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"Ow@ Oy=wN Ct�=Cc =@ Q@=Q@ A pYit QO Q_=vDt VNQJ "O};|t OwHwx@ C
u}vJty w CD w AB 'BC xwHw |}=We |=yVvD xm OwW|t xO=O u=Wv u}=Q@=v@
p=ta= =@ E w B \=kv QO |Q]k |=yxOvvmCNU R= pY=L Fsc w Fst |=ywQ}v
QO AD um =U xHw x@ |r=ta= |=yVvD w OvyO|t s=Hv= Q=m |R=Ht u=mtQ}}eD
'CU= xOW xO=O u=Wv ?2 pmW QO xm Qw]u=ty "OQ=Ov |Dr=NO |R=Ht u=mtQ}}eD
u=wD|t xm FDC w FBC 'FAB %R= Ov=CQ=@a |}=We VvD R= pY=L |=ywQ}v

%CWwv 5 |x]@=Q CQwYx@ =Q =yv;
FAB = �yt :t:Cc: sin � (hr=5)

FDC = �yt :t:Ct: sin � (?5)

FBC = �yt :t(d(cot � � cot �d) + Ct) sin � (G5)

|=yxOvvmCNU QO |QwLt |Q=Wi w|WWmVvD?}DQD x@ �sc w �st xmv; ZQi =@
|=yxOvvmCNU QO OwHwt |=ywQ}v u=wvax@ Fsc w Fst |=ywQ}v 'OvW=@ |Q]k

%OvwW|t xDWwv 7 w 6 \@=wQ CQwYx@ |Q]k
Fst = As:�st (6)

Fsc = As:�sc (7)

"CU= xOW ZQi |Q=Wi =} |WWm |=yxOvvmCNU `]kt K]U As '=yu; QO xm
|xQov |=v@t Q@ �sc |Q]k |Q=Wi VvD w �st |Q]k |WWm VvD u}vJty

%OvwW xDWwv 9 w 8 \@=wQ CQwYx@ Ovv=wD|t [25]'|a=HDQ= |Q=O}=B
�st =�t[1� (1 + �) sin2(�d � �)] + [(1 + �)�cr sin 2�d] � �yw

(8)

�sc=��t[1�(1+�) sin2(�d��)] + [(1 +�)�cr sin 2�d] � �crs
(9)

j@=]t u; Q=Okt w CU= |Q]k |=yxOvvmCNU |Wv=tm VvD �crs 'u; QO xm
%O};|t CUOx@ 12 |r= 10 \@=wQ R= [16]'u=Q=mty w =w=Rvw} C=ar=]t

�crs = �yw
�2 for � � p2 (10)

�crs = �yw
�
1� 0 53 (�� 0 45)1 36� for 0 45 � � < p2

(11)

�crs = �yw for � < 0 45 (12)

%Ov};|t CUOx@ 14 w 13 \@=wQ R= Ks w � '=yu; QO xm |Qw] x@
� = ( bs

ts
)
r

12(1� �2)(�yw
E

)(�2:Ks) (13)

Ks = ( bs
l

)2 + 0 452 (14)

l} xm |v=tR "OwW|t Q_vhQY 'OwHw CQwY QO |WtN |=yVvD Q}F-=D R= w
p@k |DN=wvm} |WQ@ VvD 'OQ}o|t Q=Qk |WQ@ Q=@ CLD K]Ut ,qt=m u=H =@ Q}Dx=W
w |WWm |=yVvD xrLQt u}= =D u}=Q@=v@ "O};|t OwHw x@ pv=B QU=DQU QO Vv=tm R=
x@ p=@ x@ C@Uv xHQO 135 w 45 |=yx} w=R QO ?}DQD x@ � |oQR@ =@ |rY= |Q=Wi
xm '�cr |v=QL@ Q=Okt x@ � |WQ@ VvD uO}UQ =D VvD sDU}U u}= "Ov};|t OwHw
u=UWm |v=QL@ |WQ@ VvD u}= Q=Okt "OQ=O OwHw 'OwW|t Vv=tm Q=JO pv=B u; QO
u}= =@ "CU= x@U=Lt p@=k [25]'=yxR=U l}Uqm |Q=O}=B |xQov R= xO=iDU= =@ �cr
x=ox}mD CQwYx@ =yxOvvmCNU x@ |WQ@ pv=B |=yx@r p=YD= xm xv=Q=mx_i=Lt ZQi
%O};|t CUOx@ 2 |x]@=Q CQwYx@ �cr u=UWm |v=QL@ |WQ@ VvD 'OW=@ xO=U
�cr = k

