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a?b�cOdfehgjilkmend
x oqpsr y o c pnt�uvp b�wxbOifwyb�w Fx psr Fy z|{2}�~ i�ehb���wyb+g�d�e�wxi rs� ifi u�� b�c|i { i ��� w�iu�� b9cOi um� c�dfehgji�wxb ~ enb r d�w u ~ ��� b���w�wxd rx psr ry � k�wxb�k ps� � ~�} � ~ x o#psr y o dfw�i�b � b r�� ~ w�� rn� d� z�� pst wxb|i�wxi�i ��� F pnt z o enc ~ wyb�wyd���wxd�g p d

Mz = rxFy − ryFx. � ���

� ��rn� d �s��� d�e�gji�wyb rs� d!wxi t+pst wyb|i pst z o enc ~ wxb z
x

y

Fx

Fy

rx

ry

{

�Cwy� � � wyb|¡Oififw �¢��r b � b r£� ��� �9� e r wxi � e�i � e �Ao ~�¤ d �¢u i ~ pst¥� wyd�w r b9wyd t+pst wxb|i�wxi pst { i ���cOd�ehgji ~ ¡ ~ ifw t wxi } � ~ i � � rs� d T z � � b�b psr ~ � d�w ~ �9� i�ehbOifcOd�ehgjifwyb ~ c pst+u¦p b9wyb|i�wxd psr ~ if§sdfd�w � ~ w z

¨



� �¢rs� d TA��� dfehgji ~ ¡ ~ i�w t z

Tn©
�ª©s©

� ¨s© �«o ��©s�¬n©
 ©
�jo ¨s© �«o ¨s©s�

��©
¨n©

�®o  © � ��©s�

Th©
¯s©

� ��© � Tn©|�

{

UWVXV�Y[Z]\_^ °

±%w�i ~ c�e �l� e r w ~ wxi h = 100 t k9§�¡Oi i � dfb²e } � wxi p b r ~ pst³um� i psu�u wyb ~ c�e �l�m´ d�w�wybt e ~f~ w M = 200 000
c rm� ~ w�� rs� d ¨ z¶µ � d�b�wxi ~ i } wydfd ~ b � ifi ~ c�e � } ´ dfw ~ � dfc ���®´ d·i p } wxdk�w � w¸k�§�¡���wyb zº¹ w�i p b r wyb ~ w r wyb } wxc|i psr�t ehc ~ ��t e � i]i �¢��� ehififw ~ u wyb9b � b r wyd»k�wxb�k ps� � ~�} � ~

ρb = 2400
c r / t 3 psr σmaks = 1 ¼ / t+t 2 z�¹ w ~ ifw t wyb,w r b�w�i�g p d t½um� i � d�b�wxi���wyd ~ pst��w�i[cOd�w } w ~ e�i»wxi�k } wyd�i»i } wyd�d ~ b � i�i ~ c�e �¶� i ~ wxi�i�w ~ g p d ~ e t+t w ~ u wxb�b � b r z6¹ d � c � e�i � e �i �¢�6�¾u���p ifi�w"i � dfb9wxi ~ dfen� ��� ~�~ pst g � b�c ~ � p b�e } x z
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� �¢rs� d ¨9� µ � dfb t wx� ~ � d�c ���®´ d·i�i } wxdfd ~ b � ifi z

r(x)

x

h

M
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� z]¹ wxdfw r b psu�u�� e r wyd�dfwyenc ~ � p b�wxd � ~ cy� ´ dfcOdfw�gji�wyd psr't+pst wyb|i�wxd_g p d � ��w � cnwxb�w � � rs� d zÀµ w r b t+pst wxb|i o_psr ~ cy� ´ dfcOdfehgji�� � e r dfe t�t wyd psr } � ~ dfw�i�b � b r wyd um� ��w � b���d�wcOdfw�gji�wxb�w zT z]¹ � wyb {"¹ � � rn� dCÄ%wyd¶g�d � i�i psu�u9� e r i } wy� { psr ¹ psr k�endÅg p d t ~ pnt wyb¸kme � }�~ � dfcnw � zÆ u�u�� e r wxdfwxi � ¹ wxdºw�iºd ���¢� w � e r wxd ~ pnt c�enb � w } w r w ~ w r g�d � i�i � k p d � ~ p b|i�e � d�wxi�b � b r wxb z� � b�bÇenc ~ � e � cOd�e�gji�wyb �È¼ � � ~ cy� ´ d�c�dfehgji�wxb �ÊÉ � psr.t�pnt wxbOifwxi � � � u���r d � b�bQe }� e ~ ifwyb�Ë � i�i�d�¡�c|i } wx��Ë ��Ì�psr Φ

g p d 0 ≤ Φ ≤ π/2 z

Ä



� ��rn� d  � ¹ ��w � chwyb�w»��w�i ~ c�e �6� wxdfw r b�w ~ g p d z

L L/2 L/2 L L/2

L L/2
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q = 4
c ¼ / t L = 4 t P = 10

