKë=<<ú9ãWëHé�é�á2â�ëHéJ9Hå�/Yß9î�éBâ�ã�ð<ëHìKé�ß.ã*îc÷�ã�â�ã5ðKâ�ï/<<ë=<<úZ9JëVèKß.â�ã*éBêIâ�ã*î�áKú.ê�ï/FSú.ï[é�ëHú'82ã*ë;ê�ß9ì2àJãJNRã*éBê�î�å

õ?[=Y



=!>�?A@CB�DVE9G�°Hµ9HO�IDT|�~ P H]À���z L �H�<~�DT|�~Z���A{���zWB�~�{VD L ~Z|�wC� �\> L ?^�����$zW~�>�� L �H��~�wCD$B�{V�����A@2����DT|��R��B{VDTz�|�@CB�> L ? � DTz�{�~�DT{���D$B�zW~�@CB�D5�MB��;����DT|

ÿ����Z¸I¿�µÁÀ Â¶µ¶·t8V&�Â¶³$´���Ã��µ¶³�·
�W ÿ����<¸I¿�µÁÀ Â¶µ¶·t87Ä�Â¶³$´���Ã��µ¶³�·
�r���
=!>�?A@CB�DFE9G P0´ H��ODT|�~ P HyØ����$zW~�>�� L �H��~�wCD$B�{b�9���A@2����DT|�> L ~�wCD�@ L �MB���~�DT��~�DTy]DTyM?�D � DTz�{b|

J ¯;°



0

100

200

300

400

500

600

700

800

0 1000 2000 3000 4000 5000 6000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

478 predict
479 predict
480 predict
481 predict

478 measured
479 measured
480 measured
481 measured

Þ�ß.à0á2â�ãWä7å®­Kõ;æyñ(ã*î�êU­VéBï0í�ð<ë;â�ß9î�ï0ìn<Cã�êr÷�ã�ã*ì&ðKâ�ã*èKß9éBê�ã*è&ëHìKè�íVã*ëHî�á2â�ã*è�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îIß9ì�ã*è2àHã
<Cã*ëHí�ï0ì�àHâ�ß\èKú9ß9ì2ã�­VðCï0î�ß.ê�ß.ï0ì°�Iò

0

100

200

300

400

500

600

700

800

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

T
em

pe
ra

tu
re

 (
C

)

Ý

Time (sec)

506 predict
510 predict
512 predict

506 measured
510 measured
512 measured

Þ�ß.à0á2â�ãWä7å®­©Y7æyñ(ã*î�êU­VéBï0í�ð<ë;â�ß9î�ï0ìn<Cã�êr÷�ã�ã*ì&ðKâ�ã*èKß9éBê�ã*è&ëHìKè�íVã*ëHî�á2â�ã*è�ê�ã*í�ðCã�â�ë;ê�á2â�ã*îIß9ì�ã*è2àHã
<Cã*ëHí�ï0ì�àHâ�ß\èKú9ß9ì2ã�/�ðCï0î�ß.ê�ß.ï0ì°�YõHõ

õ?[�­



Å ÆNÇ¨È�ÉbÊ�Ë Ì

Í Î ÏÑÐ�ÒÔÓ.Õ�Ö¤ÏÑÐ Ï¯Î × ÎÔØ Ù ÚNÛÜÕ�Ö¤Ï¯Ð ÏÑÎ Ï¯Ð�Ò ÝÞÕ�Ý

ßáà ÝâÕ�Ù ã Ð�Ú ä ÚNÏ¯Ù Ù ß × ÚåÐ�Ý Õ�Î æ Û¨Ú

J#ç E



èZé�ê ëMì�í�î�ï�ðbñXò�í�ó�ïeì
ô L z����!~�wCD�õ�zWB�y�> L ?�~�� L =CB�z�{bDb~�DT|�~�|Fz L y�> L z��$�$>�yCD L ~�z��<���A{Vö�zWB�~�{VD L ~Z÷�B�DT|�> L B�DTyM@ L yMz L ~ U{-@���~�>ùø�|�~���B�D$� U |�~�D$DT�!úgB�z�{VDTy����A{Vö��A|�>�~�DXû�@M>���yM> L ?A| UM� D$B��o��zWB�?�DbyCD�d�DT��~�>�� L |��$z L ûQDx��û�|�D$B � DTy> L ~�wCDVû�DTz�{cz L y�|���zWû�DT��DT{VD L ~�|�> L ~�wCDVB�D$?A>�� L ��ú}~�wCDX÷�B�D�GVü7wM>�|���wMzWöM~�D$BxyCDT|���B�>�û�DT|�DTzWB��������B�aX�$zWB�B�>�DTyV�A@C~�z�|<ö�zWB�~���úQ~�wMD\ý<>�ü�öMB��tþ�DT��~�ÿ��������	��

�	�����������������������	������������� �����!�����"�!#$�%���
& �����'�	#(�)
���

�	#*�,+.-�/�0F~���@ L yMD$B�|�~�z L y�~�wCDT|�D-yCD�d�DT��~�>�� L |TG
1 L z�����~�>��$z��Iz L y L @M{VD$B�>��$z��I{V��yCDT��|7��ú�|�>�{Vö���DZûQDTz�{�|\�}D$B�DXz L z�����|�DTy�~���D�2�ö���z�> L ~�wCD-|�~�B�@M��ø~�@CB�z���û�DTwMz � >��A@CBx> L B�DT|�öQ� L |�Db~���> L ��B�DTz�|�> L ?[~�DT{Vö�D$B�zW~�@MB�D�z L y®?�B�� �\> L ?o~�wCD$B�{bz���?�B�z�yM>�D L ~~�wCB��A@C?Aw�~�wMDbyCD$öM~�w���ú}~�wCDVû�DTz�{]Gxü\wCDV~�DT{Vö�D$B�zW~�@CB�DVz L y�?�B�z�yM>�D L ~�z���� L ?]~�wCDVû�DTz�{å�}D$B�D
@ L >�úR��B�{¥zW~�z�����~�>�{VDT|$G439D � D$B�z���D L y�B�DT|�~�B�z�> L ~���� L yM>�~�>�� L |��}D$B�DZz L z�����|�DTy�úgB��A{¥ú)@M�����x÷ 2�DTy�~��
|�>�{Vö�����|�@Cö�öQ��B�~�DTy _ z52�>�z�������@ L B�DT|�~�B�z�> L DTy(6�G
7�8 @ L zT��zT��9�ú)z�>���@CB�DT|�> L z52�>�z������-@ L B�DT|�~�B�z�> L DTy-û�DTz�{b|��9�$�$@CB�zW~<B�DT��zW~�> � DT���-��� �«~�DT{Vö�D$B�zW~�@MB�DT|$Gü7wCDXB�DTz�|�� L |Zúg��BZ~�w�>�|
zWB�DVD�29ö���z�> L DTy¡û9�oz L z�����|�> L ?�yM>�|�ö���z���DT{VD L ~�|Zz L y�úR��B���DT|
�\wM>���w�|�wC� �yM>ù¢�D$B�D L ~7���Az�y[�$zWB�B���> L ?b{bDT��wMz L >�|�{b|�> L B�DT|�~�B�z�> L DTy[z L y]@ L B�DT|�~�B�z�> L DTy^û�DTz�{b|$Gü7wCDT|�D�|�>�{Vö���D\|�~�@My�>�DT|<{bz�yMD\~�wCD
���A{Vö���D�2bû�DTwMz � >��A@CB<��û�|�D$B � DTy^> L ~�wCD L @�{VD$B�>��$z���{V�9yMDT��|���ú~�wCDxõ�zWB�yM> L ?�~�� L =CB�z�{VDZ÷�B�DZ~�DT|�~�|\{x@M��w�DTz�|�>�D$B7~���> L ~�D$B�ö�B�D$~$G

èZé�: ;=<�>�î@?BADCE>GFIH�A7ì�J�ó�ï�ìKA7ìXð íL<�>�î@?BADCNM�ï4O±ó�ì�P ëMì�íL>�îQA�ò�í�ó�ïeì
ü7w*RTS�R�z	S�R�~i���-{bz)UWVIR�¢$RT��~�|<��ú�w*RTzW~�UXV*Y
�ZVV|�~�S'[M��~�[*S�z��C{\RT{FûLRTS�|^]�~�w*RTS�{bz��!R�2�ö�z)VM|�U��ZVX�$z)[M|�RTy
û��âz)V_UXVM��S�RTz�|�R`UWV«{aRTz)Vâ~�RT{bö$RTS�zW~�[*S�R�z)VMy«~�w RTS�{bz��eûQ� �bUWV*Y¦�$z)[M|�RTyÞû9�«zcVM�ZV�ø�[ V U�úR�)S�{
y U�|�~�S�U�ûd[C~�U��ZV���ú\~�RT{VöLRTS�zW~�[*S�R�� � RTSV~�w*R�y*R$öM~�w®��ú�~�w*R�{aRT{FûLRTS^e[ôfVcS�RTz���|�~�S'[M��~�[*S�RT|IUWV�÷dS�R
~�w*RT|�Rx~��}�gR�¢$RT��~�|Zz���~
~��)Y)R$~�w*RTS^eih}��~�wjR�¢$RT��~�|�S'RT|�[M��~kUWV[~�w*RTS�{bz��I|�~�S�z)UWVM|Te\ôiú�~�w*RT|�R-~�w*RTS�{bz��
|�~�S�z)UWV�|ez	S�R�S�RT|�~�S�z)UWV*RTyo{\RT��wMz)VdU��$z��!|�~�S�z)UWVM|�y*R � RT����öle�ü7w Rx{V�A|�~eú�[ VMyMz�{aR^Vr~�z��mS�RT��zW~�U��ZV�|�w U�ö~�wMzW~DY�� � RTS'VM|e~�w U�|�ûLRTwMz � U��Z[*SDUXV]|�~�S'[M��~�[*S'RT|DU�|Tn

o �qp*�qr�sLt o �vuZw�xvyir�s!z o y�w�{fu%r^|Z}~{'r�s � �!eW��6

�bU�~�w

� t���� o ykw�{fu%r^|%}�{�r^s 6 � t���� o �vp��qr�s 6

ü7w*Rx~���~�z���|�~�S�z)UWV�|bY�� � RTS'V�~�w*RVy*R$úR�)S�{\RTy¡|�wMzWöLRF��ú�~�w*Rx|�~�S'[M��~�[*S�R\�%]�~�w*S��Z[*YAwN�!UXV*RT{bzW~�U��F�)S
���A{Vö�zW~�U�û(U��WU�~i�®���ZVM|�U�y*RTS�zW~�U��ZVM|^e¦ü7w R[|�~�S�RT|�|b|�~�zW~�RNUWV¦~�w*R�|�~�S'[M��~�[*S�R � � RT��z�|�~�U��^�)Sbö���z�|�~�U���6
y*R$öLR^VMyM|��ZVM���b�ZV^~�w R�{\RT��wMz)V U��$z���|�~�S�z)UWVM|TeG�=�*RTS�R����*R����*RTS'���)�$����S'�)UWV ���	S�R
ú�S'RTRk���a� RT�)R^����ö

� ç �



=

T2

T1

+d
(T1 T2+

2
)

Temprature 
distribution 
over the depth 
of the beam 
cross−section

(T1 T2+

2

)
∆T =

(T2 T1−

d
)T,y=

Uniform mean
temprature 

Thermal 
gradient�

�GU�YZ[*S�RV�!eW�	ni�"VdU�ú��)S����\R^�)V`��R^�bö$RTS��	��[*S�R\�)V �j���*S��Z[*YZ��� R$ö ���j���*RTS'�a�)��Y)S'�)� UWR^V%�����)RTS����*R
� S��Z���1ø���R � ��U��ZVE��ú��VûLR^�)��e

UWV��)V�[dV*S�R^����S'U � ��R^���a�)V V*RTSD�)V �E���*RTS�R��	S�R V �aR�2!��RTS�V �)�@���Z�)� �^] �52�UW�)�@R�29öd�)Vd��U��ZVg�)SD���*RTS��a�)�
ûL��¡bUWV YIS'R^��[ ������ú�S��Z��]

o �vp*�fr^sQt o �quZw'xqyir^s �)V � o �vp*�fr^sQ¢ � � �!e¤£Z6

h�¥ � �ZV,��S'�)���T]i¡b� RTS�R`���*RTS'�a�)�kR�2�öd�)V ��U��ZV�����S'�)UWV �g�	S�R�ú�[ �W��¥¦S'R^����S'�)UWV*R^�_¡bUW���*�Z[*�gR�2!��RTS�V �)�
���Z�)� �T]*��� RTS'�a�)�@����S'R^����R^�b�)Vd�^öd�W�)����Uù÷ � �	��U��ZVgS�R^��[ �W��ú�S��Z�

§ t of¨ uZw'xqyir^s�z o y�w�{fu%r�|Z}~{'r^s o y�w�{fu%r^|Z}~{'r�s$¢ � �
© e¤ªZ6

«G¬�­G¬v® ¯±°³²¦°´² µ$¶)·v¸³¹_ºZ² ¹l·v»_²

�GU�YZ[*S�R © eW� UX�W�W[ ����S��	��R^�4��� R ��R^�VöLRTS'�	��[*S�RiS'RTYZUW�\RiUWV��VûLR^�)�¼�*R^�	��R^��ú�S��Z�½[ V �*RTS'V R^�	���Qe�üD�*R
� � ��[ �)����R^�VöLRTS'�	��[ S�Ra� UW����S�U�ûd[*��U��ZV����*S��Z[*YZ�`��� Ra�*R$ö ���`��ú����*RVûLR^�)� � �)V�ûLR���öd�WU���UWV,������¡��
� �Z�VöL�ZV*R^V,��� � �ZV ��UW����UXV*Y���ú��I[dV U�ú��)S'�¾�\R^�)Vg��R^�bö$RTS��	��[*S�RkS'UW��R �
¿IÀ 64�)V �g�IY)S'�)� U�R^V,� ��À ]Á¥ 6�e

«G¬�­G¬�­ ¯±°³²dº%»_µLÂ"²*Ã�Ä´µQ¸4Å5·�Æl¸

�GU�YZ[*S�R © e¤£�UW�W�W[ ����S'�	��R^�����*RDS�R^��öL�ZV ��R���ú(���*S'RTR7ûLR^�)�a��¡bU����\�dU~Ç$RTS'R^V%�³��[MöMöL�)S�� � �ZV � U���U��ZVd�G�����
[ V U�ú��)S'�¼�\R^�)VN��R^�VöLRTS'�	��[*S'R S'UW��Ri¡"U�����ÈTRTS��É���*RTS'�a�)�lY)S'�)� U�R^V,�D���*S��Z[ YZ�E���*R�� R$ö ���QeÊ��UWYZ[*S�R
© e¤£ � �%6kUW�W�W[d����S'�	��R^�D�±��UW�Vö(��¥É��[MöMöL�)S���R^�Q](�52*UW�)�W�W¥±[ V S�R^����S'�)UWV R^�]ûLR^�)�½�v¥�ödU � �)�l��ú����*RI��¥9öLR���ú

� ç�ç



�	S�S'�)V*Y)R^�aR^V%�"��ú���R^VN��R^����R^��UXVE�����)V � �	S��^÷dS�R S'R^��UW�����)V � R���R^�����Te�üD�*R��\R^�)V���R^�VöLRTS'�	��[*S�RiS�UW��R
S�R^��[ �W���DUWVE�\��� RTS'�a�)�QR�2�öd�)V ��UW�ZVE����S'�)UWV � o�Ë t�Ì�¿IÀ 6��)V �E����UW�Vöd�WR��W�ZV*YZU���[ � UXV �)�$R�2!��R^V �'U��ZV
� o�ËlÍ 6���úQ��� Rb[ V*S�R^����S'�)UWV*R^�XûLR^�)��e 1 �W�*���*RTS'���)�d����S'�)UXV �³�	S�Rk�Wûd���)S�ûLR^�aUWV�� UW��öd�X� � R^�\R^V%���³¡bU����
V*���\R � � �)V U � �)�l����S'�)UWV � � �)�"�*R^� � S'U�û$R^��û!¥±Î4Ï,[d�	��U��ZV © eÁÐ,6�e

o�¨ p ¨ r^sQt o ¨ t o Ë t=ÌG¿IÀ o y�w�{fu,r^|Z}~{'r�s$t o y t § �
© eÁÐ,6

ôqV\�)V��52�UW�)�X��¥ S�R^����S��)UWV*R^�xödUWVIR^V �*R^�XûLR^�)�Ñ���*RTS��a�)��R�29ö(�)V ��U��ZV�UW�GS�R^����S'�)UWV*R^� � �GU�YZ[*S�R © e¤£ � ûL6�6
UWV U���UX�)�W��¥���� RTS�R"UW�4�Fû([ UW�W�\[CöÉ��ú � �Z�Vö S�R^�'��U��ZV �T]!Ò\]!¡bU�����V �Ó�*R�ÔdR � ��UW�ZV � � �)���'[ �aUWV*YÓV*����S'�)Vd�1ø
�)RTS'��R��W�Z�)�(6�e�üD�*RE�\R � � �)V U � �)�b����S'�)UWV �\�	S'R�R^Ï,[ �)�b�)V �Õ��öMöL�Z��U���R����Ö��� REUWV � [ � R^�×���*RTS��a�)�
����S'�)UWVd�D�)V �g���*R ���)���)�m����S'�)UWVd� � o � 6�R^Ï![ �)�QÈTRTS��*e

o ¨ t o�Ë z o y t § �
© e¤ØZ6

o y tÚÙ o Ë

üD�*RZú��)S � R^�bÒÛR^Ï,[ �	��RÓ���*n

Ò t=Ü�Ý o y tÚÙbÜÓÝ o�Ë tÚÙbÜÓÝ"ÌG¿IÀ �
© e © 6

¡b�*RTS�R)]
ÜÑt üD�*R�Þ³�Z[ V*Y*ßà�b�\�!�d[ �W[ ����úG���*R �a�	��RTS'UX�)� ��á�â ���aã�6
Ý�t õ�S��Z����ø���R � ��U��ZV �)�Q�	S�R^����úm��� R�ûLR^�)� � �a� ã 6

ôiúi��� RoûLR^�)�äUW������� � �!¥å�)V_UWV �*R�÷$V U���REUWV � S'R^�)��RjUXVæ��R^�VöLRTS'�	��[*S'R�¡bUW�X����R^�)�å���×¥�U�R^�W� UWV YÖ�)�
�*R^� � S'U�û$R^�^û!¥gÎ´Ï![ �	��U��ZV © e ç e 1 ����[d�aUWV*Y\�a����RTR^��û$R^�)� ¿IÀ ]Á¥ R^Ï![ �)�W�Û��Ð §)ç õke

¿IÀLèkt � è
ÜÓÌ �
© e ç 6

� èit Þ�UWR^�W������S�R^���D��úm���*RÓ�a�	��RTS'UW�)� ��áiâ �a�aã�6

éb�.¡4RT�)RTS\û$R^�)�����	S'R"Y)R^V*RTS��)�W��¥a����R^Vd�*RTS4�)V �±�)VgUWV � S�R^�)��RkUWV���R^�VöLRTS'�	��[*S�Rk¡bUW�X� ��R^�)�±���-û([ � ��ø
�WUWV*Y*eZüD� RIÎ4[ ��RTS�ûd[ � ���WUWV YÉ���Z�)��UW�k�*R^� � S�U�ûLR^��û!¥�Î´Ï![ �	��U��ZV © e¤ê!eIh4¥NR^Ï,[d�	��UWV*Y±��� UW�����Z�)�j���

� ç ê



ë ë ë ë ì ì ìí í í í Uniform temperature rise   ∆T

î î î î ï ï ï ï

l εφ l 

l 

(a) Axially unrestrained (simply supported)

ð ðð ðð ðð ð

Uniform temperature increase  ∆Tññ
ññ

P P

Uniform temperature rise   ∆T (Post−buckling)

l 

l 

ò ò ò ó ó ó óó ó ó ó

ô ô ô ôô ô ô ô õ õ õ õõ õ õ õ

Uniform temperature rise   ∆T (Pre−buckling)
P

PcrPcr

P

(b) Axially restrained

(c) Fully fixed

l 

��UWYZ[*S�R © e¤£!n�üb�*RTS'�a�)�LR�2�öd�)V ��UW�ZV�UWV���UW�Vö(��ReûLR^�)�a�D¡bU������ U~ÇLRTS�R^V,��S�R^����S'�)UXV%� � �ZV �dU���U��ZV �

� ç	ö



÷ ÷÷ ÷÷ ÷

ø øø øø øø ø

P

Pcr

kt
ù ùù ùù ù

P

ú úú úú úú ú

Pcr

prebuckling state: û expansion develops axial compression

postbuckling state: expansion produces deflections

end restrained
 with stiffness
kt against axial
    translation

δ

�GU�YZ[*S'R © e¤ª!n�üD�*RTS��a�)�LR�29ö(�)V ��U��ZV��	YZ�)UWVd����÷(V UW��R��X�	��RTS'�)�QS�R^����S��)UWV%���
���*RbS'R^����S'�)UWV UXV*Y
ú��)S � RkÒü� � S�U���U � �)�Cûd[ � ���WUWV*Yi��R^�VöLRTS'�	��[ S�R ¿IÀ � S � �)VbûLRb� RTS'U��)R^� � Î4Ï,[ �	��UW�ZV �
© e¤ê ø © eW� § 6�e
ôqV����*RFöL�Z���1ø�ûd[ � ���WUWV*Y\S�RTYZUX�\R����*RÓ���*RTS'�a�)�m����S'�)UWVd�b�	S�RI�Wûd���)S�ûLR^�[û!¥E�*R�ÔdR � ��UW�ZV �
¡bU�������R^�'�DV*RTR^�]ú��)Sb�\R � � �)V U � �)�m����S'�)UWV UXV*Y*e

Ò � S tþý ã Ü�ÿÍ ã �
© e¤êZ6

Ü�ÝkÌ�¿�À�tþý ã Ü�ÿÍ ã �
© e ö 6

¿�À � S t ý ãÌ
���
Í�� ã t�� ¿IÀ � S t ý ãÌ	� ã �
© eW� § 6

ÿ�t 3!R � �ZV ���\�Z�\R^V,�D��ú��	S�R^�\��úG���*RZûLR^�)� � S'�Z���b��R � ��UW�ZV � �a��
.6�
 t��gt ����R^V � RTS'V*R^����S'�	��U��\��úG���*RZûLR^�)�
Í t R�Ç$R � ��UW�)RÓ��R^V*Y)���E��ú���� RZû$R^�)� � �a�É6� t S'�)� UW[d�4��úGY)¥!S'�	��U��ZV���úG���*RZûLR^�)� � ���É6

�GU�YZ[*S�R © e¤£ � � 6´UW�W�X[ ����S'�	��R^���Fú�[ �X��¥�÷ 2�R^�VûLR^�)��e�üD�*R\ú��)S � R"V*R � R^�����	S�¥Vú��)S´���dUW��ûLR^�)� ���Fû([ � ����R
UW��ú��Z[*S���UW�\R^�D��� �	�D��úG���*RZödUWVdV*R^� � �)��R)eôqVÉS�R^�)�L����S'[ � ��[*S�R^�4���*Rk�WRT�)R^�(��úlS�R^����S'�)UWV,�4�	YZ�)UXV ���Ê�52�UW�)�(��S'�)V �'�W�	��U��ZVÉ¡bUW�W�CûLReû$RT�v¡4RTR^V^ö(UWV V*R^�
�)V ��ú�[ �W��¥�÷ 2�R^�Qe®ôiú"���*RgR^V � �\�	S�RgS�R^����S��)UWV*R^�Õ¡bU����Õ����U�ÇLV*R^�'�����i�	YZ�)UWV ���a�52*UW�)����S'�)V ���X�	��U��ZV
� �GU�YZ[*S�R © e¤ªZ6���� R � �Z�bö S�R^����UW�)R �52�UW�)�Q����S�R^�����)V � � S'UW��U � �)��ûd[ � �!�WUXV*Y���R^�VöLRTS'�	��[ S�R � �)VE�)�W���XûLR
�*RTS'U��)R^�@e

�^ê §



�GU�YZ[*S�R © eÁÐ*n�hÊ[ � �!�WUXV*YD��R^�VöLRTS'�	��[*S'R^�Oú��)Sm��� RTS'�a�)�,R�29öd�)Vd��U��ZV��	YZ�)UXV ���I÷(V U���R´�X�	��RTS'�)�%S'R^����S'�)UWV,���� �"�'�a�)V U4�^���	��ã�
��.6
� t Ü�ÌG¿IÀ

� � z����� ¨ � 6 �
© eW�)��6

¿IÀ � S t ý ãÌ	� ã�� � z ÜÓÝ� ¨ Í�� �
© eW�^£Z6

�GU�YZ[*S�R © eÁÐ�ö(���)��� � S'U���U � �)�Oûd[ � ���WUWV Ya��R^�VöLRTS'�	��[*S�R��	YZ�)UWV ���k���WR^V �*RTS'V*R^�'�DS'�	��U��*] � ]Qú��)Sk�5�	S'UW�Z[ �
��S'�)V ���X�	��U��ZV �)�´����U~ÇLV R^����R^�Te^üD�*RTS�R±UW�i�ZV �W¥`��ú�� � ���)S���úÊ��¡��`� U~ÇLRTS�R^V � RbûLRT��¡�RTR^V×���*R � S�U���U � �)�ûd[ � �!�WUXV*YE��R^�VöLRTS'�	��[*S'RÉ¡bUW���cUWVC÷(V U���R\S�R^����S'�)UWV,� � � � t�� 6��)V �c�NS�R^����S��)UWV%������U~ÇQV*R^���ÓR^Ï![ �)�
���c���d�	�É��úi���*RoûLR^�)� �52*UW�)�b����U~ÇLV R^����U�����R^��ú � � � t ���! 6�e#"��)S'RT���)RTS^]�� [*S'UXV*Y��*R^�	��UWV*Yc���*R
����U~ÇQV*R^���xö S���öLRTS���UWR^����ú"���*R�ûLR^�)� �	S�R��*R � S�R^�)�'UWV*Y`���,[d�Ó��� R±��RT�)R^�Ê��úbS�R^����S'�)UWV,��S�R^Ï![ U�S�R^�cUW�
�)�W���`�*R � S�R^�)��UXV*Y*e¡üb�*RÉ��RT�)R^�4��úDS�R^����S'�)UWV,��S�R^Ï![ U�S�R^� ��� � �)[ ��R�ûd[ � ���WUWV Y�UWV �jS�R^�)������S'[ � ��[*S�R
UWV¦÷dS�R�UW��S'R^�W�	��U��)R^��¥×���a�)�W�
e�üD� UX�IUX�\UW�W�W[ ����S'�	��R^�ÕUWV×���*RoõÊ�	S'� UXV*Y)���ZVÕ��R^�����\¡b� RTS�REUWV,��RTS'V �)�
ûLR^�)�a��S�R^����S'�)UWV R^�É�ZVd��¥Vû,¥±�*�)�ÊR^�*Y)R
ûLR^�)�a�}ûd[ � ����R^�±�)�W���.¡bUWV*Y��W�	S�Y)R��*R�ÔdR � ��U��ZVd�4���a� RT�)R^����ö
S�R^�WU�RT��UWV*Y\�\R � � �)V U � �)�l����S'�)UWV �^e

�^ê��



«G¬�­G¬%$ ¯±°³²dº%»_µLÂ'&gÆ�(N·�¸´¹

h�R^�)�a���)V �I���W�Wûd����[Cû�þ�R � ��R^�I���\÷(S�R�UXV*RT�!UW���Wûd��¥��*RT�)R^����ö����*RTS'�a�)�,Y)S'�)� UWR^V%�������)RTS���� R^U�S�� R$ö ���QeüD� UW�ÊY)S��)� U�R^V,� � �)V[ûLRiS�R$ö S�R^��R^V%��R^�]û!¥gÎ´Ï![ �	��U��ZV © eW�^ª!]

À ]Á¥ t À ã ÙÖÀ -) �
© eW�^ªZ6

¡b�*RTS�R)]
À ã t ülR^�VöLRTS'�	��[ S�Ri��úm��� R R�29öL�Z��R^�[ú�� � R
À - t ülR^�VöLRTS'�	��[ S�Ri��úm��� R�[ V*R�2�öL�Z��R^�^ú�� � R)�t �*R$ö ���g��úG���*R ��R � ��U��ZV

�GU�YZ[*S�R © e¤Ø����*��¡"�����*Rb���)�aRD���*S�RTRDS'R^����S'�)UWV,� � �ZV � U���UW�ZV ���)��ûLR$ú��)S�R�ûd[*����� UX����UW�\RDUWV�S'R^��öL�ZV ��R
���E�g[ V U�ú��)S'� ��R^�bö$RTS��	��[*S�RIY)S'�)� U�R^V,� À ]Á¥ ¡"U����NV �g�aR^�)VN��R^�bö$RTS��	��[*S�R�S'UW��R)e
ôfV`�)�W� � �)��R^�i�
[ V U�ú��)S'� � [*S��	�	��[*S�R UX�DUWV � [ � R^�±�)�W�ZV*Y\���*R���R^V Y)������úm��� RZû$R^�)�+* t=Ì@À ]Á¥ e��_�*R^VE���*R�ûLR^�)�
UW���52*UW�)�W��¥�[dV*S�R^����S'�)UXV*R^�±��� UW��S�R^� [ � R^�D���*Ri� UW�����)V � RZûLRT�v¡4RTR^V���� RiR^V � �Ê��ú����*R
û$R^�)� � ��UWYZ[*S�R
© e¤Ø � �%6�6�e}üb� UW� � �)V^û$RiUWV,��RTS�ö S'RT��R^�±�)��� � �ZV,��S'� � ��U��ZVE����S'�)UWV o�, �*R^� � S'U�ûLR^��û!¥�Î4Ï,[ �	��UW�ZV © eW��Ð*e
�_� R^Væ���*RNR^V � �a�	S�RoödUWV V R^� � �52�UW�)�X��¥cS'R^����S'�)UWV*R^��ûd[*�aS��)���	��UW�ZV �)�W��¥¦ú�S'RTR.6����*R � �ZV,��S'� � ��U��ZV
����S'�)UWV o-, Y)R^V*RTS'�	��R^�4����R^V ��UW��R}ú��)S � R7ý � �)[ ��UXV*Yi�Zý�ø ¿ �\�Z�\R^V,�����)RTS4���*RD��R^V*Y)���I��ú$���*R�ûLR^�)��e
ôqVa���*R�ú�[d�W��¥Z÷ 2�R^� � �)��RbS��)���	��U��ZV � � �)VdV*�)�´� �WöMöLR^V����*RTS'R$ú��)S�R"�i[ V U�ú��)S'�Ñ�\�Z�\R^V,�T]/. t=ÜÓÿ *m]
�*RT�)R^����öd���)���ZV*Y`���*RE��R^V*Y)���Õ��úk���*R]ûLR^�)� � �GU�YZ[*S�R © e¤Ø � � 6�6�e�ôfV¦�a�)V,¥cS'R^�)������S'[ � ��[*S'R^�����*R
S��)���	��U��ZV �)�L����U�ÇLV*R^�'� � � 
 6³¡bUW�W�Mú��)�W��ûLRT��¡�RTR^V�ú�[ �W�W¥F÷ 2�R^�±�)V �bödUXV V*R^� � �ZVd� U���U��ZV � � ��UWYZ[*S�R © e © 6�eüD�*RiS�R^����S'�)UWV UWV Y��a�Z�\R^V%�"UWVg���*RiS��)���	��U��ZVd�)�l��ö S�UWV*YZ� � �)V[ûLR �*R^� � S�U�ûLR^��û!¥±R^Ï,[ �	��UW�ZV © eW�^Ø!e

o�, t � Ù+02143 � ,ã� ,ã �
© eW��Ð,6

. t ÜÓÿ%ÌlÀ ]Á¥
� � z ã �65�-78� 6 �
© eW�^ØZ6

«G¬�­G¬:9 ;±Æl»=<4·v¸³²?> ¶Z°³²dº%»_µLÂ"²*Ã�Ä´µQ¸4Å5·�Æl¸ÑµQ¸@>Ú¶Z°³²dº%»_µLÂA<�Æ�(N·�¸´¹

ôqV=���dUW��� UW� � [d����U��ZV ����ú��	S�]"���*RTS��a�)�
ûL��¡bUWV Y×�)V �=��� RTS'�a�)��R�2�öd�)V ��U��ZV=R�ÇLR � ���E� ���)R�ûLRTR^V
��S�R^�	��R^�`��R$öd�	S'�	��R^�W¥]ûd[*�bUWVES�R^�)�WU��v¥±��� RT¥E� � �"���)Y)RT���*RTS�e\üD�*R � �ZV � R$ö �"��úGR�ÇLR � ��U��)R\����S'�)UWV��*R�ø
� � S'U�ûLR^�Xû!¥\Î´Ï![ �	��U��ZV © eW� © �)�W����¡"�����*R � �Z�-ûdUWV*R^�aR�Ç$R � ���4��úL���*RTS'�a�)�*R�2�öd�)V �'U��ZV\�)V �\���*RTS��a�)�ûL��¡bUWV YI����ûLR��)Vd�)��¥!��R^�Qe

�^ê)£



B B B B
l 

Uniform temperature gradient T,y C C C CC C C C
PP

(b) Axially restrained

D D D DD D D D E E EE E E
l l εφ 

Uniform temperature gradient T,y
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Step 2 :  Impose a curvature  αT,y  to return support to the original position

Step 1 :  Impose a  temperature rise ∆T
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(a) Axially unrestrained
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Pre−buckling Bifurcation

Post−buckling

T

δ

εT  (εφ =0)

 εT = εφ
  (zero stress)

εT > εφ
(or y

0 > 0)
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Tensile forces
  in the beam

    Compressive  
forces in the beam

Tcr

Tcr (εφ)

εT < εφ
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£ ó j[v[ï?ñ¶k,µ{¶ ó v?ï[f§ô�f ó v[ð "�l²ñzv�ô8l î stluk-ñ¶ô�j�k-l¥k-fið8l�·�¸ ì k-ñzï?f§l²v�ôr¸~} µ¬T¹ Â ¯ ¬T¹ ÂPº î�î ¯ë fiv[v�l²ï�l²v[ï[ð »�¼�¼ë fiv[v�l²ï�l²v[ï[ð ¼ë fiv[v�l²ï�l²v[ï[ð ½pgñ¶{?ò§l-¾ m�¿ o Â¹ó v[ï[fiô�f ó v[ðyfiv±l²ñ�¶ õ k-j[v ó vö" ó ï�l²ò ¿£ ó j[v[ï?ñ¶k,µ{¶ ó v?ï[f§ô�f ó v[ð "�l²ñzv�ô8l î stluk-ñ¶ô�j�k-l¥k-fið8l�·�¸ ì k-ñzï?f§l²v�ôr¸~} µ¬T¹ Â ¯ ¬T¹ ÂPº î�î ¯ë fiv[v�l²ï�l²v[ï[ð ¼�¼�¼ ¼ë fiv[v�l²ï�l²v[ï[ð ¿ ¼�¼ ¼ë fiv[v�l²ï�l²v[ï[ð »�¼�¼ ¼ë fiv[v�l²ï�l²v[ï[ð ¼�¼�¼ ½ë fiv[v�l²ï�l²v[ï[ð ¿ ¼�¼ ½ë fiv[v�l²ï�l²v[ï[ð »�¼�¼ Àë fiv[v�l²ï�l²v[ï[ð »�¼�¼ ½ë fiv[v�l²ï�l²v[ï[ð »�¼�¼ ¼�¼pgñ¶{?ò§l-¾ m Àno Â¹ó v[ï[fiô�f ó v[ðyfiv±l²ñ�¶ õ k-j[v ó vö" ó ï�l²ò ¿���:�t�:���<Á6� � ÂÖ�µ�«�g��Õr�/�ãÒ°�r�nÏ­�®�?�q��ç��g�?Õr���%��Õ÷�?Õr�ãÒ°�6�nÏ¶���?�¹�Ô��Ãà��ÕUÄ é�vwô õ l�v/j î luk8Æf
¶uñzògð8ô�j[ïaµ�ï[f:ð,¶uj[ð�ð8l²ï õ luk�l�ô õ l�ô8l î stluk-ñ¶ô�j�k�l�fiv.¶½k�l²ñzð�l[·�¸Øñzv[ï�ô õ l�ô õ luk î ñzòrhzk-ñzï[f§l²v/ô�ð ¸ } µñ¶k�lWñ¶s[s�òif§l²ï«ô ó ô õ l î ó ï[l²òÔñ¶ô|ñi¶ ó v[ð�ô�ñzv�ôÖk-ñ¶ô8lWx%k ó îÆÅ luk ó ô ó ô õ l²f§k î ñ­© f î j îÆÇ ñzòij�l m p õ lð8ô8k-ñzfiv?ðMfiv[ï[j�¶½l²ï�f:v±ô õ lÍ{tl²ñ î {Gµ±ô õ l¥ô|È ó l�Éµl�¶½ô�ð'ñ¶k�l|f:v ó s[s ó ð�f§ô�f ó v�ô ó l²ñ�¶ õ ó ô õ luk mp õ lÃ¨�v?ñzò�ð8luô ó x	ñzv[ñzò�µ ð8l²ðP¶uñ¶k�kºf§l²ï ó j�ô ó vwô õ lÍs?fiv[v[l²ïàl²v?ï î ó ï[l²ò�ñ¶k�lÍòifið�ô8l²ïwfivwprñ¶{�ò§l-¾ m À mZ'lusµl²v?ï[fiv�h ó vªô õ l î ñ¶h�v[f§ô�j?ï�l ó xqô õ l î l²ñzvªô8l î sµlukºñ¶ô�j�k�l�k-f:ð8l�fiv¦k�l²òiñ¶ô�f ó v¦ô ó ô õ l î ñ¶h�v[f4Æô�j[ï�l ó xtô õ lÌô õ luk î ñzò�hzk-ñzï[fil²v�ô	ô õ luk-lKñ¶k�lKñ¥kºñzv�hzl ó xtk�l²ð8s ó v[ð8l²ð	fiv�ô8luk î ð ó x�ï�l�Ê?l�¶½ô�f ó v?ð } ñ­©�fiñzòx ó k^¶½l²ðKñzv[ï î ó î l²v�ô�ðAñzðMñ�k�l²ð-j[ò§ô ó x~ô õ luk î ñzò�l½© s?ñzv[ð-f ó vwñzv[ïwô õ luk î ñzòt{ ó ÈKfiv[h�f:v�ô8luk-ñ�¶½ô�f ó v mp õ lyô õ luk î ñzò/l½© s?ñzv[ð-f ó v|s?k ó ï?j.¶½l²ï�fið6s�ñ¶k�ô�ò�µ|j[ð�l²ï�j[s�f:vÖhzl²v[luk-ñ¶ô�fiv�h î l�¶ õ ñzv[f
¶uñzò ð8ô8k-ñzf:v[ð~ñzv[ïs?ñ¶k�ô�ò�µ¦fivªhzl²v�luk-ñ¶ô�fiv�h�ï�l�Ê?l�¶½ô�f ó v[ð m p õ fiðÍfið¥h ó Ç luk-v�l²ïR{�µZË}Ì/j?ñ¶ô�f ó vx¾ m ¼�¾ m ×&Í L fið¥ô õ l{¶ ó î Æs ó v�l²v�ôÌô õ ñ¶ôMhzl²v�luk-ñ¶ô8l²ðAð8ô8k�l²ð�ð8l²ðKô ó s?j[ð õ ô õ l¥{µl²ñ î ô ó Èyñ¶k-ï[ðM{�j.¶,Î òifiv�h m p õ l × , ¶ ó î s ó v�l²v/ôô�ñ�Îzl²ð|s�ñ¶k�ô ó xqô õ l�l½©ns?ñzv?ð�f ó v¦ñzv[ï«s[k ó ï[j�¶½l²ð¥ï�l�Ê?l�¶½ô�f ó v[ðÃ{�µ«f î s ó ð�fiv�h5¶uj�k Ç ñ¶ô�j�k�l2ÈAf§ô õ ô õ lñ Ç ñzfiòiñ¶{?òil¥l½©"¶½l²ð�ðAò§l²v�hzô õ m
Ï~f§h�j�k�l²ð�¾ m�¿ ¼ } ¾ m�¿�¿ ñzv[ïb¾ m�¿ Àwð õ ó ÈØô õ l�k�l²ð�j[òiô�ðAx%k ó î ñ±ð8l²ò§l�¶½ô�f ó v ó xqô õ l�ñzv[ñzò
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µnð�f:ðÌfiðyk�lus ó k�ô8l²ïw{�µ ¸ ñ î ó v/ô�ï�ðrñ�ò m<ó$ô Á¤nô�ñzv[ï[ñ¶kºïª¨?k-lWk�l²ð�f:ð8ô�ñzv.¶½l�ô8l²ð8ô�ð�fiv®ô õ l{õ¥¤ ¢ ¬ Ë ¼z¼�Ñ�¯Öñzòiò ó È {tl²ñ î ð ó k�ð�ò:ñ¶{?ð|ô ó {tlàô8l²ð�ô8l²ïfiv�ñök-l²ð8ô8k-ñzfiv�l²ïRô8l²ð8ô m p õ l±ò§l Ç l²ò ó xKl²v[ïRk�l²ð8ô8kºñzfiv�ô�l�Ìnj[ñzòið�ô õ l±ò§l Ç l²ò ó xMk�l²ð8ô8kºñzfiv�ô�òif
Îzl²ò�µ¦ô ó{tl�l½© stluk-f§l²v.¶½l²ï«fiv�ô õ l�òifix¡l ó x@ô õ l�ð�ô8k-j.¶½ô�j�k-ñzògl²ò§l î l²v�ô m ¢Aò:ð ó fivöô õ ljõ ö £M¤�» ³ ¾�s[k ó Ç f:ï�l²ðs[k ó Ç fið-f ó v�x ó kÔ{tl²ñ î ð@ñzv[ïWð�òiñ¶{?ð	ô ó {tlÌô8l²ð8ô8l²ïWk-l²ð8ô8k-ñzfiv�l²ïWfiv�ñ�¶�¶ ó k-ï[ñzv�¶½lzÈKf§ô õ ô õ l²f§kÔl½© stl�¶½ô8l²ïj[ð8l mL÷ ó Èql Ç luk } Ç luk,µ ó x¡ô8l²vÅ{tl²ñ î ð�ñzv[ï ð-òiñ¶{?ð�ñ¶k�l�ô8l²ð8ô8l²ïÅj?v�k�l²ð8ô8k-ñzf:v�l²ï�{tl�¶uñzj[ð8l�ô õ löl²v[ï