�
�2E

12(1� �2) ( t
d

)2
�
� �y = �ywp3 (2)

VvD �y 'u=H s}rUD VvD �yw 'uwU=wB ?} Q[ � '|v=UWm pwOt E 'u; QO xm
CLD |Q]k |xOvvmCNU =@ Q}Dx=W u=UWm Vv=tm ?} Q[ K w '|WQ@ s}rUD
CQwYx@ 'OwW|t u=H jQw Vv=tm ?@U xm |WQ@ |wQ}v u}=Q@=v@ "CU= |WQ@ VvD

"OwW|t u}}aD Vcr = �crdt

|a@=D xm u=UWm |Wv=tm ?} Q[ [16]'u=Q=mty w =w=Rvw} C=ar=]t x@ xHwD =@
CQwYx@ pmW X w |Q=Wi |=yxOvvmCNU |=Q@ 'CU= u=H pv=B O=a@= C@Uv R=

%hr=3 |x]@=Q
K = 11 9 + 10 1=�+ 10 9=�2 (hr=3)

%?3 |x]@=Q CQwYx@ |WWm |xOvvmCNU |=Q@ w
K = 17 2� 22 5=�+ 16 7=�2 (?3)

QO xm 'OQ=O |oDU@ � = d=b u=H pv=B O=a@= C@Uv x@ K Q=Okt "OwW|t h} QaD
Q=Okt x@ pv=B QO |WQ@ VvD Qo = "CU= u=H |WQ@ pv=B ZQa '1 pmW j@=]t b u;
VvD V}=Ri= ptLD |=Q@ |D}iQ_ pv=B w Ovm|t Vv=tm u=H 'OUQ@ �cr OwN |v=QL@
|=yQ=@ "OwW|t Q=@ ptLD Q=mwR=U Q}}eD ?@U u=H Vv=tm "CW=O Oy=wNv |Q=Wi
2 pmW j@=]t xm |}=We |WWm u=O}t l} \UwD |Wv=tm Q=@ R= TB xOWxi=[=
ptLD 'O@=}|t xaUwD |[Qa |=yxOvvmCNU =D hQ] wO R= w u}}=B p=@ =D q=@ p=@ R=
VvD u}= Q=Okt "OwW|t xO}t=v |WWm u=O}t |WQ@ OQmrta 'xrLQt u}= "OwW|t
|rm Cr=L xrLQt u}= QO u=wD@ =D 'OwW u}}aD O}=@ u; |x} w=R w �t |WWm |}=We
|W=v |xO=OMQ |=yVvD w |Wv=tmTB |}=We VvD T=U=Q@ =Q Q}D u=H QO VvD
x=Qty xmv; =D O@=}|t V}=Ri= |}=We VvD '|Q=PoQ=@ V}=Ri= =@ "OQw; CUOx@ �cr R=
u=Wv �yt =@ |}=We VvD Q=Okt u}= "OvwW u=H s}rUD ?@U '�cr |Wv=tm VvD =@

[13]%O};|t CUOx@ 4 |x]@=Q R= w OwW|t xO=O

�yt = �3
2�cr sin 2� +

r
�2
yw + � 2

cr[(
3
2 sin 2�)2 � 3] (4)