c ¼ L = 4 t
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� ��rn� d�Ä � ¹ � wyb���wxi ~ che �6� wxdfw r b�w ~ g p d z
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e � a¶i�c ����� ~ c � w r w t w�e } ��� b9w ´ d�iXw � e ~ i � ~ c t ehifwyd � e � w,wyd � w � e ~ i�w�i t wy�Ñb p d t e �Òo~ u wxb�b � b r wyb�w σx � σy psr σz zvÓ i�i�d·¡AcOc�b p d t e � i�§�¡�b � b r wyb�w εx � εy psr εz } wx�'b p d ot e � ~ u wxb�b � b r wyb9w pnr ��w+w � e ~ i � ~ chw�c p b ~ i�enb|i�wxb�w E psr ν zÅÔ w rsr,� i�i�d·¡AcOchwyb�w � b�b� � e�i � e �Ç� ~ pntÕt e�i�d � ~ w o } wxc|i p d oÖu d p � � cOi � psr �mb�b ~ u wyb�b � b r wxb�w �¶� w r w t wxi»b � dg�§ �¢r wyb9��w�wyd rs� ifi �

εx = 0.0002 εy = −0.00015 εz = 0.0002

E = 210 000 ¼ / t�t 2 ν = 0, 25

� � Ó ifi�d·¡�c�c�b � b p d t e � ~ u wyb9b � b r wyb�w } wx�Çb p d t e � if§�¡Ab � b r wxb�w psr'� w rsr ��w�ififw � b�b �� e�i � e � z � � b�b ~ u wxb�b � b r wyb9w �m� w r w t w�i pnr ~ e t+t wxb ���¢r b ~�} end�wxi t wx� psu9u�r e } w�e � z
¤ � ¹ wxdfw r b ~ u wyb9b � b r ~ i �¢� ~ i�enb��9wyb���wxd ~ pst b p d t e � if§�¡Ab � b r wxb � y o d�wxi�b � b r wyb��9dfw ~ i ���

εy = 0 zÀ×]} e ~ � e r ~ i �¢� ~ i�enb��Qkmend } � b �|Ø a?d�wxb���d � b r wxb�w � ~ u wyb�b � b r wxb�w ~ pntg p d } wxbOifwxi Ø� � ×�} e ~ � e r ~ i ��� ~ i�ehb���k�end } � ��wyd ~ pst σy = 0 Ø � enb�i ��� ~ i�ehb���wyb � ¤ � psr � � pnu�u i�d�w~ e t i � � ��r|Ø

UWVXV�Y[Z]\_^ Ù

¹ wxdfw r b t+pst wxb|i olpsr ~ cy� ´ dfcOdfehgjifg p d���w �¢� b r wyb�g p d � ��w � cnwxb {"¹ Í ± } � ~ i � � rn� d ¬ z Ë �¢p ifi� � e r d�e t�t wyb�w } wx� �¾� d � cnw � ehi � e � z

� �¢rs� d ¬A� �md � i�i psu�u9� e r i � ��w � cnw z

T t � t T t

Ä¸c ¼

Ä¾c ¼� t

{ ¹ Í ±

Ú
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a?b } psr b t wy� } wyc|i�Ü ifd �¢��� wxd � enb r ~ wyb�g�d � ifi psu�u�� e r i � ��w � chw � ~ pst } � ~ i � � rs� d Ú z±%w�i%wxd�c � b�c p b|i�ehcOi t w ���¢pstÝ� ��w � chwyb pnr } psr b�wxb ~ k�� �9�Ê� ~ pnt ~ i � d � wxb�e }�~ i�ehb�� d
g�dfek } wxd�enb��9dfw z � � ~ e�i � ��w � cnwxb ~ t enc ~ ��t e � w t�pnt wxbOi � b�b|ifdfwyd%b � d�e }�~ i�enb���wxb t w �¢��pst w�ie } psu�u9� e r d�wyb�w pnr b ´ d t w ~ ifw[k�� ��� wyd c � ��wyd c

wyd rs� i�i } wx�

c =
L

4

(

2 −
d

L

)

.

� �¢rs� d Ú � � psr b�wxb�c�enbXi�d ���¢� w�g�d � i�i!g�d�e { i �¢� ¹%z

L

d

W
x

{ ¹

¹ wxdfw r b psr ~ �.t+pst wyb|i�w�i ��� ��w � cnwxb ~ t+� �9i u�� b�c|i ~ pnt g � b�c ~ � p bNe } u¦p ~ � ~ � p b�wxb x
i ���

} pnr b�wyb ~ t�� �9i u9� b�c|i � x ∈ [d/2, L− d/2]
� zAÞ wxi�i L = 6 t�� d = 0.5 tßpnr W = 80

c ¼psr¸u��¢p ifi r d�ehg�wxb } wy�,k���w ��u e }�� e�i � e � z

¯
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� �¢rs� d ¯ } � ~ wyd�wyb ¨ t �A¡ u �9w t b � b r z ±%w t b � b r wyb�k�end�wxb � wxb r ��w um� ��T tÐ� b p d t e � iu e u9� d u9� enb�w�i � zh¹ wydfw r b t�pnt wxbOi oápnr ~ cy� ´ dfcOd�e�gjifg p d���w �¢� b r wxb_g p dq��w t b � b r ~ c p b ~ ifd � c ~ � phob�wxb �Åpsr�� d � c � e�i � e � i �¢�#��u���p ifi�w+i �¢� k�§sd�wyb��9w�� � e r dfe t�t wyd z �lenb�b9wxi ~ t e ~�~ w�i�wxi�i�k�w�ic�enb ~ wxi�i�w ~ i ��� 1000
c r / t 3 z