¶ ó v[ï[f§ô�f ó v[ð¥fiv«j[ð8l�ñ¶k�l�j?vaÎnv ó ÈKv m p õ l�ø�µzl²ò:ò ó Èß{ ónó Î�ù�ú�ï[ñ¶ô�ñöfiðÃ{?ñzð8l²ï¦l²v/ô�f§k�l²ò
µ ó v¦k�l²ð-j[ò§ô�ðx¡k ó î j[v�k�l²ð�ô8k-ñzfiv�l²ï�ô8l²ð8ô�ð mp õ fið¥f:ð¥ñ±hzl ó î luô8k-f
¶uñzòiò
µ«ñzv?ï î ñ¶ô8luk-fiñzòiò
µ�v ó v Æ2ò:fiv�l²ñ¶k¥ñzv[ñzò�µ ð�fið ó xyñ�ð�f î s?ò�µöð�j[s[s ó k�ô8l²ï«j[v[f4Æ
Ç luk-ð�ñzòg{tl²ñ î ÈKf§ô õ ñàð�òil²v[ï�luk-v�l²ð-ðMk-ñ¶ô�f ó }�û »@ü Ä ³ ¼±ð�j�{"ý8l�¶½ô8l²ïöô ó õ l²ñ¶ô�f:v�h m p õ lÖ{tl²ñ î õ ñzðÃñð î ñzòiò�ô õ k ó j[h õ ï[lus[ô õ ô õ luk î ñzòµhzk-ñzï[fil²v�ôyfiv.¶½k�l²ñzð-fiv�h�òifiv�l²ñ¶k-ò
µ�ô õ k ó j�h õ ó j�ô¹ô õ l¥ñzv[ñzò�µ ð�fiðqx%k ó î
¼­Æ$¼ m ½ ¹ ÂPº î�î�m éêô~f:ð õ l²ñ¶ô8l²ï�ò:fiv�l²ñ¶k-ò�µÃx%k ó î ¼­Æ-¼ ¿ ¼�¼ ¹ Â j[v[f§x ó k î ò�µ } ñzò ó v�hÃf§ô�ðgl²v�ô�fik�l¹òil²v�hzô õ m p õ l{tl²ñ î fiðÔð�ô�j[ï[f§l²ï�j?v[ï�luk@ñ­©�fiñzòiò�µ�j[v�k-l²ð8ô8k-ñzfiv�l²ï2¶ ó v?ï[f§ô�f ó v[ð	ñzv?ïWñ­©�fiñzòiò�µ�k�l²ð8ô8k-ñzf:v�l²ïj¶ ó v[ï[fiô�f ó v[ðô$µns?f
¶uñzò ó x	ô õ l�ñ¶k�k-ñzv�hzl î l²v�ô¥fiv�ñ�¨?k-l|k�l²ð�f:ð8ô�ñzv.¶½l�ô8l²ð8ô'ñzv?ï�ñ î j?ò§ô�f4Æ2ð8ô ó k�l�µwx%k-ñ î l�ð8ô8k-j�¶½ô�j�k�lk�l²ð8stl�¶½ô�f Ç l²ò�µ m p õ làô$È ó î ó ï�l²ò:ð|ñ¶k�l±fiòiòij?ð8ô8k-ñ¶ô8l²ïªfivyÏ~f§h�j�k�l5¾ m´³ s�ñ¶k�ô�ð ¬ ñ�¯Öñzv[ï ¬ {µ¯ m éêv�ô õ l£¹k-f§ô�fið õ ¤nô�ñzv[ï[ñ¶kºï�¨?k�lKk�l²ð�fið8ô�ñzv�¶½lAô8l²ð8ô¹ô õ lA{µl²ñ î fiðqñzòiò ó È¹l²ïàô ó ô8k-ñzv?ð�òiñ¶ô8lAò:ñ¶ô8luk-ñzòiò�µ�ñzð¹ð õ ó ÈKvfiv`Ïgfih�j�k�l2¾ m´³ ¬ ñ�¯ m p õ luk�lux ó k�l } ô õ l�fiv.¶½k-l²ñzð8l�f:v�ò§l²v[hzô õ ñzð¥ñàk�l²ð�j[òiô ó xÔô õ luk î ñzòrl½©ns?ñzv?ð�f ó v�fiðñ�¶�¶ ó î�î ó ï[ñ¶ô8l²ïR{Gµ¦ð�f î s?ò�µ�l½©ns?ñzv?ï[fiv�h m ¢'vGµªï ó ÈKvGÈyñ¶k-ïªï[fið�s?òiñ�¶½l î l²v/ô|fið¥l²v/ô�f§k�l²ò
µ�ï[j[l�ô óô õ l|hzkºñ Ç f§ô$µ�ò ó ñzï?fiv�h�ñ¶s[s?ò:f§l²ï m é�v�ñ�k-l²ñzò6fiv[ï[luô8luk î fiv[ñ¶ô8lÍð�ô8k-j.¶½ô�j�k�l¥ô õ l|{tl²ñ î È ó j[òiïwl½© stluk-f4Æl²v.¶½lAð ó î lAï�luhzk-lul ó xtk�l²ð8ô8k-ñzf:v�ô@ñ¶h�ñzf:v[ð8ô@ô õ luk î ñzò�l½© s?ñzv[ð�f ó vWñzð@ð õ ó ÈKvàfivjÏ~f§h�j�k-lz¾ m´³ ¬ {µ¯ } ñzv[ïfiv[f§ô�f:ñzòiò�µ�ô õ l�f:v.¶½k�l²ñzð8lWf:v¦ò§l²v�hzô õ È ó j[òiï�¶uñzj?ð8lWð8ô8k-ñzf:v[ðÍñzðÍô õ l�{tl²ñ î fið¥s?j?ð õ l²ï¦j�sªñ¶h�ñzfiv?ð8ôô õ lWð�j[s[s ó k�ô�ð m2÷ ó Èql Ç luk } fixqô õ lW{µl²ñ î fið¥ð�j ¾(¶ufil²v�ô�ò�µ�ð�ò§l²v[ï[luk } ñ�¶�¶ ó k-ï[f:v�hwô ó Ë}Ì/j[ñ¶ô�f ó v�¾ m�þô õ l'{µl²ñ î ÈKfiò:ò�{?j.¶_Înò§l'ñzv[ï î ó Ç l¥fiv/ô ó ñ�òiñ¶k�hzl'ï[fið8s?ò:ñ�¶½l î l²v�ô¹v ó v Æ2òif:v�l²ñ¶k î ó ï�l ó x6{µl õ ñ Ç f ó j�k
ÈKf§ô õ v ó x�j�k�ô õ lukÌfiv.¶½k-l²ñzð8l'f:v�ð�ô8k�l²ð�ð m p õ l'ô8l î sµlukºñ¶ô�j�k�lÃñ¶ôÐÈ õ f
¶ õ ô õ fið î ñ�µ õ ñ¶s[stl²vàf:ðqh�f Ç l²v{GµpË}Ì/j[ñ¶ô�f ó vi¾ m ¼�¼ ¬ x ó kKk-f§h�f:ï�ñ­©�fiñzò�k-l²ð8ô8k-ñzfiv/ôº¯ m
Ï~f§h�j�k�l[¾ m�¿ »±ð õ ó ÈKð'ô õ l�ï�l�Ê?l�¶½ô�f ó v�k�l²ð8s ó v[ð�l ó xÔô õ lÖô$È ó {µl²ñ î�î ó ï�l²òið m Ïgfik-ð8ô ¶ ó v?ð�fiï�lukAô õ lk�l²ð�j[òiô�ð ó x'ô õ l�ñ­© fiñzò:ò�µ®j[v[k�l²ð8ô8k-ñzfiv[l²ï®{tl²ñ îwm é�v[f§ô�f:ñzòiò�µªô õ luk-l�fið Ç luk,µ�òif§ô8ô�ò§lwï ó ÈKvGÈ¹ñ¶k-ïÅï�l½Æ
Ê?l�¶½ô�f ó v¦{tl�¶uñzj[ð�l�ô õ l�ð�j�s[s ó k�ô�ðÃñ¶k�l�ñzò:ò ó È¹l²ï¦ô ó ô8k-ñzv?ð�òiñ¶ô8l ó j�ô|È¹ñ¶k-ï?ðÍj�s ó v�l½©ns?ñzv?ð�f ó v¦j[v/ô�fiòñ¶k ó j[v[ï�»u½�¼ ¹ Â È õ l²v�ø�k-j?v[ñ�Èyñ�µ"ù ó ¶�¶uj�k-ð m p õ fið õ ñ¶s[stl²v[ð¥ñzðÖñwk�l²ð�j?ò§ô ó x¹ô õ l�ð�j�s[s ó k�ô�ðÃ{tl½Æfiv�h�s?j[òiò§l²ï�fiv�È õ l²v�ô õ l î ñ¶ô8luk-fiñzòqs[k ó stluk�ô�fil²ð|ï�luhzk-ñzï[l(ÈKfiô õ fiv�¶½k�l²ñzð�fiv�höô8l î stluk-ñ¶ô�j�k�l�ñzv[ïô õ l�{tl²ñ î ð�ô�f<Étv[l²ð�ð ¶uñzv¦v ó ò ó v[hzlukÃð-j�s[s ó k�ôMô õ l�hzk-ñ Ç fiô$µ�ò ó ñzï[fiv�h m éêv«ð8ô�ñ¶k_Î�¶ ó v�ô8kºñzð8ôÍfiðAô õ l¼�Ñ�¾



Figure 7: “Runaway” in a restrained and an unrestrained beam

Figure 8: The effect of loading on a simple restrained beam subject to heating
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ñ¥òiñ¶k�hzlÌð8ô8k-j�¶½ô�j�k�l¹ô õ lÌòiñ¶k�hzlÌï[fið8s�òiñ�¶½l î l²v/ô�ðgñ¶k-lMï[j�l¹ô ó ñY¶ ó î {?fiv?ñ¶ô�f ó v ó x?ô õ luk î ñzò l½©ns?ñzv?ð�f ó vñzv[ïwô õ luk î ñzò�{ ó ÈKf:v�h�l�Éµl�¶½ô�ð m
Õ*Ö��*Ö�� ���
	��|Ù�
}Ú������������BÚ������ ���!�#""Û%$���Ú'&5Ú'(
)*��� Ú+
,�����
	-�/.0	.Ú�Ù
1Kl½© ô�ô õ l±l�Étl�¶½ô ó xAò ó ñzï[f:v�h ó vRô õ lwð�f î s?ò§là{µl²ñ î fið�ð8ô�j?ï[f§l²ï m p õ l î ó î l²v/ô�l½© sµlukºf§l²v.¶½l²ï{Gµ¦ô õ là{tl²ñ î ¶uñzvR{tlWï�l²ð_¶½k-f§{tl²ï¦{�µ }
2 Ä43�5 É6 m ¢ ò ó ñzï87 } l�Ìnj[f Ç ñzò§l²v/ô|ô ó ñ�¶ õ f§l Ç fiv�höô õ lî ñ­©�f î j î s?ò:ñzð8ô�f
¶ î ó î l²v�ôtÔös¦ñ¶ô'ô õ l î fiï Æ2ð8s�ñzv ó xÔô õ lÖ{µl²ñ î ÈyñzðAñ¶s?s?òif§l²ïöô ó ô õ l î ó ï�l²ò{tlux ó k�l�fiv/ô8k ó ï[j.¶ufiv[hWô õ l õ l²ñ¶ô�f:v�h±k�luh�f î l m p õ fið's[k ó ¶½l²ð�ðtÈyñzðÃk�lustl²ñ¶ô8l²ï Ç ñ¶k,µ fiv�h�ô õ ljõ:9 ¸ ; ð¬ j[v[f§x ó k î ò
µ�ï[fið8ô8k-fi{?j�ô8l²ïöò ó ñzï[ðº¯Mô ówó {[ô�ñzfiv«ñwð8s[k�l²ñzï ó xqk�l²ð�j[ò§ô�ðY¶ ó k�k�l²ð�s ó v?ï[fiv�hàô ó î ó î l²v/ô�ðò§l²ð�ð8lukMñzv?ïàhzk-l²ñ¶ô8lukMô õ ñzvpÔ�s m p õ l'k�l²ð�j[òiô�ð ó xrô õ fiðyñzv[ñzò�µ ð�fið¹ñ¶k�l¥h�f Ç l²v±fiv5Ï~f§h�j�k-lt¾ m�¿ ½[È õ luk�lf§ôqf:ðqð õ ó ÈKvàô õ ñ¶ô¹ô õ lAk-l²ð8s ó v[ð8l ó x�ô õ lAk�l²ð�ô8k-ñzfiv�l²ïW{µl²ñ î ÈKf§ô õ ñÖò ó ñzï[fiv�h<7�¶uñzj[ð�fiv�hsÔöswï ó l²ðv ó ôyñ�¶ õ f§l Ç liø�kºj[v[ñ�Èyñ�µ"ù�j[v/ô�fiò ³ ¼�¼ ¹ Â m p õ l'{tl²ñ î ð�ÈAf§ô õ õ=9 ¸
; ðÐ¶uñzj[ð�f:v�hÖò§l²ð-ð@ô õ ñzv5Ô�s } ô$µns�Æf
¶uñzò ó xyï�l²ð�f§h�v[l²ï¦ð8ô8k-j.¶½ô�j�k-l²ðÍñ¶k�l�v ó ô|ñ�¶ õ f§l Ç fiv�hpù¶k-j[v?ñ�Èyñ�µ"ùöj[v/ô�fiò Ç luk,µ õ f§h õ ô8l î stluk-ñ¶ô�j[k�l²ðñ¶k�lÍk�l²ñ�¶ õ l²ï ¬ ô|µ/s�f
¶uñzòiò�µ�hzk�l²ñ¶ô8lukKô õ ñzv þ ¼�¼ ¹ Â ¯ m£�µ±ï?f<Éµluk-l²v�ô�fiñ¶ô�f:v�hÖô õ lÍk�l²ð�j[òiô�ðqs�ò ó ô8ô8l²ï�fivpÏ~f§h�j�k-l-¾ m�¿ ½�ñ î j.¶ õ ¶uòil²ñ¶k�lukMs?f
¶½ô�j[k�l ó xrk-j?v[ñ�Èyñ�µx%ñzf:òij�k�lj¶uñzv®{tlWï�k-ñ�ÈKv m Ïgfih�j�k�l(¾ m�¿ ¾�fið|ñ�s?ò ó ô ó xMïaµ º ï[p ¬ k-ñ¶ô8l ó xMï�l�Ê�l�¶½ô�f ó vx¶ õ ñzv�hzl{ÈKf§ô õ
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Figure 7: “Runaway” in a restrained and an unrestrained beam

Figure 8: The effect of loading on a simple restrained beam subject to heating
Ïgfih�j�k�l-¾ m�¿ ½noqp õ l¥l�Éµl�¶½ô ó xgò ó ñzï[fiv�h ó vöñ�ð-f î s?ò§lÃk�l²ð�ô8k-ñzfiv�l²ï±{tl²ñ î ð�j[{"ý�l�¶½ôÌô ó õ l²ñ¶ô�fiv�h

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0 200 400 600 800 1000 1200

R
at

e 
of

 d
ef

le
ct

io
n 

w
ith

 te
m

pe
ra

tu
re

 ‘d
y/

dT
’

B

Temperature (C)

3w
2w
w

0.5w
0.2w
0.0w

Ïgfih�j�k�l�¾ m�¿ ¾no,CAñ¶ô8l²ð ó x	ï�l�Ê?l�¶½ô�f ó v�ñ¶ô î fiï�Æ2ð8s?ñzv±ñ¶h�ñzfiv[ð8ôKô8l î stluk-ñ¶ô�j�k�l¥x ó kKñzòiò�ò ó ñzï�¶uñzð8l²ð
¼�Ñ�Ñ



Uniformly distributed load w
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Applied moment =
wL
8

2

Tensile membrane or catenary resistance =Hd

Residual moment capacity =Mp(T,H)

ÏEDGFIH'JLK-¾�M ¿INPORQTSVU KXW S J,µ S ¶ U DGYIW�¶ZYIH'[-\GKX]5È^D UL_ Ê-KZ`aHbJ S \�JLKXcLDdc ULS W.¶ZK

e YfJ UL_ JLKgKhY e UL_ K<\GY S ]i¶ S ciKXc=c U Hb]bDdKX]kjT¼al�½m7�nEoVl ¼V7�n ¿ l ¼V7qprMTstW�K S ¶ _ ¶ S ciKfn'È _ KXWu[-\GY UiU DdWbF UL_ K
v Y v KXW U cgn UL_ K�[-\ S c U D
¶ v Y v KXW U ¶ S [ S ¶gD U µwY e UL_ Khx�K S v n UL_ K�y{z|·|j U KXWbcLDd\dK v K v x-J S W'KhJLKXc}Ddc~z
ULS W.¶ZK�prn UL_ K2Ê-KZ`'H'J S \EJ}KXcLDdc ULS W.¶ZK S Wb] UL_ K U Y ULS \ v Y v KXW U�S [b[-\�DGKX] U Y UL_ K�x�K S v S J}K�c _ Y@È^W�M
� _ K�[-\GY U cqY e S `aD S \ e YfJ_¶ZK�c _ Y�È UL_ K S `'D S \ e YfJ^¶ZK SVUAUL_ K�cLH'[b[�YfJ UqS Wb] SVU v Dd]az�cL[ S W S Wb] UL_ K
S `aD S \Ej U KXW-cLDd\GK�p�¶ S [ S ¶gD U µfM � _ KXciK:�-FIH'J}KXc _ DGF _ \dDGF _PU
UL_ Kl¶ _bS W'FfKADdW�\GY S ]5¶ S JLJ,µaDdW'F v K�¶ _bS WbD�c v
S c UL_ K v SVU KgJ}D S \�[bJ}Yf[�KgJ U DGKXc0]'KgFfJ S ]'KfM
Ï'YfJ UL_ K^\GY S ]j¶ S ciK ¼al�½m7 UL_ K v Y v KXW U c S Wb] S `'D S \ e YfJ_¶ZKXc S JLKR[-\GY UiU KX]�DdW2ÏEDGFIH'JLKz¾�M ¿�þAS W-]jÏEDGFVz
H'JLK-¾�M ¿ Ñ�JLKXci[�K�¶ U D Ç KX\�µfM stW UL_ KhK S J}\�µuc ULS FfKXc:Y e UL_ K _ K SVU DdW'F�JLKgFID v Kfn-Hb[ U YI»�¼�¼ ¹ Q n UL_ K U Y ULS \
v Y v KXW U j e J}Y v x�Y UL_ \GY S ]bD�W'F S W-] S ]-]bD U DGYIW S \}ø&¶ZY v [bJLKXc}cLD Ç K�ù�y{z|· v Y v KXW U crp,D�c�¶ S J}J}DGKX]�xGµ
UL_ KÐÊ-KZ`'H'J S \aJ}KXcLDdc ULS W.¶ZK^Y e UL_ KRx�K S v M{�:c UL_ K v Y v KXW U ¶ S [ S ¶gD U µ S Wb] UL_ KPÊ-KZ`aHbJ S \aJLKXcLDdc ULS W.¶ZK
]'K�¶ZJLK S ciKfn[ø&¶ZY v [bJ}KXcLcLD Ç K�ù v Y v KXW U c�]bK�¶ZJLK S ciK U Y Å KgJLY�jEÈ:D UL_ DdW.¶ZJLK S cLD�W'F@]bK�Ê-K�¶ U DGYIW�prn}È^D UL_
UL_ K�KXW U DdJLK<\GY S ]@x�KXDdW'F�JLKXcLDdc U KX]�x�µ UL_ K�JLKXcLDd]-H S \�Ê-KZ`'H'J S \U¶ S [ S ¶gD U µfM��,K�µfYIWb] UL_ Ddc:[�YID�W U:UL_ K
ø U KXWbcLDd\dK�ù�y
z|· v Y v KXW U c S cLc}Ddc U�UL_ KIÊ-KZ`'H'J S \ v K�¶ _bS WbDdc v DdW8cLH'[b[�YfJ U DdWbF UL_ K S [-[-\dDGKX] v YVz
v KXW U M C^HbW S È S µ�Y"¶�¶gH'J}crÈ _ KXW�x�Y UL_ \GY S ]5¶ S JLJ_µ�DdWbF v K�¶ _bS WbDdc v c S JLKqKZ` _bS H-c U KX]�M � _ K S `'D S \
e YfJ^¶ZKXcP¶ZYIWbcLDdc U Y e S c v S \d\ U KXWbcLDGYIWuDdW UL_ Kqx�KgFIDdWbW-DdW'F'n UL_ KXW UL_ K�µ�DdW�¶ZJLK S ciKADdW{¶ZY v [bJLKXcLc}DGYIW S c
UL_ K U K v [�KgJ SVU H'JLK:Y e UL_ K^x�K S v DdW.¶ZJLK S ciKXc S Wb] UL_ K^x�K S v c ULS J U c U Y�KZ`a[ S Wb] S F S DdWbc U�UL_ K^JrDGFIDd]
cLH'[b[�YfJ U cXM�� e U KgJ UL_ Kqx�K S v x-H.¶,Îa\GKXc SVU0S JLYIHbWb] N ¼ ¹ Q+S Wb]�x�KgFIDdWbc U Y�]bK�Ê-K�¶ U n UL_ K S `aD S \ e YfJ_¶ZK
JLKX]bH.¶ZKXcqDdW�¶ZY v [bJLKXc}cLDGYIW S Wb] v Y Ç KXcADdW U Y U KXW-cLDGYIW�M � Y@È S J}]-c UL_ K<KXWb]�Y e UL_ K S W S \�µacLDdcXn�ýLHbc U
x�K e YfJLKhD v [�KXWb]bDdW'F<J}HbW S È S µfn UL_ K S `'D S \ U KXW-cLDGYIW S Wb] UL_ K U KXWbcLDd\dKt¶ S [ S ¶gD U µi¶ZYIW Ç KgJLFfKfM
� _ KwKZ`a[-\ S W SVU DdYIW+Ddc Ç KgJ,µ�cLD v Dd\ S J e YfJ�oVl ¼V7 S W-] ¿ l ¼V7�M�ÏEDGFIH'JLK�¾�M�À�¼ S Wb]RÏEDGFIH'JLK�¾�M�Àao�Dd\�z
\dHbc U J SVU K UL_ KwJLKXcLHb\ U c�Y e UL_ K S W S \�µacLDdc e YfJ S õ:9q�*Y e oVM ¼�ÈhM�stW-D U D S \d\�µ UL_ Ku[-\ S c U D
¶ v Y v KXW U
¶ S [ S ¶gD U µ@Ddc:K�Ì�H S \ U Y UL_ K U Y ULS \ v Y v KXW UAS c S J}KXcLHb\ U Y e UL_ K�\GY S ] S [b[-\dDGKX]�M � _ K v Y v KXW U Ddc
¶ S JLJ}DGKX]�xGµ S ¶ZY v x�DdW SVU DGYIW8Y e Ê-KZ`'H'J S \{JLKXc}Ddc ULS W.¶ZK S Wb]�y
z|· U KXWbc}Dd\GK v K v xbJ S WbK�JLKXcLDdc ULS W.¶ZK
e J}Y v UL_ K�c ULS J U Mh� U�¿ ¼ ¹ Q�UL_ KgJ}K�D�c U KXWbc}Dd\GK v K v x-J S W'K�JLKXcLDdc ULS W�¶ZK S c S ]bDGJ}K�¶ U JLKXcLH-\ U Y e UL_ K
FfJ S�Ç D U µ�\GY S ]bDdW'F'M � _ KrÊ�KZ`aH'J S \'JLKXcLDdc ULS W.¶ZKRDdW.¶ZJLK S cLKXc H'[ U YsÔ�[ SVU}þ ¼ ¹ Q�S c UL_ K U KXWbcLDd\dK v K v z
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xbJ S W'KwJ}KXcLDdc ULS W.¶ZK�]bJLYf[-c�x S ¶_Î U Y Å KgJLY'M��,K�µfYIWb]�o�¼�¼ ¹ Q�UL_ KpÊ-KZ`'H'JLKuJLKXcLDdc ULS W.¶ZK�]'K�¶ZJLK S cLKXc
S Wb] UL_ K U KXWbcLDd\GK v K v xbJ S W'K�JLKXcLDdc ULS W.¶ZK�DdW.¶ZJ}K S ciKXc U Y v S D�W ULS DdWkK�ÌPHbD�\dDGxbJ}D�H v S Wb]x¶ S JLJ,µ UL_ K
S [b[-\dDdKX] v Y v KXW U M,� e U KgJP»�¼�¼ ¹ Q�UL_ K v Y v KXW U ¶ S [ S ¶gD U µ�x�KgFIDdW-c U Y�]'K�¶ZJLK S ciK S c UL_ K v SVU KgJrD S \
[bJLYf[�KgJ U DGKXcTY e UL_ Khc U KgKX\!]'KgFfJ S ]bKh\GK S ]bDdW'F U Y S W�DdW.¶ZJLK S ciKX]�JLKX]bH.¶ U DGYIWwD�W{Ê-KZ`aHbJ S \�JLKXcLDdc ULS W.¶ZKfM
C^HbW S È S µkY"¶�¶gH'J}c SVU�S x�YIH U Ñ�¼�¼ ¹ Q MUÏEDGFIHbJLK{¾�M�Àaouc _ Y@È^c UL_ K�x�K S v U Y�x�K�D�W S `'D S \ U KXWbc}DGYIW
UL_ JLYIH'F _ YIH U�UL_ K S W S \�µacLDdcAx�K�¶ S HbciK UL_ K�FfJ S�Ç D U µk\GY S ]-DdW'F�¶ S HbcLKXcs¶ SVU KXW S J_µ S ¶ U DGYIW e JLY v UL_ K
Ç KgJ,µ�x�KgFID�WbWbDdW'F^Y e UL_ K S W S \�µacLDdcXM � _ K S `'D S \ U KXWbcLDGYIW�]'K�¶ZJ}K S ciKXc S \dD UiU \GK S c UL_ KgJ v S \aKZ`�[ S W-cLDGYIW
¶ S HbciKXc ¶ZY v [bJLKXcLc}DGYIW�M
�:x�Y Ç K S c U KgKX\ U K v [�KgJ SVU H'JLKAY e ½�¼�¼ ¹ Q�UL_ K e YfJ_¶ZKXcRDdW�¶ZJLK S ciKhDdW U KXWbc}DGYIW
j U Y v S DdW ULS DdW�K�Ì�HbDd\�DGxbJ}DdH v x�µ�cLHbx-c U D U H U D�W'F e YfJ UL_ Kq]'K�¶g\dD�WbDdW'FlÊ�KZ`aH'J S \bJLKXcLD�c ULS W.¶ZK�p S Wb] UL_ KXW
]'K�¶ZJLK S ciK S c UL_ K^c U D<É�W'KXcLc [bJLYf[�KgJ U DGKXc ]'K�¶ZJLK S ciK U Y�¶ZYIW Ç KgJLFfKYÈ^D UL_�UL_ K U KXWbcLDd\dKz¶ S [ S ¶gD U µ�Y e UL_ K
x�K S v M
�Mõ=9q��Y e ¿ l ¼V7�JLKXc}Hb\ U cTDdW S�U Y ULS \ v Y v KXW U K�Ì�H S \ U Y�]'YIH'x-\dK UL_ K v Y v KXW U ¶ S [ S ¶gD U µ
Y e UL_ KAx�K S v M � _ KgJ}K e YfJLK UL_ K U Y ULS \ v Y v KXW U D�cÐ¶ S JLJ}DGKX]wx�µ S ¶ZY v x�DdW SVU DGYIWwY e Ê-KZ`'H'J S \�JLKXc}Ddc~z
ULS W.¶ZK S Wb] U KXW-cLDd\GK v K v xbJ S W'KÐ¶ S [ S ¶gD U µ�YfJ�¶ SVU KXW S J,µ S ¶ U DGYIW e JLY v S v x-DGKXW U ¶ZYIWb]bD U DdYIWbc U Y UL_ K
KXWb]�Y e UL_ K S W S \�µacLDdcgM � _ K _ DGF _ ¶ SVU KXW S J,µ S ¶ U DGYIW SVU:S v x-DGKXW U Ddc S ]bDGJLK�¶ U J}KXcLHb\ U Y e UL_ K _ DGF _
FfJ S�Ç D U µ8\GY S ]bD�W'F�¶ S HbcLD�W'F�\ S J}FfK�]'K�Ê-K�¶ U DdYIWbc<D�WbD U D S \d\
µ�ciKgK5ÏEDGFIH'JLK5¾�M ¿ ½�M��qW�¶ZK S F S DdW S c UL_ K
]'K�Ê-K�¶ U DGYIW-c�DdW�¶ZJLK S ciK S c S J}KXcLHb\ U Y e UL_ KgJ v S \bKZ`a[ S Wbc}DGYIW S Wb] UL_ KgJ v S \-x�Y�È^DdWbF S Wb] UL_ K^x�K S v
\GYIciKXc<D U c�c U D�É�W'KXc}c S c S JLKXcLHb\ U Y e v SVU KgJ}D S \�]'KgFfJ S ] SVU DGYIW UL_ K U KXW-cLDd\GK v K v xbJ S WbK�JLKXcLDdc ULS W.¶ZK
DdW.¶ZJLK S cLKXc S Wb] UL_ KPÊ�KZ`aH'J S \bJLKXcLD�c ULS W.¶ZK^]'J}Yf[-c
Y�ÉEM�ÏEDGFIH'JLKt¾�M�À�À�c _ Y�È^c UL_ K _ DGF _�S `'D S \ U KXWbc}DGYIW
DdW UL_ K:x�K S v SVUr¿ ¼ ¹ Q JLKXcLHb\ U D�W'F e JLY v UL_ K _ DGF _ FfJ S�Ç D U µ�\GY S ]bD�W'F S Wb] UL_ K:]bK�¶ZJLK S ciKqDdW U KXWbc}Dd\GK
e YfJ^¶ZKXc S c UL_ K UL_ KgJ v S \-KZ`�[ S W-cLDGYIW�K�É�K�¶ U cr¶ S HbciKY¶ZY v [bJLKXcLc}DGYIWjÈ^D UL_ DdW.¶ZJ}K S cLDdW'F U K v [�KgJ SVU HbJLKfM
� _ K S `'D S \ e YfJ_¶ZKXc S W-] S `aD S \B¶ S [ S ¶gD U µi¶ZYIW Ç KgJLFfK SVU ùVJ}HbW S È S µ�ùaM

Õ*Ö��*ÖE× ��Ù�
������"Ú��f���!� �
� _ KhcLD v [-\GKqc U Hb]bDdKXc0]bDdc,¶gHbc}ciKX] _bS�Ç K _ DGF _ \dDdF _%U KX] UL_ Kh]-D<É�KgJ}KXW.¶ZKXcRDdWux�K _bS�Ç DGYIHbJ0x�K U È�KgKXW S W
HbW'JLKXc U J S DdW'KX]�x�K S v ¶ZY v�v YIWb\�µ U KXc U KX]�DdW S c ULS Wb] S Jr]��-JLK�J}KXcLDdc ULS W.¶ZK U KXc U�S W-] S W S `'D S \d\
µ
JLKXc U J S D�W'KX]kx�K S v U µP[-D/¶ S \
Y e S x�K S v D�W S�_ DdF _ \�µ�J}KX]bHbWb] S W U ¶ZY v [�YIcLD U K e J S v K�c U J}H�¶ U H'JLKfM
s UA_bS c=x�KgKXW@c _ Y�È:W UL_-SVU ø~JrHbW S È S µ"ùwDdW S W�HbW'JLKXc U J S DdW'KX]�x�K S v È^Dd\�\�Y"¶�¶gH'J SVU v H.¶ _ \dY�È,KgJ
U K v [�KgJ SVU H'JLKXc UL_-S W�DdW UL_ K0c S v K0x�K S v JLKXc U J S DdW'KX] S `'D S \d\�µfM�s U
_bS c S \�ciYAx�KgKXW�c _ Y�È^W UL_-SVU{UL_ K
\GY S ]x¶ S J}J,µ�D�W'F v K�¶ _bS W-Ddc v cAY e S J}KXc U J S DdW'KX]�x�K S v È^Dd\d\*¶ _-S W'FfK U Y S ¶�¶ZY v�v Y�] SVU K UL_ K�\dYIcLc
Y e c U D<É�W'KXcLc�Y e UL_ K�x�K S v S c S JLKXc}Hb\ U Y e v SVU KgJ}D S \ ]'KgFfJ S ] SVU DGYIWxÈ:D UL_�U K v [�KgJ SVU H'J}KfM Q0SVU KZz
W S J,µ S ¶ U DGYIW�]'K Ç KX\GYf[-c:DdW UL_ Khx�K S v S c S JLKXcLH-\ U Y e UL_ K�]'K�Ê-K�¶ U KX]�c _bS [�K�¶ S HbciKX]�xGµ UL_ KgJ v S \
KZ`�[ S WbcLDGYIW S W-] UL_ KgJ v S \�x�Y@È^DdW'F�j S Wb]�\GY S ]bDdW'F SVU^_ DGF _ \GY S ]bc�prM � _ H-c UL_ K v Y v KXW U^S [-[-\dDGKX]
U Y UL_ K�x�K S v Ddc-¶ S JLJ}DGKX]�xGµ S ¶ZY v x-D�W SVU DGYIW�Y e Ê-KZ`'H'J S \
JLKXcLDdc ULS W�¶ZK S Wb] U KXWbcLDd\GK v K v x-J S W'K
JLKXcLDdc ULS W.¶ZKfM � _ K U KXW-cLDd\GK v K v xbJ S W'K�JLKXc}Ddc ULS W.¶ZK-¶ZY v [�KXW-c SVU KXc e YfJ UL_ K�JLKX]-H.¶ U DGYIW�DdWiÊ-KZ`'H'J S \
JLKXcLDdc ULS W.¶ZKfM�1:Y�È UL_bSVU�UL_ K�c _ YfJ U ¶ZY v D�W'FIc�Y e UL_ K���JLK�JLKXc}Ddc ULS W.¶ZK U KXc U�_bS�Ç K�x�KgKXW e YfJ v S \d\
µ
c ULSVU KX]�M�  _bSVU�S JLK UL_ K�D v [-\dD/¶ SVU DGYIWbcr¡�9=KXci[-D U K�]bKZ�'¶gDGKXW.¶gDGKXcqD U Ddc S H-WbD Ç KgJ}c S \�\�µ�JLK�¶ZYfFIWbD�ciKX]
v K UL_ Ya]�Y e ]'K U KgJ v DdW-DdW'F UL_ K��-JLK<JLKXcLDdc ULS W�¶ZK<Y e KX\dK v KXW U c=Y e ¶ZYIWbc U J}H.¶ U DGYIW�M=y
JLKXcLKXW U �-JLK<JLKZz
cLDdc ULS W�¶ZKRFfJ S ]bDdWbFIc
Y e x-HbDd\�]bDdW'FIc S JLKRx S cLKX]�YIW S-Ç KgJ,µ�cLD v [�\dDdc U D
¶ v K UL_ Ya]'YI\GYfF�µ[È _ D
¶ _ ¶ S W-W'Y U
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JLKg[bJLKXcLKXW U=UL_ K�K�É�K�¶ U cqY e U K v [�KgJ SVU H'JLK�YIW S JLKXc U J S DdW'KX]@c U J}H.¶ U H'J S \�KX\GK v KXW U DdW S�_ DGF _ \�µuJLKZz
]bHbWb] S W U c U JrH.¶ U H'JLKfM0� UL_ YfJLYIH'F _ c,¶gDGKXW U D��'¶hH-Wb]'KgJ}c ULS W-]bDdW'F�Y e UL_ Khx�K _bS�Ç DdYIH'JRY e UL_ K�È _ YI\GK
c U J}H.¶ U HbJLK�DdW��-J}K�DdcRW'KgKX]bKX]�M,�qWb\
µ UL_ KXW�¶ S W UL_ Ddc^HbWb]'KgJ}c ULS Wb]bDdW'F�x�K�DdW.¶ZYfJ}[�YfJ SVU KX]wDdW U Y�]'KZz
cLDGFIWZ¶ZYa]'KXcgM<�=] v D UiU KX]b\�µ UL_ K S x�Y Ç K�]-Ddc,¶gHbcLc}DGYIW�¶ZYIW.¶ZKgJrWbc S5Ç KgJ,µ�c}D v [-\GK�c&µac U K v S Wb]�]'Y�KXc
W'Y U ¶ZYIWbc}Dd]'KgJ S \d\ UL_ Kj¶ZY v [-\GKZ`'D U µ�DdW S JLK S \�¶ZY v [�YIcLD U K e J S v K�c U J}H�¶ U H'JLK�cLH.¶ _kS c UL_ K(¶ZY v z
[ SVU DGx-D�\dD U µ�Y e ]'K�Ê�K�¶ U DGYIWbc,DdW UL_ K U È,Y�]bDGJLK�¶ U DGYIW-c
Y e S ¶ZY v [�YIcLD U K Ê-YPYfJTcL\ S x!n%x-H U W'K Ç KgJ UL_ KX\dKXcLc
D UR_ DGF _ \dDGF _PU c UL_ K�DdW S ]'K�Ì�H S ¶�µ�Y e UL_ KA�-JLKAJLKXc}Ddc ULS W.¶ZK U KXc U ÌPHbD U K�¶g\GK S J}\�µfM

ÜlÝ�¢ £¥¤ á�¦�ç_à[ê9åL¤Yá[ê

� _ K,x�K S v�v Ya]'KX\dc _bS�Ç K _ DGF _ \dDGF _PU KX] UL_ K�K�É�K�¶ U cEY e UL_ KgJ v S \%KZ`a[ S WbcLDdYIW S Wb] UL_ KgJ v S \%x�Y@È^DdW'F
HbWb]'KgJ,]bD<É�KgJLKXW U JLKXc U J S DdW U ¶ZYIWb]bD U DGYIWbcgM � _ K=WPH v KgJ}D
¶ S \ v Y�]'KX\�c S FfJLKgKtÈ,KX\d\.È^D UL_�UL_ K S W S \�µ U D�z
¶ S \�c U Hb]bDGKXc UL_ Hbc�[bJLY Ç D�]'Kz¶ZYIWa��]bKXW.¶ZKfM � _ KY¶ S HbciK^Y e \ S JLFfK=]bK�Ê-K�¶ U DGYIWbc�DdW�c U JrH.¶ U H'JLKXc,cLH'x"ýiK�¶ U
U Y UL_ KgJ v S \�\GY S ]bDdWbF S J}Kfn