Q=mwR=U '=yp=@ QO u=Utwt pY=it |Q}opmW w u=H QO s}rUD u=O}t |xaUwD =@
xm 'u=H QO |WWm u=O}t "OwW|t u=H pv=B |oDN}Uo ?@U w p}mWD u=Utwt
|vD@ |xw=D =@ |Q=Wi p=@ p=YD= Cra x@ 'OQ=O xt=O= |WWm p=@ =D |Q=Wi p=@ R=
|DN=wvm} |WQ@ VvD xmv; x@ xHwD =@ "OQw;|t OwHwx@ =Q |QDW}@ |Q@ Q=@ C}iQ_
xOW u=H s}rUD ?@U xm '�yt |}=We VvD Cio u=wD|t 'OQ=O OwHw u=H jQw QO
xJQo = xm CU= sRq QmPD u}= "OQ=O s}rUD |x}L=v QU=DQU QO |D@=F Q=Okt 'CU=
x}L=v u}= smCUO =t= 'O@=} VQDUo R}v ABCD |x}L=v R= GQ=N x@ Ov=wD|t s}rUD
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LQ
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|v=k

yO
?w}
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"|WWm w |Q=Wi |=yp=@ QO DC w AB |=yCtUk O=R; Q=Owtv "3 pmW

QO OwHwt Mpn Q=Okt '3 pmW j@=]t AB `]kt O=R; s=Qo =}O uDiQoQ_vQO =@ "OQm
%OQw; CUO x@ 19 |x]@=Q CQwYx@ u=wD|t =Q |Q=Wi p=@

2Mpn = 1
2�

y
t :t sin2 �:C2

c (19)

pY=L 20 |x]@=Q '17 |xrO=at QO 19 w 18 CqO=at R=Mpn wMp uO=OQ=Qk =@
%OwW|t

V mult =1
2�

y
t :t sin2 �:Ct + 1

2�
y
t :t sin2 �:Cc + �yt :t sin2 �:Ct

+ �yt :t:d(cot � � cot �d) sin2 � + 1
2�

y
t :t(Cc: sin �) sin �

� 1
2�

y
t :t(Ct: sin �) sin � +As:�st sin �d +As:�sc sin �d

(20)

%OwW|t xDWwv 21 |x]@=Q CQwYx@ u; |xOWxO=U sQi xm
V mult =(Ct + Cc)�yt :t sin2 � + �yt :t:d(cot � � cot �d) sin2 �

+As: sin �d(�st + �sc) (21)

23 w 22 \@=wQ CQwYx@ 19 w 18 |=yx]@=Q R= ?}DQD x@ Ct w Cc 'u; QO xm
%OvwW|t u}}aD

Cc = 2
sin �

s
Mpn

�yt :t
� b (22)

Ct = 2
sin �

s
Mp

�yt :t
� b (23)

Mp = �yf :bf :t2f=4 |x]@=Q R= xm 'CU= |WWm p=@ u=Utwt Qovr R}v Mp

uD@ =@ x=Qty xm 'CU= Q}Dx=W |v=kwi p=@ u=Utwt Qovr Mpn "O};|t CUOx@

|=yxOvvmCNU QF-wt pw] w 'Ct=N[ 'ZQa ?}DQD x@ l w ts 'bs '=yu;QO xm
O=yvW}B =yxOvvmCNU |a[wt Vv=tm R= |Q}owrH |=Q@ u}vJty "CU= |Q]k
Ovv=t |Q]k |=yxOvvmCNU QO (bs=ts) Ct=N[ x@ ZQa C@Uv xm CU= xOW
15 |x]@=Q R= xO=iDU= =@ C@Uv u}= w [26]'OwW xDiQoQ_v QO |[Qa |=yxOvvmCNU

%OwW x@U=Lt
bs
ts

= 0 56
s

E
�yw

(15)

|WQ@ Q=w}O OQwt QO �sc w �st |=Q@ xOWx�=Q= |R=Ux]@=Q xm CU= sRq QmPD u}=
[27]"CU= xOW xO=iDU= R}v |Q]k |=yxOvvmCNU =@ |Oqwi