� �¢rs� d ¯A� ±%w t b � b r z

±%w t b � b r
�lenb�b

3 t
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a?b�g�d � i�i psu�u9� e r i � ��w � cnw t wy��i } wydfd ~ b � ifi b×h = 50 t+t ×100 t�t wyd � w � e ~ i�w�i ~ pnt } � ~ i� � rs� d_ã zº¹ w ~ i�w t g p df��w ��� b r wyb�e } ehc ~ � e � ~ u wyb�b � b r wxd p } wyd_i } wxdfd ~ b � i�i�w�i } wx� � ��w � cnwxb ~t+� �9i u�� b�c|i zv¹ d � c � ehi � e � i ���º��u��¢p ififw ~ u wxb�b � b r ~ g p df��w ��� b r wyb zv×�} �¢� chwyb�wxc ~ wyb|i�d � ~ � i�w�i� e }�~ i�enb���g�d�e � ��w � cnwªehc ~ wyb � t�� ��w�k p d � ~ p b|i�e � w � e ~ ifwyb�w"k�e[g p d�ehi � ��w � cnwxb � c�chw ~ c�e � g �b p wybXi�d·¡AcOc ~ u wyb9b � b r wyd �áp } wyd�c�enb|i"e } i } wyd�d ~ b � i�i�wxi Ø

� �¢rs� d]ã � �md � i�i psu�u�� e r i � ��w � cnw � i ~ ehifi�g p d]i } wxdfd � e ~ ifwyd psr wxc ~ wyb|ifd � ~ c�enc ~ � e �¢� e ~ i � k } wydwyb9��w z

© � Ä t © � Ä t © � Ä t

Ä c ¼Ä c ¼ T Ä t�t
 © c ¼ © c ¼

��©s© t+t

ã
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a?b � ��w � chw t wx�[c�enbme � i } wyd�d ~ b � ifi2wxdºÄ © t�t�� dfwx� psr Ä © t+t k�§�¡ pnr k�end6wyb } w rsr iÖ¡�cOcnw � ~ wum� Ä t+t�� ~ w»� rs� d ��© z�¹ ��w � chwyb,wxd]g�d � i�i psu�u�� e r i um� wxi]k p d � ~ p bOi�e � i � b���wyd � e r9�mpsr �9wybwyd � tÃ� enb r z ±%wybQwyd � w � e ~ i�w�i t wy�Qwyb'��w } b|i�g p d���w � i � e ~ i um� Ä © c ¼"å�t p } wyd+k�w � w� wxb r ��wxb psr wyb u�� b�c|i � e ~ i um� Ä © c ¼æum��t�� �9i�wxb z ± � ~f~ w � e ~ ifwyb�w } � dfcnwxd»b�wy� p } wyd t�p i� b��9wyd � e r w�i � } wxd�i � c�e � i � zm¹ ��w � chwyb � §�¡sw ~ pst b�§�¡Oi�dfe � ehc ~ wyb x − x � ~ w»� rs� d ��© z�¹ wyd�w r b~ cy� ´ d ~ u wyb�b � b r ~ g p d � § u w�i p } wyd»i } wyd�d ~ b � ififwxi © z T Ä t g�dfeXw�i�e } psu�u�� e r d�wyb�w �ápsrX� wxb|¡�i�i� ehi � e � i ���á�¾u��¢p ififw"g p d � § u wxi zAç b�� � cnwyd]c�end�ehcOifwyd � ~ i � ~ cnw } wxdf� � wyd �Îr ��wyd�b�w�g p d�k � b9� � z

� ��rs� d ��©9�m� enbme � i } wyd�d ~ b � ifi z

Ä t+t

Ä © t+t

Ä © t+t
èè
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� �¢rs� d �s� } � ~ wyd�wyb�c � w t+t w ~ pst ~ cOd � w ~ i �¢�ápsu�u i ��� wxb,cOd�ehgji P zmç#~ b � i�i { o { wxd�i } wxdfd o~ b � ififwxi ~ � ��t wyb ~ � p b�wyd ~ pst } � ~ i z
e � � p d¶�9wxi } � ~ ifw!i } wydfd ~ b � ifi ~ che � endfwye � ~ wyb|i�wxd psr endfwye � ifdfw r k�wxi ~ t+pst wxb|i�wyd � wxdfw r b�w ~xz±%w��mb�wxd � wyb|¡Oififwxi�c p�p df� � bmehi ~ ¡ ~ ifw tK��� i } wxdfd ~ b � ifi ~ � rs� d � z
� � ¹ wxdfw r b�b p d t e � ~ u wxb�b � b r ~ g p d���w �¢� b r wyb p } wxdÀi } wyd�d ~ b � ififwxi { o { psr�u��¢p ifiCg p d���w �¢� b or wxb � � ehi � e � z
¤ � Æ u�u�r e } w"e � psr�� � ~ c�e � b �»r ��wxb�b pst g�§sd�w ~ g p dCwyb ~ cOd � i } � b r w t wx��w�i#c } en��dfehi � ~ ci } wyd�d ~ b � i�i ~ pst kmend ~ e t+t wli } wxdfd ~ b � ifi ~ endfwye � w ~ pst µ o i } wyd�d ~ b � i�i�wxi zOÞ e t+t wyb �¢��r b~·} ehdfwyb9w z