§ � _ KgJ v S \�KZ`a[ S WbcLDdYIWwDdc UL_ Kh[bJrD v S J,µI¶ S H-ciKfM
§ � _ KgJ v S \�FfJ S ]-DGKXW U cR[-\ S µ S cLH'[-[�YfJ U DdW'F�JLYI\GKfM
§ � _ KgJ v S \!KZ`�[ S W-cLDGYIW�¶ S W�YIW-\�µu[bJLYa]bH.¶ZK<\ S JLFfK�]bY�È^WGÈ S Jr]�]'K�Ê�K�¶ U DGYIWbcqD e UL_ K�KXWb]bc S JLK
J}KXc U J S DdW'KX] e JLY v KZ`a[ S Wb]-DdW'F'M

§ � _ KgJ v S \�FfJ S ]bDdKXW U cP¶ S W�YIWb\�µ�[-JLY�]-H.¶ZKA]'K�Ê-K�¶ U DGYIWbc^D e UL_ KAKXW-]bc S JLK e JLKgK U Y�JLY ULSVU K�j¨xGµ
D v [�YIcLDdW'F�¶gH'J ÇVSVU H'JLK�prM

§ � _ K ÇVS J}D SVU DdYIWuY eE© K�É j e YfJ ÇmS J}DdYIHbc UL_ KgJ v S \�JLKgFID v KXcrp}¶ S Ww[bJLYa]bH.¶ZK S \ S JLFfK ÇVS J}DGK U µ�Y e
J}KXci[�YIWbciKXc e JLY v UL_ KgJ v S \�KZ`�[ S W-cLDGYIW�]'Y v DdW S W U,U Y UL_ KgJ v S \�x�Y@È^DdW'F�]'Y v D�W S W U M

stW�cLH v�v S J_µfn UL_ K�]'K Ç KX\GYf[ v KXW U Y e D�W U KgJ}W S \ e YfJ_¶ZKXc S Wb] v Y v KXW U c:DdW UL_ KAx�K S v D�cTFfY Ç KgJ}W'KX]
xGµ UL_ K=D�W U KgJ S ¶ U DdYIW�Y e v K S W U K v [�KgJ SVU H'JLKqDdW.¶ZJLK S cLKfn UL_ J}YIH'F _ ]bKg[ UL_�UL_ KgJ v S \�FfJ S ]bDGKXW U c S Wb]
UL_ KqKXWb]uJLKXc U J S DdW U c U Y U J S W-cL\ SVU DGYIW S Wb]�JLY ULSVU DGYIW�M � _ KgJLK e YfJLK S WGµ�c ULSVU K e JLY v _ DGF _ ¶ZY v [bJ}KXc~z
cLDGYIW U Y _ DGF _�U KXWbcLDGYIW`¶ S W+j UL_ KgYfJLK U D
¶ S \�\�µ'pRKZ`'Ddc U DdW _ K SVU KX]@c U J}H.¶ U H'J S \ v K v x�KgJ}cgM ÷ Y@È�K Ç KgJXn
DdW S \d\ UL_ KXciKs¶ S ciKXc:\ S JLFfK�]bK�Ê-K�¶ U DGYIWbczÈ^Dd\d\�x�KA[bJLKXciKXW U^S \Gx�KXD U0_bS�Ç D�W'F�]'K Ç KX\GYf[�KX] UL_ JLYIH'F _ ]bD e z
e KgJ}KXW U v K�¶ _bS WbD�c v cgM

� _ K�ciK�¶ZYIWb]�cLD v [-\GKhx�K S v S W S \
µ�cLD�c _bS cqc _ Y�È^W UL_bSVUqUL_ K�HbW'J}KXc U J S DdW'KX]��-JLK�JLKXcLDdc ULS W.¶ZK U KXc U
x�K S J}cR\dD UiU \dK:JLKX\dK ÇmS W.¶ZK U Y UL_ KAx�K _bS�Ç DGYIH'J0Y e c U J}H.¶ U HbJ S \�KX\GK v KXW U c S c0[ S J U Y e _ DdF _ \�µ�DdW-]'K U KgJiz
v DdW SVU KTc U J}H�¶ U H'JLKXc U µ�[-D
¶ S \PY e v Ya]'KgJ}W�n�¶ZY v [�YIcLD U K,c U KgKX\ e J S v K�x�HbDd\d]bD�W'FIcgM � _ K U KXc U v K UL_ Ya]bc
S JLK�DdW S ]bK�ÌPH SVU K�È _ KXW UL_ K�KXWb]b¶ZYIW-]bD U DGYIWbc=]bH'JrDdW'F�cLKgJ Ç D/¶ZK S J}K�H-WaÎ�WbY�È^W S Wb] UL_ K�x�K S v Ddc
U KXc U KX] S cRc}D v [-\�µ�cLHb[b[�YfJ U KX]�D�MªKfM W'Y2¶ZYIWbcLDd]bKgJ SVU DGYIW�Y e JLKXc U J S DdW U D�c v S ]'KfM
��µ�DdW�¶g\dHb]bDdWbF UL_ K

¿ ¼�½



K�É�K�¶ U Y e JLKXc U J S DdW U DdW S cLD v [-\GK^x�K S v«v Ya]'KX\ UL_ K U K v [�KgJ SVU H'J}K SVU È _ D
¶ _ ùVJ}HbW S È S µ"ù�Y�¶�¶gHbJ}c
Ddc=FfJLK SVU \�µ@DdW.¶ZJLK S ciKX]�M � _ K�JLK S ciYIWbc e YfJ UL_ DdcqD¬MªKfM UL_ K2¶ _bS W'FIDdW'Fw\GY S ]Z¶ S JLJ_µ�DdWbF v K�¶ _bS WbDdc v c
DdW Ç YI\ Ç KX] S cY¶ SVU KXW S J,µ S ¶ U DdYIW@]bK Ç KX\GYf[-c S c S J}KXcLHb\ U Y e UL_ K�]'K�Ê-K�¶ U KX]�c _bS [�K _bS�Ç K S \dciY�x�KgKXW
KZ`�[�\ S DdW'KX]�M
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QT_bS [ U KgJ^ß _ DdF _ \dDGF _PU KX] UL_ K U�à Y v S DdW�KZá�KXâ U c0Y e _ K SVU DdW'F�DdW S c U J}H-â U H'J S \ v K v x�KgJXn UL_ KgJ v S \
KZ`�[ S WbcLDGYIW�â S HbciKX]�xPã S W SXä KgJ S FfK�J}D�ciK�DdW U K v [�KgJ SVU H'JLKfn S Wb] UL_ KgJ v S \!x�Y à DdW'F�â S HbcLKX]�x�ã S
W'YIWaz�HbW-D e YfJ v ]bDdc U J}Ddx-H U DGYIW�Y e U K v [�KgJ SVU H'JLKAY ä KgJ UL_ K<]'Kg[ UL_ Y e UL_ K v K v x�KgJXM �,Y UL_ Y e UL_ KXciK
S â U DGYIWbcRD v [�YIciK UL_ KgJ v S \�c U J S D�WbcAjå\GYIW'FID U Hb]-DdW S \bKZ` U KXWbcLDdYIWwDdWuâ S ciKhY e KZ`a[ S Wbc}DGYIW S Wb]uâgH'J äVS z
U H'JLK S c S JLKXcLH-\ U Y e UL_ KgJ v S \{x�Y à DdW'FPprM�æ:Y à K ä KgJ�D e UL_ KXcLK UL_ KgJ v S \ c U J S DdWbc S J}K�JLKXc U J S D�W'KX]�n
UL_ K^J}KXcLHb\ U D�c UL_ K^]bK ä KX\GYf[ v KXW U Y e v KXâ _bS WbDdâ S \�c U J S D�Wbc DdW UL_ K^Yf[b[�YIcLD U K^ciKXWbciK^Y e UL_ K UL_ KgJ v S \
c U J S DdW-c UL_ Hbc�JLKX]bH-âgDdW'F UL_ K U Y ULS \'c U J S DdWbcTj S Wb] UL_ KgJLK e YfJLK0]bDdcL[-\ S âZK v KXW U crprnVFID ä DdW'F^JrDdciK U Yq\ S JLFfK
e YfJrâZKXcgM � _ D�c:â _bS [ U KgJh]'KXcLâZJrDGx�KXc S ciKgJ}DdKXc:Y e [ S J S v K U JrDdâ<c U Hb]bDGKXc:YIW UL_ K�KZá�KXâ U Y e â _bS WbFIDdW'F
UL_ K UL_ KgJ v S \�FfJ S ]bDdKXW URS Wb] UL_ K v K S W U K v [�KgJ SVU H'JLKhDdW UL_ K QTS J}]bDdWbF U YIWwcL\ S x�M � _ K S W S \GãaciKXc
à KgJ}K�âZYIWb]bHbâ U KX]�YIW UL_ KAFfJrDd\d\ S FfK v Ya]'KX\�Y e �,J}D U Ddc _�ç�U KgKX\ U KXc U oVn UL_ KhJ}KXc U J S DdW'KX]ux�K S v U KXc U M
� _ K S W S \GãacLDdc à,S cTâ S JLJrDGKX]�YIH U D�W U�à Y�[ S J U c��-Jrc U ]bDGá�KgJLKXW U,UL_ KgJ v S \�FfJ S ]bDGKXW U c à KgJ}K S [-[-\dDGKX]
U Y UL_ K<âZYIWbâZJLK U K�cL\ S x à^_ Dd\dK v S DdW ULS DdWbDdW'F UL_ K SXä KgJ S FfK U K v [�KgJ SVU H'JLK�D�WbâZJLK S ciK<Y ä KgJ UL_ K<c}\ S x
]'Kg[ UL_ KXèPH S \ U Y S �b`aKX]8JLK e KgJ}KXWbâZK äVS \dH'KfM � _ K�cLKXâZYIWb]�[ S J U [bJ}KXciKXW U c UL_ K�JLKXcLHb\ U c S Wb]8DdWaz
U KgJL[bJLK ULSVU DdYIWbc=Y e S [b[-\GãaDdW'F�]-D�á�KgJ}KXW U=SXä KgJ S FfK U K v [�KgJ SVU H'JLK<D�WbâZJLK S ciKXc S Wb] v S DdW ULS DdWbDdW'F UL_ K
FfJ S ]bDGKXW U c SVU JLK e KgJ}KXWbâZK ämS \�H'KfM

Öq×ié ê8ë�ì ¦ Û ¤^í�î0ï Ü�ð<Þ}Ú�ñòÛ�ó�ìõô�ö ï í Û�ó�ì
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�:�T�^úqû ç�ü�ýiþ ��WbD U K�KX\GK v KXW U v Y�]'KX\�ch]'K ä KX\GYf[�KX] U Y@cLD v Hb\ SVU K UL_ K�x�K _-SXä DGYIH'JAY e UL_ K�c U JrHbâ�z
U H'JLKuDdW UL_ K QTS Jr]bDdW'F U YIW��-JLK U KXc U c þ�ü�ÿ��dþ�ü�� JLKg[bJLYa]bHbâZK UL_ K�[ _ KXW'Y v KXW S Y�âgâgHbJLJ}DdW'F@]bH'J}D�W'F S
�-JLKfM � _ K^FfJ}Dd\�\ S FfK v Ya]'KX\dc�[bJLY ä D�]'K S ]'KXcLâZJ}Dd[ U DGYIW�Y e UL_ KqâZY v [-\GKZ`�x�K _bS ä DGYIHbJ,DdW S JLKX\ SVU D ä KX\Gã
cLD v [�\dD��-KX] v S WbW'KgJ0x�ãuJLKg[bJLKXcLKXW U DdWbF UL_ K�cL\ S x à D UL_wS FfJ}Dd]uY e og9/KX\GK v KXW U cgM
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� _ KhâZY v [ S J U v KXW U c U Hb]-DGKX]uDdcRDd]'KXW U Ddâ S \ U Y UL_ KhYIW'K�âZYIWbc U J}Hbâ U KX] e YfJ UL_ Kq��J}c U �,J}D U Ddc _�ç�U KgKX\
U KXc U n à^_ Ddâ _ Ddc UL_ K�JLK e KgJLKXWbâZK�â S ciKfM � _ Ddc U KXc UhàTS c�]'KXc}DGFIW'KX] U Y�c U H-]'ã UL_ K�x�K _-SXä DGYIH'JAY e S
ciKXâZYIWb] S J}ã�x�K S v ci[ S W-WbDdW'F�x�K U�à KgKXW U�à Y�âZYI\�H v WbcgM � _ K<]bD v KXWbcLDGYIW-cTY e UL_ K<âZY v [ S J U v KXW U
à KgJ}K*),+.-0/,+ S Wb] UL_ K U KXc U KX]�x�K S v _bS ] S ci[ S WuY e21 v j43EDGFIH'J}K N Mdo prM658703bHb\d\�]bK ULS Dd\dc à KgJLK
FID ä KXW�D�W QT_bS [ U KgJ:9'M
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� _ K��=�T�^úqû ç FfJ}Dd\�\ S FfK v Ya]'KX\�]'K ä KX\GYf[�KX]wx�ã çaS W S ] þiþ 5AS Wb] ämS \dD�] SVU KX] S F S DdWbc URUL_ KhJLKXc}Hb\ U c
Y e �,J}D U Ddc _�çaU KgKX\ U KXc U o�Ddc�H-ciKX] e YfJ UL_ Ddc�c U Hb]'ãfM � _ K��=�T�^úqû ç v Ya]'KX\ àTS c�]'K ä KX\dYf[�KX] U Y
Dd\d\dH-c U J SVU K UL_ K=c U J}Hbâ U H'J S \'x�K _bSXä DGYIH'J D�W��,J}D U Ddc _�ç�U KgKX\ � KXc U o^DdW S JLKX\ SVU D ä KX\dã�c}D v [-\GK v S W-W'KgJXM
C{`a[-\GYID U D�W'F�ciã v�v K U JLãfnEYIWb\Gã _bS \ e UL_ K�âZY v [ S J U v KXW U�àTS c v Y�]'KX\�\GKX] S Wb] UL_ K�KZá�KXâ U Y e UL_ K
cLH'JLJ}YIHbWb]bDdWbFED-YPYfJ àTS c S \�ciY<J}Kg[bJLKXciKXW U KX]�xPã�cLã v�v K U JLã�x�YIHbWb] S JLã�âZYIWb]-D U DGYIWbc=j43�DdFIH'JLK N M Ô prM
stW UL_ K v Y�]bKX\¬n UL_ K�cL\ S x à,S c�J}Kg[bJLKXciKXW U KX]�x�ã S FfJ}D�\d\ S FfKuY e âZJ}YIcLc�x�K S v c�J}HbW-WbDdW'F@DdW U�à Y
]bDGJLKXâ U DdYIWbcgna[ S J S \d\dKX\ U Y UL_ KhciKXâZYIWb] S JLã�x�K S v c<jå\GYIW'FID U Hb]-DdW S \�]bDGJLKXâ U DGYIW�p S W-]w[ S J S \d\dKX\ U Y UL_ K
[bJ}D v S JLã�x�K S v DdW UL_ Kh]bDGJLKXâ U DGYIWuY e UL_ K�J}DGx-cAj U J S Wbc ä KgJ}ciK�]bDdJLKXâ U DGYIW�prM
stW UL_ K U J S Wbc ä KgJ}ciK�]bDdJLKXâ U DGYIW�n'K S â _ J}DGxwY e UL_ K<cL\ S x�DdcTJ}Kg[bJLKXciKXW U KX]�x�ã S ]bDdcLâZJLK U K�x�K S v âZYIWaz
W'KXâ U KX] U Y UL_ KwciKXâZYIWb] S JLã�x�K S v cgM�s~W UL_ Kw\GYIW'FID U H-]bDdW S \
]-DGJLKXâ U DGYIW�n UL_ KuâZY v [�YIc}D U KwcL\ S x�Ddc
JLKg[bJLKXcLKXW U KX]wx�ã S âZYIWbâZJ}K U Khx�K S v J}DGFIDd]b\dã�âZYIW-W'KXâ U KX] U Y UL_ KhciKXâZYIW-] S JLã�c U KgKX\GF~YIDdc U x�KX\GY à D U M
� _ K�x�K S v KX\dK v KXW U cqJ}Kg[bJLKXciKXW U DdW'F UL_ K�J}DGx-c S Wb] UL_ K�âZY v [�YIcLD U K�cL\ S x S JLK S \dciY�J}DGFIDd]-\GãwâZYIWaz
W'KXâ U KX]�M � _ KAKZá�KXâ U D ä K à Dd] UL_ Y e UL_ KhâZY v [�YIcLD U KhcL\ S x S Wb] UL_ K v SVU KgJ}D S \�[bJ}Yf[�KgJ U DGKXcTHbciKX] e YfJ
âZYIWbâZJLK U K à KgJ}K<]'KX]bH-âZKX] e JLY v C�H'JLYaâZY�]'KfMIHKJ�LMHKNOC S â _ ciKXâZYIWb] S JLãwc U KgKX\PFiYIDdc U Ddc^âZYIWbW'KXâ U KX] U Y
KXD UL_ KgJ S âZYI\dH v W�YfJ S [bJrD v S JLã�x�K S v HbcLDdW'F S [-DdWbW'KX]uâZYIWbWbKXâ U DGYIW�M � _ KA[bJ}D v S JLãQFiYIDdc U:S \dciY
_bS c S cL\ S x�JrDGFIDd]b\Gã�âZYIW-W'KXâ U KX] U Y�D UTU Y v Y�]'KX\ UL_ KhâZY v [�YIc}D U Kqx�K _-SXä DGYIH'JXM � _ K U K v [�KgJ SVU H'JLK
JLKgFID v K S [b[�\dDGKX] U Y UL_ KTcL\ S x àTS cEJLKg[bJLKXcLKXW U KX]�x�ã S v K S W U K v [�KgJ SVU H'JLKhjåâ S \dâgHb\ SVU KX]�H-cLDdW'F UL_ K
v K S cLH'J}KX] U KXc U^U K v [�KgJ SVU H'JLKXc S Wb] S W S cLcLH v KX] à KXDdF _%U KX] S JLK S Y e âZYIWbâZJLK U K<Y ä KgJ à^_ Ddâ _uUL_ K
U K v [�KgJ SVU H'JLK à YIHb\d] S â U p S â U DdW'F SVUAUL_ K�FfKgY v K U J}Ddâ�âZKXW U JLYIDd] S W-] S v K S W�FfJ S ]-DGKXW UhS â U D�W'F
UL_ JLYIH'F _ D U c�]'Kg[ UL_�S c�Dd\�\dHbc U J SVU KX]8DdWR3EDGFIH'JLK N MI/ e YfJ UL_ KuJ}DGx�cgn S Wb]8D�W=3EDGFIHbJLK N MS9 e YfJ UL_ K
âZY v [�YIcLD U K�\GYIW'FID U Hb]bDdW S \�cL\ S x�M � _ K U K v [�KgJ SVU H'JLK S [b[-\�DGKX] U YuK S â _ v K v x�KgJ àTS cADdWbâZJ}K S ciKX]

ÔVÕ 1



 3mPrimary beam  Secondary beams

 Column Column

 3m

 9m

 8m

 3m

 Longitudinal direction

 Transversal direction

Layout of the Cardington Fire tests

Figure 1

y

x

Translations restrained in
x-direction.
Rotations restrained in y
and z directions

 1.5m

Primary composite beam

Composite secondary
beams

 Ribs

 Column
(z-axis)

 4.5m

Composite secondary beam

 4.5m

Symmetry boundary
conditions

 3m

Layout of the Cardington Fire tests
Figure 23EDGFIH'JLK N M Ô O � S ãfYIH U Y e UL_ K QTS J}]-DdW'F U YIW e J S v KA�-J}K U KXc U

TVUXW�Y�Z�U,Y�W,[@\^]`_�]Oab_cW de_cf�_cWg_�h�Z!_ji	h�[@\ dk_cf�_cWg_�h�Z�_Ai2h�[l\
UX_c]#mb_cWg[PUgY�W,_ nlWg[@oqp;_�h(U
j4r Q p j4r Q:s v�v pæ:K SVU KX]jtIYIDdc U ) ÕfÕ Õ M Ô ß

Q Y v [�YIc}D U KhcL\ S x Ô ß�u 9
v:DGx-c /fß Õ u

� S x-\GK N Mdo O v^K e KgJ}KXWbâZK UL_ KgJ v S \�\GY S ]bDdW'F�YIW UL_ Khc U J}Hbâ U HbJLK

\dDdW'K S Jr\Gã e JLY v S v x�DGKXW U0U Y UL_ K v S `'D v H v U K v [�KgJ SVU H'JLKfM � _ KAFfJ S ]bDGKXW U DdW UL_ KhcL\ S x S W-] UL_ K
F~YID�c UhàTS c S \dciY�DdWbâZJLK S ciKX]�\dDdW'K S J}\dã e J}Y v.w KgJLY U Y UL_ K���W S \ ämS \dHbKfM � _ K S â U H S \ ämS JrD SVU DGYIW�Y e
U K v [�KgJ SVU H'JLK S Wb]�FfJ S ]bDGKXW U DdW UL_ K U KXc U c à,S c,W'Y U \�DdW'K S JXn _ Y à K ä KgJ UL_ Ddc Dd]bK S \dDdc SVU DGYIW�Y e \�DdW'K S J
K ä YI\dH U DGYIW S \d\GY à c S W�K S cLDGKgJ�D�W U KgJL[-JLK ULSVU DGYIW�Y e UL_ K�c U J}Hbâ U HbJ S \Ex�K _bSXä DGYIH'JXM � _ D�c=D�cqx�KXâ S H-ciK
DdW S ]bK ULS Dd\GKX]uKZ` S v DdW SVU DGYIW�Y e v Y�]'KX\�J}KXcLHb\ U c UL_ KhK ä KXW U c:JLKX\ SVU KX] U Y�c U J}H-â U H'J S \�[ _ KXWbY v KXW S
S JLKhciKg[ S J SVU KX] e J}Y v ämS JrD SVU DGYIWbcTâ S HbciKX]�xPãuâ _bS WbFfKXcRDdW UL_ K U K v [�KgJ SVU H'J}K _ Ddc U YfJLãfM � _ K U K v z
[�KgJ SVU H'JLKXc S Wb]8FfJ S ]bDGKXW U c�Y ä KgJ UL_ Kuc U J}H-â U H'J S \�KX\GK v KXW U c à KgJLK S [b[-\�DGKX]�ciKg[ S J SVU KX\Gã e YfJ UL_ K
c U KgKX\!F~YIDdc U cgn UL_ K:\GYIW'FID U Hb]bDdW S \aâZY v [�YIcLD U K:cL\ S x S Wb] UL_ K U J S Wbc ä KgJ}ciK=J}DGx-cgM � S x-\GK N Mdo:FID ä KXc UL_ K
ämS \�H'KXc
HbciKX]�DdW UL_ K0JLK e KgJLKXWbâZK^â S \�âgHb\ SVU DGYIW e YfJ UL_ K U KXc U ]'KgJ}D ä KX] e JLY v UL_ K0KZ`�[�KgJ}D v KXW ULS \-] SVULS M

�:W�DdWbâZJLK S ciK0Y e UL_ K U K v [�KgJ SVU HbJLK SVU{UL_ KRFfKgY v K U JrDdâRâZKXW U JLYIDd]�Y e UL_ KRcL\ S x�D v [-\dDGKXc S W�DdW-âZJLK S ciK
DdW UL_ K�cL\ S x�\GKXW'F UL_ M�  _ KXW UL_ K�cL\ S x�Ddc=JLKXc U J S DdW'KX] S F S DdWbc UhS `'D S \�KZ`a[ S WbcLDGYIW�n S `'D S \ UL_ J}H-c U c
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÷ �}~����!���@��|�����~��G�^���!�P��x��}~�|�~��Ã�}~�|�~�x����¥�P��|������8~�|�x¿�8~��k�Gþ����}~Ö�P|�~��8~��@��~£��ÿ��*�Pxzy!�P�zþ�|�~��8�8|¥��x��B�
x��}yR���!�����8�8|�{@����{}|�~O��|��!{P�P�Ïxz���DCÂ�¤�����Ï�V~O��|�y!{}~��%���P���¤���}~O|�~��8�8|���x¿�����8�Ü�8|����P��������xz�!�%x��
���!�P��x��P~�|����@�zþ¤����|�~Ì�8~�ù�~�|�~����P���Ø���}~�|�~��8�8|���x��G�£�8��|���������x��!�j��|��!{P�P�0���P~����!���l��|�����~��G���FEFG��
HJILK�MLN�IOHJILPAQ G;RTSVU Q � K�W)H U W)MXK�MXQ U W R/G9GZYXU\[ P � H U K�WXQ R W Y HJIXP [ P ÿ K [ P � K�WXQ U;Y P []RTS$G P [ K/H R H U K�W R/G
[ P^Q�H []R/U W_H �`R Wba R H�P []U;R/G;U Q�P/c�HJILP [ P ¢2U;G;G-S P RdG;U a U H U afe�K�Q�P Y K�WgHJILPha R N�W U HJM Y PiK ÿ HJI U Q [ P �
Q�H []R/U W)H S$R Q�P Y K�WjHJILPfILK/N/N U WLN �`R e R��`U H þ K ÿ HJILPkQ G;RTS�l ÷ ILP [ P^QJM G HJQ�QJIXK ¢ HJI R H R/G H�P [mU WLNnHJILP
H�P^afe�P []R HJM [ PnN []R/YXU P^W_H U WoHJIXP G K�WXN U HJM YXU W R/G�YXU\[ P � H U K�WpI R Q ù P [�þoG;U H�H G PkK [ WLKdP � P � HqK�WpHJILP
a Rr�LU asM$a Y P�t$P � H U K�WAK S H R/U WLP YAR HFa U;YB� Q�e R WuK ÿ HJILP S P R awv ��U N�M [ Pfx ly��zml ÷ I U Q U QZP � e�P � H�P Y
R Q U W'HJILP G K�WLN U HJM YXU W R/G(YXU\[ P � H U K�WhHJILP{Q G9RTS HJILP [ a R/G N []R/YXU P^W)HJQ RT[ P R�ù P [�þ QJa R/G;G e [ K/e�K [ H U K�W
K ÿ HJILP{H�K/H R/G N []R/Y$U P^W_H l|E a}M � I G;RT[ N/P [ N []R/YXU P^W)H � K�akP^Q ÿ�[ K�a~HJILP{H�P^afe�P []R HJM [ P YXU�� P [ P^W)H U;R/G
K ù P [ HJILP � K�afe�K�Q U H�P�QJP � H U K�W�v=Q G9RTS�R W Y�� K U QJH z	¢ I U¿� I U Q0WLK/H ùTRT[]U P YiU WkHJI U Q-Q�HJM Y}þ/l ÷ I U Q�P � P � H
Y P �`G;U WXP^Q R H�I U N�ILP [ H�P^afe�P []R HJM [ P^Q�ILK ¢ P ù P [ HJIXP [ P}QJH U;G;G�U QFWLK R eXe [ P �`U;RTS7G P � I R WLN/P U W Y P�t$P ���
H U K�WXQ ¢2U HJI ùTRT[�þ4U WLN2HJILP [ a R/G N [mR/YXU P^W)HJQ l ÷ I U Q U Q S P �`R MXQJP0HJILP�P � P � H�K ÿ HJILP�I U N�IsH []R WXQ G9R H U K�W R/G
[ P^Q�H []R/U W_HJQ R H HJILP S P R a�P^W Y Q R W Y HJILP [ P^Q�H []R/U W)HJQ U ake(K�QJP YfSGþ K [ HJIXK/N/K�W R/Gl� K�ake R H U\S$U;G9U H þ}RT[ P
H�K)K Y K�a U W R W_H l ÷ I U Q [ P^a R/U W$Q|HJILPsakP^QJQ R N/P ÿ K [�R/G;G Q U N�W U��l�`R W)H|K�MLH�e$MLHJQ ÿ
[ K�a~HJI U QZP � P [��`U Q�P l
÷ ILP}afK�afP^W)HJQ R W Y0ÿ K [�� P^Q U W'HJILP}Q G;RTSi� K U Q�H RT[ P R/G Q�KnWLK/HFQJP^WXQ U H Uzù P{H�K�HJILP ùrRT[mU;R H U K�W�K ÿ HJILP
Q G;RTS N []R/YXU P^W)H l ÷ ILP [ P^Q�e�K�WXQ�P�K ÿ HJILP � K�afe�K�Q U H�P S P R a U Q R/G Q�KqWLK/H Rr� P � H�P YuScþ HJILP�Q G;RTS N []Rr�
YXU P^W)H R Q �`R W S P�Q�P`P^W ÿ
[ K�a ��U N�M [ P�x l x{H�K ��U N�M [ P�x ly� c ¢ ILP [ PFHJILP�HJILP [ a R/G;GzþkU W Y M � P Y v ý-�1�iz
afK�afP^W)H R W Y HJILPnH�K/H R/G afK�afP^W)H U W�HJILP S P R a [ P^a R/U WoM$W � I R WXN/P Y`ÿ K [fYXU�� P [ P^W_HsN []R/YXU P^W)H
[ P`N U afP^Q l
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Midspan deflection - Experimental
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Joist moment, 2.0 x gradient
Joist moment 1.5 x gradient
Joist moment, 1.0 x gradient
Joist moment 0.75 x gradient
Joist moment 0.5 x gradient
Concrete moment, 2.0 x gradient
Concrete moment 1.5 x gradient
Concrete moment, 1.0 x gradient
Concrete moment 0.75 x gradient
Concrete moment 0.5 x gradient

��U N�M [ P�x l x � ü K�afP^W_HJQ R H�a U;YB� Q�e R W ���-RT[�þ4U WLNZHJILP0H�P^afe�P []R HJM [ P-N [mR/YXU P^W)H U W�HJIXP G K�WLN U HJM YXU W R/G
Q G;RTS
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Joist axial force, 2.0 x gradient
Joist axial force, 1.5 x gradient
Joist axial force, 1.0 x gradient
Joist axial force, 0.75 x gradient
Joist axial force, 0.5 x gradient
Concrete axial force, 2.0 x gradient
Concrete axial force, 1.5 x gradient
Concrete axial force, 1.0 x gradient
Concrete axial force, 0.75 x gradient
Concrete axial force, 0.5 x gradient
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��U N�M [ P{x ly�4� ü K�afP^W)HZ� U�� P [ P^W � P^Q �-�-RT[�þBU WLNqHJILP�H�P^afe�P []R HJM [ P�N []R/YXU P^W)H U WnHJILP G K�WLN U HJM YXU W R/G
Q G;RTS
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x/l=0.5, 2.0 x gradient

x/l=0.5, 1.5 x gradient

x/l=0.5, 1.0 x gradient

x/l=0.5, 0.75 x gradient

x/l=0.5, 0.5 x gradient

��U N�M [ PAx l §`� �A��U\S Q Rr�BU9R/G'ÿ K [�� P �u�-RT[�þBU WLNjHJILPhH�P^afe�P []R HJM [ PuN []R/YXU P^W)H U WgHJILP G K�WLN U HJM YXU W R/G
Q G;RTS

57698�6;:�6;8 >këGï�ö�ólí�ï�ëOó$�:é,õ�ëd>kì�@qï
��U N�M [ P}x l §`� R W YØ��U N�M [ P}x l §�§ QJILK ¢ HJILP Rr�LU;R/G�ÿ K [�� P R W Y afK�akP^W_Hqv R H�HJILPsQ�P � H U K�W�K ù P [ HJILP
� K U Q�H z�[ P^Q�e�P � H Uzù P G�þ c U WqHJILPZH [mR WXQ ù P [ Q�P []U\SfG K �`R H�P YiR H-HJILP�a U;YB� Q�e R WsK ÿ HJILP � K�ake(K�Q U H�P S P R a l
E N R/U W ù P [�þ�G;U H�H G P YXU�� P [ P^W � P U QiQ�P`P^W l ÷ ILP S P^I RXù4U K�M [ K ÿ HJILP []U;S Q U Q Y K�a U W R H�P Y�Scþ HJILP
� K�afe R H U\S7U;G;U H þ K ÿ�YXU QJe G;R�� P^afP^W)HJQ ¢�U HJInHJILP � K�afe�K�Q U H�P S P R a R W YkùTRT[�þBU WLN}HJILP�Q G;RTS N []R/YXU P^W)H
I R Q G;U H�H G P�P � P � H�K�WuHJILP YXU Q�e G;R�� P^afP^W)HJQ R Q Y P^Q ��[]U\S P YuRTS K ù P l

�L[ K�a ��U N�M [ P�x l §`� U H �`R W S PZQ�P`P^WiHJI R H-HJILP � K�afe [ P^QJQ Uzù P Rr�BU9R/GPÿ K [�� P U WqHJILP []U\SkU W ��[ P R Q�P^Q S P �
�`R MXQ�P|K ÿ([ P^Q�H []R/U WLP Y HJILP [ a R/G P � e R WXQ U K�W [ P R�� I U WLN R e(P RT�qR H R eXe [ K �LU a R H�P Gzþ ¦T�/�/�`� l�� P þ K�W Y
HJI U Q�e�K U W)H�HJILP U W ��[ P R Q U WXN Y P�t$P � H U K�WXQ{K ÿ HJIXP � K�afe�K�Q U H�P S P R a �`R M$Q�PkHJILP � K�ake [ P^QJQ U K�W U W
HJILP�H []R WXQ ù P [ Q�P YXU\[ P � H U K�W�H�K Y P �`G;U WLPfv�e [ P Y K�a U W R W)H GzþkU WnHJILP � P^W)H []R/G�[]U\S Q zml ÷ I U Q U Q S P �`R M$Q�P
HJILPhHJILP [ a R/G P � e R WXQ U K�W U WoHJILP G K�WXN U HJM YXU W R/G YXU\[ P � H U K�W U QsN [ P R H�P [ HJI R H U WpHJILPhH []R WXQ ù P [ Q�P
YXU\[ P � H U K�Wpv G P^WLN/HJIAK ÿ � a R N R/U WXQ�H û a zZR W Y HJIXP [ P ÿ K [ PsH�Kna R/U W)H R/U W � K�afe R H U;S$U;G;U H þ K ÿ-Y P�t$P ���
H U K�W U W�HJILP�H ¢ K YXU\[ P � H U K�WXQ�afP � I R W U��`R/G Q�H []R/U W$Q � K�ake(P^W$Q R H�P ÿ K [ HJILP G9R��J� K ÿ HJILP [ a R/G Q�H [mR/U W
U W�HJILPsH [mR WXQ ù P [ Q�P YXU\[ P � H U K�W l ÷ I U Q [ P^QJM G HJQ U W Ri[ P Y M � H U K�W�K ÿ�� K�afe [ P^Q]Q U K�Wbv �`R MXQ�P YdSGþ HJILP
U W U H U9R/G HJILP [ a R/G P � e R WXQ U K�W z MLeoH�K �/�T� � � R�ÿ H�P [Ì¢ I U�� I�HJILP � P^W_H []R/G0[]U\S N/K)P^Q U W)H�KAH�P^WXQ U K�W l
÷ I U Q U Q RO�`G P RT[ P ùBU;Y P^W � PhK ÿ HJILPhH�P^WXQ U;G PhafP^a SX[]R WLP R�� H U K�W ��[ P R H U WLN R W R/G H�P [ W R H U�ù P G K R/Y
e R HJIuH�K [ P YXU Q�H [mU\S MLH�P�HJILP ÿ K [�� P^Q U ake(K�QJP Y�Scþ HJILP [ a R/G�R�� H U K�WXQ l

E Q afP^W_H U K�WLP Y P RT[]G;U P [ c/HJIXP ùTRT[�þBU WLN�K ÿ Q G;RTS HJILP [ a R/G N []R/Y$U P^W_HJQ U WsHJIXP G K�WLN U HJM YXU W R/G_YXU;[ P � H U K�W
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x/l=0.5, 2.0 x gradient

x/l=0.5, 1.5 x gradient

x/l=0.5, 1.0 x gradient

x/l=0.5, 0.75 x gradient

x/l=0.5, 0.5 x gradient

��U N�M [ P�x l §�§ ���2U\S QiafK�afP^W)HiK ù P [ HJIXP � K U Q�H �d�-RT[�þ4U WLN�HJILP�H�P^afe�P []R HJM [ P�N []R/YXU P^W)H U W�HJILP
G K�WLN U HJM YXU W R/G Q G;RTS

Y K4P^Q|WLK/H|e [ K Y M � P R Q U N�W U��(�`R W_H YXU�� P [ P^W � P U W S P^I R�ùBU K�M [�l ÷ ILP�afK�afP^W)HJQ U WnHJILP � P^W_H [mR/G�[]U\S
QJILK ¢ W U W ��U N�M [ P�x l §�§ RT[ P U W U H U;R/G;GzþfU WhILK/N/N U WXN R Q�HJIXP []U\S Q�e R WXQ�K ù P [ HJILP � K�afe�K�Q U H�P S P R a
R H�HJI U Q G K �`R H U K�W l ÷ ILP U W ��[ P R Q U WLNFHJILP [ a R/G N [mR/YXU P^W)HJQ U W}HJILP []U\S v ¢2U HJI}HJILP �7[ P z�U W U H U;R/G9Gzþ e [ K �
Y M � P R W U W ��[ P R Q�P U WiHJILP�IXK/N/N U WLNsakK�afP^W_HJQ R/G K�WLN U HJQ G P^WLN/HJI S P �`R MXQ�P�K ÿ HJILP2P^W Yk[ K/H R H U K�W R/G
[ P^Q�H []R/U W_HJQ�v ÿ
[ K�a � K�W)H U W)M U H þ K ÿ HJILPFQ G;RTS(z c ¢ I U�� Ife�P RT� Q R H R e$e [ K �LU a R H�P G�þ §^�T�/��� l ÷ ILP�ILK/N �
N U WLN�afK�afP^W)H [ P Y M � P^Q S P þ K�W Y HJI U Q+e�K U W)H S P �`R MXQJP�K ÿ HJILP U afe�K�Q�P Y}Y P�t$P � H U K�W �`R M$Q�P YqSGþ HJILP
� K�afe�K�Q U H�P S P R auc ¢ I U�� I�v ¢ I U9G Q�H U W U H U;R/G9GzþuR�� H U WLN R Q R QJMLe$e(K [ H z|S P`N U WXQFH�K R�� H R Q R e�K U W)H
G K R/YfR H�HJILPZa U9Y Q�e R WsK ÿ HJILP � P^W)H []R/GL[mU\S e [ K Y M �`U WLNFQ R N/N U WLN�afK�akP^W_HJQ ÿ�[ K�a û/�T�/�^� K�W ¢�RT[]Y Q l
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÷ I U Q�Q�HJM Y}þÃùTRT[]U P^Q�HJILP�Q G;RTS N []R/YXU P^W)H U WnHJILP�H []R W$Q ù P [ Q�Piv []U;S(z0YXU\[ P � H U K�W ÿ�[ K�a � �_¢ H�K ¦T�/�_¢
K ÿ HJILP [ P ÿ P [ P^W � P|N []R/YXU P^W_H l�E WfK ù P [�ùBU P ¢ K ÿ HJILP ÿ M G;G Q�P`H-K ÿ([ P^QJM G HJQ [ P`e�K [ H�P Y ILP [ PZQ]ILK ¢ Q-HJI R H
� I R WXN/P^Q U WkN []R/YXU P^W_H U WkHJILP�H []R WXQ ù P [ Q�P�Q G9RTS I R Q R QJa R/G;G P � P � H0K�W�HJILP Y P�t$P � H U K�W ¢ ILP [ P2HJILP
U W ��[ P R QJP K ÿ N []R/Y$U P^W_H �`R MXQ�P^Q R Q G;U N�I)H Y P ��[ P R Q�P U Wsa U;YB� Q�e R W Y P�t$P � H U K�Whv ��U N�M [ P|x l §�¦ zml ÷ I U Q U Q
P � e G;R/U WLP YqScþ�� K�WXQ U;Y P [mU WLN � K�afe R H U\S$U9G;U H þ}R W Y H�K/H R/G Q�H []R/U W$Q G P R/YXU WLN�H�K Y P�t$P � H U K�WXQ l�C W U H U;R/G9Gzþ
HJILP []U\S Q RT[ P U W�I U N�I � K�ake [ P^QJQ U K�W�MLedH�K §^�T�/��� v ��U N�M [ Pkx l § x zml � K�afe [ P^Q]Q Uzù PqQ�H []R/U WXQ R Q R
[ P^QJM G H�K ÿ�[ P^QJH []R/U WLP Y HJILP [ a R/G P � e R WXQ U K�W Y K�a U W R H�P l0£BU a}M G H R WXP`K�MXQ Gzþ HJILP G K�WLN U HJM Y$U W R/G Q G;RTS
R W YbS P R a RT[ Pue$M G9G;U WLN Y K ¢ WbK�WbHJIXP []U\S Q S P �`R MXQ�PhK ÿE� K�afe R H U\S$U9G;U H þo[ P^QJM G H U WLN U WgH�P^WXQ U;G P
Q�H []R/U W$Q l¤E W þ�U W ��[ P R QJP U W G P^WLN/HJI�K ÿ HJILP []U\S Q R Q Ro[ P^QJM G HfK ÿ P � e R W$Q U K�W U Q RTS Q�K []S P YOSGþ
Y K ¢ W ¢�RT[]YuY P�t$P � H U K�WXQ l ÷ ILP�H�K/H R/G QJH []R/U WXQ0e [ K Y M �`U WXN Y P�t$P � H U K�WXQ [ P^a R/U W � K�afe [ P^QJQ Uzù P l-��þ