OQmrta w uD@ QO |v=kwi p=@ |Q}oQ=Qk 'CU= xOW u=wva QDW}B xm Qw]u=ty
Ct |xrY=i x@ C@Uv B w A pY=it u}@ Cc |xrY=i xm OwW|t ?@U ?mQt
|rN=O Q=m uOQm`tH =@ uwvm = "OW=@ Cw=iDt |WWm p=@ QO D w C pY=it u}@
w ?2 pmW QO xOWxO=O u=Wv pYit 4 QO u=Utwt VtN \UwD xOWs=Hv=
pY=L 16 |x]@=Q 'V mult |wQ}v w |}=We |=ywQ}v \UwD xOWs=Hv= |HQ=N Q=m

%OwW|t
V mult(Ct�) =2Mp(�) + 2Mpn(Ct

Cc
�) + FBC sin �(Ct�)

+ FAB sin �(Ct2 �)� FDC sin �(Ct2 �)

+ Fst sin �d(Ct�) + Fsc sin �d(Ct�) (16)

|Q=Wi p=@ QO u=Utwt Qovr Mpn w |WWm p=@ QO u=Utwt Qovr Mp 'u; QO xm
R= ?}DQD x@ Fsc w Fst '5 |xrO=at R= FDC w FBC 'FAB uO=OQ=Qk =@ "CU=
|WQ@ Q=@ 'Ct� Q@ 16 |xrO=at hQ] wO uOQms}UkD u}vJty w 7 w 6 |xrO=at

%O};|t CUOx@ 17 |x]@=Q R= |}=We u=O}t \UwD xOWptL |}=yv
V mult =2Mp

Ct
+ 2Mpn

Cc
+ �yt :t sin2 �:Ct

+ �yt :t:d(cot � � cot �d) sin2 � + 1
2�

y
t :t(Cc: sin �) sin �

� 1
2�

y
t :t(Ct: sin �) sin � +As:�st sin �d +As:�sc sin �d

(17)

xm Ct w Cc Q}O=kt O}=@ |}=yv Q=@ |x@U=Lt QO 17 |xrO=at R= xO=iDU= |=Q@
j@=]t "OwW XNWt 'OvDUy =yp=@ QO u=Utwt pY=it C}akwt |xOvyOu=Wv
CD w AB |=yVN@ O=R; s=Qo =}O w =yp=@ pO=aD T=U=Q@ =yQDt=Q=B u}= '3 pmW
xm OwW|t |Qw;O=} "OwW|t u}}aD 'CU= xOW xO=O KQW xt=O= QO xm |DQwY x@
QiY p=@ QO VQ@ \=kv u; QO xm 'xv}W}@ VtN \=kv QO |rN=O u=Utwt pY=it
|v} Ro}=H w D QwLt pwL Qovr pO=aD |x]@=Q uDWwv =@ "OwW|t p}mWD 'CU=

%OwW|t pY=L 18 |x]@=Q '?5 |xrO=at =@ FDC |wQ}v
2Mp = 1

2�
y
t :t sin2 �:C2

t (18)

u}=Q@=v@ wCU= xDiQo Q=Qk uD@ QO Q}Dx=W|v=kwi p=@ 'CU= xOW u=}@ QDW}B xm Qw]u=ty
QO (Mpn) u=Utwt Qovr u}=Q@=v@ "CW=O Ovy=wN ?mQt OQmrta uD@ w |v=kwi p=@
`]kt 'B |x]kv QO "Ow@ Oy=wN Cw=iDt C wD \=kv QO OwHwt Qovr =@ '`]kt u}=
"OvwW|t VtN u}= ptLDt xw=D OQor}t =@ x=Qty |Oqwi p=@ w OQ=O |ivt VtN
Oy=wN O=H}= Mpn =@ pO=at |Qovr 'A |x]kv QO ?mQt `]kt 'Q=@ uOWxOwRi= =@
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Dx=W
|W