��©
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� ��rn� d �s�s� Þ cOd � i } � b r w z

{

{

P = 400 î
50 ï#ï

ðfñ ï!ï ò ï!ï

ðfñ ï!ï

ò ï!ï

µ2} wxdfd ~ b � i�i{ o {

UWVXV�Y[Z]\_^ `�`

a?b t�� � � wxd�i � � ��r ��e t wxd � ¡ rnr wxi psu9u e } k p d � ~ p b|i�e � w psr } wyd�i � c�e � w u�� enb�cnwxd�e } ifdfw �k�wxb�k ps� � ~�} � ~�{ psr ¹ � � rs� d ��T z ±%w } wyd�i � c�e � w u�� enb�chwyb�w � ¹ � wyd ~ �®� i�i%b9wy� �ºr d � b�b�wyb �kmend�c } en��dfehi � ~ c�i } wxdfd ~ b � i�i � b × b
� psr ~ i � d t wy�Xwyb�e }A~ i�enb9� s

g�d�e¾k } wydfenb���d�w z
¹ wxdfw r b_b�§�� } wxb�� �¢r � �¢t wxb ~ � p b b

g p d } wxd�i � c�e ��u9� enb�chwyb�wl��wxd ~ pnt s = 0.8 tX� h = 2 tópsrt enc ~ ��t e � i!i �¢��� e�ifi � §�¡sw ~ u wyb�b � b r wxd σmaks = 8 � Ëqe � ifdfw � z�¹ wyb|¡Oifi ρ = 1000
c r / t 3g p d t e ~f~ wxifwxififk�wxifwyb�i ��� } ehb�b z

�s�



ôôô
ôô
õõõ
õõ

ööö
ö
÷÷÷
÷

øøø
ø
ùùù
ù

úúú
ú
ûûû
û

üüü
ü
ýýý
ý

þþþ
þþ
ÿÿÿ
ÿÿ

��
��
��
��

����������������������������������������������

������������
������������

������������
	�		�		�		�	

� ��rs� d ��TA� ±%w t b � b r e } i�d�w z

h

¹
{

b

b

b

s

{

¹

¹
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� �¢rs� d ��¨A� ¹ ��w � cnw t wy� t�pst wyb|i�g�d � i�i � wy��� z

{ ¹ Í ±
P

L L/2 L/2

±�wxi�e � ��e } t�pst wyb|i�g�d � i�i
� wy�9� � ¹

e � ¹ wxdfw r b psu9u�� e r wydfcOd�wxgji�wxd � ~ cª� ´ d�cOdfwxgjifwyd �ÈÉ � pnr�t+pst wyb|i�wxd � � � �Cpsr i�w r b pnu�u~ cª� ´ d�cOd�ehgji o_pnr.t+pst wyb|i�� � e r dfe t g p d � ��w � cnwxb � � rs� d ��¨ zÅ{ b rs� } wyd�� � wxd � � � e or dfe t+t wxb�w ~ cOb�wxc�c u�� b�c|i�wyd ~ e t i�d�wxifb � b r¸um� ~ b � i�i�cOdfw�gji�wyb9w z
� �� ��wyb|i�e psu�u�r e } wyb �st wyb_b �%t wy� w�i¶¡Oi�dfw t�pst wyb|i MD = Pa } wy�¾��wxb g�d � w#wyb9��wyb��u c|i z ± � � ~ w�� rs� d �  z

��T



� �¢rs� d �  � ¹ ��w � cnwxb�wxd]b �+um� g�§sd�i�w�i t�pst wyb|i MD = Pa � ± z

P

P

±
a/2

a/2
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e � Ó i�cOd�e r wyd � ��w � chwyb � � rs� d � ÄEwyd um� cy��wxbOi,e } wyb ~ cOd �h� e ~ i P } wy� ¹%z�¹ ��w � cnwxb ~i } wyd�d ~ b � i�i¶wyd ~ pst } � ~ i � � rs� dfwyb z � p d ϕ = 45◦ ��� wydfw r b b p d t e � ~ u wxb�b � b r wyb�w � σx

�
� i } wydfd ~ b � ifi ~ u�� b9cOifwyb�w � � T � ¨ pnr  g p d � b�b ~ u wyb9b � b r ~ i } wyd�d ~ b � ififwxi pnr ~ c � ~f~�� d �Î�� � e r dfe t g p d t � ~ u wyb�b � b r ~ g p df�9w ��� b r wxb p } wxd#i } wydfd ~ b � ififwxi z ¼ ¹�� ±%w�i�c�enb£ehbOi�e ~ e�i
a � t �→ rs� dÀg z wxc ~xz Iz = 4a3t/3