¦�§ x



-250

-200

-150

-100

-50

0

50

0 100 200 300 400 500 600 700 800 900

Temperature of the joist lower flange at mid span (°C)

D
ef

le
ct

io
n 

of
 jo

is
t (

m
m

)

2.0 x gradient
1.5 x gradient 
1.0 x gradient
0.8 x gradient 
Midspan deflection - Experimental
Midspan deflection - Model

��U N�M [ Psx l §�¦ ��� K U Q�HZ�FP�t$P � H U K�W �0�-RT[�þBU WLNfHJILP�H�P^ake(P [mR HJM [ P�N []R/YXU P^W_H U WhHJIXP�H []R WXQ ù P [ Q�P�Q G;RTS

U W ��[ P R Q U WLNAHJIXP []U;S N []R/Y$U P^W_HsHJILPhH�K/H R/G�� K�afe [ P^Q]Q Uzù P�QJH []R/U WXQ U WpHJILP [mU\S Q RT[ P [ P Y M � P YgR W Y
Y P�t$P � H U K�W$Q Y P ��[ P R Q�P R�ÿ H�P [uR�[ P ÿ P [ P^W � PdH�P^afe�P []R HJM [ PAK ÿ ¦T�/�/��� l�� P þ K�W Y �T�/�/�^� HJILP [mU\S Q
RT[ P U W�H�P^WXQ U K�WVv ��U N�M [ Phx l § x z Q�K Y P�t$P � H U K�WXQ U W ��[ P R QJP S P �`R MXQ�P�H�K/H R/G v�H�P^WXQ U;G P z QJH []R/U WXQ RT[ P
U W ��[ P R Q U WLN l
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� K [iS K/HJIbHJILP'a U;YB� Q�e R W R W Y HJIXPuP^W Y Q'v ��U N�M [ P�x l §�û R W YÜ��U N�M [ P�x l § �)z HJILP � K�afe [ P^Q]Q Uzù P
ÿ K [¥� P U WfHJILP � K�W ��[ P`H�P U W ��[ P R Q�P^Q ¢�U HJI R W U W ��[ P R Q�P U WqHJILP2N []R/YXU P^W)H R eXe G9U P Y H�K�HJILP []U;S Q l ÷ I U Q
R N [ P`P^Q ¢2U HJIhHJILP ÿ MXW Y$R afP^W_H R/G e R H�H�P [ WXQZK ÿ�S P^I R�ùBU K�M [ZY$U Q � MXQJQJP Y P RT[]G;U P [ c U�l P l HJILP U W ��[ P R Q�P Y
ILK/N/N U WLN�afK�afP^W)HJQ U WjHJILP [mU\S Q �`R MXQ�P Y�SGþjU W ��[ P R QJP Y HJILP [ a R/G N []R/YXU P^W)HJQ ¢2U;G9G K � P [ N [ P R H�P [
[ P^Q U QJH R W � PkH�K'HJILP Y P�t$P � H U WLN � K�afe�K�Q U H�P S P R a [ P^QJM G H U WLN U W U W ��[ P R Q�P YoRr�BU;R/G�� K�afe [ P^QJQ U K�WXQ
U WgHJILP � K�afe�K�Q U H�P lR��U N�M [ PAx l §^� Q]ILK ¢ QqHJIXP'afK�afP^W)HJQ U WgHJILP � K U Q�H R HfHJILP'a U;YL� Q�e R W R W Y
HJILP�P^W Y Q l � K/HJI�akK�afP^W_HJQ Y P ��[ P R Q�P}Q G;U N�I)H Gzþe¢2U HJI U W ��[ P R Q�P Y H []R WXQ ù P [ Q�P�N []R/Y$U P^W_HJQ�a U;Y}¢�R�þ
HJI [ K�MLN�IOHJILP �$[ P/c [ P�t7P � H U WLN�HJILP YL[ K/e U WbHJIXP � K�afe�K�Q U H�P S P R a¦afK�afP^W)H RT[]U Q U WLN ÿ
[ K�a R
[ P Y M � P YnY P�t$P � H U K�W lb��U N�M [ P�x l § � Q]ILK ¢ Q0HJILP ý��1� afK�afP^W)H U W ��[ P R Q U WXN�HJI [ K�MLN�I�HJILP �$[ P R W Y
P ��� P`P Y$U WLNAHJIXP U W U H U;R/G afK�afP^W)Hnv�§�¨4©ª z�Y MLPkH�K�HJILP Y$U Q�H []U\S MLH�P Y�G K R/YoR H}WLP RT[]Gzþ û/�T� � � R W Y
� W R/G;G�þk[]U Q U WLN RTS K ù P�HJIXP U W ��[ P R Q U WLNsH�K/H R/G afK�afP^W)H U WnHJILP S P R a«v�P^W Y H�K � P^W_H [ P YXU�� P [ P^W � P z
R H � � �/��� H�KkHJIXP�P^W Y K ÿ��$[ P l

÷ ILP � K�afe�K�Q U H�PfafK�akP^W_H YXU�� P [ P^W � P S P`H ¢ P`P^WjHJILPfQJMLe$e(K [ H R W Y a U9YB� Q�e R W U Q R afP R QJM [ PqK ÿ
R WLK/H U K�W R/G MXW Uzÿ K [ a GzþiYXU Q�H []U\S MXH�P YuG K R/Y c ¢ c7K�W'HJILP � K�afe�K�Q U H�P S P R a R W YAU Q R/G Q�KiQ]ILK ¢ W U W
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Joist axial force 2.0 x gradient 
Joist axial force, 1.5 x gradient
Joist axial force, 1.0 x gradient
Joist axial force 0.8 x gradient
Joist axial force, 0.75 x gradient
Joist axial force, 0.5 x gradient
Concrete axial force 2.0 x gradient 
Concrete axial force 1.5 x gradient 
Concrete axial force, 1.0 x gradient
Concrete axial force 0.8 x gradient
Concrete axial force, 0.75 x gradient
Concrete axial force, 0.5 x gradient

��U N�M [ P2x l §�û ��EZ�LU;R/Gcÿ K [�� P R H �X¬rG�­ � l � ���-RT[�þ4U WXNFHJIXP�H�P^ake(P [mR HJM [ P�N []R/YXU P^W)H U W}HJILP�H []R WXQ ù P [ Q�P
Q G;RTS
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Joist axial force 2.0 x gradient 
Joist axial force, 1.5 x gradient
Joist axial force, 1.0 x gradient
Joist axial force 0.8 x gradient
Joist axial force, 0.5 x gradient
Concrete axial force 2.0 x gradient 
Concrete axial force 1.5 x gradient 
Concrete axial force, 1.0 x gradient
Concrete axial force 0.8 x gradient
Concrete axial force, 0.5 x gradient

��U N�M [ P2x l § �L��EZ�LU;R/Gcÿ K [�� P R H �X¬rG�­ � l � ���-RT[�þ4U WXNFHJIXP�H�P^ake(P [mR HJM [ P�N []R/YXU P^W)H U W}HJILP�H []R WXQ ù P [ Q�P
Q G;RTS
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x/l=0.0, 2.0 x gradient
x/l=0.0, 1.5 x gradient
x/l=0.0, 1.0 x gradient
x/l=0.0, 0.8 x gradient
x/l=0.5, 2.0 x gradient
x/l=0.5, 1.5 x gradient
x/l=0.5, 1.0 x gradient
x/l=0.5, 0.8 x gradient

��U N�M [ Pnx l §^� �k� K U Q�H ü K�afP^W_H R H �$¬rG
­ � l � R W Y � l � �q�-RT[�þBU WLN'HJILPiH�P^afe�P []R HJM [ PkN [mR/YXU P^W)H U W
HJILP�H []R W$Q ù P [ Q�P{Q G;RTS

��U N�M [ Pfx l § �4l ÷ I U Q2afK�afP^W)H�H�P^W Y QZH�K Y P ��[ P R Q�P ÿ K [ HJILPsI U N�ILP [ N [mR/YXU P^W)H [ P`N U afP G P R/YXU WXNkH�K
RfG K ¢ P [ H�K/H R/G afK�akP^W_H �`RT[J[mU P YnS P`H ¢ P`P^W ¦T�/�/��� R W Y �T�/�/��� ÿ K [ HJILP�Q R akP [ P R Q�K�WXQ�v [ P Y M � P Y
Y P�t$P � H U K�W zmlÌ�X[ K�a � � �/�^� K�W ¢�RT[]Y HJIXP S P R a R e$e G;U P^Q�afK [ PqHJILP [ a R/G�U W Y M � P YdG K R/Y K�WjHJILP
Q�H [ M � HJM [ P2HJI R W U H �`RT[J[mU P^Q R W YiR H HJI U Q Q�H R N/PFHJILPFQ�H RTS$U;G;U H þ K ÿ HJILPZt$K4K [ Q þ Q�H�P^a U Q P^WXQJM [ P YiSGþ
HJILPqH�P^WXQ U;G P}afP^a SX[]R WXP ÿ K [�� P^Q Y P ù P G K/e�P YdU W�HJIXP}H [mR WXQ ù P [ Q�P YXU;[ P � H U K�W R Q�QJILK ¢ W U W ��U N�M [ P
x l § x l

57698�6\¥+6;8 >këGï�ö�ólí�ï�ëOó$�:é,õ�ëjè,ì�@qï
��U N�M [ PZx l § � QJILK ¢ Q �`G P RT[]Gzþ HJI R H�a}M � I G;RT[ N/P [ ILK/N/N U WLN�afK�akP^W_HJQ RT[ P U afe�K�Q�P Y K�W}HJILP � P^W_H [mR/G
[]U\S�R H�I U N�ILP [ N []R/YXU P^W)HJQ�HJI [ K�MLN�I U HJQ Y P`eXHJIVv Y MLPqH�K'P^W Y Q S P U WXN [ K/H R H U K�W R/G;Gzþ�[ P^Q�H []R/U WLP Y7z c
HJILP�Q R afP U Q�H [ MLP ÿ K [ K/HJILP [0[]U\S Q l ÷ ILP U afe�K�Q�P Y afK�afP^W)HJQ U W ��[ P R Q�P ¢�U HJIfHJILP �7[ P{v U W ��[ P R Q U WLN
HJILP [ a R/G N []R/Y$U P^W_HJQ z R W Y HJILP^W [ P Y M � P U W�N/P^WLP []R/G�R Q�P � e G;R/U WXP Y e [ P ù4U K�M$Q Gzþ v�HJI [ K�MXN�I Y P�t$P ���
H U K�W � K�afe R H U\S$U9G;U H þXzmlA� K [kY K�M S$G PkHJIXP [ P ÿ P [ P^W � PnN []R/YXU P^W_H`c�HJILP [ P U Q R Q U N�W U��l�`R W)H{ILK/N/N U WLN
afK�afP^W)H U W'HJILP []U\S0ÿ K [ HJIXP ¢ ILK G P Y M []R H U K�WuK ÿ HJILP �$[ P l ÷ I U Q U Q Y P^Q�e U H�P�HJIXP Rr�LU;R/G H�P^WXQ U K�W
U W'HJIXP []U\SAR HFI U N�IuH�P^ake(P [mR HJM [ P^Q �`R MXQ�P Y'ScþuU HJQZN/P`K�akP`H []U��`R/G;Gzþ WXK�W �"G;U WLP RT[|[ P^Q�e�K�WXQ�P�H�K�HJILP
U afe�K�Q�P Y�YXU Q�e G9R�� P^afP^W_H ÿ
[ K�a~HJILP � K�afe�K�Q U H�P S P R a'c R W Y HJILP}Q R N/N U WLNhafK�afP^W)HJQ �`R MXQ�P YdSGþ
HJILP G;U WLP RT[F[ P^Q�e�K�WXQ�Phv �`G P RT[]Gzþ QJP`P^W U W ��U N�M [ Pqx l § ��SGþ HJILP Y P ù4U;R H U K�W U W�HJILPqafK�afP^W)H � M [�ù P
R HZWLP RT[]Gzþ HJILP�Q R afP�e�K U W_H ÿ�[ K�a ¢ ILP [ P�HJILP � K�afe�K�Q U H�P S P R a S P`N U WXQ0H�K R�� H R Q R e�K U W)H G K R/Y
K�W'HJILP � P^W)H []R/G+[]U\S(zml
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2.0 x gradient  
1.5 x gradient  
1.0 x gradient
0.8 x gradient
P-delta effect, 2.0 x gradient
P-delta effect, 1.5 x gradient
P-delta effect, 1.0 x gradient
P-delta effect, 0.8 x gradient

��U N�M [ Pfx l § �4� ü K�akP^W_H�� U�� P [ P^W � P^Q ���-RT[�þBU WLNiHJIXP{H�P^afe�P []R HJM [ P{N []R/YXU P^W_H U W'HJILPsH []R WXQ ù P [ Q�P
Q G;RTS
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 x/l=0.5, 2.0 x gradient

 x/l=0.5, 1.5 x gradient

 x/l=0.5, 1.0 x gradient

 x/l=0.5, 0.8 x gradient

��U N�M [ P{x l § x � ��U\S Q EZ�LU;R/G(ÿ K [¥� P ���-RT[�þ4U WLNqHJILP�H�P^afe�P []R HJM [ PFN []R/YXU P^W)H U W�HJILP�H []R WXQ ù P [ QJP�Q G;RTS
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 x/l=0.5, 2.0 x gradient

 x/l=0.5, 1.5 x gradient

 x/l=0.5, 1.0 x gradient

 x/l=0.5, 0.8 x gradient

��U N�M [ Pdx l § �4����U\S Q ü K�afP^W)HiK ù P [ HJILP � K U QJH ���-RT[�þBU WLNoHJILP'H�P^afe�P []R HJM [ P'N []R/YXU P^W)H U W�HJILP
H []R WXQ ù P [ Q�P{Q G;RTS
®�¯±° ²p³n´ µ�¶o·2¸s¹�º|»�¼}½]¾q¿,¶�Àq´ÂÁ�ÃJºZÄÆÅ«´-ºZ¾Ç¶(´ ÅÉÈn´-»�º�¶�Êq»�´¤½]¾ÌËÍ»�½±¶�½JÁ�À
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C W�HJI U QfQ�P � K�W Y e RT[ HqHJILP [ P^Q]M G HJQqK S H R/U WXP YRÿ
[ K�a ùTRT[�þBU WLN�HJILP'akP R W�H�P^afe�P []R HJM [ P [mU Q�P U W
HJILPqQ G;RTSjU W S K/HJI YXU\[ P � H U K�W$Qsv�e RT[]R/G9G P G+R W Y e�P [ e�P^W YXU�� M G9RT[ H�K�HJILP � K�afe�K�Q U H�P S P R a z c ¢ I U;G P
a R/U W)H R/U W U WXNoHJILP�HJILP [ a R/G N []R/YXU P^W)HJQnH�K�HJILP [ P ÿ P [ P^W � P ùrR/G MLP^Q`c RT[ P [ P`e(K [ H�P Y�l ÷ ILP � K U Q�H
H�P^afe�P []R HJM [ P U Q R/G Q�K � P`eXH�MXW � I R WLN/P Y'U W ��[ P R Q U WLNqH�K � �T� � � Scþ HJILP�P^W Y K ÿ HJILP R W R/Gzþ Q U Q l
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C WjHJIXP �$[ Q�H�Q�HJM YPþ HJILPfH�P^afe�P []R HJM [ P R H{HJILPqN/P`K�afP`H []U���� P^W)H [ K U;Y K ÿ HJILP � K�afe�K�Q U H�PqQ G;RTS�U W
HJILP G K�WLN U HJM YXU W R/G$YXU\[ P � H U K�W U Q ùTRT[]U P Y�¢ I U;G P2HJIXPFH�P^ake(P [mR HJM [ P^Q�K ÿ HJIXP � K U Q�H R W Y HJIXP [mU\S Q RT[ P
a R/U W)H R/U WLP YjR Q U WdHJILP [ P ÿ P [ P^W � P �`R/G�� M G9R H U K�W l ÷ IXPsP � P � HJQ�K ÿ HJI U Q ùrRT[]U9R H U K�W RT[ PqP �BR a U WLP Y
U W�H�P [ akQ�K ÿ HJILP Y P�t7P � H U K�WXQ�K ÿ HJILP � K�afe�K�Q U H�P S P R a R W YnSGþ�R W R/Gzþ Q U WLN YXU�� P [ P^W_H�Ö4M R W_H U H U P^Q
HJI R H � K�W_H []U;S MLH�P2H�K}HJILP�P^Ö)M U9G;U\SX[]U MXa,K ÿ HJILP ¢ ILK G P � K�afe RT[ HJafP^W)H U WiK []Y P [ H�K Y P`H�P [ a U WLP2HJILP
U afe R�� HFK ÿ QJM � I ùrRT[]U9R H U K�WAK�WdHJILPqQ�H RTS$U9G;U H þ K ÿ HJILP}QJH [ M � HJM [ P R W YjU HJQ [ P^Q�e�K�WXQ�P l ÷ ILPsakP R W
H�P^afe�P []R HJM [ P U W'HJIXP G K�WLN U HJM YXU W R/G�Y$U\[ P � H U K�W U Q ùTRT[]U P YAÿ
[ K�a �T�_¢ H�K ¦T�/�_¢ K ÿ HJILP [ P ÿ P [ P^W � P
ùrR/G MLP�K S H R/U WLP Y0ÿ
[ K�aÇHJILP [ P ÿ P [ P^W � P �`R/G�� M G;R H U K�W lØ×�×�Ù
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Temperature of the joist lower flange at mid span (°C)
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1.5 x temp 
1.0 x temp
0.75 x temp 
0.5 x temp 
Midspan deflection - Experimental

��U N�M [ Pfx l § �4��� K U QJH��FP�t$P � H U K�W �|�-RT[�þ4U WXNiHJILPsH�P^afe�P []R HJM [ P R H�HJILP � P^W)H [ K U;Y K ÿ HJILP G K�WXN U HJM �
YXU W R/G Q G;RTS
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E QFHJILPsH�P^afe�P []R HJM [ P R eXe G9U P Y H�KnHJILP}Q G;RTS�U Q U W ��[ P R Q�P Y HJIXPsa U;YL� Q�e R W Y P�t$P � H U K�W�N []R/Y M R/G;G�þ
U W ��[ P R QJP^Q lÂE H�HJILP'P^W Y K ÿ HJILPAILP R H U WXN [ P`N U afPAHJILP Y P�t$P � H U K�W �`R/G�� M G9R H�P YÚÿ K [ § l � R W Y ¦
H U afP^QsHJILP [ P ÿ P [ P^W � P�H�P^afe�P []R HJM [ P U Q [ P^Q�e�P � H Uzù P Gzþ ¦T�_¢ R W Y`� �_¢ N [ P R H�P [ HJI R WoHJILP [ P ÿ P [��
P^W � P �`R Q�Ppv ��U N�M [ PAx l § ��zml ÷ I U Q U Q �`G P RT[]Gzþ#¢ I R H U Q}P � e(P � H�P YOR QqHJILP � K�WXQ U;Y P []RTS$G PnP ��� P^Q]Q
HJILP [ a R/G P � e R WXQ U K�WXQ�N/P^WLP []R H�P YoSGþ HJILP U W ��[ P R Q�P Y H�P^afe�P []R HJM [ P^Q�asMXQJH S P R���� K�akakK YXR H�P Y
U W Y P�t7P � H U K�WXQ l ÷ I U Q �`R/G�� M G;R H U K�WAQJILK ¢ QZHJI R H�HJILP�P � P � H�K ÿ Q G9RTS afP R W'H�P^ake(P [mR HJM [ P�K�WAHJILP
Q�H [ M � HJM []R/G|[ P^Q�e�K�WXQJP U Q � K�WXQ U9Y P []RTS$G P lÛ� K [ H�P^ake(P [mR HJM [ P^Q G K ¢ P [ HJI R WOHJILP [ P ÿ P [ P^W � P �`R QJP
HJILP � W R/G-Y P�t$P � H U K�W Y P ��[ P R Q�P^Q R W Y H�P^W Y Q{H�K ¢�RT[]Y Q RAG;U a U H�K ÿ HJILPiK [mY P [ K ÿ ¦T�/� aka l ÷ ILP
� W R/G7Y P�t$P � H U K�W Y P`e�P^W Y Q-MLe�K�WfHJIXP�afP R WiH�P^afe�P []R HJM [ P�K ÿ HJILP � K�afe�K�Q U H�P2Q�P � H U K�Wjv=Q G;RTSnR W Y
� K U Q�H z�S MLH0ILP [ P|K�W Gzþ HJILP�Q G;RTS H�P^afe�P []R HJM [ P2I R Q S P`P^W � I R WLN/P Y�l-� P Y M �`U WLN�HJILP�Q G9RTS H�P^afe�P [��
R HJM [ P [ P Y M � P^Q�HJILP�afP R W�H�P^afe�P []R HJM [ PAv�HJILP [ P ÿ K [ P [ P Y M � P^Q Y P�t$P � H U K�WXQ z c�IXK ¢ P ù P [}R WLK/HJIXP [
P � P � H|K ÿ HJI U Q U Q R W U W ��[ P R QJP�K ÿ HJIXP [ a R/G N []R/YXU P^W)H ¢ I U�� I�H�P^W Y Q0H�K U W ��[ P R Q�P Y P�t$P � H U K�W l ÷ I U Q
� K�a S7U WLP Yj¢2U HJIdHJILPqP � e R WXQ U K�W�K ÿ HJIXP}H [mR WXQ ù P [ Q�P []U;S Q}v=a R/U W_H R/U WLP Y ILP [ P R H�HJILP [ P ÿ P [ P^W � P
ùrR/G MLP z�G P R/Y Q}H�K RdG;U a U H U WLN Y P�t7P � H U K�W l � M [ HJIXP [ P � e G;R W R H U K�WXQsK ÿ HJI U Q G;U a U H U WLN Y P�t7P � H U K�W
¢2U;G;G�R eXe�P RT[2U WhHJILP YXU Q � M$QJQ U K�WnK ÿ HJILP [ P^Q�e�K�WXQJP�K ÿ HJILP []U\S Q S P G K ¢{l

÷ KhMXW Y P [ Q�H R W Y HJILP ÿ K [¥� P^Q YL[mUzù4U WLNfHJILP Y P�t7P � H U K�WAHJIXP U W)H�P [ W R/GÍÿ K [�� P^Q U WXQ U9Y P�HJILP � K U Q�H R W Y
HJILP � K�W ��[ P`H�PnQ G;RTSoRT[ PnQ�HJM YXU P Y�R H ¦ a R/U W G K �`R H U K�WXQ`c R H{HJILP�P^W Y K ÿ HJILP S P R a ¢ ILP [ PiHJILP
� K U Q�H U Q � K�WXWXP � H�P Y H�K}HJIXP � K G M$akW R W YnR H|a U9YB� Q�e R W ¢ ILP [ P�HJILP�a Rr�BU asMXaÚafK�afP^W)HJQ�K ��� M [^l
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Joist axial force, 0.75 x temp 
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Concrete axial force, 2 x temp 

Concrete axial force, 1.5 x temp

Concrete axial force 1.0 x temp

Concrete axial force, 0.75 x temp 

Concrete axial force, 0.5 x temp 

��U N�M [ Pux l ¦T� �iEZ�LU;R/G�ÿ K [�� P R H �X¬rG
­ � l � �}�-RT[�þ4U WXNAHJILPnH�P^afe�P []R HJM [ P R HsHJIXP � P^W)H [ K U;Y K ÿ HJILP
G K�WLN U HJM YXU W R/G Q G;RTS

E H S K/HJI G K �`R H U K�WXQZHJILP U W ��[ P R QJP�K ÿ HJIXP{Q G;RTS H�P^afe�P []R HJM [ P G P R/Y QZH�K R W U W ��[ P R Q�P U WhHJILP�Q G;RTS
Rr�BU9R/G HJI [ MXQ�H Y MXPkH�K�HJIXP Rr�LU;R/G-[ P^QJH []R/U W)H{e [ K ù4U9Y P Y�Scþ HJILP � K G MXakWXQ R W Y HJILPnQJM [J[ K�MXW YXU WXN
Q�H [ M � HJM [ Pnv ��U N�M [ P}x l ¦T� R W YA��U N�M [ P}x l ¦�§ zml ÷ IXP G;RT[ N/P U W ��[ P R Q�P U WuHJILP}Q G;RTS HJI [ MXQ�H R H S K/HJI
Q�P � H U K�WXQ U W ��[ P R Q�P^Q�HJILP H�K/H R/G HJI [ M$Q�H R�� H U WXN2K�WsHJILP � K�ake(K�Q U H�P S P R auc ¢ I U¿� I U Q Y P � WXP Y�Scþ HJILP
QJMXa~K ÿ HJILP}HJI [ M$Q�H U W S K/HJI U W YXUzùBU;Y M R/G P G P^afP^W_HJQ l ÷ ILP Y P ù P G K/e$afP^W)H�K ÿ�G;RT[ N/P Rr�BU9R/G HJI [ MXQ�H
H�K/N/P`HJILP [�¢2U HJIhHJILP Y P�t$P � H U K�WuK ÿ HJILP S P R aÛe [ K Y M � P^Q R�ý��1� akK�afP^W_H}v=Ü U Q�HJILP � K�afe�K�Q U H�P
Rr�BU9R/G�ÿ K [�� P R W Y��ÆU Q2HJIXP Y P�t7P � H U K�W zml ÷ I U Q�WLP ¢ afK�afP^W)H �`R W S PqQ�P`P^W R Q R HJIXP [ a R/G�G K R/Y
R eXe G;U P Y H�KAHJILPkQ�H [ M � HJM [ P l ÷ ILPka R N�W U HJM Y PqK ÿ HJI U Q�afK�afP^W)H �`R W [ P R�� IoQJP ù P []R/G H U akP^Q�HJILP
ùrR/G MLPfK ÿ HJILPkafK�afP^W)HJQ R H R a S$U P^W)H Y MLPfH�KAHJILP YXU QJH []U\S MLH�P YdG K R/Y��`RT[][]U P Y�Scþ HJIXP � K�afe�K�Q �
U H�P S P R a l ÷ ILP [ P ÿ K [ P}HJILP S P R a [ P^Q U QJHJQ S K/HJIdHJILPfafK�afP^W)HJQ �`R MXQ�P YjScþ HJIXP G K R/Y Q R W Y HJILP
ý��1� afK�afP^W)HJQ R Q U;G9G MXQ�H []R H�P YAU W ��U N�M [ Pqx l ¦�¦ ¢ I U�� I R/G Q�KnQJILK ¢ Q2HJIXPse G K/HZK ÿ HJILP YXU�� P [ P^W � P
S P`H ¢ P`P^WhHJILP�P^W Y afK�akP^W_H R W Y a U;Y QJe R WiafK�akP^W_H ¢ I U¿� I U Q R afP R QJM [ P�K ÿ HJILPnÝ±P^Ö4M UzùTR/G P^W)HJÞ
MXW Uzÿ K [ a G�þhY$U Q�H []U\S MLH�P Y�G K R/Y K�WjHJIXP S P R a l{E H�HJILP G;R H�P [ Q�H R N/P^Q�K ÿ HJILP �$[ Phv � �/� � � K ÿ HJILP
[ P ÿ P [ P^W � P �`R Q�P/c § l � � H�P^afe�P []R HJM [ P z HJIXP ý-�1� akK�afP^W_H�P �}� P`P Y Q�HJILP YXU�� P [ P^W � P S P`H ¢ P`P^WhHJILP
P^W Y afK�afP^W)H R W Y a U;Y Q�e R W'afK�akP^W_Hfv ��U N�M [ Pkx l ¦�¦ z�R W Y�U H U Q R H�HJI U Q2e�K U W)HZHJI R HFHJILP � K�a �
e�K�Q U H�P S P R a S P`N U WXQ�H�K R e$e Gzþ�RiG K R/Y K�WuHJILP � P^W)H []R/G+[]U\S�l

E H�ß�àrá ­ � HJILP Rr�BU;R/G	ÿ K [�� P Y P ù P G K/e�P Y�U W�HJILP � K U Q�H U Q U WXQ�P^W$Q U H Uzù PsH�K � I R WLN/P^Q U WdHJILPqH�P^a �
e�P []R HJM [ P R eXe G;U P Y H�KdHJILPnQ G;RTS v ��U N�M [ Phx l ¦T� zml ÷ I U Q U Q S P �`R MXQ�P�HJILP � K U Q�H R H}HJI U Q G K �`R H U K�W
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Joist axial force, 2 x temp 

Joist axial force at,1.5 x temp

Joist axial force, 1.0 x temp

Joist axial force, 0.75 x temp 

Joist axial force, 0.5 x temp 

Concrete axial force, 2 x temp 

Concrete axial force, 1.5 x temp

Concrete axial force 1.0 x temp

Concrete axial force, 0.75 x temp 

Concrete axial force, 0.5 x temp 

��U N�M [ Pux l ¦�§ �iEZ�LU;R/G�ÿ K [�� P R H �X¬rG
­ � l � �}�-RT[�þ4U WXNAHJILPnH�P^afe�P []R HJM [ P R HsHJIXP � P^W)H [ K U;Y K ÿ HJILP
G K�WLN U HJM YXU W R/G Q G;RTS

[ P R�� IXP^Q U HJQ þ4U P G9YÜ�`R e R��`U H þ�U W � K�afe [ P^QJQ U K�W ×�×�× R W Y HJILP�a R N�W U HJM Y PuK ÿ HJIXP Rr�BU;R/G:ÿ K [�� P U Q
� K�WXQ�H []R/U WLP Y H�K [ P^a R/U W R H�HJILP{a Rr�LU a}MXaÛe�K�QJQ U\S7G P ùrR/G MXP S$R Q�P Y K�WAHJILP � K U Q�H|H�P^afe�P []R HJM [ P l
E H{ß�àrá ­ �Bây� HJILP Rr�LU;R/G�� K�ake [ P^QJQ U K�W U WjHJILP � K U Q�H Y P ��[ P R Q�P^Q ¢ ILP^W�HJIXPiQ G;RTS H�P^ake(P [mR HJM [ P
U W ��[ P R QJP^Qqv ��U N�M [ Pqx l ¦�§ zml ÷ ILP � K U Q�H R�� H U WLN � K�ake(K�Q U H�P Gzþ¤¢2U HJIAHJILPqQ G;RTS�R H�a U9YB� Q�e R WuP � e�P �
[]U P^W � P^Q�e�K�Q U H Uzù Phv=Q R N/N U WLN z afK�akP^W_H`c+a R/U W Gzþ0ÿ�[ K�aÆHJILP ý-�1� afK�afP^W)HJQ ¢ I U�� I RT[ P Rr� P � H�P Y
ù P [�þ Q�H [ K�WLN G�þ�Scþ HJILP{Q G;RTS H�P^ake(P [mR HJM [ P ùTRT[]U;R H U K�Wpv ý��1� akK�afP^W_H U W ��[ P R Q�P^Q SGþ afK [ P{HJI R W
Y K�M S$G P'HJILP [ P ÿ P [ P^W � P ùTR/G MLPdMLe�K�W Y K�M S7G;U WLN�HJILPdQ G;RTS H�P^afe�P []R HJM [ P R Q�Q]ILK ¢ W U W ��U N�M [ P
x l ¦�¦ zml�ã IXP^WbHJILP � K�afe�K�Q U H�P S P R a U Q U WbQ R N/N U WLN S P^W YXU WLNLc�HJILP � K U Q�H U Q}P � e�P � H�P Y H�K S P
U WjH�P^WXQ U K�WOv�K [sG P^Q]Q�P [�� K�afe [ P^Q]Q U K�W zFR W Y HJILPkQ G;RTS�U W�I U N�I � K�afe [ P^Q]Q U K�W l ÷ IXPkafK�afP^W)H R H
HJI U Q G K �`R H U K�W Y P`e(P^W Y Q0a R/U W Gzþ K�W'HJILP YXU�� P [ P^W � P�K ÿ HJI [ MXQJHJQ Y P ù P G K/e�P Y'U WnP R�� I�afP^a S P [ K ÿ
HJILP � K�afe�K�Q U H�P S P R a R W Y HJILP�afK�akP^W_HZK�WAP R�� IAP G P^afP^W)H2Q�P`e RT[]R H�P G�þ/l �FP ��[ P R Q U WLNiHJILP � K U Q�H
HJI [ MXQJH G P R/Y Q�H�K RAG;RT[ N/P [ afK�afP^W)H �`RT[J[]U P Y�SGþ HJILP S P R a R H{HJI U Q G K �`R H U K�W l ÷ IXP [ P ÿ K [ PfHJILP
H�K/H R/G afK�afP^W)H �`RT[J[]U P YqSGþ HJILP S P R aÇv Y$U�� P [ P^W � P S P`H ¢ P`P^WkHJILP|Q R N/N U WLN�afK�akP^W_H R H-a U;YL� Q�e R W
R W Y HJILP|ILK/N/N U WLN�afK�afP^W)H R H�HJILP�Q]MLeXe�K [ HJQ z�U W ��[ P R Q�P^Q�MXW Y P [+�7[ P0H�K �`RT[J[�þ HJILP�P � H [mRFU afe G;U P Y
afK�afP^W)H l0��U N�M [ P�x l ¦�¦ U;G;G M$Q�H []R H�P^Q�HJI U Q R W Y�R/G QJK�QJILK ¢ Q{IXK ¢ HJIXP�afK�afP^W)H �`RT[][]U P Y�Scþ HJILP
S P R a U W ��[ P R QJP^Q ¢2U HJI U W ��[ P R Q U WLNqHJILP{H�P^afe�P []R HJM [ P�K ÿ HJILP�Q G9RTS�l

÷ ILP�H�K/H R/G	� K�afe�K�Q U H�P{afK�afP^W)H R H�P R�� I G K �`R H U K�W Y P`e�P^W Y Q R/G Q�KiK�WAHJILPsakK�afP^W_H �`RT[J[]U P YASGþ
HJILP � K U Q�H R W Y HJILP|Q G;RTSfU W YXU�ù4U;Y M R/G;Gzþ c�IXK ¢ P ù P [ HJILP|Q G;RTS afK�afP^W)H U Q ÿ�RT[ Q]a R/G;G P [ HJI R WqHJILP � K U Q�H

¦�¦/�
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��U N�M [ Pfx l ¦�¦ � ü K�akP^W_H YXU�� P [ P^W � P^Q ���-RT[�þ4U WXNiHJILP}H�P^afe�P []R HJM [ P R H�HJIXP � P^W)H [ K U;Y K ÿ HJILP G K�W �
N U HJM YXU W R/G Q G;RTS
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x/l=0.5, 2.0 x temp
x/l=0.5, 1.5 x temp
x/l=0.5, 1.0 x temp
x/l=0.5, 0.75 x temp
x/l=0.5, 0.5 x temp
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x/l=0.0, 0.75 x temp
x/l=0.0, 0.5 x temp

��U N�M [ P2x l ¦�û �-� K U QJH ü K�afP^W)H R H �X¬rG
­ � l � R W Y � l � ���-RT[�þ4U WXNFHJIXP�H�P^ake(P [mR HJM [ P R H�HJILP � P^W_H [ K U;Y
K ÿ HJILP G K�WLN U HJM YXU W R/G Q G;RTS
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afK�afP^W)H R W Y HJI4MXQ U Q WLK/H YXU Q � MXQJQ�P Y IXP [ P l-E H0ß�àrá ­ � HJILP�ILK/N/N U WLN}akK�afP^W_H �`RT[J[]U P YkScþ HJILP
� K U Q�H U W ��[ P R Q�P^Q Uzÿ HJILP{H�P^afe�P []R HJM [ P R e$e G;U P YuU Q [ P Y M � P Y'S MLHZK�W G�þ MXW)H U;G HJIXP [ P ÿ P [ P^W � P G K ¢ P [
t R WLN/P�H�P^afe�P []R HJM [ P [ P R�� IXP^Q §^�T� � � l ÷ I U Q�P � P � H U Q Y MLP�H�KkHJILP U W ��[ P R Q�P Y HJILP [ a R/G N []R/YXU P^W)H
v ÿ K [sG K ¢ P [ Q G;RTS H�P^afe�P []R HJM [ P^Q zÖ�`R MXQ U WXN R N [ P R H�P [ ILK/N/N U WLNuafK�akP^W_H R/G K�WXNnHJIXP � K�afe�K�Q U H�P
S P R a l ×�×�Ù � P þ K�W Y HJI U Q`c�HJILPFafK�afP^W)H R H0ß�àrá ­ � U Q U W$Q�P^WXQ U H U�ù P�H�KsHJILP R e$e G;U P Y H�P^ake(P [mR HJM [ P
MXW)H U;G �T�/� � � HJILP^W Y P ��[ P R Q�P^Q�WLK�W �"G;U WLP RT[]GzþkR W Y akK ù P^Q U W_H�KkQ R N/N U WLN S P^W YXU WLNsH U;G;G HJILP�P^W Y K ÿ
HJILP �$[ P ljE Hfa U;YB� Q�e R W�HJILPhQ R N/N U WLN�afK�akP^W_H U WoHJILP � K U QJH U W ��[ P R Q�P^Q ¢2U HJI R W U W ��[ P R Q�P U W
H�P^afe�P []R HJM [ P R eXe G;U P Y H�K�HJILP � K�W ��[ P`H�P U WjHJILP Y$U\[ P � H U K�W�K ÿ HJILP � K U QJH�H�K � K�W_H [mU\S MLH�PkH�KAHJILP
H�K/H R/G akK�afP^W_H �`RT[J[]U P YhScþ HJIXP S P R a l ÷ I U Q U Q U;G;G MXQJH []R H�P YhU W ��U N�M [ Psx l ¦�û l