Q@C
}iQ_

OQw
;Q@w

|o
DN}U

oQ=D
iQ

[11]"?mQt p=@ QO C=}�RH "4 pmW

[11]"|vD@ |xw=D ZQa O=ODt= QO D w B |x}L=v "5 pmW

28 |=yx]@=Q j@=]t u; R= pY=L Ctw=kt xm [28]'OwW|t p}mWD |r=wDt M}t po
%OwW|t x@U=Lt 29 w

Fst = fceAst (28)

fce = 0 85�sfcu (29)

|=Q@ �s = 0 75 'CN=wvm} `]kt =@ |Q=Wi lDUO |=Q@ �s = 1 'u; QO xm
lDUO |=Q@ �s = 0 60 '|i=m |[Qa OQor}t =@ pmW|Q]@ |Q=Wi lDUO
uD@ |}xv=wDU= |Q=Wi Ctw=kt fcu '|i=m |[Qa OQor}t uwO@ pmW|Q]@ |Q=Wi
R= w CU=yDv= l} QO |Q=Wi lDUO QwLt Q@ Owta QDlJwm `]kt K]U Ast w

%O};|t CUOx@ 31 w 30 |=yx]@=Q
Ast = dstDs (30)

dst = Ds: sin!; ! = tan�1 �a
l

�
(31)

|WQ@ |=yp=YD= `=iDQ= a '|Q=WilDUO ZQa dst 'M}tpo Q]kDs '=yu; QO xm
T=U=Q@ B |x}L=v QO |WQ@ Ctw=kt "CU= |Q]k |xOvvmCNU QF-wt pw] l w

%O};|t CUOx@ 32 |x]@=Q R= [28]'ACI 318M-05 |xt=vu}};
VC�B = 0 17pfcu(B � bf )ds (32)

"CU= VQ@ |=Q@ xw=D QF-wt Ct=N[ ds w |vD@ |xw=D ZQa B 'u; QO xm
|x}L=v |WQ@ Ctw=kt ẁtHt =@ Q@=Q@ |vD@ |xw=D |rm |WQ@ C}iQ_ u}=Q@=v@

%OwW|t xDWwv 33 |x]@=Q CQwYx@ w CU= D w B
VC = VC�D + VC�B (33)

T=U=Q@ w 4 pmW j@=]t "OQm Oy=wN pta ?mQt |Q=Wi p=@ l} CQwYx@
%CWwv 24 |x]@=Q CQwYx@ u=wD|t =Q Mpn

[24]'xDWPo C=ar=]t

Mpn = pf
2:tf

h
�Y 2 + (tf � �Y )2i+ (prt:drt + prb:drb) (24)

%Ov};|t CUO x@ 25 \@=wQ R= prt w prb 'pf ' �Y 'u; QO xm
�Y = ( tf2 )(1� prb + prt

pf
)

prt = �yr:Art; prb = �yr:Arb; pf = �yf :bf :tf (25)

|=yOQor}t `]kt K]U?}DQD x@Arb wArt '|Oqwi p=@Ct=N[ tf '=yu; QO xm
w =yOQor}t s}rUD Ctw=kt ?}DQD x@ �yf w �yr '|vD@ |xw=D QO |v=DLD w |v=kwi
Q=D =D |vD@ |xw=D QO |v=DLD w |v=kwi OQor}t |xrY=i ?}DQD x@ drb w drt w 'p=@

"OvDUy |FvN
uOQm`tH R= Q}Dx=W |Oqwi CtUk |xv}W}@ |WQ@ Ctw=kt u=}=B QO u}=Q@=v@
uOv=UQVv=tm x@ |=Q@ sRq|WQ@ |wQ}v =@V mult |}=Weu=O}t\UwD xOWptLD |wQ}v

%O};|t CUOx@ 26 |x]@=Q CQwYx@ (Vcr = �crtd) u=H
Vs =(Cc + Ct)�yt t sin2 � + �yt td(cot � � cot �d) sin2 �

+As: sin �d(�st + �sc) + �crtd (26)