� z
� � ¹ wxdfw r b ~ cy� ´ d ~ u wxb�b � b r ~ g p d���w �¢� b r wyb p } wyd � b�b ~ u wyb9b � b r ~ i } wyd�d ~ b � ififwxi�i �¢� � ��w � chwyb� e � g p d ϕ = 90◦ z

���������
���
���������
���

� �¢rs� d � Ä � Ó ifcOd�e r wxd � ��w � chw t wy� ç o i } wxdfd ~ b � i�i z
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a?b � ��w � cnwEwxd � i ~ ehifi,g p d � e ~ ifwyb } � ~ i � � rs� d �ª¬ z"¹ ��w � chwyb ~ � §�¡sw ~ i � } k9wxi�wyd EI =
1 � ¼%t 2 zv¹ wxdfw r b � ��w � cnwxb ~ b�wx� � §�¡�b � b r ~ pst wyb�g � b�c ~ � p b'e } x psr�u9��p i�i r d�ehg�wxb } wy�k���w ��u e }�� ehi � e � z

��¨



� �¢rs� d �ª¬9� �md � i�i psu9u�� e r i � ��w � cnw z

¨ t� t � t

¬ c ¼"å�t
¯ c ¼T c ¼

x
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a?b ��© t � enb r g�d � i�i psu9u�� e r i � ��w � cnw ��´ dfwyd � e ~ ifwyb } � ~ i � � rs� d � Ú zn¹ ��w � chwyb ~ � §�¡nw ~ i � } k�w�iwyd
EI = 100 � ¼%t 2 zl¹ wxdfw r b � ��w � cnwxb ~ b9wy� � §�¡Ab � b r ~ pst g � b9c ~ � p bNe } x pnr�u��¢p ifi��wxb�b�w } wy�.k���w ��u e }.� ehi � e � z � � b�b pnr ~ � i } wydfd ~ b � ififwxi � x o c p�p df� � bmehifwyb � ~ pst g � d��9wyb

~ if§sd ~ i�w»b�wx� � §�¡�b � b r wyb z

� �¢rs� d � Ú � �md � i�i psu9u�� e r i � ��w � cnw z

� t

¬ t  t

��© c ¼

x

� 
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a?b k|¡ ��� w ~ c�e �l�m´ dfw ~ e } i p ~ i�§ni�i�wyd u�� e ~f~ wxd�i ~ ¡ t�t wxifd � ~ c pst k|¡ ��� e ~ t+� �9i u�� b�c|i � ~ w� rs� d �ª¯ zm× ¡ �¢� e wyd �¢� b�w ´ d�i�w � e ~ i � ~ c t wy� � §�¡nw ~ i � } k�w�i EI z
e � � � b�b � i�i�d·¡AcOc�g p d t+pst wxb|i�wxi } wx��k|¡ ��� e ~ t+� �9i u�� b�c|i pnr ~ if§nififwyd ~ pnt g � b9c ~ � p be } g p dfk ps� ��w�i a/b � enb|i�e�ehi b

wyd�c p b ~ i�enb|i � zv{ b|i�e¸g p dfb � gji ��r w } wxdf� � wyd�g p d � e ~ ifwybum� k|¡ �¢� e psr b �vpsr�u9��p i�i t+pst wyb|i�wxb�w } wy��k���w ��u e }�� ehi � e � zv×]} p d t�� ~ i�§ni�i�wxb�w~ i � g p d�ehi���w�i t enc ~ �¢t e � w t+pst wyb|i�w�i ~ c�e � } ´ d�w t+� b ~ i t ���¢��rOØ
� � ¹ w ~ ifw t b�wy� � §�¡�b � b r wyb } wy��k|¡ �¢� e ~ t+� �9i u�� b�c|i psr wyb��9wyd ~ pst g � b9c ~ � p b�e } a/b� enb|i�e�ehi b

wxd¾c p b ~ i�ehbOi � zC{ b|i�e�b ��pnr ~ � wyb } wydf� � g p d EI �¶pnr'u���p i�i¾b�wx� � §�¡ ob � b r wxb�w } wy��k���w �¢u e }�� e�i � e � z6×]} p d t�� ~ if§nififwyb�w ~ i � g p d[e�i[�9wyb t enc ~ ��t e � wb�wx� � §�¡�b � b r wxb ~ che � } ´ d�w t�� b ~ i t �9����r|Ø