576;:�6Õ<$6;8 >këGï�ö�ólí�ï�ëOó$�:é,õ�ëd>kì�@qï
÷ ILP ÿ K G;G K ¢2U WXN YXU Q � MXQ]Q U K�W � K�W � P [ W$Q�a R/U W Gzþ HJILP []U;S Q ��[ K�QJQ U WLN�HJILPdILP R H�P Yo� K U Q�H R Hha U;YB�
Q�e R WjH�K U;Y P^W_H Uzÿ;þ HJILP U W)H�P []R�� H U K�W S P`H ¢ P`P^W�HJIXP []U\S Q R W Y HJILP S P R a R H�HJILPfafK�Q�H Y P�t7P � H�P Y
G K �`R H U K�W�c ¢ ILP [ P�afP^a SX[]R WXP R�� H U K�W �`R W S P U;Y P^W_H U�� P Ye�`G P RT[mGzþ/lb��U N�M [ P{x l ¦ � QJILK ¢ Q�HJILP Rr�LU;R/G
ÿ K [¥� P U W{HJIXP � P^W)H []R/GB[]U;S c ¢ I U�� IsQJIXK ¢ Q R W U W U H U;R/G_U W ��[ P R Q�P U W}HJILP []U\SÌ� K�afe [ P^Q]Q U K�W Y MLP�H�K�HJILP
[ P^Q�H []R/U WLP Y HJILP [ a R/G P � e R WXQ U K�W U W�HJILPqH []R WXQ ù P [ Q�P YXU\[ P � H U K�W l ÷ I U Q G;U WXP RT[FU W ��[ P R Q�P [ P R�� ILP^Q
RiG;U a U H S P ÿ K [ P{HJILP [ P ÿ P [ P^W � PsH�P^afe�P []R HJM [ P [ P R�� ILP^Q ¦T�/� � � ÿ K [�R/G9G��`R Q�P^Q`c7HJILP^W Y P ��[ P R Q�P^QFH�K
ä P [ KuWLP RT[ �T�/�/��� ÿ K [ HJIXP [ P ÿ P [ P^W � P �`R Q�P l�� P þ K�W Y HJI U QZe�K U W)H2HJIXP []U;S N/K)P^Q U W)H�KnH�P^WXQ U K�W�H�K
HJILP�P^W Y K ÿ HJILP�H�P^Q�H l�å P [ P�HJILP � K�afe R H U\S7U;G;U H þ K ÿ�Y P�t$P � H U K�WXQ U WhHJILP�e G;R WLP�K ÿ HJILP�Q G;RTS e G;R�þ Q
R a R¡� K [�[ K G P l ÷ ILP U W U H U9R/Gq� K�ake [ P^QJQ U�ù PkQ�H []R/U WXQ U WjHJILP []U\S Q RT[ P [ P G;Rr� P Y N []R/Y M R/G;Gzþ�R Q�HJILP
Q G;RTSgY P�t$P � HJQ R W Y P ù P^W)HJM R/G;Gzþ HJM [ W U W)H�K'H�P^WXQ U9G PiQ�H []R/U WXQ R H{HJIXP G;R H�P [ Q�H R N/P^Q}K ÿ HJILP �$[ PkH�K
QJMLeXe�K [ H�HJILP�P � H []RkU afe G;U P YnG K R/Y K ÿ HJILP�P � e R W YXU WLN G K�WLN U HJM Y$U W R/G Q G;RTS�l ÷ I U Q U;G;G MXQJH []R H�P^Q�HJILP
Y P ù P G K/e$akP^W_H�K ÿ H�P^WXQ U;G P�akP^a SX[mR WLP R�� H U K�W U WuHJILP{H []R WXQ ù P [ QJPsQ G;RTS+l ÷ IXP�a R N�W U HJM Y P�K ÿ HJILP
H�P^WXQ U;G PZafP^a S$[]R WLP ÿ K [�� P^Q�v�K [-[mU\SkRr�BU9R/G H�P^WXQ U K�W$Q z�Y P`H�P [ a U WLP^Q�HJILP [ P^QJH []R/U W)H�e [ K ùBU;Y P YqScþ HJILP
H []R WXQ ù P [ Q�PiQ G;RTS H�KAHJILP Y P�t$P � H U K�W�K ÿ HJIXP G K�WLN U HJM Y$U W R/G Q G;RTS�l ÷ I U Q [ P^Q�H []R/U W)H U Q G;U a U H�P YdSGþ
HJILP{H�P^W$Q U;G P �`R e R��`U H þ K ÿ HJIXP []U\S Q R W Y HJIXP [ P ÿ K [ P ÿ K [FG;RT[ N/P [FG K�WXN U HJM YXU W R/G Q G;RTS H�P^afe�P []R HJM [ P^Q
[ P G;R H Uzù P G�þ N [ P R H�P [�Y P�t$P � H U K�WXQ RT[ P�K S H R/U WLP Y v=Q�P`P ��U N�M [ Psx l § ��zml
E H R a S$U P^W)H|HJILP � P^W_H [mR/G�[]U\SuU Q|QJMXeXe�K [ H�P Y K ù P [ HJIXP S P R aÐHJI4MXQ�HJILP�akK�afP^W_H U WnHJILP � P^W_H [mR/G
[]U\S K ù P [ HJILP � K U Q�H U Q R ILK/N/N U WLN}afK�afP^W)H l ÷ I U Q QJMLeXe�K [ H [ P Y M � P^Q ÿ�[ K�a §^�T� � � R W Y�R H�I U N�ILP [
H�P^afe�P []R HJM [ P^QnHJILP � P^W)H []R/G�[]U\S afK�afP^W)H�v�K ù P [ HJILP � K U Q�H z N/K4P^Q U W)H�KgQ R N/N U WLN¤v=Q�P`P ��U N�M [ P
x l ¦/� zml ÷ I U QFP � P � H U Q�a R N�W U\� P YO¢ ILP^WdHJILP G K�WXN U HJM YXU W R/G Q G;RTS H�P^afe�P []R HJM [ P^Q RT[ P U W ��[ P R Q�P Y
QJMLN/N/P^Q�H U WLN�HJI R HFP ù P^WjI U N�ILP [FG K R/Y Q RT[ P U afe�K�Q�P Y'Scþ HJILP G K�WLN U HJM YXU W R/G Q G9RTS K�WdHJILP � P^W_H [mR/G
[]U\S Q l ÷ ILP Y P ��[ P R Q�P U W G K�WLN U HJM YXU W R/G Q G;RTS H�P^ake(P [mR HJM [ P^QZQJIXK ¢ Q|HJIXP [ P ù P [ Q�P l
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x/l=0.5, 2.0 x temp

x/l=0.5, 1.5 x temp

x/l=0.5, 1.0 x temp

x/l=0.5, 0.75 x temp

x/l=0.5, 0.5 x temp

��U N�M [ Psx l ¦ �L���2U\S Q Rr�LU;R/GVÿ K [�� P ���-RT[�þBU WLNfHJILP�H�P^ake(P [mR HJM [ P R H|HJILP � P^W)H [ K U;Y K ÿ HJILP G K�WXN U HJM �
YXU W R/G Q G;RTS
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x/l=0.5, 2.0 x temp

x/l=0.5, 1.5 x temp

x/l=0.5, 1.0 x temp

x/l=0.5, 0.75 x temp

x/l=0.5, 0.5 x temp

��U N�M [ Pkx l ¦/� ���2U\S Q ü K�afP^W_H�K ù P [ HJILP � K U Q�H �2�-RT[�þ4U WXN�HJILPqH�P^afe�P []R HJM [ P R HFHJIXP � P^W)H [ K U;Y K ÿ
HJILP G K�WXN U HJM YXU W R/G Q G9RTS
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C W�HJI U Q�Q�P � H U K�W{HJILP�P � P � H+K ÿ�ùrRT[�þ4U WXN|HJILP-afP R W{Q G;RTS H�P^afe�P []R HJM [ P U W�HJILP-H []R WXQ ù P [ Q�P YXU;[ P � H U K�W
U Q0P �BR a U WLP Y�l ÷ ILP�afP R WnH�P^afe�P []R HJM [ P U Q ùrRT[mU P YÃÿ�[ K�a �T�_¢ H�K §^�T�_¢ K ÿ HJILP [ P ÿ P [ P^W � P ¢ I U;G P
a R/U W)H R/U W U WXN}HJIXP � K�afe�K�Q U H�P S P R aèv � K U Q�H R W YAG K�WLN U HJM Y$U W R/G Q G;RTS(z�R H U HJQ [ P ÿ P [ P^W � P ùTR/G MLP^Q l
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÷ ILP �$[ Q�H�K S Q�P [�ùTR H U K�W � K�W � P [ WXQ{HJIXP Y P�t$P � H U K�W R Hqa U;YB� QJe R W�K ÿ HJILP � K�afe�K�Q U H�P S P R a luE
�T�_¢ U W ��[ P R Q�P U W{H�P^afe�P []R HJM [ P0K ÿ HJILP H [mR WXQ ù P [ Q�P�Q G;RTS e [ K Y M � P^Q�WLP RT[]Gzþ §`�_¢ v ¦/� aka z N [ P R H�P [
Y P�t$P � H U K�W�HJI [ K�MXN�ILK�MLHZHJILP � K�afe RT[ HJafP^W)H R Q2QJILK ¢ W'K�W ��U N�M [ Pqx l ¦ �4l ÷ I U Q U Q|HJILP [ P^QJM G H|K ÿ
G;RT[ N/P [ HJIXP [ a R/G P � e R WXQ U K�WXQ U WhHJILP�H [mR WXQ ù P [ Q�P YXU\[ P � H U K�W l

÷ ILP Rr�BU;R/G@ÿ K [¥� P^Q U WkHJILP G K�WLN U HJM Y$U W R/G Q G;RTSnR H HJILP � K G MXaiW�v�ß�àré ­ � z Y P ��[ P R Q�P�Q U N�W U\�l�`R W_H G�þ
¢2U HJIkI U N�ILP [ H []R W$Q ù P [ Q�PFQ G;RTS H�P^ake(P [mR HJM [ P^Q�v ��U N�M [ PFx l ¦ x zml å K ¢ P ù P [ HJILP � K U Q�H U Q U WXQ�P^W$Q U H Uzù P
H�K � I R WXN/P^Q U WgHJILPhH�P^afe�P []R HJM [ P [ P`N U afP R QkHJILP Rr�BU;R/G�ÿ K [�� P U WpHJILP � K U Q�H R HfHJI U Q G K �`R H U K�W
� K U W �`U;Y P^Q ¢�U HJI U HJQ þBU P G;YdG;U a U H U W � K�afe [ P^QJQ U K�W l ÷ IXP U W ��[ P R Q�P Y HJILP [ a R/G P � e R WXQ U K�W�K ÿ HJILP
H []R WXQ ù P [ Q�PkQ G;RTS v ÿ K [ HJIXPqI U N�ILP [ H�P^afe�P []R HJM [ P [ P`N U akP z2Y P G;R�þ Q�HJILP Y P ù P G K/e$afP^W)H�K ÿ H�P^WXQ U;G P
afP^a SX[]R WLP R�� H U K�W U WqHJILP []U\S Q l ÷ IXP [ P ÿ K [ P|HJILP � K�afe�K�Q U H�P S P R aDa}MXQ�H � K�W)H U W)MXP|H�K �`RT[J[�þ HJILP
HJILP [ a R/G9GzþfU afe�K�Q�P YiG K R/Y Q ScþkR Q]M S Q�H R W)H U;R/G$U W ��[ P R Q�Pqv Y K�M S$G;U WLN z�U WkHJIXP�H�K/H R/G afK�afP^W)H�v�P^W Y
H�Kua U;Y Q�e R W YXU�� P [ P^W � P zZR Q�QJILK ¢ W U W ��U N�M [ Pqx l ¦ �4l ÷ I U Q U W ��[ P R Q�P � K�akP^Q�a R/U W Gzþ�ÿ�[ K�a~HJILP
U W ��[ P R QJP U WsILK/N/N U WLN R H�HJILP � K G M$akW{P^W Y HJI [ K�MLN�I G;RT[ N/P [ P Y M � H U K�WXQ U W{HJILP Rr�LU;R/Gc� K�afe [ P^QJQ U K�W
U WhHJILP G K�WLN U HJM YXU W R/G Q G;RTS c R QZQJIXK ¢ W U W ��U N�M [ Psx l ¦ x l

÷ ILP U W ��[ P R Q�P Y�Y P�t$P � H U K�W$Q�asMXQJH S P � K�afe�P^WXQ R H�P Y�SGþ HJILP Y P ù P G K/e$akP^W_H�K ÿ H�P^WXQ U;G PfQ�H [mR/U WXQ
U W�HJILP G K�WLN U HJM YXU W R/GLYXU\[ P � H U K�Wdv R Q�HJILPFH�P^afe�P []R HJM [ P U W�HJILP G K�WLN U HJM YXU W R/G Q G;RTShU Q�a R/U W)H R/U WLP Y
R H2HJILP [ P ÿ P [ P^W � P ùTR/G MLP^Q z c$HJILP [ P Scþ'Y P ��[ P R Q U WXNfHJILP Rr�LU;R/G�� K�afe [ P^QJQ U K�W$Q U W U H l ÷ I U QZP � P � H U Q
�`G P RT[]Gzþ K S QJP [�ù P YAR Q�HJILP � K�afe [ P^QJQ Uzù P ÿ K [�� P^Q U W S K/HJIuHJIXP G K�WLN U HJM YXU W R/G Q G9RTSAR W Y Q�H�P`P GX� K U Q�H
H�P^W Y H�K Y P ��[ P R Q�P ¢2U HJI U W ��[ P R Q U WLN�H [mR WXQ ù P [ Q�P�Q G9RTS H�P^afe�P []R HJM [ P^QFv ��U N�M [ P�x l ¦ ��z c G P R/YXU WLNsH�K
QJa R/G;G P [ H�K/H R/G�� K�afe [ P^QJQ Uzù P ÿ K [�� P^Q R�� H U WLN U WdHJILP � K�afe�K�Q U H�P S P R a l ÷ I U Q [ P Y M � H U K�W U W�HJILP
S P R a Rr�LU;R/GGÿ K [¥� P [ P Y M � P^Q�HJILP ý��1� afK�afP^W)HZv ��U N�M [ PZx l ¦ ��z�R W Y{[ P Y M � P^Q�HJILP�H�K/H R/G HJILP [ a R/G;G�þ
U afe�K�Q�P YuG K R/Y'[ P YXU Q�H [mU\S MLH�P Y H�KkHJILP�H [mR WXQ ù P [ Q�P YXU\[ P � H U K�W l

��U N�M [ Pix l ûT� QJILK ¢ QFHJI R H�HJILPfQ R N/N U WXNhakK�afP^W_H U WdHJILP � K U Q�H R H�a U;YB� QJe R W R W Y HJILPfILK/N/N U WLN
afK�afP^W)H R H}HJIXP � K G MXakWpP^W YbU W ��[ P R Q�P^Q ¢2U HJI U W ��[ P R Q U WLN�H�P^afe�P []R HJM [ P^Q U WpHJILPnH []R WXQ ù P [ Q�P
Q G;RTS�l ÷ K/N/P`HJILP [:¢�U HJInHJILP � I R WLN/P^Q U WiHJIXP Rr�BU;R/G(ÿ K [�� P^Q`cLHJI U Q ùTRT[]U;R H U K�W�K ÿX� K U Q�H|afK�afP^W)H|e [ K �
ù4U9Y P^Q R{G9RT[ N/P [0YXU\� P [ P^W � P U WkafK�afP^W)H S P`H ¢ P`P^Wna U;YB� QJe R W R W Y�� K G M$akWfP^W Y c ¢ I U�� I U W ��[ P R Q�P^Q
HJILPFHJILP [ a R/G;G�þkU afe�K�Q�P YiG K R/Ye�`RT[J[mU P YnSGþ HJILP � K�afe�K�Q U H�P S P R a S P �`R M$Q�P�K ÿ HJILP [ P Y M � H U K�W U W
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Temperature of the joist lower flange at mid span (°C)
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1.5 x temp 
1.0 x temp
0.75 x temp
0.5 x temp
Midspan deflection - Experimental

ê�U N�M [ PFx lyë/�4� � K U Q�H Y P�t$P^ì�H U K�W ���-RT[�þBU WLN�HJILP2H�P^afe�P []R HJM [ P R H HJILP�ì�P^W)H [ K U;Y K ÿ HJIXPZH []R WXQ ù P [ Q�P
Q G;RTS

QJMLeXe�K [ H ÿ�[ K�aÛHJILP [mU\S Q l

576;:�698�6;8 >këGï�ö�ólí�ï�ëOó$�:é,õ�ëd>kì�@qï
ê�U N�M [ PAx l ûBí I U N�I G;U N�I)HJQ}HJILP [ P^Q�e�K�WXQ�PhK ÿ HJIXP []U\S Q U WgH�P [ akQqK ÿ HJILP Y P ù P G K/e$afP^W)H}K ÿ�Rr�LU;R/G
ÿ K [ ì�P^Q l ÷ ILP Rr�LU;R/G ì�K�afe [ P^QJQ U K�W$Q U W�HJIXP []U\S Q U WXì [ P R Q�PiQ U N�W U�� ì R W)H Gzþdî2U HJI U WXì [ P R Q U WXNuH�P^a �
e�P []R HJM [ P R QfP � e�P^ì�H�P Y�S P^ì R MXQ�PuK ÿ HJILPuP � P^ì�HiK ÿF[ P^Q�H [mR/U WLP Y HJILP [ a R/G P � e R WXQ U K�W l ÷ I U Q U Q
ì�K�WXQ U QJH�P^W_H î2U HJIAHJILPsì�K�WXì G MXQ U K�WXQ�a R/Y P RTS K ù P [ P`N RT[]YXU WLN�HJILP Y P G;R�þ'U W G K R/Y�[ P YXU Q�H [mU\S MLH U K�W
H�KkHJILP [mU\S Q Scþ H�P^WXQ U;G P�afP^a SX[]R WLP R ì�H U K�W l

ê�U N�M [ P|x l û ë QJIXK î Q�HJI R H+HJIXP0afK�afP^W)HJQ U W []U;S Q�K ù P [ HJILP � K U Q�H RT[ P [ P G;R H Uzù P G�þ M$W Rr� P^ì�H�P Y}Scþ HJILP
ì]I R WXN/P U W�H�P^afe�P []R HJM [ P�MXW)H U;G4ë �/�/�`� c S P þ K�W Y HJI U Q+e(K U W_H�HJILP�akK�afP^W_H Y P^ì [ P R QJP^Q R W Y N/K4P^Q�H�K
Q R N/N U WLN S P^W YXU WLN U WnHJILP�ì�P^W_H [mR/G�[]U\S Q R W YhU WXì [ P R QJP^Q0HJIXP [ P R�ÿ H�P [�l ÷ I U Q0e R H�H�P [ WnK ÿ�S P^I R�ùBU K�M [
Y K4P^QFWXK/HFìmI R WLN/P ÿ M$W YXR afP^W)H R/G;Gzþ�ÿ K [ÖùTRT[�þBU WLNiH [mR WXQ ù P [ Q�PqQ G;RTS H�P^afe�P []R HJM [ P^Q`c(IXK î P ù P [ HJILP
YXU�� P [ P^WXì�P^Q U WÂa R N�W U HJM Y P RT[ P�Ö)M U H�P G;RT[ N/P l ÷ ILP ÿ MXW YXR afP^W)H R/GZS P^I RXù4U K�M [i[ P^a R/U WXQ�HJI R H
K ÿ2U W U H U;R/G ILK/N/N U WLNdakK�afP^W_H R H R a S7U P^W_H`c U WXì [ P R Q U WXN Y MLP�H�KjHJILP [ a R/G N []R/YXU P^W)HJQ R W Y HJILP^W
[ P Y MXì U WLN Y MLP�H�Kqe [ K/N [ P^QJQ Uzù P G K�Q]Q0K ÿ QJMLeXe�K [ H ÿ
[ K�aïHJIXP�ì�K�ake(K�Q U H�P S P R a'c G P R/YXU WLNLc U W U H U9R/G;Gzþ
H�K�Q R N/N U WLNiafK�afP^W)HJQ R W Yh� W R/G9Gzþ H�KkH�P^W$Q U;G P�afP^a SX[]R WXP R ì�H U K�W î ILP^WuHJILP{ì�K�ake(K�Q U H�P S P R a
S P`N U WXQ�H�K U ake(K�QJP G K R/Y c RT[]U Q U WLN ÿ
[ K�a Y P�t$P^ì�H U K�W'ì�K�ake R H U\S$U;G9U H þ/l
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Joist axial force, 1.5 x temp 
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Concrete axial force, 1.5 x temp 
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ê�U N�M [ Pux lyë x �iEZ�LU;R/G�ÿ K [ ì�P R H �X¬rG
­ � l � �}�-RT[�þ4U WXNAHJILPnH�P^afe�P []R HJM [ P R HsHJIXP�ì�P^W)H [ K U;Y K ÿ HJILP
H []R WXQ ù P [ Q�P{Q G;RTS
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Joist axial force, 1.5 x temp 

Joist axial force, 1.0 x temp

Joist axial force, 0.75 x temp 

Joist axial force, 0.5 x temp 
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Concrete axial force, 0.5 x temp 

ê�U N�M [ Pux lyë/�4�iEZ�LU;R/G�ÿ K [ ì�P R H �X¬rG
­ � l � �}�-RT[�þ4U WXNAHJILPnH�P^afe�P []R HJM [ P R HsHJIXP�ì�P^W)H [ K U;Y K ÿ HJILP
H []R WXQ ù P [ Q�P{Q G;RTS
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1.5 x temp
1.0 x temp
0.75 x temp
0.5 x temp
P-delta effect, 1.5 x temp
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P-delta effect, 0.5 x temp

ê�U N�M [ Ppx lyë/�4� ü K�afP^W)HA� U�� P [ P^WXì�P^Q ���-RT[�þ4U WXN�HJILP�H�P^afe�P []R HJM [ P R HAHJILP�ì�P^W_H [ K U;Y K ÿ HJILP
H []R WXQ ù P [ Q�P{Q G;RTS
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x/l=0.5, 1.5 x temp

x/l=0.5, 1.0 x temp

x/l=0.5, 0.75 x temp

x/l=0.5, 0.5 x temp

x/l=0.0, 1.5 x temp

x/l=0.0, 1.0 x temp

x/l=0.0, 0.75 x temp

x/l=0.0, 0.5 x temp

ê�U N�M [ P2x l ûT� �-� K U QJH ü K�afP^W)H R H �X¬rG
­ � l � R W Y � l � ���-RT[�þ4U WXNFHJIXP�H�P^ake(P [mR HJM [ P R H�HJILPZì�P^W_H [ K U;Y
K ÿ HJILP�H []R WXQ ù P [ Q�P{Q G;RTS
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x/l=0.5, 1.5 x temp

 x/l=0.5, 1.0 x temp

x/l=0.5, 0.75 x temp

x/l=0.5, 0.5 x temp

ê�U N�M [ PZx l ûBí ����U\S Q EZ�LU;R/GGÿ K [ ì�P ���-RT[�þBU WLN�HJILP0H�P^ake(P [mR HJM [ P R H�HJILP�ì�P^W)H [ K U;Y K ÿ HJILP�H []R WXQ ù P [ Q�P
Q G;RTS
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x/l=0.5, 1.5 x temp

 x/l=0.5, 1.0 x temp

x/l=0.5, 0.75 x temp

x/l=0.5, 0.5 x temp

ê�U N�M [ Pix l û ë4���2U;S Q�akK�afP^W_H�K ù P [ HJILP � K U Q�H �F�-RT[�þBU WLNhHJILPqH�P^afe�P []R HJM [ P R H�HJILPfì�P^W)H [ K U;Y K ÿ
HJILP�H []R W$Q ù P [ Q�P{Q G;RTS
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®�¯"ð ñò·�¾qµ-Ã]ÊqÁ�½J·F¾qÁ

÷ I U Q}P � P [ ì U Q�P�I R QfQJILK î WbHJI R H R/G;G K ÿ HJILP'Q�H [ MXì�HJM []R/G�[ P^Q�e�K�WXQJP^QqK S Q�P [�ù P Y�U WbHJILP'afK Y P G Q
Q�HJM YXU P Y'RTS K ù P RT[ P{ì�K�WXQ U Q�H�P^W_H î2U HJIuHJIXP{P � e(P^ì�H�P Y e R H�H�P [ W$QZK ÿ�S P^I R�ùBU K�M [^l�C WuH�P [ akQ�K ÿ HJILP
P � P^ì�HsK ÿ'ùTRT[�þBU WLNhHJI [ K�MXN�I Y P`eXHJI�N []R/Y$U P^W_HJQ^c�HJILPfN/P^WLP []R/G ì�K�WXì G MXQ U K�W U Q�HJI R H�HJILP [ P RT[ PiWLK
[ P R/G ìmI R WLN/P^Q U WhHJILP�e R H�H�P [ WAK ÿ�S P^I RXù4U K�M [�ÿ
[ K�aÛHJILP [ P ÿ P [ P^WXì�Psì R Q�P l ×�×�×
C W�N/P^WLP []R/GlùTRT[�þ4U WLNsafP R W�H�P^afe�P []R HJM [ P^Q R/G QJK{e [ K Y MXì�P^Q HJILP�Q R afPFe R H�H�P [ WXQ0K ÿ�S P^I R�ùBU K�M [�R Q
U;Y P^W)H U�� P Y�U WjHJIXP [ P ÿ P [ P^WXì�Piì R/G ì`M G9R H U K�W lØ×�×�× ÷ ILPkQ�H [ MXì�HJM []R/G�[ P^QJe(K�W$Q�P U Q�a R W U�ÿ P^Q�H�P Y akK [ P
Q U N�W U\� ì R W_H G�þhU W'HJILP ùrRT[mU;R H U K�W�K ÿ U W)H�P [ W R/G�ÿ K [ ì�P^Q R W YdY P�t$P^ì�H U K�W$Q2HJI R W î ILP^W�HJILP}N []R/YXU P^W)H
î�R Q|ìmI R WLN/P Y�l ÷ ILP G;RT[ N/P [|Y P�t$P^ì�H U K�W ùTRT[]U;R H U K�W$Q0Q�P`P^WuIXP [ P RT[ P S P^ì R MXQJPFafP R WhH�P^ake(P [mR HJM [ P
ì]I R WXN/P^Q�ì R MXQ�Pfì]I R WLN/P^Q U W G P^WLN/HJI î I U ìmIjI R�ù P R asM$ì]I�Q�H [ K�WXN/P [ P � P^ì�H�K�W Y P�t$P^ì�H U K�WXQ [ P G��
R H Uzù PkH�K'HJIXPiì]I R WXN/P^Q U WjHJI [ K�MLN�I Y P`eXHJIjN [mR/YXU P^W)HJQiv î I U ìmI U afe�K�Q�Pfì`M [�ùTR HJM [ P^Q î I U ìmI�ì R W
afK [ P�P R Q U;GzþiS P [ P^QJH []R/U WLP YhScþuR Q�H U�� Q�H [ MXì�HJM [ P zml

÷ ILPnQ�HJM YXU P^Q Y P^QJì []U;S P Y ILP [ PnQJILK î HJI R HqafP R WpH�P^afe�P []R HJM [ P U WXì [ P R QJP^Q [ P^Q]M G H U W G;RT[ N/P U W �
ì [ P R Q�P^Q U W Y P�t$P^ì�H U K�W�v�HJI [ K�MLN�IhHJIXP [ a R/G P � e R WXQ U K�W z R W YhG;RT[ N/P U W$ì [ P R Q�P^Q U W U W)H�P [ W R/G(ÿ K [ ì�P^Q
v ý��1� ÿ K [ ì�P^Q z�S P^ì R MXQ�P2K ÿ HJIXP�I U N�I G9R H�P []R/GX[ P^QJH []R/U W)H U WfHJILP�Q�H [ MXì�HJM [ P2afK Y P G;G P Y�l ÷ ILPZP^Ö4M Uzù)�
R/G P^W)HhakP R WVH�P^ake(P [mR HJM [ P ùrRT[]U9R H U K�W R/G Q�KgI R Q R Q U N�W U�� ì R W)H�P � P^ì�HhK�WVHJIXP�H U a U WLNoK ÿ HJILP
Y P ù P G K/e$akP^W_HZK ÿ HJILP [ P YXU Q�H []U;S MLH U K�WnafP^ì]I R W U QJaÛK ÿ H�P^WXQ U9G P�afP^a SX[]R WLP R ì�H U K�W U WhHJILP�H []R W$Q �
ù P [ Q�P�Q G;RTSsY$U\[ P^ì�H U K�W�c î I U ìmI�KBì`ì`M [ Q S P`H î P`P^WsHJILP [ P ÿ P [ P^W$ì�P H�P^afe�P []R HJM [ P^Q+K ÿBó �/�/��� H�K � �/�/���
Y P`e�P^W YXU WXN}MLe�K�WhHJILP{H�P^afe�P []R HJM [ P [ P`N U afP R eXe G;U P Y�l

êL[ K�aÐHJILP U W ù P^Q�H U N R H U K�W$Q�ì RT[][]U P Y K�MLH U H0ì R W S P�ì�K�WXì G M Y P Y HJI R H0HJIXP [ P^QJe(K�W$Q�P2K ÿ ì�K�afe�K�Q U H�P
ÿ
[mR afP�Q�H [ MXì�HJM [ P^Q|QJM SB� P^ì�H�P Y H�K G KBì R/G(�$[ P^Q U WhQJa R/G;G�U W)H�P [ W R/G ì�K�afe RT[ HJakP^W_HJQ U Q�N/K ù P [ WLP Y H�K
RkG;RT[ N/P{P � H�P^W)H Scþ HJIXP U W_H�P [mR ì�H U K�WuK ÿ HJILP ÿ K G;G K î2U WLN � P þ e$ILP^WLK�akP^W RB�

í l ÷ ILP [ a R/G P � e R WXQ U K�Wuì R MXQ�P YuScþnRk[]U Q�P U WuakP R WuH�P^afe�P []R HJM [ P
ë4l�� P^Q�H []R/U W)H|H�K G;R H�P [mR/G H []R WXQ G9R H U K�W ÿ�[ K�aÇQJM [][ K�MXW YXU WLNsQ�H [ MXì�HJM [ P
û l ÷ ILP [ a R/G�S K î�U WLNfì R MXQ�P YuScþ HJILP�HJI [ K�MXN�I Y P`eXHJIhHJILP [ a R/G N []R/YXU P^W_H
óLl�� P^Q�H []R/U W)H|H�KkP^W Y'[ K/H R H U K�W
� l � K�afe R H U\S$U9G;U H þ K ÿ�YXU Q�e G;R ì�P^afP^W)HJQ U Wnì�K�ake RT[ HJafP^W)HJQ î2U HJInK [ HJIXK/N/K�W R/G Q�H U�� WLP^QJQ YXU Q�H []U��
S MLH U K�W
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# ¯mÏ $X¾F¶�»�·&%kÊqµ�¶�½]·�¾

��M []U WLN�HJILP � RT[]YXU WXN/H�K�W ÿ�[]R afP �$[ P H�P^QJHJQ�HJILP�QJH [ MXì�HJM [ P�QJM [('BU)' P Y}R W4MXa S P [ K ÿ ì�K�afe RT[ HJafP^W)H
�$[ P^Q [mR WLN U WLN U W G K4ì R H U K�W R W Y N/P`K�akP`H [�þ c ÿ�[ K�a R I U N�I Gzþ�[ P^Q�H []R/U WLP Y'U W)H�P [ W R/G ì�K�afe RT[ HJafP^W)H
H�P^Q�H2K�W R Q U WXN G P S P R a'cXH�K RkG9RT[ N/P{ì�K�afe RT[ HJafP^W_H�H�P^Q�HZK ' P [ I R/G�ÿ K ÿ�Rfî IXK G P�t$K4K [^l�* IXP �$[ P
H�P^afe�P []R HJM [ P � H U afP�I U Q�H�K []U P^Q î P [ P YXU�� P [ P^W_H U W�P R ìmIpH�P^QJH R W YgU W R/G;G S MLH�K�WXPiK ÿ HJILP G9RT[ N/P
ì�K�afe RT[ HJakP^W_H�H�P^Q�HJQ R/G;G HJILPFQJH�P`P G7S P R akQ î P [ P G P ÿ H�MXWLe [ K/H�P^ì�H�P Y�l,+ W Y K�M S H�P YXG)- HJILP î K []�iR H
� RT[]YXU WLN/H�K�WuI R Q�e [ K '4U9Y P YhR N [ P R H�P [ MXW Y P [ Q�H R W Y$U WLN{K". î ILK G P�ì�K�ake(K�Q U H�P/. []R akP S P^I R0'BU K�M [
U W21 [ P l0� MXH|HJILP{WLP îÍ� WLK î2G P Y N/P U Q S7R Q�P Y K�W43}H�P^QJHJQ2K�WuK�WXP�Q�H [ MXì�HJM [ P l
* ILP R/U a K".�HJI U Qfì]I R eXH�P [nR W Y � I R eXH�P [���U QqH�K5.�M [ HJILP [ MXW Y P [ Q�H R W Y HJILP'P76�P^ì�HJQiK". 'TRT[]U98
RTS$G P^QZQ]MXì]I R Q�1 [ P�Q�P ' P []U H - c$ì�K�afe RT[ HJafP^W_H:1 [ P�Q U ä P R W Y ì�K�afe RT[ HJafP^W)H�1 [ P G K4ì R H U K�WhK�W'HJILP
Q�H [ MXì�HJM []R/G�S P^I R0'BU K�M [ K".�N/P^WXP []U ì�ì�K�afe�K�Q U H�P{Q�H�P`P G . []R afP^Q l;* IXP RTS$U;G;U H - K".�HJILPsQ�H [ MXì�HJM [ P�H�K
QJM [('BU)' P î2U HJILK�MLH R eXe G;U P Y 1 [ P�e [ K/H�P^ì�H U K�WAH�KkHJILP�Q�H�P`P G+S P R akQ U Q R/G QJK U W ' P^QJH U N R H�P Y�l
*|î KnN/P^WXP []U ì}ì�K�afe�K�Q U H�PqQ�H�P`P G . [mR afP^Q�I R0' P S P`P^W Y P^Q U N�WLP YjU W R ì`ì�K []YXR W$ì�P î�U HJI=< � ó?>�RT[ H
í l í l@* ILP U\[ QJI R e�P R W Y Q U ä P U Wge G;R W î P [ P'ì]IXK�Q�P^W�H�K S PnQ U N�W U 17ì R W)H G)-oY$U 6(P [ P^W_HA. [ K�awHJILP
� RT[]YXU WLN/H�K�WB. []R afP l�* ILP S P^I R0'BU K�M [ K". RiëDCXëqS$RE- . [mR afP U W R QJP []U P^Q|K".�e RT[]R akP`H []U ì�Q�HJM YXU P^Q
U Q Y$U QJì`MXQJQJP Y�U W�HJI U Qsì]I R e$H�P [}R W Y HJILP S P^I RE'4U K�M [ K". RA�DCX�'S$RE- . []R akP U W R Q U a U9G;RT[ Q�P`H{K".
QJì�P^W RT[]U K�Q U Q [ P`e�K [ H�P YAU W � I R eXH�P [2�4l
* ILPnQJa R/G;G N/P^WXP []U ìF. []R afP î�R Q}QJM SB� P^ì�H�P Y H�K R QJP []U P^Q�K". î ILK G Pft$K4K [ 1 [ PiQJì�P^W RT[]U K�Q lB*|î K
W R HJM []R/G 1 [ P^Q S$R Q�P Y K�W > P`H�H�P [ QJQ�K�WHGØQ7IKJML�H�P^afe�P []R HJM [ P 8 H U akP0ì`M [(' P^Q î P [ P R/Y K/eXH�P Y H�K Y P^QJì []U\S P
1 [ P^Q î2U HJIdHJILPqQ R afPA1 [ P G K R/YjS MLH YXU 6(P [ P^W)H ' P^W_H U9G;R H U K�W lON WXPP1 [ P}I R/YjR WdK/e�P^W U WLNQ. R ì�H�K [
K". � l � �SR IUT × R W YdU Q�ì]I RT[]R ì�H�P []U Q�P YjSV- I U N�IAH�P^afe�P []R HJM [ P^Q S MLH�QJILK [ H Y M []R H U K�W lW* ILPsK/HJIXP [
1 [ P�I R Q R QJa R/G;G P [ K/e(P^W U WLNA. R ì�H�K [ K". � l � ëSR IUT × l-�;-n[ P Y MXì U WLNqHJILP�K/e�P^W U WLNX. R ì�H�K [ HJI)MXQZHJILP
R0'TR/U;G;RTS$G P ' P^W)H U;G;R H U K�W�HJILPA1 [ P R ì]I U P ' P YoG K î P [ a RSCBU asMXaÆH�P^afe�P []R HJM [ P^Q S MLH�HJILP Y M []R H U K�W
K".�HJILP�e�K�Q�H 8 t R QJILK ' P [ e$I R Q�P î�R Q�WLK/H RTS$G)-hG K�WLN/P [�l
* ILP{QJH [ MXì�HJM [ P [ P^Q�e�K�W Y P Y H�K�HJILP^Q�PsH î KnILP R H U WLN [ P`N U akP^Q U WAH î K YXU QJH U WXì�H î�R0- Q S K/HJIuHJIXP [M8
a R/G;G)-VR W Y Q�H [ MXì�HJM []R/G;G)-/l ��M []U WLNpHJIXPÍÝ�QJILK [ H 8 ILK/HJÞ�1 [ PjHJILP�MXWLe [ K/H�P^ì�H�P Y QJH�P`P G�R ì]I U P ' P Y
H�P^afe�P []R HJM [ P^Qhì G K�QJP�H�KgHJILP41 [ P R HJafK�Q�e$ILP [ P lY* IXP G;U N�I)H î P U N�I)Hnì�K�W$ì [ P`H�P S P^ì R M$Q�P�K". U HJQ
asM$ì]I G K î P [ HJILP [ a R/G ì�K�W Y MXì�H U)'BU H -�R W Y HJILPjQJILK [ HZ1 [ PAP C e(K�Q]M [ P [ P R ì]ILP Y H�P^afe�P []R HJM [ P^Q
K�W G)- a RT[ N U W R/G;G)- I U N�IXP [ HJI R W R H R a S$U P^W)H l,* I4MXQ R I U N�IiN []R/YXU P^W)H î�R Q�P^Q�H RTS$G;U QJILP Y K ' P [ HJILP
Y P`eXHJI�K".�HJILP�ì�K�afe�K�Q U H�PiQ�P^ì�H U K�W l�C W�ì�K�W)H []R Q�HsHJILPoÝ G K�WLN 8 ì�K4K G Þ[1 [ P R/G;G K î P Y HJILPiì�K�WXì [ P`H�P
Q G;RTS a}MXìmI G K�WLN/P [ H�K [ P^Q�e�K�W Y H�K'HJIXPiILP R H U WLN [ P`N U afP lkC W�HJI U Q�QJP^ì�K�W Y QJì�P^W RT[]U K'HJILPkQJH�P`P G
H�P^afe�P []R HJM [ P^Q î P [ P [ P G;R H U)' P G)-kG K î P [ZR W Y HJIXPFafP R WnH�P^afe�P []R HJM [ P2K".�HJIXP�ì�K�ake(K�Q U H�P�Q�P^ì�H U K�W
î�R Q|I U N�ILP [^l\* ILP [ P î P [ PFH î K YXU Q�H U WXì�H Q U HJM R H U K�WXQ^c)K�WLPFK". R I U N�I�N []R/YXU P^W)H G P R/YXU WLNsH�K}Q�H [ MXì 8
HJM []R/G e�P [ .�K [ a R W$ì�P U WBt7MXP^WXì�P YqS]- HJILP [ a R/GLS K î2U WLN R W YkR Q�P^ì�K�W Y Q]ì�P^W RT[]U K î ILP [ P|HJILP2akP R W
H�P^afe�P []R HJM [ P�K".�HJILP�ì�K�afe�K�Q U H�P�QJP^ì�H U K�W î�R Q2I U N�I R W Y HJILP S P^I RE'4U K�M [ K".�HJILP�Q�H [ MXì�HJM [ P î�R Q
Y K�a U W R H�P YuS]- HJILP [ a R/G P C e R WXQ U K�WhP76�P^ì�HJQ l
* ILP|P76�P^ì�H K".�a R/U W)H R/U W U WXNFK [ [ P^afK 'BU WLN/1 [ P|e [ K/H�P^ì�H U K�WiK�WfHJILPZQ�H�P`P G$S P R akQ î�R Q R/G Q�K�H�P^QJH�P Y
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K�W�HJILPkQ]a R/G;G N/P^WLP []U ì^. [mR afP lF* I [ P`PkQ U HJM R H U K�WXQ î P [ P U W ' P^Q�H U N R H�P Y í z e [ K/H�P^ì�H U WLNuHJILPie []U98
a RT[(-bR W Y P Y N/P S P R akQ^c ë�z e [ K/H�P^ì�H U WLN�HJILP'P Y N/P S P R aiQfK�W G)-gR W Y_!�z}G P RE'4U WXN R/G;G�S P R akQ
MXWLe [ K/H�P^ì�H�P Y�l-C H î�R Q R QJQJMXafP Y HJI R HZHJILP�ì�K G M$akWXQ|QJILK�M G;YuR/G\î�R0- Q S P�e [ K/H�P^ì�H�P Y�l