Q}Dx=W |}=yv |WQ@ Ctw=kt w Vc |vD@ |xw=D |WQ@ Ctw=kt "3"2
|D} RwBt=m

u=}t ?mQt OQmrta xm CU= xOW xO=O u=Wv [24]'2012 p=U QO |D=ar=]t QO
j@=]t u}=Q@=v@ "OQ=O OwHw Q}Dx=W R= |DtUk QO \ki |vD@ |xw=D w |Oqwi Q}Dx=W
�D |x}L=v� w �B |x}L=v� CtUk wO x@ =Q |vD@ |xw=D ZQa u=wD|t 5 pmW

"OQ=O ?mQt OQmrta D |x}L=v \ki u; QO xm 'OQm |Ov@ s}UkD
[28]'ACI 318M-05 |xt=vu}}; T=U=Q@ u=wD|t =QD |x}L=v|WQ@C}iQ_

%OQw; CUOx@ 27 |x]@=Q R=

VC�D = Fst: sin!:Nst (27)

Cq=YD= u=wva x@ =yM}t po "CU= h}OQ Qy QO M}t po O=OaD Nst 'u; QO xm
|]}=QW u}vJ QO "OvwW|t Q=yt |vD@ |xw=D QO w VwH Q}Dx=W |v=kwi p=@ Q@ |WQ@
wO u=}t |xrY=i QO |Q=Wi lDUO l} '5 pmW j@=]t xm CU= xOW xO=O u=Wv
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"|Q]k |xOvvmCNU =@ ?mQt |=yQ}Dx=W OwOLt <=RH= wor= R= |}xvwtv "7 pmW

Qw_vt x@ x}rw= pmWQ}}eD u=wvax@ |Wv=tm p}rLD R= Owt u}rw= "CU= xOW xDiQo Q=mx@
|=Q@ VwQ u}= "CU= xOW p=ta= Q}Dx=W u=H x@ umtt |Wv=tm MU=B |R=Ux}@W
=@ OwOLt <=RH= |]NQ}e R}r=v; 'swO |xrLQt QO "OwW|t xOQ@ Q=m x@ x}rw= p}rLD
R= Oa@ =yQF= w |a[wt Vv=tm u}=Q@=v@ "OwW|t s=Hv= u=H QO x}rw= pmWQ}}eD OwHw
OvtR=}v ,qwtat VwQ u}= "OvwW|txDiQo Q_v QO R}r=v; G}=Dv QO |Oqwi <=RH= Vv=tm
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OwOLt <=RH= |=yp}rLD EL@ w G}=Dv "2"3
'Vs Q}Dx=W |Oqwi VN@ |WQ@ Ctw=kt '|O=yvW}B |r}rLD VwQ R= xO=iDU= =@
Ctw=kt C}=yv QO w =yxOvvmCNU |vwQO |wQ}v 'Vc |vD@ |xw=D |WQ@ Ctw=kt
u}vJty "Ov=xOW CUQyi 1 pwOH QO w x@U=Lt 'Vult ?mQt Q}Dx=W |}=yv |WQ@
xm OyO|t u=Wv =Q =yQ}Dx=W |}=yv |WQ@ Ctw=kt VANSYS 'QwmPt pwOH QO
pt=W pwOH |}=yDv= uwDU wO "CU= xOt; CUO x@ OwOLt <=RH= |R=Uwor= R=
Ctw=kt C@Uv |xOvyOu=Wv ?}DQD x@ xm 'CU= Vult=Vexp w Vult=VANSYS

xOt;CUOx@ Q_=vDt Q}O=kt x@ (Vult) |r}rLD VwQ =@ xOW|v}@V}B |}=yv |WQ@
sRq QmPD u}= "OvDUy (Vexp) V}=tR; w (VANSYS) OwOLt <=RH= |R=Uwor= R=
Q}Dx=W |oDN}Uo Q=@ 1 2 =@ Q@=Q@ QwmPt pwOH QO xOWxO=iDU= Vexp Q}O=kt xm CU=
Ctw=kt 'OwOLt <=RH= |R=Uwor= w |O=yvW}B |r}rLD VwQ =Q} R "CU= [22]`HQt QO
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