� �¢rs� d �ª¯9� × ¡ �¢� e ~ i � d u��»� b���wyd ~ if§nififw � ~ wyd u�� e ~f~ wyd�i ~ ¡ t�t wxifd � ~ c pnt k|¡ ��� e ~ t+� �9i u�� b�c|i z

b

a
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ç ��wxb�b�w psu�u�r e } wyb ~ che � } ��� b���wxd ~ §scnw � wxiÖ¡���b � b r wxb�e }¸~ cy� ´ df�9wxg p d t e ~ � p b�g p d � ��w � chwyb� � rs� d � ã z�¹ ��w � cnwyb,kmend�c } eh��d�ehi � ~ c£i } wxdfd ~ b � ifi b × h = 100 t+t × 100 t�t¥psr wxd]e }~ i �n�6t wy� E = 210 000 ¼ / t�t 2 psr ν = 0.25 z
e � ¹ wxdfw r b�b9wy� � §�¡Ab � b r wxb u��+r d � b�b�e } � §�¡�b � b r ~ pst g � b�c ~ � p b�e } x z
� �� ��§sd#i ��� ~·} endfwxb���w"g p d!g p d ~ c|¡ } b � b r wyb u��¸r d � b�b�e }�~ cy� ´ d�c�d�wxgjifwyd z
¤ � ¹ d � c � e�i � e � i ��� �+u��¢p ififw%g � b�c ~ � p b�wyb9w � e � pnr+� � pnr ~ e t+t wxb ���¢r b z

� Ä



� �� ��§sd pnu�u�r e } wxb�wXe � o ¤ � b � d u�� b�c|i � e ~ i�wxb P
wxd ~ i�ehififw ~ t wy�Ewxb���w } b|i¾g p df�9w � i� e ~ i q = 0.2

c ¼ / tK� = P/5 t � z
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� �¢rs� d � ã � Ó i�cOdfe r wyd � ��w � cnw t wy��c } en�9d�ehi � ~ c+i } wydfd ~ b � ifi z

Ä t

µ2} wxdfd ~ b � i�i ���©s© t�t
��©s© t�t

P = 1
c ¼
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Þ pst psu�u9r e } w ��¯ �¦t wxb'b � wyd � ��w � chwyb�g�d � ifi psu�u�� e r i �vpsr�u�� b�c|i � e ~ i�wxb�wyd u�� e ~f~ wyd�i um�t+� �9ifwyb z
UWVXV�Y[Z]\_^ `�ä

ç �9wyb�b�w psu9u�r e } wxb ~ c�e � } �6� i�g�§sdfw»b�wx� � §�¡�b � b r ~ � wxdfw r b � b r wyd } wx��k���w ��u e }���� �! #"%$�&(') #*+  #,.-/�0 #& � ~ pst wyd�wyb�b ��t wxd � ~ c t wxi p �9w"g p d �+� § ~ w�� �21 wydfwxb ~ � e ���¢��r b � b r wxd z
Þ pst cª��wxb|iÀc�enb¸b�wx� � §�¡�b � b r wxb+i ��� wxb � ��w � chw ��um��r d � b�b+e } � §�¡�b � b r � �mb�b�w ~l} wy� ��� § ~ w� �31 wxdfwyb ~ � e �����¢r b � b r wyb

d2w

dx2
= −

M

EI
.

µ enb�cnwxb � ehc£� �21 wydfenb ~ w t wxi p ��wxb�wxd �¸pnt g p d t w%� �21 wyd�wyb ~ � e �¢����r b � b r wyb¸i ��� wxi ~ w�ifi ��� b�w o´ dfw]e �¢r w � d�e � ~ cnw �¢��r b � b r wxd � ~ pst wxdCwyb�c � w ��� § ~ w z � p d � ��w � chwyb�w } � ~ c�e � ~ i � ��wxdfw � ��wyb9b�wpsu�u9r e } wyb � wyd[� �21 wyd�wyb ~ � e �¢���¢r b � b r wyb�d ��t w �¢��r wyb�chw �#��� § ~ w � ~ � g p df��w � wxb t wy� ��� d � chw� �31 wxd�enb ~ w t wxi p ��wxb�wyd � cOcnw ~ � ~ i p d z Æ u�u�r e } wyb ~ � b|i�wyb ~ � p b�wxd ��t+� � � wyd·i � � �����¢��� ~ i�dfwxdfwk } p d��menb t wxi p ��wxb£g � b r wxdfwyd z �Cwx��ehb���dfw psr t wyd!c pst�u9��� ~ wyd·i�w u d ps��� w t wydÀwyd t wxi p ��wxbt wyd } wxdf� � g ����� zË?d � b ~ �¢u�u w�i � enc t w�i p ��wybÑwyd �¢����� ~ i�d�wyd·i � � rs� d Tn© � k } p d x o enc ~ wxb wyd��9w � i pnu�uÑ� n� b|ifwyd } e �¢� wxd t wy� ~ e t+t w � wxb r ��w λ = L/n z � � b�c ~ � p b ~�} wydf� � wybÇi �¢� w(x) �!u�� b9cOifwyb�w
xi−1 � xi pnr xi+1

wxd[k9wyb�k pn� � ~·} � ~ w(xi−1) � w(xi) pnr w(xi+1) z � p d�wyb9cnw � i�k�w�i ~[~ c|¡ � �

��¬



} ��� � � ~�~ w } wyd�� � wxb�w ~ cOd � } w ~ wi−1 � wi psr wi+1 z ±%wybX��wxd � } wyd·i�w%i ��� g � b�c ~ � p b�wyb �¦u�� b�c|i�w�i
wi−1/2

c�enb_i ��� b ´ d t w ~2} wx� g � b�c ~ � p b ~�} wxdf� � wyb �Au9� b�c|i�wxb�w xi−1 psr xi um� g�§ �¢r wyb9��w t�� i�w
(dw

dx

)

i−1/2

∼=
1

λ
(wi − wi−1). � Tn�

Ë � ~ e t�t w t�� i�w"c�enb } � �mb�b�w»wybXi �¢� b ´ d t�� b r g p d��9wyb���wyd � } wxd�ifw �6u9� b�c|i�w�i xi+1/2