# ¯M` aï¾qºZÃ�¼{Á�½JÁ

* ILPqN/P^WLP []U ìO. []R afPkQJHJM YXU P^Q î P [ P U WjHJI [ P`Pqe RT[ HJQ lsê�U\[ Q�H�HJILP Y P^Q U N�W41 [ P^Q î P [ PfP^Q�H RTS$G;U QJILP Y
HJILP^W}ILP R H+H []R W$QM.
P [ ì R/G ì`M G;R H U K�WXQ î P [ P0ì RT[][]U P Y K�MLH�H�K�K S H R/U W�HJILP0H�P^afe�P []R HJM [ P 8 H U afP I U QJH�K []U P^Q
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s<¿èê�míà*ð
à*÷
ø p=x<s�h î � a Z

a Î�ÓäÜ=Õl×yÒ�ÔÐÖ�× ³ ��S<¸ VDù S<¸7����´LP � Ý���ÚúQ7Ï O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú �vÝG� ù ^��
a Î�ÓäÜ=Õl×yÒ�ÔÐÖ�× ³ S ù ¸ V � V ¸yS V ´LP ù Ý���Úû¼:ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú �vÝ ³�� ù ^�S
a Î�ÓäÜ=Õl×yÒ�ÔÐÖ�× ùvV �>¸=T�T � ¸ V � V ´LP � Ý���Úû¼:ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú �vÝAT ù �<�&�
T<¸=T�á
Î ·]° ÓäÎ�Ú_Ï T�S>��¸ V � ù ¸7� ³ ´LP ù Ý���ÚúQ7Ï O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú �vÝAS�S ù�³ S
T<¸=T�á
Î ·]° ÓäÎ�Ú_Ï �0S��6¸ VD�vV ¸=�<�­´LP � Ý���Úû¼:ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú �vÝ���S üýS � �
T<¸=T�á
Î ·]° ÓäÎ�Ú_Ï ³ ��S<¸ V T��6¸7�0^]´LP ù Ý���Úû¼:ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú �vÝ���S üýS � �
� ¸ � á
Î ·]° ÓäÎ�Ú_Ï ³ S ù ¸ V � V ¸ ù ��´LP � Ý���ÚúQ7Ï O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú �vÝG�&� ù S �
� ¸ � á
Î ·]° ÓäÎ�Ú_Ï ùvV �>¸=T�T � ¸ V T�S�´LP � Ý���Úû¼:ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú �vÝ ù S ù ��S

¯ Î�á*ÑlÏ�^7ÝG�y}ÉâoÖ�Î�ÜeÓäÎ�Ô�Õ�Ö
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\ÊÕ�Ò�þyÓ�Ï�^7Ý V �v} ï Ö�×v¹ºÑlÕl×yÏDÎ�Ó�Ò�ÓåÎ�Ü=Õ�ÏD×&Ô�Ø�Ô�ãyÓ�Ö�þyÒ�ã_Ô�ãyÏMÜyÏ�Û=Ô�ã$Ö ° Ô�ãyÏMØ�ÑlÎ�á ° Ö�Ó:Ô�ãyÏ_fÐØäãyÖ�Ó�Ô�¹ºãyÖ�Ô�gÿ»*Ó�Ï��� \:®Y�vÝ���^
�������	� 
���
�� �C� 
�������� ������� 
 �
¯ ãyÏWØ�ãyÏDÑlÑMÚ_Ö7ÜyÏDÑJ\Ê¶��RQ ¯ î \ÊÕl×=ÕlÔÐÏe¶CÑ�ÏDÚ_ÏD×0Ô��J×=Î�Ñ · Ø�Õ�Ø�Ö ° QvãyÏDÑlÑ�Ø_Î�Ô��LÕ�Ò�ã ¯ ÏDÚ�Û�Ï�ÓäÎ�Ô�þ=Ó�ÏDØåZ
ÜyÏ�µ�ÏDÑ�Ö�Û�ÏDÜ�á ·�� ÕlÑlÑlÕlÏ�����ÔÐÖ±Î�×*Î�Ñ · Ø�ÏWØ�Ñ�Î�á*Ø�þ*×=ÜyÏ�Ó�»*Ó�Ï O Ö�×*Ü=Õ�Ô�Õ�Ö�×=Ø�X�Õ�Ô�ã.Ô�ãyÏÍ»
×=Õ�ÔÐÏÍÏDÑ�ÏDÚ�ÏD×&Ô
Û*Î O � Î�Ò�Ï �JP!�#"Y´RQ�ã*Î�Ø:á�Ï�ÏD×cþ=Ø�ÏDÜ_Õl×�Ô�ãyÏDØ�ÏJØÐÔ�þ=Ü*Õ�ÏDØ�Ý ¯ ãyÏMÚ�ÖvÜyÏDÑ=ã=Î�ØÉÎ�Ñ�Ó�ÏDÎ�Ü · á�Ï�ÏD× O ãyÏ O � ÏDÜ
Î�Ò�Î�Õl×=ØÐÔÊÔ�ãyÏbÔÐÏDØÐÔ:Ü*Î�Ô�Î ° Ó�Ö�ÚýÔ�ãyÏ a Î�ÓäÜ*Õl×yÒ�ÔÐÖ�× ° ÓäÎ�Ú_ÏÉ»
Ó�ÏÉÔÐÏDØ�Ô�Ø%$�&bÎ�×=ÜHµ>Î�ÑlÕ�Ü=Î�ÔÐÏDÜHá ·'� ÕlÑlÑlÕ�Ï�Ý ���)(*� $
� Ó�Ï�µ7ÕlÏ�X Ö ° Ô�ã=ÕlØÿÕ�× ° Ö�ÓåÚ_Î�Ô�Õ�Ö�×²ã=Î�Ø�á[Ï�ÏD× Û=Ó�ÏDØÐÏD×&ÔÐÏDÜèÕl× a ã=Î�Û=ÔÐÏ�Óÿ�WÕl× O Ñlþ*Ü=Õl×yÒ�Ô�ãyÏcÎ�Ø�Ø�þ*Ú�Ûy¹
Ô�Õ�Ö�×=ØMÚcÎ�ÜyÏÿÜ=þyÓäÕ�×yÒ�Ô�ã=ÏÿÜyÏ�µ�ÏDÑ�Ö�Û*Ú�ÏD×&Ô|Ö ° Ô�ãyÏ�Ú�ÖvÜyÏDÑ�Î�×=Ü Î�× · ØäãyÖ�Ó�Ô O Ö�Ú_Õl×=Ò�Ø|Ö�Ó�ÑlÕlÚcÕ�Ô�Î�Ô�Õ�Ö�×=Ø�Ý
¯ ãyÏRÎ�Ø�Ø�þ*Ú�Û=Ô�Õ�Ö�×=ØçÕl×�Ô�ãyÏ a Î�ÓäÜ=Õ�×yÒ�ÔÐÖ�× ° ÓäÎ�Ú_ÏYÚ_Ö7ÜyÏDÑ�ÑlÕl×yÒ î QvÏ O Ô�Õ�Ö�×��yÝG�yÝ V ÝAT7ÝAT�Z|ã=Î6µ�ÏÿÎ�ÑlØÐÖ$á�Ï�ÏD×
Î�Û=Û*ÑlÕlÏDÜ�ÔÐÖ_Ô�ãyÏRÒ�ÏD×yÏ�ÓäÕ O ° ÓåÎ�Ú�ÏDØ�Ý ¯ ãyÏÿÚ_ÏDØ�ã ° Ö�ÓMÔ�ãyÏ�T<¸=T ° ÓäÎ�Ú�ÏÿÕlØ|Ø�ã=Ö6X�× Õ�×­\ËÕlÒ�þyÓ�Ï�^7Ý V�V Ý

1

2

3
1

2

3

\ÊÕ�Ò�þ=Ó�Ï�^7Ý V�V }+�LP!�#"Y´YQ Ú�ÏDØ�ã­Ö ° Ô�ãyÏ�T<¸=T ° ÓäÎ�Ú�Ï
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m�Æ�tvÅ�p*x>Ã�¿ ò x<p*u9t ,_w:tvÅ,Ã!Å,Ä -�¿
u9wËp=x6s>uètvÅ[s ø x>¿=s<t&Æ�s<t&Á .Du9w:¿*{6t&Á0/
Àºp*Æ�s6¿*x r:t7p*u9{ Â­t7p=Á�ÈÉ¿
p=ÁËÃ!Å,Ä
î Ú2143 � Z î �vïY� Ú � Z

V T<¸=T �vÝ���T 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ¼CÓäÕlÚ_Î�Ó · Î�×=Ü ¶CÜ=Ò�Ï V�V ÝAS
T T<¸=T �vÝ���T 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ¶ÉÜyÒ�Ï V�V ÝAS
³ T<¸=T �vÝ���^ 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ¶ÉÜyÒ�Ï V�V ÝAS
� T<¸=T �vÝ���T 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ï Ö�×yÏ V�V ÝAS
S T<¸=T �vÝ���^ 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ï Ö�×yÏ V�V ÝAS
ù T<¸=T �vÝ���^ 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ¶ÉÜyÒ�Ï S7ÝAS
�87 T<¸=T �vÝ���^ 5�ã=Ö�Ñ�Ï 6*Ö7Ö�Ó ¶ÉÜyÒ�Ï V�V ÝAS

¯ Î�á
Ñ�Ï ^7ÝAS7}ÍQ O ÏD×=Î�ÓäÕ�Ö�Ø O Ö�×*Ü=þ O ÔÐÏDÜ±Ö�×±Ô�ãyÏ­Ò�ÏD×yÏ�ÓåÕ O ° ÓäÎ�Ú_ÏDØ î 7 ï ÖèØ�Ï O Ö�×=Ü=Î�Ó · á[ÏDÎ�ÚcØ�Õl×3Ô�ãyÏ
° ÓåÎ�Ú�ÏÿÖ ° Ø O ÏD×=Î�ÓäÕ�Ö���Z

9 :<; =?>A@B>DCFE�GH@JI%KML GBNPOQI%E�R

Q7Ï�µ�ÏD×3ØÐÔ�þ=Ü=Õ�ÏDØYXçÏ�Ó�Ï O Ö�×=Ü=þ O ÔÐÏDÜèÖ�× Ô�ãyÏ�T<¸=T­á
Î · Ò�ÏD×yÏ�ÓäÕ O ° ÓåÎ�Ú�Ï�Ý ¯ Î�á*Ñ�Ï]^7ÝAS ÜyÏDØ O ÓåÕ�á�ÏDØYÔ�ãyÏ
µ>Î�ÓåÕ�Ö�þ=ØÿÛ
Î�ÓäÎ�Ú�Ï�ÔÐÏ�ÓäØ�Ý ¯ ã=Ï�»*Ó�Ï_Õl×èÏDÎ O ã O Î�ØÐÏ�ÕlØ O ã*Î�ÓäÎ O ÔÐÏ�ÓäÕlØÐÏDÜ9á · Ô�ã=ÏcÖ�Û�ÏD×=Õl×yÒ ° Î O ÔÐÖ�Ó$Î�×=Ü
Ô�ãyÏ O Ö�Ú_Û*Î�Ó�Ô�Ú�ÏD×&Ô�ÝC\yÖ�Ó|Õl×=Ø�Ô�Î�× O Ï�Ø O ÏD×=Î�ÓåÕ�Ö ³ ÜyÏDØ O ÓäÕ�á�ÏDØÉÎR»*Ó�ÏJÕl×_Ô�ãyÏYT<¸yT�á*Î ·�° ÓäÎ�Ú_Ï�X�Õ�Ô�ã�Î�×
Ö�Û�ÏD×=Õl×yÒ ° Î O ÔÐÖ�ÓCÖ ° ��S���^UTV143 � î fÐØ�ãyÖ�ÓäÔ�¹ºãyÖ�Ô�gL»*Ó�Ï<Z,Î O Ô�Õl×yÒYÖ<µ�Ï�Ó:Ö�×yÏ|X�ãyÖ�ÑlÏ�6*Ö7Ö�ÓÊÖ ° Ô�ãyÏbá*þ*ÕlÑlÜ=Õl×=ÒyÝ
¯ ãyÏ�»
Ó�ÏCØ O ÏD×=Î�ÓåÕ�Ö�Õl×RÏDÎ O ã O Î�ØÐÏÉÕlØoÓ�ÏDÎ�ÑlÕlØÐÔ�Õ O á[Ï O Î�þ*ØÐÏ ° Ö�Ó,Î�Ò�Õ�µ�ÏD× 6*Ö7Ö�Ó,Î�ÓäÏDÎ�Î�×=Ü�Ö�Û[ÏD×*Õl×yÒ ° Î O ÔÐÖ�Ó
î ¶C`7þ=Î�Ô�Õ�Ö�×3^7Ý V ZW�ËÔ�ã=Ï_Ó�ÏD`7þ=Õ�Ó�ÏDÜ Î�ÓäÏDÎeÎ�×=Ü ã=ÏDÕ�Ò�ã0Ô�Ö ° µ�ÏD×&Ô�ÕlÑlÎ�Ô�ÕlÖ�× XbÎ�Ø O Î�Ñ O þ=Ñ�Î�ÔÐÏDÜ�Ý ¯ ã=ÕlØYXbÎ�Ø
O ãyÏ O � ÏDÜ�Î�Ò�Î�Õl×=ØÐÔ|Ô�ãyÏ�ÎDµ�Î�ÕlÑlÎ�á*Ñ�ÏRµ�ÏD×&Ô�ÕlÑlÎ�Ô�ÕlÖ�× ° ÓäÖ�Ú Ò�ÏD×yÏ�ÓäÕ O XJÕl×=ÜyÖ<X�Ø|Õl×�Ô�ãyÏRÏE¸vÔÐÏ�Óä×=Î�Ñ�XbÎ�ÑlÑlØDÝ
¯ ãyÏ�Ø O ÏD×=Î�ÓäÕ�Ö�ØJÎ�ÑlØÐÖ_µ�Î�Ó · X�ãyÏ�Ô�ãyÏ�ÓJÔ�ãyÏ�Ó�Ï�Õ�ØMÛ=Ó�Ö�ÔÐÏ O Ô�ÕlÖ�× Ö�× Ô�ã=Ï�ÏDÜyÒ�Ï�Ö�Ó�Û=ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú_ØDÝÉÙ�×
Î�ÑlÑ O Î�ØÐÏDØ�Ô�ãyÏ O Ö�Ñlþ=Úc×=Ø|Î�Ó�ÏÿÛ=ÓäÖ�ÔÐÏ O ÔÐÏDÜeÔÐÖ_Ô�ã=ÏDÕ�Ó ° þ*ÑlÑ�ãyÏDÕ�Ò�ã&Ô�Ý

X Y ®[Z]\�^ _
Z#`

î ^7Ý V Z

X�ãyÏ�Ó�Ï��
Z#\ ®YÎ�Ó�ÏDÎ�Ö ° µ�ÏD×&Ô�ÕlÑlÎ�Ô�Õ�Ö�× î T � Z
_ ®YãyÏDÕ�Ò�ã&ÔbÖ ° Ö�Û�ÏD×=Õ�×yÒPT
ZD` ®YØ�þyÓ ° Î O ÏÿÎ�Ó�ÏDÎ�Ö ° XbÎ�ÑlÑlØa�b6*Ö7Ö�Ó�Î�×=Ü O ÏDÕlÑlÕl×yÒ�Ñ�ÏDØäØ|Î�Ó�ÏDÎ�Ö ° µ�ÏD×0Ô�Õ�ÑlÎ�Ô�Õ�Ö�× î T � Z
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Q O ÏD×=Î�ÓäÕlÖ�Ø�T�Î�×=Ü ³ Ö ° ¯ Î�á*Ñ�Ï�^7ÝAS�Î�ÓäÏ O Ö�Ú�Û*Î�Ó�ÏDÜÍÕl×�Ô�ã=ÕlØ|Ø�Ï O Ô�Õ�Ö�×�Ý

T>�&�



h�i�koiUß*i!ß Â­t��Ët7Æ�s<Ã�¿
Å�x>t&{6w:¿
Å,{Dt

\ÊÕ�Ò�þyÓ�ÏDØÿ^7Ý V T�Ø�ã=Ö6X�ØYÔ�ãyÏ_ÚcÕlÜv¹ºØÐÛ*Î�×WÜyÏ�6*Ï O Ô�ÕlÖ�×ÍÖ ° Ô�ãyÏ�ØÐÏ O Ö�×=Ü*Î�Ó · á�ÏDÎ�Ú_ØYá�Ï�ÔºXçÏ�ÏD×�Ò�ÓäÕlÜ*ÑlÕl×yÏDØ
� Î�×*ÜWP�� ° Ö�ÓRá�Ö�Ô�ãe»
Ó�ÏDØa�oÎ�Ò�Î�Õl×=Ø�ÔYØ�Ï O Ö�×=Ü=Î�Ó · á[ÏDÎ�ÚúÔÐÏDÚ_Û[Ï�ÓåÎ�Ô�þyÓ�Ï�Ý�\ÊÕ�Ò�þ=Ó�Ï_^7Ý VD³ Ø�ãyÖ6XJØYÔ�ãyÏ
Ú_ÕlÜv¹ºØ�Û*Î�×èÜyÏ�6
Ï O Ô�Õ�Ö�×=ØÿÖ ° Ô�ãyÏcÛ=ÓåÕlÚ_Î�Ó · á�ÏDÎ�Ú_Ø�Ý ¯ ã=Ï�ÜyÏ�6*Ï O Ô�ÕlÖ�×=ØÿÖ ° Ô�ã=Ï�þ=×yÛ*Ó�Ö�ÔÐÏ O ÔÐÏDÜ9Ø�ÔÐÏ�ÏDÑ
á�ÏDÎ�Ú_ØbÎ�Ó�ÏJµ�Ï�Ó · Ø�ÕlÚ_Õ�ÑlÎ�ÓCÕl×�á�Ö�Ô�ã�ØÐÔ�þ*Ü=Õ�ÏDØ�Ý ¯ ãyÏLÒ�Ó�ÏDÎ�ÔÐÏDØÐÔ|ÜyÏ�6*Ï O Ô�ÕlÖ�× î ³�ù ��ÚcÚ�ZÉÕlØCÓäÏ O Ö�ÓäÜyÏDÜ�Õl×
Ô�ãyÏ � Ú Û=ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú Õl×_Ó�ÏDØ�Û[Ö�×*ØÐÏ|ÔÐÖ�Ô�ãyÏ]fÐØ�ãyÖ�Ó�Ô�¹ºã=Ö�Ô�gÿ»*ÓäÏ�ÝËÙ�×_á�Ö�Ô�ã$»
Ó�ÏDØCØÐÏ O Ö�×*Ü=Î�Ó · á�ÏDÎ�Ú
�JPç�9ÏE¸7Û�Ï�ÓäÕ�ÏD× O ÏDØ�Ô�ãyÏeÑ�Ö<XÉÏDØ�ÔcÜyÏ�6*Ï O Ô�Õ�Ö�×*Øa�çÜ*þyÏ­ÔÐÖèÔ�ãyÏÍØÐÔ�Õ���×yÏDØ�Ø�Ö ° Ô�ãyÏeØÐÔÐÓåþ O Ô�þyÓ�Ï Î�Ó�Ö�þ*×=Ü
O Ö�Ñlþ=Ú_×±Pç�yÝ a Ö�Ñlþ=Úc×9Pç� Î�ÑlØÐÖ�ÏE¸vÛ*Î�×=Ü=Ø$µ�Ï�ÓäÔ�Õ O Î�ÑlÑ · þ=Û&XbÎ�ÓäÜ=Ø$Û*þ*ÑlÑlÕl×yÒeÔ�ãyÏ�á[ÏDÎ�ÚcØ$X�Õ�Ô�ã±Õ�Ô�Ý
Q7Ï O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú_Ø �LPbT�Î�×*Ü��JP ³ ÜyÏ�6*Ï O ÔYÔ�ãyÏ_Ú_Ö�ØÐÔYá[Ï O Î�þ*ØÐÏ$Ô�ãyÏ�á�ÏDÎ�Ú_ØYÎ�Ó�Ï�Û=Ó�ÏDØÐÏD×&ÔRÕl×�Î
ù Úú¸ � Ú á*Î · X�ã=Õ O ãÍá�Ï O Î�þ=Ø�Ï�Ö ° Õ�Ô�ØYá*Î�ØäÕ O Ò�Ï�Ö�Ú�Ï�ÔÐÓ · X�ÕlÑlÑ,ÏE¸7Û
Î�×=Ü²Î�×=Ü�ÜyÏ�6*Ï O ÔÿÚ�Ö�ÓäÏ�Ô�ã=Î�×
Ô�ãyÏ ù Ú ¸ ù Ú á
Î · Ø�Ý
\ÊÕ�Ò�þyÓ�ÏR^7Ý V ��Ø�ãyÖ6XJØCÔ�ãyÏYØ�Î�Ú�ÏYØÐÏ O Ö�×=Ü*Î�Ó · á�ÏDÎ�Ú ÜyÏ�6*Ï O Ô�Õ�Ö�×=ØçÎ�Ò�Î�Õl×=Ø�ÔÉÔ�ÕlÚ_Ï�Ý ¯ ã=ÕlØ�»
Ò�þyÓ�ÏYã=Õ�Ò�ãv¹
ÑlÕ�Ò�ã&Ô�ØÊÔ�ã=Î�Ô:ã=Õ�Ò�ã�Ü=Ï�6*Ï O Ô�Õ�Ö�×=Ø�Î�Ó�ÏMÎ O ã=Õ�Ï�µ�ÏDÜcµ�Ï�Ó · `7þ=Õ O � Ñ · Õl×$Ó�ÏDØÐÛ�Ö�×=Ø�ÏÉÔÐÖÿÔ�ã=Ï_fÐØ�ãyÖ�Ó�Ô�¹ºãyÖ�Ô�gR»*Ó�Ï�Ý
�YþyÓäÕl×yÒ�Ô�ãyÏÍfÐÑlÖ�×yÒ�¹ O Ö&Ö�Ñ�gc»
Ó�Ï�Ô�ãyÏ�ÓäÏ�ÕlØLÎcÓåÎ�Û*ÕlÜeÕ�× O Ó�ÏDÎ�ØÐÏHÕl× Ô�ãyÏHÓäÎ�ÔÐÏHÖ ° ÜyÏ�6*Ï O Ô�ÕlÖ�×ÍÎ�ÔL�0S���� a
Õl× Î�ÑlÑ:Ô�ãyÏ_Û=ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú_Ø�Î�×=Ü²Ô�ãyÏ]ØÐÏ O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú_ØDÝ ¯ ãyÏcÓäÎ�ÔÐÏcÖ ° ÜyÏ�6*Ï O Ô�ÕlÖ�×èÜyÏ O Ó�ÏDÎ�Ø�ÏDØ
Î�Ò�Î�Õl×±Î ° ÔÐÏ�Ó�Î ° Ï�X ÜyÏ�Ò�Ó�Ï�ÏDØHÓäÕ�ØÐÏcÕl×èÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�Ï�Ý ¯ ã=ÕlØ O Î�×3á�Ï�Ø�Ï�ÏD×9Õl×9\ÊÕ�Ò�þyÓ�ÏDØ$^7Ý V TWÎ�×=Ü
^7Ý VD³ Ý ¯ ã*ÕlØ:á*Õ ° þyÓ O Î�Ô�Õ�Ö�×cÕlØbØ�ã=Ö6X�×]Õl×�Ö�Ô�ãyÏ�Ó|Ó�ÏDØ�þ=ÑlÔ�ØÉÎ�×=Ü�X�ÕlÑ�Ñ=á�ÏJÜ=Õ�Ø O þ=Ø�ØÐÏDÜ]Î�Ò�Î�Õl×]Ô�ãyÓ�Ö�þ=Ò�ãyÖ�þyÔ
Ô�ãyÏJÜ=ÏDØ O ÓäÕ�Û=Ô�ÕlÖ�×$Ö ° Ô�ã=Ï�Ú�ÖvÜyÏDÑlØ�á�ÏDã=Î6µ7Õ�Ö�þ=ÓDÝ�� Ø�Õ�Ú_ÕlÑlÎ�ÓÊá*Õ ° þyÓ O Î�Ô�ÕlÖ�×�ÏE¸vÕ�ØÐÔ�Ø:Õl×�Ô�ã=ÏcfÐØ�ãyÖ�Ó�Ô�¹ºã=Ö�Ô�g
»*Ó�ÏÿÎ�Ô�Î�á�Ö�þyÔ � ��� a Ý
¯ ãyÏ�Û=Ó�Ö�ÔÐÏ O ÔÐÏDÜWÏDÜyÒ�ÏHá[ÏDÎ�ÚûÜyÏ�6*Ï O Ô�Õ�Ö�×*ØJÎ�Ó�Ï�Ò�Õ�µ�ÏD×WÕl×e\ÊÕ�Ò�þyÓäÏDØL^7Ý V S�Î�×=Ü�^7Ý VDù Ý ¯ ãyÏ�ÔÐÏDÚ�Û�Ï�ÓÐ¹
Î�Ô�þyÓ�ÏDØHÎ O ã=ÕlÏ�µ�ÏDÜ á · Ô�ã=ÏcÛ=Ó�Ö�ÔÐÏ O ÔÐÏDÜ3Ú�ÏDÚ�á�Ï�ÓäØRÏE¸vÛ[Ö�Ø�ÏDÜ ÔÐÖeÔ�ã=ÏèfÐÑ�Ö�×yÒ�¹ O Ö7Ö�Ñlg­»
Ó�Ï ° Î�ÓÿÏE¸ O Ï�ÏDÜ
Ô�ãyÏÿÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þ=Ó�ÏDØMÕl×�Ó�ÏDØ�Û[Ö�×*ØÐÏRÔÐÖ_Ô�ãyÏefÐØäãyÖ�Ó�Ô�¹ºãyÖ�Ô�g_»*Ó�Ï î Q7Ï�Ï�\ÊÕ�Ò�þ=Ó�ÏDØ�^7Ý ³ Î�×=ÜÍ^7ÝG�&ZåÝ ¯ ã*ÕlØbÕlØ
ÏE¸7Û�Ï O ÔÐÏDÜ­á�Ï O Î�þ=Ø�ÏJÖ ° Ô�ãyÏRÑ�Ö�×yÒ�Ï�Óç»*Ó�ÏLÏE¸vÛ[Ö�ØäþyÓ�ÏYÎ�×=Ü�Ó�ÏDØ�þ=ÑlÔ�ØÉÕl×]Ò�Ó�ÏDÎ�ÔÐÏ�ÓJÜyÏ�6*Ï O Ô�Õ�Ö�×=ØDÝ:PÉÏ · Ö�×*Ü
Î ØÐÏ O Ö�×=Ü*Î�Ó · á�ÏDÎ�Ú ÔÐÏDÚ_Û[Ï�ÓåÎ�Ô�þyÓ�Ï�Ö ° �0S�� � a Ô�ãyÏ_ÓäÎ�ÔÐÏ_Ö ° ÜyÏ�6*Ï O Ô�ÕlÖ�×²Ö ° Ô�ã=Ï�ÏDÜyÒ�Ï_á�ÏDÎ�Ú_ØRÏE¸7¹
Û�Ö�ØÐÏDÜ­ÔÐÖ_Ô�ãyÏÍfÐÑ�Ö�×yÒ�¹ O Ö7Ö�Ñlg$»*Ó�ÏÿÕ�× O Ó�ÏDÎ�ØÐÏDØ O Ö�×*Ø�ÕlÜyÏ�ÓäÎ�á
Ñ · Ý
¯ ãyÏ ù ÚûÏDÜyÒ�Ï�á[ÏDÎ�ÚcØ�ØÐÛ*Î�×*×=Õl×yÒ�Î�Ñ�Ö�×yÒ�Ò�ÓäÕlÜ=Ñ�Õl×yÏDØ V Î�×=Ü ù Î�Ó�ÏHÕl×�6
þ=ÏD× O ÏDÜ�á · Ô�ã=Ïÿá=ÓäÎ O Õl×=ÒcÕl×
Ô�ãyÏ$Ø�Î�Ú�Ï$Ü=Õ�Ó�Ï O Ô�Õ�Ö�×oÝM¶CÜyÒ�ÏHá�ÏDÎ�Ú_Ø�P aYV Î�×=ÜWP aMù Î�Ó�Ï$ã=Õ�Ò�ã*Ñ · ÓäÏDØÐÔÐÓäÎ�Õl×yÏDÜeÔ�ã&þ*ØJÜyÏ�6
Ï O ÔJÔÐÖ�Î
Ò�Ó�ÏDÎ�ÔÐÏ�ÓLÏE¸7ÔÐÏD×&Ô�Ô�ã=Î�× á[ÏDÎ�ÚcØD�JP V Ö�Ó]�JP ù ÓäÏDØÐÛ�Ï O Ô�Õ�µ�ÏDÑ · î Ø�Ï�Ï�\ÊÕ�Ò�þyÓ�Ï�^7Ý VDù ZåÝ
\ÊÕ�Ò�þyÓ�ÏDØ­^7Ý V �3Î�×=Ü ^7Ý V ^3Û*Ñ�Ö�Ô�Ô�ãyÏ�ÓäÎ�ÔÐÏ�Ö ° Ú_ÕlÜv¹ºØ�Û*Î�×5ÜyÏ�6
Ï O Ô�Õ�Ö�× Î�Ò�Î�Õl×=ØÐÔ­ØÐÏ O Ö�×=Ü*Î�Ó · á�ÏDÎ�Ú
ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�ÏRÖ ° Ô�ãyÏRá�ÏDÎ�Ú_Ø�Î�Ñ�Ö�×yÒ�Ò�ÓäÕlÜ*ÑlÕl×yÏDØ!���=P Î�×=Ü a Ý ¯ ã=Ï�Ó�ÏÿÕlØ|Î�ÓäÎ�Û
ÕlÜ�Õl× O Ó�ÏDÎ�ØÐÏÿÕ�×�Ô�ãyÏ
ÓäÎ�ÔÐÏLÖ ° Ü=Ï�6*Ï O Ô�Õ�Ö�×cÎ�ÔçÔ�ãyÏMá
Õ ° þ=Ó O Î�Ô�Õ�Ö�×�Ï�µ�ÏD×&ÔçÕ�×�ÏDÎ O ã�»*Ó�Ï�Ý��JÖ6XçÏ�µ�Ï�ÓbÔ�ãyÏ�ÓäÎ�ÔÐÏJá�Ï O Ö�Ú�ÏDØÉØ�Ô�Î�á*Ñ�Ï
Î�Ò�Î�Õl×.µ�Ï�Ó · `&þ*Õ O � Ñ · Ý Ù ×5Ô�ãyÏ.fÐÑlÖ�×yÒ�¹ O Ö&Ö�Ñ�g »*ÓäÏ Ô�ãyÏeÓåÎ�ÔÐÏÍÖ ° ÜyÏ�6
Ï O Ô�Õ�Ö�×íá�Ï�Ò�Õl×=Ø_ÔÐÖ9Ö�Ø O Õ�ÑlÑlÎ�ÔÐÏ
ÔÐÖ6XbÎ�ÓäÜ=ØYÔ�ãyÏHÏD×=ÜÍÖ ° Ô�ãyÏHÔÐÏDØÐÔ�Ý ¯ ã=ÕlØ�Ô · Û[ÏHÖ ° Ö�Ø O Õ�ÑlÑlÎ�Ô�Õ�Ö�×eá[ÏDã*ÎDµvÕ�Ö�þyÓLXçÎ�ØYØ�ãyÖ<X�×ÍÔÐÖ O Ö�Õl× O ÕlÜyÏ
X�Õ�Ô�ã�Óäþ=×=Î6XçÎ ·_° Î�ÕlÑlþyÓ�ÏLÕl×cÎ$Ø�Õ�Ú�Û*Ñ�ÏMá�ÏDÎ�Ú Õl× a ã=Î�Û=ÔÐÏ�Ó ù Ý�Ù ×]Ô�ãyÏ�fÐØ�ãyÖ�ÓäÔ�¹ºãyÖ�Ô�g�»*Ó�Ï�Ô�ã=ÏLÓåÎ�ÔÐÏJÖ °
ÜyÏ�6*Ï O Ô�Õ�Ö�× Ó�ÏDÚ_Î�Õl×=Ø�ØÐÔÐÏDÎ�Ü · î Î ° ÔÐÏ�ÓLÔ�ãyÏRá*Õ ° þyÓ O Î�Ô�ÕlÖ�×�Ï�µ�ÏD×0ÔåZMÎ�ÔMÔ�ãyÏ�Ú_Õ�Üv¹ºØÐÛ*Î�×]Ö ° Î�ÑlÑ�á�ÏDÎ�Ú_Ø�Ý
\ÊÕ�Ò�þyÓ�ÏDØ­^7Ý VD� î Î0Z­Î�×*Ü ^7Ý VD� î á�Z]Ø�ãyÖ6X Ô�ã=Ï�Ü=Ï�6*Ï O Ô�Õ�Ö�× O Ö�×0ÔÐÖ�þ=ÓäØ�Ö ° Ô�ãyÏ²Ø�Ñ�Î�á Î�Ô�Ô�ãyÏ�ÏD×=Ü�Ö °
á�Ö�Ô�ã�ãyÏDÎ�Ô�Õ�×yÒÿÓ�Ï�Ò�ÕlÚ_ÏDØ�Ý ¯ ãyÏDØÐÏJã=Õ�Ò�ã=ÑlÕlÒ�ã0Ô�Ô�ãyÏJµ�Ï�Ó · Ø�Ú_Ö&Ö�Ô�ã�Û*Î�ÔÐÔÐÏ�Óä×=ØÉÖ ° Ü=ÕlØ�Û*ÑlÎ O ÏDÚ�ÏD×&Ô:X�ã=Õ O ã
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Temperature of the secondary beams (C)

OF=0.02,Sbeam AB2
OF=0.02,Sbeam AB3
OF=0.02,Sbeam AB4
OF=0.02,Sbeam AB5
OF=0.08,Sbeam AB2
OF=0.08,Sbeam AB3
OF=0.08,Sbeam AB4
OF=0.08,Sbeam AB5

\ÊÕ�Ò�þyÓ�Ï�^7Ý V T7}b�LÏ�6*Ï O Ô�Õ�Ö�×eã*ÕlØÐÔÐÖ�Ó · Ö ° Ô�ãyÏÿþ=×yÛ=ÓäÖ�ÔÐÏ O ÔÐÏDÜeØÐÏ O Ö�×=Ü*Î�Ó · á[ÏDÎ�ÚcØMÎ�Ò�Î�Õl×=ØÐÔMØ�Ï O Ö�×=Ü=Î�Ó ·
á�ÏDÎ�Ú ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�Ï
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Temperature of the secondary beams (C)

OF=0.02,Pbeam B14
OF=0.02,Pbeam B46
OF=0.08,Pbeam B14
OF=0.08,Pbeam B46

\ÊÕ�Ò�þyÓ�Ï�^7Ý VD³ }��LÏ�6*Ï O Ô�Õ�Ö�×±ã=ÕlØ�ÔÐÖ�Ó · Ö ° Ô�ãyÏ�þ=×yÛ=Ó�Ö�ÔÐÏ O ÔÐÏDÜ9Û=ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú_Ø�Î�Ò�Î�Õ�×=ØÐÔ�Ø�Ï O Ö�×=Ü=Î�Ó ·
á�ÏDÎ�Ú ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�Ï
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Time (sec)

OF=0.02,Sbeam AB2
OF=0.02,Sbeam AB3
OF=0.02,Sbeam AB4
OF=0.02,Sbeam AB5
OF=0.08,Sbeam AB2
OF=0.08,Sbeam AB3
OF=0.08,Sbeam AB4
OF=0.08,Sbeam AB5

\ËÕlÒ�þyÓ�Ï�^7Ý V �y}É�LÏ�6*Ï O Ô�ÕlÖ�×eã=ÕlØ�ÔÐÖ�Ó · Ö ° Ô�ãyÏ�þ*×yÛ=Ó�Ö�ÔÐÏ O ÔÐÏDÜ Ø�Ï O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú_Ø|Î�Ò�Î�Õl×=Ø�ÔMÔ�ÕlÚ�Ï
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Temperature of the secondary beams (C)

OF=0.02,Ebeam A14
OF=0.02,Ebeam A46
OF=0.02,Ebeam C14
OF=0.02,Ebeam C46
OF=0.08,Ebeam A14
OF=0.08,Ebeam A46
OF=0.08,Ebeam C14
OF=0.08,Ebeam C46

\ÊÕ�Ò�þyÓ�Ï ^7Ý V S7} �LÏ�6*Ï O Ô�Õ�Ö�×.ã=ÕlØÐÔÐÖ�Ó · Ö ° Ô�ãyÏ­Û=ÓäÖ�ÔÐÏ O ÔÐÏDÜdÏDÜyÒ�Ï­á�ÏDÎ�Ú_Ø$Û*Î�ÓäÎ�Ñ�Ñ�ÏDÑçÔÐÖ²Ô�ãyÏ�Û=ÓäÕlÚ_Î�Ó ·
á�ÏDÎ�Ú_ØMÎ�Ò�Î�Õl×=Ø�Ô�ØÐÏ O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þ=Ó�Ï
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Temperature of the secondary beams (C)

OF=0.02,Ebeam AB1
OF=0.02,Ebeam AB6
OF=0.02,Ebeam BC1
OF=0.02,Ebeam BC6
OF=0.08,Ebeam AB1
OF=0.08,Ebeam AB6
OF=0.08,Ebeam BC1
OF=0.08,Ebeam BC6

\ÊÕ�Ò�þyÓ�Ï�^7Ý VDù }R�JÏ�6
Ï O Ô�Õ�Ö�×²ã=ÕlØÐÔÐÖ�Ó · Ö ° Ô�ãyÏ$Û=Ó�Ö�ÔÐÏ O ÔÐÏDÜ ÏDÜyÒ�Ï$á[ÏDÎ�ÚcØJÛ
Î�ÓäÎ�ÑlÑ�ÏDÑ�ÔÐÖ­Ô�ãyÏHØ�Ï O Ö�×=Ü=Î�Ó ·
á�ÏDÎ�Ú_ØMÎ�Ò�Î�Õl×=Ø�Ô�ØÐÏ O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þ=Ó�Ï
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\ÊÕ�Ò�þyÓ�Ï�^7Ý V �&}�~JÎ�ÔÐÏDØ�Ö ° ÜyÏ�6
Ï O Ô�Õ�Ö�×èÎ�Ô$Ú_ÕlÜv¹ºØ�Û*Î�×�Ö ° Ô�ãyÏ_ÏDÜyÒ�Ï]Î�×=Ü Û*ÓäÕlÚ_Î�Ó · á�ÏDÎ�Ú_Ø�Î�Ò�Î�Õl×*ØÐÔ
ØÐÏ O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú ÔÐÏDÚ_Û[Ï�ÓåÎ�Ô�þyÓ�Ï�� � \:®Y�vÝ���T
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\ÊÕ�Ò�þyÓ�Ï�^7Ý V ^7}�~JÎ�ÔÐÏDØ�Ö ° ÜyÏ�6
Ï O Ô�Õ�Ö�×èÎ�Ô$Ú_ÕlÜv¹ºØ�Û*Î�×�Ö ° Ô�ãyÏ_ÏDÜyÒ�Ï]Î�×=Ü Û*ÓäÕlÚ_Î�Ó · á�ÏDÎ�Ú_Ø�Î�Ò�Î�Õl×*ØÐÔ
ØÐÏ O Ö�×=Ü=Î�Ó · á�ÏDÎ�Ú ÔÐÏDÚ_Û[Ï�ÓåÎ�Ô�þyÓ�Ï�� � \:®Y�vÝ���^

ÜyÏ�µ�ÏDÑ�Ö�Û Ü=þ=ÓäÕl×yÒ]ãyÏDÎ�Ô�Õl×yÒ­Î�×=Ü�ÏE¸vÛ*Î�×=Ø�ÕlÖ�×eÖ ° Ô�ãyÏ O Ö�Ú�Û�Ö�Ø�Õ�ÔÐÏ�Ø�ÑlÎ�á�Ý ¯ ãyÏ · Î�Ñ�ØÐÖ­ã=Õ�Ò�ã=ÑlÕlÒ�ã0ÔJÔ�ãyÏ
Û�ÏDÎ � Î�Ó�ÏDÎ�Ø�Ö ° ÜyÏ�6*Ï O Ô�Õ�Ö�×ÿÕ�×YÔ�ãyÏ � Ú á*Î · Î�×=ÜYÔ�ãyÏ O Ö�×=ØäÕlÜyÏ�ÓäÎ�á*Ñ · Ñ�Ö6XçÏ�Ó,Ü*ÕlØÐÛ*ÑlÎ O ÏDÚ_ÏD×0Ô�Ø�Î�Ü � Î O ÏD×&Ô
ÔÐÖ_Ô�ãyÏ O Ö�Ñlþ*Ú_×=ØbÖ�×­Ò�ÓäÕ�Ü=ÑlÕl×yÏJ�yÝ ¯ ãyÏYÓ�ÏDÜ���Ö�×yÏDØMÕl×�á�Ö�Ô�ã]»*Ò�þyÓäÏDØMã=Õ�Ò�ã=Ñ�Õ�Ò�ã0ÔçÛ�Ö�Ø�Õ�Ô�Õ�µ�ÏYþyÛ7XçÎ�ÓåÜ=Ø
Ü=ÕlØÐÛ
ÑlÎ O ÏDÚ�ÏD×&ÔçÖ ° Ô�ãyÏÿØäÑlÎ�á Õl×�Ô�ãyÏRÓ�Ï�Ò�ÕlÖ�×­Ö ° Ô�ã=Ï O Ö�Ñlþ=Ú_×=ØDÝ ¯ ãyÏÿÜ=Î�Ó � á*ÑlþyÏ O Ö�Ñ�Ö�þyÓJã=Õ�Ò�ã=ÑlÕlÒ�ã0Ô�Ø
Ô�ãyÏ�Ó�Ï�Ò�Õ�Ö�×±Ö ° Ú_Î>¸vÕ�Ú�þ=Ú ÜyÖ<X�×&XçÎ�ÓäÜdÜ=Ï�6*Ï O Ô�Õ�Ö�×�Ý Ù�×3Ô�ãyÏdf)�AÑ�Ö�×yÒ�¹ O Ö7Ö�ÑlgW»*Ó�Ï]Ô�ãyÏ Ú_Î>¸yÕlÚHþ=Ú
Ü=ÕlØÐÛ
ÑlÎ O ÏDÚ�ÏD×&ÔMÕlØ ³vV ��Ú_Ú Î�×*Ü Õl×�Ô�ãyÏefÐØäãyÖ�Ó�Ô�¹ºãyÖ�Ô�g_Ø O ÏD×=Î�ÓäÕ�ÖcÜ=Ï�6*Ï O Ô�Õ�Ö�×=Ø|ÓäÏDÎ O ã ³�ù ��ÚcÚ­Ý

h�i�koiUß*ilj ê$t7Ç,p���Ãq¿[z�x�¿
ÀMs<Ç,te{�s<t&tvnçr:t&p
uè{
h�i�koiUß*ilj�iUß m�t&Æ0¿
Å,Á,p=x ¾ r:t7p*uè{ ¯ ãyÏ�Ø�ÔÐÏ�ÏDÑÉØÐÏ O Ö�×*Ü=Î�Ó · á�ÏDÎ�Ú_Ø�Ö�×èÒ�ÓåÕlÜ=ÑlÕl×=ÏDØÿTb� ³ Î�×=Ü±S
Î�Ó�Ï_Õl×�Î>¸yÕlÎ�ÑÊÔÐÏD×=Ø�Õ�Ö�×²Î�ÔÿÎ�Ú�á*Õ�ÏD×&ÔÿÎ�Ñ�Ö�×yÒ�Ô�ãyÏDÕlÓRÏD×0Ô�Õ�ÓäÏ$ÑlÏD×yÒ�Ô�ã�ÏE¸ O Ï�Û*ÔÿÎ�ÔÿÔ�ãyÏ O Ö�×=×yÏ O Ô�Õ�Ö�×*ØRÔÐÖ
Ô�ãyÏ�Û=ÓäÕ�Ú_Î�Ó · á�ÏDÎ�Ú î \ÊÕ�Ò�þyÓäÏDØÿ^7ÝAT�� Î�×=Üè^7ÝAT V ØäãyÖ6X Î>¸yÕlÎ�Ñ ° Ö�Ó O Ï_Î�Ò�Î�Õl×=Ø�ÔÿÜ=ÕlØÐÔ�Î�× O Ï�Î�Ñ�Ö�×=Ò­Ô�ãyÏ
ØÐÏ O Ö�×=Ü=Î�Ó · á[ÏDÎ�ÚcØ:Ö�×_Ò�ÓåÕlÜ=ÑlÕl×=Ï|T ° Ö�ÓÉá�Ö�Ô�ã�»*Ó�ÏJØ O ÏD×=Î�ÓäÕ�Ö�Ø�ZåÝÊP · T������ a Ô�ãyÏ�á�ÏDÎ�Ú_ØÉÎ�Ó�ÏJÕl×cã=Õ�Ò�ã
Î>¸vÕ�Î�Ñ O Ö�Ú�Û=ÓäÏDØ�Ø�Õ�Ö�×²ÏE¸ O Ï�Û=Ô ° Ö�ÓHÎeØ�Ú_Î�Ñ�Ñ�Ó�Ï�Ò�Õ�Ö�×9Î�Ô�Ô�ãyÏ_ÏDÜ=Ò�ÏcÖ ° Ô�ãyÏ O Ö�Ú_Û*Î�Ó�Ô�Ú�ÏD×&Ô�Ýy�JØ�Ô�ãyÏ
ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�Ï_Õ�× O Ó�ÏDÎ�ØÐÏDØYÔ�ãyÏ_Ø�ÔÐÏ�ÏDÑ�Ó�ÏDÚ_Î�Õl×*ØLÕ�× O Ö�Ú_Û=Ó�ÏDØ�Ø�ÕlÖ�×�á*þyÔRÜyÏ O Ó�ÏDÎ�ØÐÏDØÿX�Õ�Ô�ã²Õl× O ÓäÏDÎ�Ø�Õl×yÒ
ÔÐÏDÚ�Û�Ï�ÓäÎ�Ô�þyÓ�Ï î Î�×*Ü�Ú_Î�ÔÐÏ�ÓäÕlÎ�ÑyÜyÏ�Ò�ÓåÎ�Ü=Î�Ô�Õ�Ö�×
ZåÝk�bÔ:Ô�ãyÏ|ÏD×*Ü$Ö ° Ô�ãyÏ_fÐØäãyÖ�Ó�Ô�¹ºãyÖ�Ô�gY»
Ó�Ï î � S���� a Z�Ô�ãyÏ
Î>¸vÕ�Î�Ñ ° Ö�Ó O Ï$Õl×ÍÔ�ãyÏHØ�Ï O Ö�×=Ü=Î�Ó · Ø�ÔÐÏ�ÏDÑ,á�ÏDÎ�Ú_ØLÕlØJµ�Ï�Ó · O ÑlÖ�ØÐÏ�ÔÐÖ2��Ï�Ó�ÖyÝ ¯ ã=Ï�Î>¸yÕlÎ�Ñ O Ö�Ú�Û=Ó�ÏDØ�ØäÕ�Ö�×=Ø
Ò�ÏD×yÏ�ÓäÎ�ÔÐÏDÜWÕl×­Ô�ãyÏ�á[ÏDÎ�ÚcØMÏE¸vÛ[Ö�Ø�ÏDÜ­ÔÐÖcÔ�ãyÏÍfÐÑ�Ö�×yÒ�¹ O Ö7Ö�Ñlg�»*ÓäÏÿÎ�Ó�Ï�Î�Ñ�XbÎ · ØMÒ�ÓäÏDÎ�ÔÐÏ�ÓJá�Ï O Î�þ=ØÐÏ�Ô�ãyÏ
Ò�ÓäÎ�Ü=Õ�ÏD×&ÔMÖ<µ�Ï�Ó�Ô�ãyÏ O Ö�Ú_Û[Ö�ØäÕ�ÔÐÏÿÕlØMØ�ÚcÎ�ÑlÑ�Ï�ÓDÝ
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Temperature of the secondary beams (C)

Cardington load,Sbeam AB2
Cardington load,Sbeam AB3
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Temperature of the secondary beams (C)

mid-span between column B1 and secondary beam
at gridline 2

mid-span between secondary beams
at gridline 3

mid-span between column B4 and secondary beam
adjacent to column B4
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Temperature of the secondary beams (C)

Sbeam AB2 (Primary and edge protected)
Sbeam AB3 (Primary and edge protected)
Sbeam AB4 (Primary and edge protected)
Sbeam AB5 (Primary and edge protected)

Sbeam AB2 (Edge protected)
Sbeam AB3 (Edge protected)
Sbeam AB4 (Edge protected)
Sbeam AB5 (Edge protected)

Sbeam AB2 (All beams unprotected)
Sbeam AB3 (All beams unprotected)
Sbeam AB4 (All beams unprotected)
Sbeam AB5 (All beams unprotected)
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Temperature of the secondary beams (C)

Pbeam B14 (Primary and edge protected)
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Temperature of the secondary beams (C)

Ebeam AB1 (Primary and edge protected)
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adjacent to column B1
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at gridline 2
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�JÄ |JÁ Ã,Å Â ~yÅ Âu} ~yÃ Æ�|+��ÁVÂu}k� ¿!ÅZw¢ÅZw Âa|JÁ Ã,Å Â ~yÅ Âu} ~ �,ËMÂB�
³ ÄZÅZw Â Wyx!Ã6ÄPÀ Ï ~yÃ*ÃAx!Y�[ ÁMÂd� ¿!ÅZw � x!x ~�Âu�,ÆUË �JÄ |JÁ Ã,Å Â ~yÅ Âu}-Æ�� ÎC¿ Æ � Æ�|JÁ ¿ Æ���ÁMÒ�~§Âu�,Æ�}PÂ x Â ~yÅM¿GÃ6Ä Ë
�TÂHÁVÂ'� �,� ÆUÆ��©Ë�ÂHÂ {(¿GÀA� ÁMÂ | � ��� �)� w ÂHÁMÂu�,Ë ¿GÄ%ÅZw Â W Ë wPÃ Á Å Ï wPÃ,Å��T[ ÁVÂ ÅZw ÂHÒ%ÁMÂu� ~�w���|�� ÆUÆ�� � w Â
Âu} À Â�~�Âu�,ÆUË ¿GÄ ÁMÂ2ËZ| Ã6Ä Ë�Â Å�ÃwÅZw Â W Ë wPÃ Á Å Ï wJÃ,ÅZYk[ ÁMÂ�}PÂ x Â ~yÅ Æ Ã ÁVÂ�~�Â ~ � � Ë�Â ÅZw Â �JÄ |RÁ Ã,Å Â ~yÅ Âu}
Ë Å ÂHÂ x ÁVÂ2Ëy| Ã6Ä }JË Ç ÂHÁMÒkb �R¿G~Z��x Ò Å�ÃZ~�w � ÄPÀ Â2Ë ¿GÄ � Å Æ Ã ËZ| w ÂHÁMÂ Å Â2Æ�|�ÂHÁ�� ÅZ� ÁMÂB�
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Temperature of the secondary beams (C)

Sbeam AB2 (Edge protected)
Sbeam AB3 (Edge protected)
Sbeam AB4 (Edge protected)
Sbeam AB5 (Edge protected)

Sbeam AB2 (All beams unprotected)
Sbeam AB3 (All beams unprotected)
Sbeam AB4 (All beams unprotected)
Sbeam AB5 (All beams unprotected)
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[ ÁMÂ'|JÁ Ã,Å Â ~yÅM¿!Ã6Ä�Ã6Ä4ÅZw ÂFÂu} À Â�~�Âu�,ÆUË ÅZw ÂFÁ�� Å Â Ã,È Æ ¿ }CÏÐËy|+� Ä } ¿ ËZ| x � ~ Â2Æ<Â Ä'Å�Å�Ã �8��Á�}RË ÅZw ÂFÂ Ä }
Ã,ÈtÅZw Â3� Ä � x ÒCË ¿ Ë ¿ Ë Ç ÂHÁMÒ �JÄ Ë Å ��~ x Â,uCË �PÀ,À Â2Ë ÅM¿GÄPÀ Á �JÄ �u� �2ÒB�

eQf�g1f!h1f!¡ ¢cjmqur6s=tSqujUsR»)pK£Djzq�p�j-j-¤V¥"j-¦+§¨q
� w Â�� ÎC¿ � xRÈ�Ã Á ~ Â2Ë ¿GÄ ËMÂ ~yÃ6Ä }T��ÁMÒ�~�Âu�,Æ v É´� � Ä }c|JÁ ¿ Æ���ÁMÒ�~�Âu�,Æ É�ÊyÔ ��ÁMÂ�| x!Ã,Å�Å Âu} ¿GÄX{t¿!ÀA� ÁMÂ2Ë
| � Ì�Ô Ï | � Ì6�FÈ�Ã ÁV~ Ã,ÅZw Ë ~ Â Ä ��Á ¿!Ã Ë���© w Â ÄZÅZw ÂWÂu} À Â�~�Âu�,ÆUË8��ÁMÂ�|JÁ Ã,Å Â ~yÅ Âu} ÅZw Â�Ë�Â ~yÃ6Ä }T��ÁVÒ�~�Âu�,ÆUË
~ ��ÁMÁMÒ x!Ã �dÂHÁ�� ÎP¿ � x£~yÃ Æ�|RÁMÂ2ËMË ¿!Ã6Ä Ë�� � wJ¿ Ë ¿ Ë�} � Â Å�ÃvÅZw Â<ÁMÂ x � ÅM¿!Ç Â�} ¿ Ëy| x � ~ Â2Æ<Â Ä'Å ~�Â Å �TÂHÂ ÄSÅZw Â
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Temperature of the secondary beams (C)

Pbeam B14 (Edge protected)
Pbeam B46 (Edge protected)

Pbeam B14 (All beams unprotected)
Pbeam B46 (All beams unprotected)
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Temperature of the secondary beams (C)

Ebeam AB1 (Edge protected)
Ebeam AB6 (Edge protected)
Ebeam BC1 (Edge protected)
Ebeam BC6 (Edge protected)

Ebeam AB1 (All beams unprotected)
Ebeam AB6 (All beams unprotected)
Ebeam BC1 (All beams unprotected)
Ebeam BC6 (All beams unprotected)
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Temperature of the secondary beams (C)

Ebeam A14 (Edge protected)
Ebeam A46 (Edge protected)
Ebeam C14 (Edge protected)
Ebeam C46 (Edge protected)

Ebeam A14 (All beams unprotected)
Ebeam A46 (All beams unprotected)
Ebeam C14 (All beams unprotected)
Ebeam C46 (All beams unprotected)
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� w Â
Á���| ¿ }`}PÁ Ã | ¿GÄw~yÃ Æ�|RÁMÂ2ËMË ¿!Ã6Ä4¿GÄ ÅZw Âa|RÁ ¿ Æ���ÁMÒ{~�Âu�,Æ ¿ Ë±|RÁMÂ2Ë�Â Ä'ÅQ¿GÄ ~ Ã,ÅZw ~ �,Ë�Â2Ë�� {t¿!ÀA� ÁMÂ2Ë
| � Ì �c� Ä } | � Ì6� ��� ³ ÅWÃC~H~�� ÁVËQÆ �J~�w Âu��Á xG¿ ÂHÁ ¿GÄwÅZw Â ~ �,Ë�Â�� ¿GÅZw |JÁ Ã,Å Â ~yÅ Âu}4Âu} À Â�~�Âu�,ÆUË±~§Â ~ � � Ë�Â
Ã,È"wJ¿!ÀAw¢À Á��B} ¿ Â Ä Å Ëd� Ä } wR¿!ÀAw ÂHÁ\ÁMÂ x � ÅM¿GÇ Â�} ¿ ËZ| x � ~ Â2Æ<Â Ä'Å Ëa� wJ¿!ÀAw ÂHÁ±²£Ï´³ Æ Ã Æ<Â Ä'Å Ë����V© w Â ÄwÅZw Â
Âu} À Â�~�Âu�,ÆUË���ÁMÂ �JÄ |JÁ Ã,Å Â ~yÅ Âu}_� xGÅZwPÃA�PÀAweÅZw Â À Á��B} ¿ Â Ä'Å Ë ¿NÄ²ÅZw Â ~yÃ Æ�| Ã Ë ¿GÅ ÂXË Å ÂHÂ x ËMÂ ~yÃ6Ä }T��ÁMÒ
~�Âu�,ÆUË)��ÁMÂrË ÅM¿!x!x5x ��Á À ÂB­ ÅZw ÂLÁMÂ x � ÅM¿!Ç Â3} ¿ Ëy| x � ~ Â2ÆUÂ Ä Å ~�Â Å �dÂHÂ ÄwÅZw Â?Âu} À Âa� Ä }k|RÁ ¿ Æ���ÁMÒ�~§Âu�,Æ ¿ Ë
x!Ã �a­6ÁMÂu} �J~H¿NÄPÀWÅZw Â)²£Ï´³�Æ Ã ÆUÂ Ä Å"x Âu�B} ¿GÄPÀQÅ�Ã ��}PÂ x �0Ò ¿GÄFÅZw Â ¿NÄ Ë Å ��~ ¿!xN¿!Å Ò?Â Ç Â Ä'Å�Ã,È§ÅZw Â |JÁ ¿ Æ���ÁVÒ
~�Âu�,Æk�
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Temperature of the secondary beams (C)
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Temperature of the secondary beams (C)
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Temperature of the secondary beams (C)

adjacent to column B1
mid-span between column B1 and secondary beam

at gridline 2
mid-span between secondary beams

at gridline 3
mid-span between column B4 and secondary beam

adjacent to column B4
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Temperature of the secondary beams (C)

adjacent to column B1
mid-span between column B1 and secondary beam

at gridline 2
mid-span between secondary beams

at gridline 3
mid-span between column B4 and secondary beam

adjacent to column B4
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Temperature of the secondary beams (C)

OF=0.02,Sbeam AB2
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Temperature of the secondary beams (C)

OF=0.02,Pbeam B14
OF=0.02,Pbeam B47
OF=0.08,Pbeam B14
OF=0.08,Pbeam B47
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Temperature of the secondary beams (C)

OF=0.02,Ebeam AB1
OF=0.02,Sbeam AB7
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Temperature of the secondary beams (C)

OF=0.02,Ebeam A14
OF=0.02,Ebeam A47
OF=0.02,Pbeam C14
OF=0.02,Pbeam C47
OF=0.08,Ebeam A14
OF=0.08,Ebeam A47
OF=0.08,Pbeam C14
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Temperature of the secondary beams (C)

adjacent to column A4
mid-span between column A4 and gridline 2

at gridline 5
mid-span between gridline 5 and 6

at gridline 6
mid-span between gridline 6 and column A7

adjacent to column A7
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Temperature of the secondary beams (C)

Edge compartment,Sbeam AB11
Edge compartment,Sbeam AB12
Edge compartment,Sbeam AB13
Edge compartment,Sbeam AB14
Corner compartment,Sbeam AB2
Corner compartment,Sbeam AB3
Corner compartment,Sbeam AB4
Corner compartment,Sbeam AB5
Corner compartment,Sbeam AB6
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Temperature of the secondary beams (C)

Edge compartment,Sbeam BC11
Edge compartment,Sbeam BC12
Edge compartment,Sbeam BC13
Edge compartment,Sbeam BC14
Corner compartment,Sbeam BC2
Corner compartment,Sbeam BC3
Corner compartment,Sbeam BC4
Corner compartment,Sbeam BC5
Corner compartment,Sbeam BC6
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Temperature of the secondary beams (C)
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Temperature of the secondary beams (C)
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Temperature of the secondary beams (C)

Edge beams protected,Ebeam A14
Edge beams protected,Ebeam A47

Edge beams unprotected,Ebeam A14
Edge beams unprotected,Ebeam A47
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Temperature of the secondary beams (C)

x/L=0.125
x/L=0.25

x/L=0.375
x/L=0.5

x/L=0.625
x/L=0.75
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Temperature of the secondary beams (C)

x/L=0.167
x/L=0.33
x/L=0.5

x/L=0.667
x/L=0.83
x/L=1.0
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Þ â û ÌÜÐtÖvÛ Ñ ø Ì Ñ Ê&Æ�ÐtÌ ÒìÑ ö�÷ m Ê)Ì°Æ ÒÔÑ Ì�ÊfÐ9Û�Ö�× Ñ)û Ì°Û Ñ Ê&ó�Ð Ñ óËÊ&ö�÷ Ê)ÌsÛ�ù�Ö Ò Û�ÌÜÆ ÒÔÑ)û Ì"÷ªö�Ê)È�Ì°×�Ê&ö�ÐtÌ
Æ�Û Ñ)û ÌJw�Û û Ö�Ê Ñ ç û Ö Ñ x m Ê)Ì�ô?� ö�Ê&È�Ì ø Ìts±Ì%Ð Ñ ÆªÖ Ò Û ø Ì Ó Ìs÷ÉÖ�ù�Ì ø Æ ÒtÑ)û Ì ó Ò ù±Ê)Ö Ñ Ì%Ð Ñ Ì ø Ì ø È�Ì ú Ìsö�Ð
ü*ý î Ð�ö�óhÛ)Æ Ò È Ñ)û Ì9Û)÷ªö ú�Ñ ÖäÌT��Ì%Ð Ñ Æ Ó Ìs÷ Ú ö"Ð Ñ Æ Ò Ö Ò Ì ø ÆªÊ)Ì%Ð Ñ ÆÉÖ Ò ô â û Ì�Ê)Ì"ÕVÌ�Ê)Ì9ö�÷ªÛ�ÖÔ÷�ö�Ê)È�Ì�Ê
Ð9Ì%Ð û ö Ò ÆåÐ�ö�÷�Û Ñ Ê&ö�Æ Ò Û�Æ Ò¨Ñ)û Ì²Û)÷�ö ú Æ Ò¨Ñ)û Ì|w�Û û Ö�Ê Ñ ç û Ö Ñ x�ÐæÖ�Ê Ò Ì�Ê m Ê)ÌmÛpÐæÌ Ò ö�Ê&ÆÉÖËô

Þ â û Ìkw�÷ÉÖ Ò È�çKÐæÖõÖv÷yx m Ê)ÌmÊ)ÌsÛ)ó±÷ Ñ ÛqÆ ÒÔû ÆÉÈ û Ì�Ê Ñ ÌsÐtù�Ì�Ê&ö Ñ óhÊ)ÌsÛ�Æ ÒÔÑ)û ÌäÐæÖ Ò ÐæÊ)Ì Ñ Ì°Õ û ÆåÐ û Ê)ÌsÛ&óh÷ Ñ Û
Æ Ò ÐÜó�Ð û ÷ÉÌsÛ)Û Ñ Ì Ò Û)ÆÉÖ Ò Æ Ò¨Ñ)û Ì²Û)÷ªö ú ô

Þ â û ÌVÆ Ò Û Ñ ö ú Æª÷�Æ ÑßÚ Ì Ó Ì ÒìÑ Æ Ò²Ñ)û ÌJùhÊfÆªÐ9ö�Ê Ú�ú Ìsö�Ð Ó ÆªÌ�ÕOÌ ø Æ ÒÜÑ)û ÌJÛ)Ð9ö�÷ª÷Ý×ãÊfö�ÐtÌ�ö�÷ªÛ�Ö*Ö+Ð�Ð�óËÊ&Ê)Ì ø
Æ ÒtÑ)û Ì�÷ªö�Ê)È�Ì�×�Ê&ö�ÐtÌ*Æ Ò9Ñ)û ÌJw�Û û Ö�Ê Ñ ç û Ö Ñ x ÐæÖ�Ê Ò Ì�Ê m Ê)ÌqÕ�Æ Ñ)û Ì ø È�Ì ú Ìsö�Ð9Û¤ó Ò ùhÊ)Ö Ñ Ì%Ð Ñ Ì ø 2 ö Ñ
î ×�è � 3 ò ö Ò±ø Æ Ò¨Ñ)û Ìkw�÷ÉÖ Ò È�çKÐæÖõÖv÷yx�ÐæÖ�Ê Ò Ì�Ê m Ê)Ì�Õ�Æ Ñ)û Ì ø È�Ì ú Ìsö�Ð9ÛJùhÊ)Ö Ñ Ì%Ð Ñ Ì ø 2 ö Ñ ê Ò�è � 3 ò ô

Þ â û Ì-ÐæÖ�Ê Ò Ì�Ê­ö Òhø Ì ø È�ÌkÐæÖvÐtù±ö�Ê Ñ ÐtÌ ÒÝÑhm Ê&ÌsÛhÐ�ö�óhÛ�Ì ø«ø ÆU�¡Ì�Ê)Ì Ò ÐæÌsÛtÆ Ò0ú Ì û ö Ó ÆÉÖvóËÊ"Ö�× Ñ)û Ì
Ð9ÌsÐ ú Ì�Ê&ÛÜÕ û ÆyÐ û ÕVÌ�Ê)Ì¨ÌæØËö�È�È�Ì�Ê&ö Ñ Ì ø«úõÚ¼Ñ)û Ì ú Ê&ö"Ð�Æ Ò ÈËÐæÖ�Ê)ÌäÆªÐ­ÐtÌ ø Æªö Ñ Ìs÷ Ú ö ø � ö"ÐæÌ ÒÝÑtÑ Ö
Ñ)û Ì�Ì ø È�ÌäÐæÖvÐtù±ö�Ê Ñ ÐtÌ ÒìÑ ô

Þ«þ Ì%ÐæÖ Òhø ö�Ê Úaú Ìsö�Ð­Û ú Ì Ñ ÕOÌ�Ì Ò È�ÊfÆ ø ÷ªÆ Ò ÌsÛ®ü[ö Òhø ý ø Ìts±Ì%Ð Ñ Ì ø@Ñ Ö«ö0È�Ê)Ìsö Ñ Ì�ÊÔÌæØ Ñ Ì ÒÝÑ Æ Ò
Ñ)û Ì ÐæÖ�Ê Ò Ì�ÊäÐæÖvÐtù±ö�Ê Ñ ÐtÌ ÒìÑ�Ñ)û ö Ò�Ñ)û Ì"Ì ø È�ÌEÐæÖvÐtù�ö�Ê Ñ ÐtÌ ÒÝÑ ×ãÖ�Ê Ñ)û Ì"Û&ö�ÐtÌ m Ê)ÌtÛpÐæÌ Ò ö�ÊfÆÉÖËô
� Ö�ÕVÌ Ó Ì�Ê%Æ±Û)Ì%ÐæÖ Òhø ö�Ê Ú9ú Ìsö�Ð9Û ú Ì Ñ ÕVÌ�Ì Ò È�Ê&Æ ø ÷ªÆ Ò ÌsÛOýaö Òhø 3 ö"Ð û ÆªÌ Ó Ì ø ÷ªö�Ê)È�Ì�Ê ø Ìts±Ì%Ð Ñ ÆªÖ Ò Û
Æ Ò¨Ñ)û Ì�Ì ø È�ÌäÐæÖvÐtù�ö�Ê Ñ ÐtÌ ÒÝÑ�ú Ì%Ð�ö�óhÛ�Ì�Ö�× Ñ)û Ì�Ê)ÌsÛ Ñ Ê&ö�Æ ÒÝÑ ×ãÊ)ÖvÐ Ñ)û Ì ú Ê&ö"Ð�Æ Ò ÈhÐæÖ�Ê)Ì�ô

Þ â û ÌqùhÊ&Æ�Ð9ö�Ê Ú°ú Ìsö�Ð Æ Ò Û Ñ ö ú Æª÷ªÆ Ñ�Ú Ö�Ð�Ð�óËÊ)Ê)Ì ø Æ ÒtÑ)û ÌÖÐæÖ�Ê Ò Ì�ÊUÐæÖvÐtù±ö�Ê Ñ Ð9Ì ÒìÑ0m Ê)Ì ú ó ÑOÒ Ö Ñ Æ Ò
Ñ)û Ì�Ì ø È�ÌäÐæÖvÐtù±ö�Ê Ñ ÐtÌ ÒìÑ ô

Þ � û Ì Ò ÐæÖvÐtù±ö�ÊfÆ Ò È Ñ)û ÌVÌT��Ì%Ð Ñ Ö�×hÌ ø È�Ì ú Ìsö�Ð¦ùhÊ)Ö Ñ Ì%Ð Ñ ÆÉÖ Ò Ö Ò°Ñ)û Ì ú Ì û ö Ó ÆÉÖvóhÊ Ö�× Ñ)û ÌVÛ Ñ Êfó�Ð ç
Ñ óhÊ)ÌOÆ ÒÜÑ)û ÌvÐæÖ�Ê Ò Ì�Ê?ÐæÖvÐtù±ö�Ê Ñ ÐtÌ ÒìÑ�m Ê)Ì"Æ�Ð9Æ ø çßÛ�ù±ö ÒÜø Ìts±Ì%Ð Ñ ÆÉÖ Ò ÛnÖ�× Ñ)û Ì Ó ö�Ê&ÆÉÖvóhÛ ú Ìsö�Ð9Ûnö�Ê)Ì
Æ Ò s�óËÌ Ò ÐæÌ øÜúõÚÜÑ)û Ì�×´ö"Ð Ñ$Ñ)û ö Ñ¤Ñ ÕVÖ²Û)Æ ø ÌsÛÇÖ�× Ñ)û Ì ÐæÖvÐtù�ö�Ê Ñ ÐtÌ ÒÝÑ¤û ö Ó Ì ÐæÖ ÒìÑ Æ Ò óhÆ Ñ�Ú Õ Æ Ñ)û°Ñ)û Ì
ÐæÖv÷ ø Û&óËÊ)Ê)Övó Ò±ø Æ Ò È9Û Ñ Êfó�Ð Ñ óËÊ)Ì�ô � Ìts±Ì%Ð Ñ ÆªÖ Ò Û�ö�Ê)Ì"È�Ö Ó Ì�Ê Ò Ì ø�úÝÚåû ÆÉÈ û Ê)ÌsÛ Ñ Ê&ö�Æ ÒìÑ ×�Ê)ÖvÐ Ñ)û Ì
ù±Ê)Ö Ñ Ì%Ð Ñ Ì ø Ì ø È�Ì ú Ìsö�Ð9Û%Æ Ñ)û ÌqÛ)óËÊ&Ê)Övó Òhø Æ Ò ÈÅÐæÖv÷ ø Û Ñ Ê&ó�Ð Ñ óËÊ)Ì�ö Òhø9Ñ)û Ì�Ê)Ö Ñ ö Ñ ÆÉÖ Ò ö�÷hÊ)ÌsÛ Ñ Ê&ö�Æ ÒÝÑ
×�Ê)ÖvÐ Ñ)û ÌÌÐæÖ ÒìÑ Æ Ò óhÆ Ñ�Ú Ö�× Ñ)û ÌmÛ&÷ªö ú ô

Þ uàÌ%Ð û ö Ò ÆyÐ�ö�÷¤Û Ñ Ê&ö�Æ Ò ÛmÆ Ò�Ñ)û Ì­Û)÷�ö ú ö Ñ Ê)ÌsÆ Ò ×ãÖ�ÊSÐæÌsÐtÌ ÒìÑ ÷ÉÌ Ó Ìs÷$ÕVÌ�Ê)Ì Ó Ì�Ê Ú Û&ÆªÐ9Æª÷ªö�Ê�Õ û Ì Ñ)û Ì�Ê
Ñ)û Ì�Ì ø È�Ì ú Ìsö�Ð9Û�ÕVÌ�Ê)ÌmùhÊ&Ö Ñ Ì%Ð Ñ Ì ø Ö�Ê Ò Ö Ñ ô

Þ {¤Ê)Ö Ñ Ì%Ð Ñ Ì ø Ì ø È�Ì ú Ìsö�Ð9ÛVö�÷ª÷ÉÖÙÕ Ñ)û Ì*Û)÷ªö ú®Ñ Ö ú Ì�ö Ò Ð û Ö�Ê)Ì ø Ö Ò ö�÷�÷h×�ÖvóËÊVÛ&Æ ø ÌsÛ.Ö�× Ñ)û Ì*×�Ê&ö�ÐtÌ
Ñ)û Ê)ÖvóËÈ û Övó Ñ�Ñ)û Ì û Ìsö Ñ Æ Ò ÈtÊ)Ì�ÈvÆ�ÐtÌ�ô

Þ {¤Ê)Ö Ñ Ì%Ð Ñ Ì ø Ì ø È�Ì ú Ìsö�Ð9Û�Õ Æª÷ª÷.ö�÷ª÷ÉÖÙÕ Ñ)û ÌºÛ Ñ Ê&ó�Ð Ñ óËÊ&Ì Ñ ÖàÛ)óËÊ Ó Æ Ó Ìt×�Ö�ÊÜöà÷ÉÖ Ò È�Ì�Êmù�Ì�Ê&ÆªÖ ø Ö�×
Ñ Æ�ÐtÌ�ô
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Þ â û Ì ÒÙØ^Ò*×�Ê&ö�ÐtÌ�Õ�Æ Ñ)û ö�Õ û Öv÷ÉÌ0s±ÖÝÖ�Ê m Ê)ÌJÕVö�Û.Ð9Ö�Ê)ÌqÛ�Ì Ò Û)Æ Ñ Æ Ó Ì Ñ ÖÌÐ û ö Ò È�ÌsÛOÆ Ò ù±ö�Ê&ö�ÐtÌ Ñ Ì�ÊfÛ
Û&ó�Ð û ö�Û m Ê&Ì¤Û�Ì Ó Ì�Ê&Æ Ñ�Ú ö Òhø ùhÊ)Ö Ñ Ì%Ð Ñ Ì ø Ö�Ênó Ò ùhÊ)Ö Ñ Ì%Ð Ñ Ì ø Ì ø È�Ì ú Ìsö�Ð9Û Ñ)û ö ÒÜÑ)û ÌO÷ªö�Ê&È�Ì¤×�Ê&ö�ÐtÌ
Õ Æ Ñ)û ÐæÖ�Ê Ò Ì�Ê�ö Ò±ø Ì ø È�ÌäÐæÖvÐtù�ö�Ê Ñ ÐtÌ ÒÝÑPm Ê)ÌsÛ�ô
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��� Ð �E�R�R���B¦0§   �"� � �B¨ ÐT� ¨��B��¥�������¥U¦��B���   § ÐT £¢�©Q  �R� � ��� � ���E¥�§ª�«� ¢ ��� � �«¨ ÐT� ¨��R�E�6��� m �B�����A��� ¢�  � �
�R� Ð �E� �¬¢ � � �   ���   § ÐT £¢�© ¨ � ����� ÐT £¢�© ��� �R¢ �E� � m �R�­����� �-  �B���E�����E���D�Q���E�v�B�����U���¤�E�4� � �E� �
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¦��R�E�³�E������¥������������ � ����¥U�E�¡�T´ © ¥������ � �   �   § � ���6�Q�E���µ���   ¨��   §#�Q�E� ¢ �¤��� m �R� �-  �Q�S�������E¥  �© �E� Æ
��� Ð ¥�¨�������������������¥U¦��B���   §®�R�����£¥U� ¢ � ¢ �Q��� � �E� � ��� { ���B� ¢ � � �«� Ð � � ¨����U�E�   � � �����T´���� � �����6���B��¥�¥������
¢�  ���E¥   §2¶¤�B� � ���R�¸· � ���E¥ � �E� �¬¹ 2 � ���³�R�E� � �B�������E�º�Q�E� ¢»� �E� �«¼�� �E� � �E� � ���³� � � ÐT��  § Ð �������£�����
� ���A���B�����U�E� � ����� � ��� ¢ �E��� � � ¢�© ���B� � ¨��R�A��� � �����R¥������  �� �E� � ����� � ��� � ���   �B���E�F�������E¥  �© �E��§   �
� ����� ¢ ��¥��T´ © �����R�   ������� � ����� ¢ ��¥��   �������   ���R� ¢�© ¥U� ¢�  ���E¥��E� Ô ´ � �E���B�U��� © ���B� ¢ � � �B� Ð � � ¨����U�E�
  �½���E�����«� Ð §ª�«� ¢ � ¢�  ���E¥�� � ���E�½§   ¥�¥   �¤�E�4�¡�A��� © ¨�� ©Q  �-�   § � ����� Ð ��� ©�� ������� �-  �R¨ ¢�¢ ���B���-�
�����¬� ©�© �B�����R� � ��� ÐT  � Ð ¥�¨��R�   ���   § � �����F�R�E�R�E��� Ð �4�n·�¨������E� � �   ���n§   � ©Q  �R�R����¥U�2§¾¨�� � �����¤�   �B¯����R�
��¥��  ¡¢ �������

~9��*J¿ À�;�>?>Á/21QÂÃ/AN=�ÄKML6N=OF@«;=:<PBL6N=:

Þ � �E�R���£�   §n� � ���E¥F� � �B¨ ÐT� ¨��R�E�"���£������� � m �R�=����� � �B����� � �   ����¥�¥U¦%�Q���E�Å�����R�E�º¨ ©Q  � � �E� � �����
  §��R�����£¥U����� � ��� ¢ ����� � ���E¥U� ¢ �E� � �����º�0� � ���������B�Å§¾¨��B��� Ð ��� Ï ����¥�¨��R�   �Æ�«¨����E���E¦   §2���
��´�����¥�¥�¦­¨����B�E� � �B�������E�Å�Q�E� ¢ ���½�0� � ���������B� m �R���B�E�R��� � ��� Ð � � �E� � ���Æ�0���U�R� ÐT� �R�E�R¨�¥ �"  §
¢ � � ���B����¥4�������B����� � �   �%� � ���U�£� � � ¢�© ���B� � ¨��R�E���F�A�����n�B�E� ©Q  ���-� Ð �����  �� �  �© � �- ¡¢�  ���E¥
� ���+§�����¥�¨��R�   §����R�E� � �B�������E�°�<�E� ¢ ���%�����U�£��¥U¦��R�E��¨�������� ��¢ ¨�¥ � �U±Ç� �-  �R��¦°� � �B¨ ÐT� ¨��B���

Þ_È ��� � ����¥U�E�½���E� Ð �«� ©�� �   �   § m �B���R�E�R��� � ��� Ð �¡���E�R�U�£�½�¤���   ¨ � ¥������E�º����3���� ©�� ��� Ò �°�A���
m �R�¡�R�E�B��� � ��� Ð � � �E� � ������������� o ¨�� � �³���É�­��¨ ¢ �Q���   §2�R�E� © � ÐT� �=�  �� ¥U�E��� � �Q� Ð ��¨��-� � ���
m �R�Æ�T´ ©Q  �R¨��R�Æ���6�  �� �R� © �B�E�-�E� � � � �����   §F�B�E��¥ m �B�E�   � � ��� � �R�����£¥����E¥U� ¢ �E� � �"���R� � �E� � �E�
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­ Ë?� ®�° �$³Ð� � � �  �  ¯����+�A����� ¢ ��¥#�   �6�����³�����­�   �õ� � �ÝàQ��� � � � ���=���E�R�U�£�   §�K��R�=�-� © ���«� � �����

�   ��� � �B¨�� � �   �#��v�� Á«è®ãÇØTàeÛ�Ú�å�ý î?î � © �����E� ��}�Í]º¸��}��¸� ¹ Ì�Å�Å��
­ Ë�Å ® x9� �   �R�B�����V� � �  �  ���£�V�������   ��·�� �-� �Þ��vJ� � ���B��� � �   �º�  £¢ ��������§   ��� � ���E¥H�Q�E� ¢ ±k�   ¥�¨ ¢ ���

���MK��R���   ����� � �   ����� Ç�Ý�ß�à«è®Ú�ä�ÝJá Ú Ý�è�âÖã¾àÖß�çµã¾Ü¾Ý�è®Ú�ä�Â®ãÇØBØ�ä#à-ØTâ�ØBÚ�àJç�× � ¹ �P·¹� ¹ ��º¸��}�Ë¸� ¹ Ì�Ì�Í��
­ Ë�Ì ® ³É� � �   �R��� Ä �$½�� ° �U���   ��������� Ä �¼»�� ÆF  ¨������   �B�E�R�R¨��R�S���E�����B� � �   �%��¨��B����� � ���+���R¦������

  §H� ©Q  �   ¨��2����¥U§�±Ç� © ���T��� Á«è�ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä�Ç�Ý�ß�à«è<Ú�ä�ÝJá × ØRÚ£ã¤Ú�è<æÔÜÐÚ�âBâ¬Õ�à-Ú�è�âªáEØTà �s���¸· Ï ��º
Ë�Í�� ¹ Ì?�����

­ ��Í ® È �R½"�E¦£���4�¡·��E¥�§�±Ç�R� ¢ ��¥���� � � ¢�© ���B� � ¨��R��� © �R�E�R�R¨��B�=����� ¢�  ��� � ¨��B������� � �B�U��¨ � �   ���A�6� � ��������º��� � �E���R�E¥U¦­���E� � �E� ©<  �   ¨��+����¥U§9� © ���T��� Á«è�ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä�Ç�Ý�ß�àÖè®Ú�ä¤ÝJá × ØBÚ�ã6Ú�è®æMÜÐÚ�âBâ
Õ�à-Ú�è�âªáEØTà �s��Ë � ¹ Í ¼ · ¹TÏ ��ÌJº ¹TÏ �G�b� ¹ Ì�Å����

­ � ¹¯® È ��½"�E¦£���D����� � �$xF� ° ¥�¨���¯�¥U���µ�=²��E� � ����� ¢ ���R� � �«�����-§����A��� � �����¬���Ê��� � �E���-�E¥U¦³���E� � �E��   �+�T�R� � �Ê�R¥������ Á«è�ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�äyÇ�Ý�ß�àÖè®Ú�ä�Ý-á × ØBÚ�ãÆÚ�è®æ�Ü½Ú�âBâÐÕ�à-Ú�è�â�á�Ø�à �Ø��Ë � ¹ Í ¼ · ¹TÏ � ¹ º
¹TÏ �?�P� ¹ Ì�Å����

­ ��� ® ½ � � Ä � ½S� © ��� �R¢ �E� �Ê  § � ��� � �é���U�   � ¢ �E� � �"���«����� ©Q  � � ����� Ä ���£�   ��� ¼ �¡þ Ã?Ã<àJÝ�Û�ØRæ
æéÝEç�ß�å¡ØTè�ã�ãøÝ¡â«ß]Ã?Ã�Ý�àÖã=ç�Ú�àÖã=ÍÏÓ ´ ÜªàRØÆâTÚ-á�ØEã_¶�ó�ÍAß�Ü�ä	æ�ÜªèPµ¬àRØËµ£ß�ä	Ú�ã¾ÜÞÝ�è�â É?Ñ?Ñ?É��s��Í�Í�Í��

­ ��} ®t  �¹±��I½"���6�E���   ���E��� �-  �E� Õ�×�Ø�Â ´ ç Îÿ× Ú�è®æ Ù ÝEÝÝë0ÝJá ´ Ü�à-Ø�ç�à-Ý�ãÇØRçµã¾Ü¾Ý�è Î èPµ£ÜªèQØBØTàÖÜ�èPµ �y�S��±
� �   ����¥������R�   �  �� ��� � �   � È �B�   ����� � �   �������¡·   ���U� � ¦   §I�H�U�B�   �  �� ��� � �   � � ���£���������B�h�?³D���J±�B���B��¨��-� �-� �h�sÙ"· È �+�����%�E��� � �   ��� ¹ Ì�Ì�Ë��

}?���



­ � ÏG® ���U³��Ô½   ����¥��4�   �  �© ��� � �U�E�   § Õ �T��¨���¥�����·   �  £¢ � � �����«����������¥
½S� © ��� �R¢ �E� � � � �u±£¨�¥�¦
��Í�Í�Í��   ���B�   ����¥ �  £¢�¢ ¨�������� � �   �4�

­ ��Ë ® ±��?½   ��¥������+�����g±�� Ä�  �������   �#�+�H�U�R���R�E�R��� � �����T�   §<� � ���E¥�§��B� ¢ �2��¨���¥��������£�E��¶¤�B� � ���B�¡· � ���E¥
  ¥��G� ¹ Ì�Ì�Å��

­ ��� ® ½��$½��P½S�R¦��R����¥����®�A���Öw<���R�   ����� © ���E�  £¢ �E�   �4��´ Ü�àRØ Î èPµ£Üªè<Ø«ØTà«â�Ç�Ý�ß�à«è®Ú�ä � © �����E� ¹ ÅJº¸��}¸�
¹ Ì�Ì����

­ �?� ® ½��$½���½S�R¦��R����¥����Mþ è�Á«è�ã¾àJÝµæ�ß�çEã¾ÜÞÝ�èmãøÝ ´ ÜªàRØ�Ì	¶�è®Ú�å=Ü¾ç�â �z±   ����»Ô��¥���¦D�����¸·   ���h�
�����
�E��� � �   ��� ¹ Ì�Ì�Ì��

­ ��Å ®t� � Ä � ° � � �R¯���� � �����g³É�?�����£���B�Þ� È ���E�����«��¥�������¥U¦��R���   § ¢�  ��� � ¨��B� ¢ �U���B� � �   ������¨��R�E����¦� � ¢�© ���«� � ¨��R�A���5àQ���R�E���T�E�9�������¡¨����R� � ¨��B� � �E� ©Q  �   ¨�� ¢ �E����¨ ¢ � Á«è�ãÇØ�à«è®Ú£ã¾Ü¾Ý�è<Ú�äIÇ�Ý�ß�àÖè®Ú�ä
Ý-á × ØBÚ�ãnÚ�è®ægÜ½Ú�â«â¬Õ�à-Ú�è�â�á�Ø�à �U��}¸· ¹ � ¹ }Jº ¹ ����}¸� ¹ Ì�Å�Í��

­ ��Ì ® ±�� È � � ¥	± Ä � ¢ �E���Ë�ÝvÖ�¼»��é¶�¨��R���E�R�h������� Ä �¹±��   ¥�����¯®��³   ���E¥�� � ¨������E�   §U�  £¢�©Q  �R� � �2�®¨���¥���±�����¡§��B� ¢ ���Q�E���E���   ¨��"���zK®�R��� vJ��ã ã�×zÁ«è®ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä
Â+¶�å Ã�Ý�âÖÜªß�å Ý-á ´ Ü�à-Ø�Â<ÚJáEØ�ã_¶MÂ<çEÜ Ò
Ø�è®ç«Ø � © �����E� ¹�¹ }?��º ¹�¹TÏ Å¸� ¹ Ì�Ì Ï �

­ ��Í ® ±�� È � � ¥U± Ä � ¢ �µ���V�?vÖ�¼»���¶�¨��B���E�R�h������� Ä �¹±��   ¥�����¯®�������6������¥�¦��R���   §��-� ¢ �	±ø�B�U�£���¡§ª�«� ¢ �E�����K��R�T±Ç�³�-������� � � ©�© �   ���B�4� Ç�Ý�ß�àÖè®Ú�ä²ÝJá Ú Ý�è�âÖã¾àÖß�çµã¾Ü¾Ý�è®Ú�äpÂ®ãÇØBØ�äUßAØTâ�ØBÚ�àJç�× ��}�}¸· ¹ ��ËJº ¹TÏ �¸�
¹ Ì�Ì�Ë��

­ � ¹¯® ±�� È � � ¥	± Ä � ¢ �µ���V�Ýv«�¼»���¶�¨��B���E�R�h������� Ä �¹±��   ¥�����¯®���A��� � �B�E� �R¢ �E� �H  §�� � �B�������B�������B�R��¥����� � �B¨�� � ¨��B��¥ ¢ � ¢ �Q���B����¨��B����� � ���{�  �  ¥������ © �����-�   §��	K®�R��� Ç�Ý�ß�àÖè®Ú�ä�ÝJá Ú Ý�è�âTã¾à«ß�çµã¾Ü¾Ý�è<Ú�ä
Â<ãÇØBØTäUßAØÖâEØRÚ�à-çT× �4}?�P· ¹�¹ ËJº ¹ }�Ë¸� ¹ Ì�Ì����

­ �G� ® ±�� È � � ¥	± Ä � ¢ �E���V�Pv«�¼»���¶�¨��R���E�R�h������� Ä �¹±��   ¥�����¯®���A���"����w®¨��E�+�T�   §��   ������� � �   �%� � �5à<±���E�R�   � � ���­�<�E���E���   ¨��   §�� � ���E¥6�Q�E� ¢ �³���ÊK®�R��� Ç�Ý�ß�à«è®Ú�äSÝJá Ú Ý�è�âÖã¾àÖß�çEã¾ÜÞÝ�è®Ú�äÏÂ®ãÇØ«ØTä
ß�ØÖâ�ØBÚ�à-çT× � Ï }¸· ¹ º ¹ Ë¸� ¹ Ì�Ì?���

­ ��} ® ±�� È � � ¥	± Ä � ¢ �E�6�V�PvÖ�¼»��®¶�¨��R���E�R��������� Ä �¹±��   ¥�����¯®�n· � ¨����U�E�   § � ���+�Q�E���µ���   ¨��   §�� � ���E¥�B¨���±ø§��B� ¢ �E���6� � �Ð�-� ¢ �	±ø�B�U�£���a�   ������� � �   ��������K��R��� Ç�Ý�ß�àÖè®Ú�ä2ÝJá Ú Ý�è�âÖã¾àÖß�çEã¾ÜÞÝ�è®Ú�äEÂ®ãÇØ«ØTä
ß�ØÖâ�ØBÚ�à-çT× � Ï Ì¸·¹Å�}Jº�Ì�Å¸� ¹ Ì�Ì�Ì��

­ � ÏG® È � Æ � � ¥U�£����ò   ¨�¥�¥��V�#¶S� È �~v�ò�òE¨����������#����� È �¹±�� Ä ���B�����B���   �4�g�S¨ ¢ ���«������¥ ¢�  ���E¥�¥������   §� ���D� � �«¨�� � ¨��B��¥�K��R�­�R�E� ©Q  ���-�   §Æ�É� � ���E¥"§ª�B� ¢ �E�v��¨���¥����������M�����B����������¥S�R� ©Q  � � �yv ¢ ±
© ���B����¥ �   ¥�¥U������� x   ���   ��ÙS���U�����B�R� � ¦�� ��Í�Í�Í�� � � ·�xRv � Ä � ©Q  � � �y� ¹ Ë¸�   vJ� Ä � ©Q  � �
³d½ ¹ Ë ü È ³u���

­ ��Ë ® Î ß�àJÝEç«ÝEæéØ É ÓgÍ6Ú�â«Üªâ³ÝJá¡æéØÖâÖÜ5µ£èÎÚ�è®æÊâÖã¾àÖß�çEã¾ß�à-ØTâtçAÚ�àTã ñPó�ñ¸Ó þ çµã¾Ü¾Ý�è�â³Ý�è¸âÖã¾àÖß�çµã¾ß�à-ØTâ¬Ø�� Ò
Ã�Ý�â�ØBæ°ãøÝ�ê9à-Ø � ¹ Ì�Ì����

­ �G� ® Î ß�àJÝEç«ÝEæéØYñPÓ�Ì�ØTâ«Üôµ�èvÝJá°çBÝ�è<ç�àRØ�ãÇØ%âÖã¾àÖß�çµã¾ß�à-ØTâ�çAÚ�àÖã É óTñPÓ���ØTè<Ø�àJÚ�ä¤àÖß�äUØTâ Ò Â<ã¾à«ß�çEã¾ß�à-Ú�ä
´ Ü�à-Ø{Ì=ØTâ«Üôµ�è � ¹ Ì�Ì�Ë��

­ ��� ® Î ß�àJÝEç«ÝEæéØÔòPÓ�Ì=ØÖâ«Üôµ�èºÝJá"âTãÇØBØTä�âÖã¾àÖß�çEã¾ß�à-ØTâÏçAÚ�àTã É ó�ñ¸Ó ´ ÜªàRØ{ßAØÖâÖÜ�âTãøÚ�è®çÖØ � ¹ Ì�Ì�Ë��
­ �GÅ ® Î ß�àJÝEç«ÝEæéØ ã ÓyÌ=ØÖâ«Üôµ�è½ÝJá�çBÝ�å Ã�Ý�âÖÜ�ãÇØ=âÖãÇØ«ØTä�Ú�è<æ%çBÝ�è®çEà-ØEãÇØ�âÖã¾àÖß�çEã¾ß�àRØÖâÈç�Ú�àÖã É ó É Ó���Ø�è<ØTà-Ú�ä

àÖß�äUØTâ�Ú�è®æ³àÖß�ä�ØÖâFá�Ý�à Ù ß�ÜªäUæ�Ü�èPµ�â � ¹ Ì�Ì Ï �
­ ��Ì ® Î ß�àJÝEç«ÝEæéØ ã Ó�Ì�ØTâ«Üôµ�èñÝJáºçBÝ�å Ã�Ý�â«Ü¾ãÇØÅâTãÇØBØTä+Ú�è®ævçBÝ�è®çEà-ØEãÇØDâTã¾à«ß�çEã¾ß�àRØÖâYçAÚ�àTã É ó�ñ¸Ó ´ Ü�à-Ø

àRØÖâÖÜ�âTãøÚ�è®çÖØ � ¹ Ì�Ì Ï �

}?�GÅ



­ Å�Í ®tÄ � � ¦��R�0����� ú �-¾�� ú � ¢�© �DvJ��± © ¥������¬� � �ôàQ���E�B�   §��R�E����§   �Þ�T�E�Ê�   �+�T�R� � �Ê�R¥����®��¨��������
�  £¢�© �R�E�R�R����� ¢ � ¢ ���B�����°��� � �   �4� Ü½Ú�µ�ÚJåTÜ�è<ØÊÝJá Ú Ý�è®ç�àRØ�ãÇØ�ßAØÖâEØRÚ�à-çT× � Ï � � ¹ ��� ¼ ·¹�?��º����P�
¹ Ì�Ì Ï �

­ Å ¹¯®�° ������¥�¥U���E�   ���B§   � ¢ �����T�T±ø�����-�E�%���E�B�U�£�³� ©�© �   ���B� �-  K��B�6�R�E�B��� � �����T�S���B���������   §#�®¨���¥���±
�����£����´ ÜªàRØ Î è¸µ�Ü�è<ØBØ�àBâ{Ç�Ý�ß�à«è®Ú�ä �U��Í � ��Í£Ë ¼ ·¹��}Jº¸�?�P�~³­���é�B����Í�Í�Í��

­ Å�� ® � �=��¥��E�����B� ¢ �����4��þ è®Ú�ä1¶�ã¾ÜÞçBÚ�äEÜÐØEã�×�ÝEæ�âÆá�Ý�à�Ì=Ø�ãÇØ�à«å=Ü�è�Ü�èPµ ´ Ü�àRØzßAØÖâÖÜ�âTãøÚ�è®ç«Ø½ÝJá Ú Ý�è Ò
çEà-ØEãÇØnÜÉØTå Ù Ø�àBâ �=�B��� ©�� ��� ¹ ÍÅ�-��� � �   � Ï �º�A���°·��  �� ²S�������  �  ¯   §��H�U�R�   �  �� ��� � �   �
� ���£���������«�����b� ¹ Ì�Å�Å��

­ Å�} ® ±�±k³Ð�����«�����R�-�E���B±�±Ç¶S�£·b�B��¥U�E�T�B���£�����Ôx#± ° � � �]á  �� �®·�� ¢�© ¥U� ¢�  ���E¥é§   � � ���EK��R�¤�R�E�R��� � �����T�
  §���´�����¥�¥U¦D¥   �����E� ¢ � ¢ �Q���B�+���h�   �B������� �- £� ¨��   �   ���¡}�� Ç�Ý�ß�àÖè®Ú�ä�ÝJá Ú Ý�è�âTã¾à«ß�çµã¾Ü¾Ý�è<Ú�ä
Â<ãÇØBØTäUßAØÖâEØRÚ�à-çT× �4}�Ë � ¹µ¼ � ¹ Ì�Ì�Ë��

­ Å ÏG® ±��$³Ð�b���«�����R�-�E�4�pv ¢�© �   ��� ¢ �E� ��  § � ���   ���«� ¢ � � �B���È�H�U�R�   § � ¨��   �   ��� ¹ ¶����-�E�   � � ´�±
© ���B� ¢ �E� � ��¥<���E� �yÄ �E�R¨�¥ � ���pv���ð ã�×�Á«è�ãÇØ�à«è®Ú£ã¾Ü¾Ý�è<Ú�äRÂ+¶�å Ã�Ý�âÖÜªß�åúÝJá ´ ÜªàRØ�Â<ÚJáEØ�ã_¶gÂQç�ÜøØTè®çÖØ �
¹ Ì�Ì�Ì��

­ Å�Ë ® ±��$³Ð�����«�����R�-�E���R±�� ¶6��·b�B��¥U�E�T�B����x4± ° � � �]á  �� �R½��#����¥�� ¢�  �����#¶S� ó ���   �Rx9�<�2�6��¥ � �Q�����
ú �µ¶  �� �4� È �  £¢�© ���B���   �+�Q� � �¤���E��K®���9� � �B¨�� � ¨��B��¥GK��R���   ���E��� ©�© ¥����E� �-  � � ���E¥é�E¥U� ¢ �E� � ���ã ã�×nÁ«è®ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä�Â+¶�å Ã�Ý�â«Ü�ß�åÁÝJá ´ ÜªàRØ	Â<ÚJáEØ�ã_¶nÂ<ç�ÜøØTè<ç«Ø � © �����E� ¹�¹ ��ËJº ¹�¹ }��¸� ¹ Ì�Ì Ï �

­ Å�� ®tÄ �p���B�U�E� ¢ ���#� È �_��� � ���«��� � �   ����¥¤�R¨��R����¦   §��  £¢�© ¨ � ��� ¢�  ���E¥���§   ��K®�R�¬�����É� ¢�  ¯����Ç�Ý�ß�àÖè®Ú�ä�ÝJá ´ Ü�àRØ{ç�à-Ý�ãÇØRçµã¾Ü¾Ý�è Î èPµ£Üªè<Ø«ØTàÖÜªè¸µ � Ï � } ¼ ·¹Å ¹ º�Ì��¸� ¹ Ì�Ì����
­ Å?� ®tÄ � ° � ° ���¤�����D����� � �¼» �¹±��<���   ¨ © � Ä �E� � �«�������E�£K��R�Æ�B�E�R��� � �����T���B� � �����£�6���D� � �B¨+� � ¨��B��¥

� � ���E¥4��¨���¥��������£���   �R� © ���R�E�%§   � È vR· � � ���£���������B�����g±   ¨��B����¥V��·����   ��� � ¨���� � ��� ��Í�Í ¹ �
­ Å�Å ® ³É� ° ��¥�¥��U��� Õ�×�Ø Ù ØÖ×�Ú�ÛµÜÞÝ�ß�à¡ÝJá�âÖãÇØBØ�ä Ò áÖàJÚ�å¡ØBæDç«Ý�å Ã�Ý�âÖÜ�ãÇØ¡âTã¾à«ß�çEã¾ß�àRØÖâ�Ü�è¡êFàRØ¡ç«Ý�è®æ�Ü¾ã¾ÜÞÝ�è�â �

  ��½ � ���E�R�������A���{Ù6���U�����B�R� � ¦   § � ��������¨��R�£������Í�Í�Í��
­ Å�Ì ® ³É� ° ��¥�¥��U����³   ���E¥�¥������"���E� � �E�n�  £¢�©<  �B� � �Öw  �  �9�R¥������H�6� � � È ¶ È�� Ù+·=¨��B�����+�{Ù °{� �+·�B¨����   ¨ � �������JvJ� ú ���«¥��   �{²S�U����� � ������·   �R�R�E���   ���µ�E��� �-  �B�h�Gþ Í þ�� í�Âdí�â�Ø�àBâbýEçBÝ�èµá�Ø�à-Ø�è®ç«Ø

ñ ì?ì?ìÝ� © �����E�6}�}�ËJº�}�Ë Ï �   �E� � ¨+�R¯�� � � Ä v¯�+Ù"· È �+��Í�Í�Í��
­ Ì�Í ® ³É� ° ��¥�¥��U��� È � ·<��ÙS� ¢ �����Ë�0�����¡±��$³É� ÄA ��-� ���E� ³   ���E¥�¥������   §D���E� � �E� �  £¢�©Q  �R� � �

w  �  �=�R¥������Æ��� � �Ð�R��§ª���B�E���T� �- D� ��� � ���B������� �-  �½�T´ © ���«� ¢ �E� � ���d´ ÜªàRØMÂQÚJá�ØEã_¶�Ç�Ý�ß�àÖè®Ú�ä �
}�� � Å ¼ ·-� Ï ËJº��G�?�P�p��Í�Í ¹ �

­ Ì ¹¯® ³É� ° �R���E�4�
�H�U�R�+�R��§�� � ¦¬�E���£���������«������± � ���S�   ¥U�   § � ���"� � �B¨�� � ¨��B��¥<�E���£���������E� Õ�×�Ø{Â<ã¾à«ß�ç Ò
ã¾ß�à-Ú�ä Î èPµ�Ü�è<Ø«ØTà �I��� � ¹ Ì ¼ · ¹ ÅJº¸��Í�� ¹ Ì�Ì�Ì��

­ Ì�� ® ³É� ° �R���E�4���������B���T�E� � Ù ú ¶A·�Ì�Ì�Ì�Ìí±   �R�E�R�E� � � � �   �É�����D�   �B¯��E�Å�T´�� ¢�© ¥U�E���{vJ�u´ Ü�àBâTã
Á«è®ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�äpê9Ý�àéëµâB×�ÝéÃ+æEÂ®ã¾à«ß�çµã¾ß�àRØÖâ�Ü�è ´ ÜªàRØ � �  �© �E���������E���+��Í�Í�Í�� È ��� � �«��� �A  ��¥U¦��

­ Ì�} ® ³É� ° �R���E�°����� Æ �¸»   ����� Õ ��¥�¨��   § � ����§¾¨�¥�¥®������¥U� � ���B������� �-  ��K��R� � �E� � � �- =� ���6� � �«¨��Ö±
� ¨��B��¥²�E���£���������E�nvJ� ç�à-ÝEçÖØBØRæ�ÜªèPµ�â°ÝJá³ã�×�Ø�ñ ì?ì�É Â®ã¾à«ß�çµã¾ß�àRØÖâ Ú Ý�èPµ�àRØÖâ«â¬Ú�è®æ Î �¯Ã�Ý�âÖÜ�ã¾ÜÞÝ�è �
È · � � ��· � v¯�+��Í�Í ¹ �

­ Ì ÏG® x9� ú � ° ¨����T������� � �¹±�� Ä �  £¢ �Q���R���	³­� ¢ ���B��������� � �   �º��� © ��� � ����¥�¥U¦%�B�E� � �B�������E�Å�R¥��������
þgÚ ÁÏÂ®ã¾àÖß�çEã¾ß�àJÚ�ä~Ç�Ý�ß�à«è®Ú�ä � � Å�Ë ¼ · }���ËJº�}?��}¸� ¹ Ì�Å�Å��

­ Ì�Ë ®�° � Õ ��²S���ÝáR���  �© �   ��¥U�   ¨��h�Ï����¶¤�E�����«�   ¨�������� È � ·<�6��� ¢ � ¢ �¡x�� � ���«� � ¨��R�º�R�����U���   §
© ���R§   � ¢ ���+�T�T±ø�����-�E�DK��R���   ���E�=�����¸���E�R���£�Ð�E�������   � ¢ �E� � � Ç�Ý�ß�àÖè®Ú�äAÝJá ´ ÜªàRØnç2àJÝ�ãÇØBç Ò
ã¾ÜÞÝ�è Î è¸µ�Ü�è<ØBØ�à«Ü�èPµ ��Ì � ¹µ¼ · ¹ �Jº Ï Í�� ¹ Ì�Ì�Å��

}?��Ì



­ Ì�� ® ��� ó �E²S��� ¢ � � ��¦�� È �����Á¥  �  ¯v� � �  £¢�© ��� �R¢ �E� � K��B�E�h�   ��� � vÖ� ´ ÜªàRØmÕ<ØRç�×éè®Ý�äUÝ�µ?¶ �
Å¸· ¹ Ì��Jº¸� ¹ �P� ¹ Ì?�G���

­ Ì?� ® ��� ó ��²6��� ¢ � � �é¦�� È �����ð¥  �  ¯¬� � �  £¢�© ��� �R¢ �E� � K��R�E���   ��� � v�vÖ��Å¸· }��?��º�}�Ë ¹ � ¹ Ì?�G���
­ Ì�Å ® ��� ó �+²S��� ¢ � � ��¦��   �  �© ��� � �U�E�   §F�®¨���¥�������� ¢ � � ���B����¥��h·������B���A§   �yK��B���R��§�� � ¦Ê���E�R�U�£�4�ØvJ�

Ì=ØTâ«Üôµ�èbÝJá�âÖã¾àÖß�çEã¾ß�àRØÖâ³Ú�µ�Ú�Üªè�âÖã�êFàRØ � © �����E�tÅ?��º ¹ Í£}¸� È � �-  �aÙ6���������B�R� � ¦���¶��U� ¢ �����£��� ¢ �
È © �B��¥ ¹ Ì�Å���� � ¥��R�����U��� È ©�© ¥��U�E�0·����U�E���T���

­ Ì�Ì ® ��� ó ��²6��� ¢ � � �é¦��Ö¾"�%����¨��U����¥U�E� � K®�R�+�T´ ©Q  �R¨��R����´ Ü�àRØ�Ú�è®æ�Ü½Ú£ãÇØTàÖÜ¾Ú�ä â � ¹�¹ � ¹ Ì�Å?���
­ ¹ Í�Í ® ��� ó �¸²S��� ¢ � � ��¦���´ ÜªàRØ�Â<ÚJáEØ�ã_¶tÌ=ØTâ«Üôµ�èDÚ�è®æ Ú Ý�è®ç�àRØ�ãÇØ �=x   ��� ¢ ���Ê·b���U�E� � �ôKI�6�����¬�����B��±

��������¥V� ¹ Ì�Ì�}��
­ ¹ Í ¹¯® ��� ó �]²S��� ¢ � � ��¦�� ç�à-ÝéÃ�Ø�àÖã¾ÜøØÖâ�ÝJá�Í�ß�ÜªäUæ�Ü�èPµÏÜÐÚ�ãÇØTàÖÜÞÚ�ä â �?�B��� ©�� ��� ¹ Í6�-��� � �   � ¹ � © �����E� ¹TÏ�¹ º

¹ Ë�Ë��¤�A���Æ·��  �� ²6�������  �  ¯   §p�H�U�B�   �  �� ��� � �   � � ���£���������B�����b�������0�E��� � �   ��� ¹ Ì�Ì�Ë��
­ ¹ Í?� ® ²S�U���®� � � ú ���B¥��R�   �º�����É·   �R�E���-�E��v��+���ô�   �E� � ¨+�R¯�� � � Ä �   ����vJ�R¥������R�RÙ"· È �nþ Í þ�� í�ÂÕ�×�ØRÝ�à¯¶°Ú�è®æaí�âEØTà«â�å�Ú�è�ß�Ú�ä �QË��-���E��� � �   ��� ¹ Ì�Ì Ï �
­ ¹ Í£} ® ³É�I²S�U�  �� ��� ú �Q·������   ����� ú �I�S��¯�� ¢ ¨��«���<����� ú � ú �µ�¤���   ��� � ´ © ���B� ¢ �E� � ��¥#� � ¨���¦   �

� � �B¨�� � ¨��B��¥��Q�E���µ���   ¨��   §<� � ���E¥�§��B� ¢ �E�F���=�®¨���¥��������ØK��R����´ ÜªàRØ Â<çEÜÞØ�è®ç«ØSÚ�è®æ0Õ<ØRç�×éè®Ý�äUÝ�µ?¶ �
Ï � � ¼ · ¹ Ë ¹ º ¹ ���¸� ¹ Ì�Å Ï �

­ ¹ Í ÏG® ²Ï³º·�¾��=�H�U�R�+���B���������   §H��¨���¥��������£�F±   ��� ��¹ � ° �E�����B��¥ © �B������� © ¥U�E�¤�����0� � �B¨�� � ¨��B��¥ © �R�T±
����¨ � �   ���h�  �  � � �¤���¡��¨���¥��������Ê� � ¨����U�E���   ����Í�� ¹ Ì Ï ���û² ³º·�¾t�=³D������� � �R¦   §È»   �R¯��h�
x   ���   �4�

­ ¹ Í£Ë ® � �$xF�$½��b²6¨��������
³D¨�¥ � �U± © �����-� ¢�  ��� � ¨��B� � �B�����-§ª���A��� ©Q  �   ¨�� ¢ �E�������B¨���á-��� � �E� �- �� � ¢ ±
© ���B� � ¨��R�¡���B�����U�E� � � Á«è®ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�äyÇ�Ý�ß�àÖè®Ú�äAÝJá × ØBÚ�ãÆÚ�è®ædÜ½Ú�â«âºÕ�àJÚ�è�âªáEØTà �E��� � ¹ ��Ì�Ëí±
¹ }�ÍB� ¼ � ¹ Ì?��Ì��

­ ¹ Í?� ® � �$xF�$½��p²S¨������b� ° �$��� È � ¢ �E���²�����a½��$x9�p���E� �-  �4� Ä �E� ©Q  ���R�E�   §��   ���T�B� � �³����¥�¥�� �- K®�R��� Á«è�ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä�Ç�Ý�ß�à«è<Ú�ä�ÝJá × ØRÚ£ã¤Ú�è<ægÜ½Ú�â«â¬Õ�à-Ú�è�â�á�Ø�à �Q} Ï � } ¼ ·¹� Ï ÌJº¸��� ¹ � ¹ Ì�Ì ¹ �
­ ¹ ÍB� ® � �$xF�$½���²6¨������b�?²Æ�$²��é·��������b������� � �$²���¶¤�E� � ��²6�E� � ����� ¢�  ��� � ¨��R� � �«�����-§����H�����   ���T�B� � �

�B¥�������� Á«è�ãÇØ�à«è®Ú£ã¾Ü¾Ý�è<Ú�ä�Ç�Ý�ß�àÖè®Ú�ä�Ý-á × ØBÚ�ã�Ú�è®æ�Ü½Ú�â«â¬Õ�à-Ú�è�â�á�Ø�à �U���¸·¹��Ë?��º¸�����¸� ¹ Ì?��Ì��
­ ¹ Í?Å ® ²�± � ��²S¨������ñ����� È � ·<��ÙS� ¢ �����Þ� ´ Ü�è�Ü¾ãÇØ Î äUØ�å�Ø�è�ã þ è<Ú�ä-¶�âÖÜ�â°áTÝ�à × ØBÚ�ãÉÕ�àJÚ�è�âªáEØTà �

· © �B���������R± Õ ���B¥����b�bx   ���   ��� ¹ � � �E��� � �   ��� ¹ Ì�Ì Ï �
­ ¹ Í£Ì ®�ó �]²S¨������b��vÖ�¼» ��¶�¨��R���E�R�h�£����� Ä �¹±��   ¥�����¯<�P�   ��¥������E����������¥�¦��R���   §��R�E����§   �é�T�E���   ���T�B� � �

�B¥������2�R¨��báJ��� � �E� �-  K��R����þ�Ú ÁÈÂ®ã¾à«ß�çµã¾ß�à-Ú�ä�Ç�Ý�ß�àÖè®Ú�ä �<Ì�� � ¹µ¼ � ¹ Ì�Ì�Ì��
­ ¹�¹ Í ®�ó ��²6¨������b�ÝvÖ�¼»��µ¶�¨��R���E�R�h������� Ä �¹±��   ¥�����¯<� � àQ��� � �U���¤� � �5à4���E�R� ¢�  ���E¥�¥������   §��  £¢�©Q  �R� � �

�   �+�T�R� � �Æ�R¥����®�A���MK��R����Î èPµ�Ü�è<Ø«ØTàÖÜªèPµ¡âTã¾à«ß�çEã¾ß�àRØÖâ �s���¸· ¹�¹ }�}Jº ¹�¹TÏ�Ï �~��Í�Í�Í��
­ ¹�¹�¹¯®�ó ��²S¨������b��vÖ�¼»��¤¶�¨��R���E�B�h������� Ä �¹±��   ¥�����¯<� �   ��±Ç¥������E��� ¢�  ���E¥�¥������   § � ���R���D§¾¨�¥�¥	±

�Þ����¥U��� � �B¨�� � ¨��B��¥RK��R� � �E� � ���Ïv��u´ Üªà«âÖã�Á«è®ãÇØTàÖè®Ú�ã¾ÜÞÝ�è®Ú�ä Ú Ý�èµá�Ø�à-Ø�è®ç«ØLæ�Â®ã¾àÖß�çEã¾ß�àRØÖâ=Üªè ´ Ü�à-Ø �
�  �© �E���������E���+±£¨�������Í�Í�Í��

­ ¹�¹ � ®�ó ��²S¨������b�yvÖ�¼» ��¶�¨��R���E�R��������� Ä �¹±��   ¥�����¯®�ð�����­���bw®¨��E���T�   § � �E���R��¥U� ¢ � ¢ ���B�����
��� � �   �­�����   ���T�R� � �=�R¥������   � � ���Æ�Q�E���E���   ¨��   §=�  £¢�©Q  �R� � ��� � ���E¥	±ø§��B� ¢ �E�­��¨���¥��������£�����
K®�R����vJ� ç�à-ÝEç«Ø«ØRæ�Ü�èPµ�â�ÝJá�ã�×�Ø�ñ ì?ì�É Â<ã¾à«ß�çEã¾ß�àRØÖâ Ú Ý�èPµ£à-ØTâBâ�Ú�è<æ Î �¯Ã�Ý�âÖÜ�ã¾ÜÞÝ�è � È · � � ��· � v¯���Í�Í ¹ �
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­ ¹�¹ } ® ±��   �P²S¨��B� � ����� ° �$��� È � ¢ �E�4� Õ ��¥������ � �   �¡�����¬� ©�© ¥��T��� � �   �   §#�t�  £¢�© ¨ � ��� ¢�  ���E¥�§   �© �R�E����� � ����� � ��� � ����� ¢ ��¥��R�E� ©Q  ���-�   §+�   ���T�R� � �A�B¥��������R¨���á-��� � �E� �-  K��B���bþ�Ú Á�Â<ã¾à«ß�çEã¾ß�à-Ú�ä
Ç�Ý�ß�àÖè®Ú�ä �®Ì�Ë¸· Ï Å�Í]º Ï Å?�P� ¹ Ì�Ì�Å��

­ ¹�¹TÏG® ·Q�$²Æ�ÖvJ�����Q���R���Ð�H�U�R�Å¥   �������	� ß�Ú�àÖãÇØ�à«ä1¶ÊÇ�Ý�ß�à«è®Ú�ä+Ý-áÅã�×�Ø ä Ú�ã¾Ü¾Ý�è®Ú�ä ´ ÜªàRØdç�à-Ý�ãÇØRçµã¾Ü¾Ý�è
þ âBâ�ÝEç�ÜÞÚ�ã¾ÜÞÝ�è � © �����E� Ï }Jº¸� ¹ � ¹ Ì���Å��

­ ¹�¹ Ë ® ¶¤�B� � ���R�Ê· � ���������B���ÖvJ��� � � � ¨ � ���Ø´ ÜªàRØ�Â<ÚJáEØ�ã_¶ Î è¸µ�Ü�è<ØBØ�à«Ü�èPµ³Üªè£Í�ß�ÜªäUæ�Ü�èPµ�âhÓ�ÌÈÌ	ñ ãIì ÓÏçAÚ�àTã
É ó
��ß�Ü¾æéØ�ãøÝ°ã�×�Ø=Ú¯Ã?Ã®ä Ü¾ç«Ú�ã¾Ü¾Ý�èÉÝJáFêFàRØÆâTÚ-á�ØEã_¶°ØTè¸µ�Ü�è<ØBØ�à«Ü�èPµ�Ã®àÖÜªè®çEÜ$Ã<äUØTâ � ¹ Ì�Ì?���

­ ¹�¹ � ® �����¬· � ���E¥ �   ��� � �B¨+� � �   ��vJ��� � � � ¨ � ���%· � �«¨�� � ¨��B��¥=�H�U�B� � ���£���������B�����b�Rv������E� � �U�£� � �   �   §
¶¤�   �����£� � �   �����-�	ÅtK��R���F�����B����������¥ Ä � ©<  � � �I±£¨���� ¹ Ì�Ì ¹ �

­ ¹�¹ � ® ±��B±£�����B���Q· � � � ��� � ������¥�������¥�¦��R���   §IK®�R� � �E� � �   �¡� � ���E¥��Q�E� ¢ �F�����g�   ¥�¨ ¢ ��� �- 	� ¨��   �   ���
}¸·   ��� �Æ¹ �¹��� Ç�Ý�ß�à«è<Ú�ä�ÝJá Ú Ý�è�âÖã¾àÖß�çEã¾ÜÞÝ�è®Ú�ä�Â®ãÇØBØ�äsßAØTâ�ØRÚ�àJç�× �Q}�}¸· }�ÌJº�Ë�Í�� ¹ Ì�Ì�Ë��

­ ¹�¹ Å ® ±��~±£�����B�Æ����� Ä �~³D���������¡¶�¨��B¯�¥������   §2� � ���E¥E�   ¥�¨ ¢ ���+����K��R���z´ Ü�àRØnÂ<ÚJáEØ�ã_¶£Ç�Ý�ß�àÖè®Ú�ä �
Ï ·¹���?��º¸��}�Ë¸� ¹ Ì�Å ¹Jü Å����

­ ¹�¹ Ì ®Ô  �$�¤��±   �����   �4�yvJ� � ���B��� � �   ����¥��������E¥  �©�¢ �E� � �"���zK®�R�Æ�E���£���������B�����   §9� � ���E¥H� � �B¨�� � ¨��R�E���
Ç�Ý�ß�àÖè®Ú�ä�ÝJá Ú Ý�è�âÖã¾àÖß�çEã¾ÜÞÝ�è®Ú�ä�Â®ãÇØ«ØTäsßAØTâ�ØBÚ�àJç�× � Ï � � Ï�¹ Ë ¼ � ¹ Ì�Ì�Å��

­ ¹ ��Í ® ¶S� ú ���B¥��R�   �%�����Y±�� ° � � ¨���� � �U���R����Î è®çEä	Ý�â«ß�à-Ø�êFà-Ø=æ�¶�è<Ú�å=Ü¾ç�â � � Ä �   �R�E�R���+��Í�Í�Í��
­ ¹ � ¹¯®Ôú � ú �E�����   �����H�U�R���Q�E���µ���   ¨������Å�  � £¢ ���¡�����B����������¥ Ä � ©Q  � � �?�P�H¶�¨���¥��������¬�R�E�-�E���Þ�«�

����� � � � ¨ � ����±é� © ����� ¹ Ì�Ë�Å��
­ ¹ ��� ®Ôú � ú �E�����   �������0�+�®·���¯�������� � � � � ¢ � � �   �   §pK��R� � � ¢�© ���B� � ¨��R�T± � � ¢ ����¨��B�������°�  � £¢ ���

�����B����������¥ Ä � ©<  � �v¹�¹ �³¶�¨���¥�������� Ä �E�-�E���Þ�«�ÐvJ��� � � � ¨ � ���n³D������� � �B¦   § �   ��� � �B¨+� � �   ���
�   ¯�¦   �s±£� © ����� ¹ Ì���}��

­ ¹ ��} ®g° � È � ú �   ¨��R¦���¶S�$�Æ� ° �B�����������J�������   �¹±�� � �<·�¨�¥�¥��U�����#�H· � �B�����   §��   ���T�B� � �Æ��¨��B�����	K®�B� ����E� � ����� �-  ��Í�Í�¢��"¨��������A¥   ���4� Ü½ÚJµéÚJå�Üªè<Ø=Ý-á�çBÝ�è<ç�àRØ�ãÇØ�àRØÖâEØRÚ�à-çT× �Q}?� � ¹ }�} ¼ � ¹ Ì�Å�Ë��
­ ¹ � ÏG®g° � È � ú �   ¨��B¦���¶S�$��� ° �«�������������������   �¹±�� � ��·�¨�¥�¥��������4�����B�����R���E� �#� ����� ¢ ��¥�� � �B�����   §��   ��±�T�B� � ��·A¥�� � ���B� � ¨��B���R�����U�����I�   ����� � �   ���A��� � �����%� © ����� ¢ �E�Ê�����Ê�Q�E���E���   ¨��   §F�������U������¨���¥
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