�
(dw

dx

)

i+1/2

∼=
1

λ
(wi+1 − wi). � ¨s�

� �¢rs� d Tn©A�4� dfehg�wyb�i ��� g � b9c ~ � p b�wxb w(x) z
y

x

wi−2

wi−1

wi

wi+1

wi+2

xi−2 xi−1 xi xi+1 xi+2

λ λ λ λ

57698;:=<>:@?#69:BAC<>80D=69:!EF69AGAC6H8;<;:JIK69:
ï 698;8;L ï D=<;MCMG6ON=P@:=Q/AF69:@6SRT:/ACRUMWV�XJYZEC6
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xi−1/2

±%wxb£enb��9dfwy�9wyd � } wxd�i�w ��u�� b�c|i�w�i xi

c�enb � ifi�d·¡�c�chw ~#} wy�£�9wyb�g�§nd ~ ifwy��wxd � } wyd·i�w �mu�� b�c|i�wxb�w
xi−1/2 psr xi+1/2

�
(d2w

dx2

)

i

∼=
1

λ

[(dw

dx

)

i+1/2

−

(dw

dx

)

i−1/2

]

. �  �

ç b�b ~ wxi�i � b r e } � Ts� psr�� ¨|� �l�  � rs� d
(d2w

dx2

)

i

∼=
1

λ2
(wi−1 − 2wi + wi+1). � Ä �

±%wxd ~ pnt } �6pnr ~ � ��w � wyd psu9u�t+pst wyb|i�w�i um� i �¢� ~�} end�wyb��9w t�� ifw � c�enb } � ~ cOd � } w

(wi−1 − 2wi + wi+1) ∼= −λ2
Mi

EI
. � ¬s�

� Ú
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ç �9wyb�b�wC��w ��psu9u�r e } wxb ~ c�e � } �|� wyb|¡OififwÀ� �31 wxd�enb ~ w t wxi p �9wyb�i �¢�|��� wxdfw r b�wCb�wy� � §�¡�b � b r wybi �¢� � ��w � chwyb } � ~ i � � rn� d TA� z Ë � b9cOifwyb�w�k } p d�b�wx� � §�¡�b � b r wxb ~ che � w } e �¢� wyd�w ~ wyd � b�� � chwyd·ium� � rs� d�wyb zº¹ ��w � chwyb ~ i } wxdfd ~ b � ifi[wyd»c } eh��d�ehi � ~ c t wx� ~ � ��wxchehbOifwyd um� �ª©s© t�tÕpnr kmehdwyb�w � e ~ i � ~ � i�w�i ~ t�p � ���¦um� E = 210 000 ¼ / t+t 2 z
e � ¹ wxb|¡�i�i � ¬|� i �¢�C� ~ i ���¢� w pnu�u²�¢��r b � b r wxd�g p d�g p d ~ c|¡ } b � b r wxb �?u�� b9cOifwyb�w � o  z2Ô § ~�¢��r b � b r wxb�w } wy�,k���w ��u e }�� e�i � e ��pnr ~ e t+t wxb ���¢r b ~�} end�wxi t wy�Xwyc ~ ehcOi � § ~ b � b r z
� � � � b�b b�wx� � §�¡�b � b r wxbQ��wxd ~ pst u�� b�c|i � e ~ i�wxb P

wyd ~ i�ehififw ~ t wx�Ewyb,��w } b|i¸g p df�9w � i� e ~ i q = 0.2
c ¼ / tK� = P/

Ä t � zvÞ e t+t wxb ���¢r b ~·} endfw�i t wy��wyc ~ enc|i � § ~ b � b r z

� ��rs� d TA�s� ± �21 wyd�ehb ~ w t w�i p ��wyb � wxb|¡�i�i�w�i u�� wxb�g�d � ifi psu�u�� e r i � ��w � chw z

© � T ¨  Ä
P = 1

c ¼

Ä t
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ç ��wyb9b�w psu�u�r e } wyb ~ c�e � � �21 wydfenb ~ w t w�i p ��wyb � wyb|¡Oififw ~ um� ��wxb � i�cOd�e r wy��w � ��w � chwyb } � ~ i� � rn� d TsT zn¹ ��w � cnwxb ~ i } wxdfd ~ b � ifi ~ � ��t wyb ~ � p b�wxd psr�t ehi�wxd � e � w r wyb ~ che u wxdqwxd ~ pst � ��w �¢psu�uAor e } w � z
e � ç �9w ��pnu�u�r e } w � ~ � e u9u } �]� b�bme t wx� �.� § ~ wX��dfw ����r b � b r wyd t wy�/�mdfw � cy��wyb|i�w zÞ i ���¢� wyd } �ºpsu�u����¢r b � b r wyd!c � b �ºu9� b�c|i�wxb�w � o  g p d���wxb�b�w � ��w � cnwyb � wxb���wyd } �qpnu�ut wy�²��dfw �¢��r b � b r wxd psr g�w tÐ� cy��wxbOifw z � p d�c � end»k } p d��menb } � c�enb��mb�b�w£�9wyb ~ � ~ ifwb�§�� } wyb�� �¢r w ���¢r b � b r wyb } wy� � w } e ��� wxdfw u�� b9cOifwxi © z
� � Ô § ~ ���¢r b � b r ~f~ wxi�i�wxi psr ~ e t+t wxb ���¢r b � § ~ b � b r wxb t wx� pnu�u�r e } w ��¯ z
¤ � � � b�b�b�wx� � §�¡�b � b r wyb���wxd ~ pnt � e ~ i�wyb P

wxd ~ i�ehi�i�w ~ t wy�Ñwyb ��w } b|iXg p df�9w � i � e ~ i
q = 0.2

c ¼ / t�� = P/
Ä t � z�Þ e t+t wxb ���¢r b ~·} ehdfwxi t wy� psu�u9r e } w ��¯ z

��¯
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f�ff�ff�ff�f

� ��rs� d TsTA� ± �31 wxd�enb ~ w t wxi p �9wyb � wxbO¡Oi�i�wxi um� wyb � ifc�dfe r w�i � ��w � chw z

© � T ¨  Ä
P = 1

c ¼

Ä t
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a?b t e ~�~ � },~ i�e } t wx� ~ � dfc ����´ d�i"i } wxdfd ~ b � i�i�wyd � w � e ~ i�w�i t wx�.i p d ~ � p b ~ t+pst wyb|i�w�i MTpsr enc ~ � e � cOdfehgji�wxb Nx � ~ w�� rn� d Tn¨ z�Þ i�e } wxb,kmend�wxb�i } wyd�d ~ b � i�i ~ dfen� �¢� ~ um� r = 65 t+t z
e � ¹ w ~ ifw t c p�p d�� � bme�i ~ u wyb9b � b r wyb�w � enc ~ w ~ u wxb�b � b r wyb9w � } wy� u�� b�c|i { b � d

Nx = 250
c ¼ psr MT = 20

c ¼]t z
� � ¹ w ~ ifw t k p } wx� ~ u wyb�b � b r wxb�w �Îu d � b ~ ��u e � ~ u wxb�b � b r wyb�w � } wy� { psr i �¢� k�§sd�wyb��9w�d�wxi ob � b r wxd z6µ w r b psu�u wxi�w � w t wyb|i ~ pst wxd p d � wxb|i�wyd·i�wxififwyd�k p } wx� ~ u wyb�b � b r ~ dfw�i�b � b or wxb�w �mpnr ~ wxi�i u�� ~ u wxb�b � b r wyd z
¤ � ¹ d � c � ehi � e � i �¢�Å�£u9��p i�i�w � p k�d ~�~ u wxb�b � b r ~f~ � d�c � wyd%g p d u�� ehb�wyb�w ��T � �ª¨ psr Tn¨ ���wxd � � T psr ¨ wxd�k p } wy� ~ u wyb�b � b r ~ dfwxifb � b r wyb�w z� � ¹ wxb|¡�i�i µ dfw ~�¤ e ~�g ¡Oi�wycOd � i�wxd �¢��t i ���2��� w ~ i�w t�t w pst g ¡Oi } ���2psu�u i�dfw[b p w ~ i�wy� �~ i�e } wxb,b � d g ¡Oifw ~ u wyb9b � b r wyb,wxd rs� i�i } wx� fy = 100 ¼ / t+t 2 z

� ��rs� d Tn¨9� Þ � dfc ����´ d ~ i�e }vz

xNxNx

MTMT

z

y

z

y

{

r

{

� ã
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� ��rs� d T  � ¹ ��w � chw {%¹ Í z

{ ¹
Í

F

q = F/L

L L/2

x

y

� �¢rs� d T  } � ~ wyd»wyb � ��w � cnw {"¹ Í t wy� � wyb r ��w 3L/2 = 7.5 t ~ pnt wyd um� } � d�cnwxi[e } wxb} wxd�i � c�e ��u�� b�c|i � e ~ i F = 1.5
c ¼�� Í zOç i �¢��� w rsr } � d�cnwydÀwyb�c p b|i � b � wyd ����r g p df�9w � i � e ~ i �Îu d z� wxb r ��wxwyb�k9wxi � q = F/L �Opst d � ��w�i t w �¢��pst { psr ¹�z�¹ ��w � cnwyb[kmendºc } eh��d�ehi � ~ c"i } wxdfd ~ b � ifit wy� � dfwx����w psr k�§�¡A�9w b = h = 40 t+t��6psr �9wyb.wyd�e }�~ i �h�?t wx��w � e ~ i � ~ � ifwxi ~ t�p � ���

E = 210 000 ¼ / t+t 2 z
e � ¹ wxdfw r b�enc ~ � e � cOd�wxgji�wxd � N � � ~ cª� ´ d�cOdfwxgjifwyd � Q � psr � §�¡nw t+pst wyb|i�wxd � M � �¦� ��w � chwyb
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