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ẁv Q=yJ x@ C} RwBt=m pm s}UkD w |r}rLD pOt l} R= xO=iDU= =@ Q[=L j}kLD QO
|v}@V}B xDyHQ=yJ |Oa@xU |=yC} RwBt=m OO} Q@ |m}v=mt X=wN 'OL=w pwrU
|@ wN Ck@=]t pOt u}= |=y|v}@V}B xm CU= xOW xO=O u=Wv xt=O= QO "CU= xOW
OO} Q@ |=Q@ pOt u}= |xO=iDU=C}r@=k |xOvyOu=Wv u}= w OvQ=O |y=oW}=tR; G}=Dv =@
|}=vW; |=Q@ "Ov=xOW xDN=U|}xrLQtQ=yJnv}O} Q@ Ov}=Qi =@ xmCU=|}=yC} RwBt=m

12



|tw
r_t

jO=
YO

tLt
wx}

QmW
O=OQ

ytO
wtL

t

"h=}r= u=tO}J "4 pmW

"|vwQO |x}L=v OL=w pwrU |rm |=tv "5 pmW

Q=Qk |vwQO |x}L=v OL=w pwrU Qy QO xm |i=}r= xDUO xOR=wO R= xDUO xU 4 pmW
p@k 'OwW|t xOy=Wthr=4 pmW QO xm u=vJ "CU= xOWXNWt xvwtv |=Q@ OvQ=O
uDiQoQ=Qk R= TB =t= "Ovvm|t |] =Q |o =Ro} R Q}Ut l} OvwW xOQWi h=}r= xm u}= R=

"�?4 pmW� OwW|t p}O@D s}kDUt \N l} x@ =yu; Q}Ut '|oOQWi CLD
|t=tD "CU= xOW xO=O u=Wv |vwQO |x}L=v OL=w pwrU l} hr=5 pmW QO
C}a[w Q=yJ QO OvDUy |vwQO |x}L=v OL=w pwrU QO xm |i=}r= xDUO xOR=wO
xOW xO=O V}=tv OL=w pwrU u}= R= sQ=yJl} ?5 pmW QO "OvQ}o|t Q=Qk hrDNt
h=}r= xDUO u}= |x} w=R "CU= hrDNt C}a[w Q=yJ u}= |xOvQ}oQ@ QO xm CU=
xDUO u}= Q} wYD |x} w=R u}vJty w OW=@ �
 =} +
 Ov=wD|t X QwLt x@ C@Uv
"�6 pmW� OW=@�' =} +' Ov=wD|t R}v Y QwLt x@C@Uv Y-Z |xLiY QO h=}r=
pmWDt |QwWvt 'xOW xO=O u=Wv d e f g h =@ 3 pmW QO xm |L]U |x}L=v
QO h=}r= R= |QU l} CmQL Q}Ut hr=7 pmW QO "CU= h=}r= R= |}xawtHt R=
QO 43 xQ=tW Mv pmW u}= QO "CU= xOW xO=O u=Wv |L]U |x}L=v OL=w pwrU
QO OL=w l} pw= |xrLQt QO 'xOW |L]U |x}L=v *OL=w pwrU OQ=w QiY |xrLQt
-Z |=DU=Q QO OL=w l} 2 |xrLQt QO u; R= Oa@ 'OwW|t =Hx@=H +Y |=DU=Q

xOWx�=Q= |r}rLD pOt K} QWD
|=Q@ 8�MUCM� OL=w pwrU OvJ |=Q=O pOt s=v =@ |O}OH pOt j}kLD u}= QO
R= xO=iDU= =@ xm �� |Oa@xU |=yC} RwBt=m OO} Q@ |m}v=mt C=YNWt |v}@V}B
u}= `k=w QO "CU= xOW x�=Q= �� Ov=xOWxDN=U 1�1 |}xrLQtQ=yJ nv}O} Q@ Ov}=Qi
|UQQ@ |=Q@ xr=kt u}= u=oOvQ=ov \UwD QDV}B xm CU= |rOt |xDi=} xaUwD 'pOt
|=Q@ [14]"Ow@ xOW x�=Q= xQwLtxU |Oa@ wO |=yC} RwBt=m OO} Q@ |m}v=mt X=wN
CQwQ[ OL=w pwrU Q=DN=U |UQQ@ =OD@= 'OL=w pwrU OvJ |=Q=O pOt K} QWD

"O@=}|t

OL=w pwrU Q=DN=U
OL=w pwrU R= xO=iDU= |Oa@xU |=yC} RwBt=m OO} Q@ uOQmpOt |=Q@ VwQ u} QDswUQt
u; X=wN xmCU= xO=tl} <RH u} QDlJwm OL=w pwrU "CU= xO=t X=wN Qou=}@
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pmW QO xOW xO=Ou=Wvu}J\N Ovv=t 'CU=Q \N CQwYx@ h=}r= u}= |oO=U
hrDNt C}a[w Q=yJ QO Ovv=wD|t R}v x}L=v u}= QO h=}r= "OvwW|t pOt 'G7
w OW=@ �� =} +� Ov=wD|t X QwLt x@ C@Uv h=}r= xDUO u}= |x} w=R "OvQ}o@ Q=Qk
R}v Y QwLt x@ C@Uv Y-Z |xLiY QO h=}r= xDUO u}= Q} wYD |x} w=R u}vJty

"OW=@ xHQO 90 =} 0 Ov=wD|t
%OwW|t s}UkD pwrUQ} R wO x@ OwN `k=w QO |L]U |x}L=v OL=w pwrU
QO h=}r= u=tO}J "�8 pmW� |vwQ}@ |L]U pwrUQ} R w |vwQO |L]U pwrUQ} R
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|tw
r_t

jO=
YO

tLt
wx}

QmW
O=OQ

ytO
wtL

t

"|}xWwo |x}L=v QO h=}r= "10 pmW

"|}xWwo w |L]U '|vwQO |=yx}L=v \UwD xOWp=eW= sHL "11 pmW

Cc = 8
2m� n+m+ n

(4)

"OvW=@ OQi n =} m Qo =
Ci = 2(m� 1)(n� 1)

2m� n+m+ n

Css = 2(m+ n� 2)
2m� n+m+ n

Cis = (m+ n� 2)
2m� n+m+ n

Cc = 4
2m� n+m+ n

(5)

|L]U '|vwQO|L=wv QO h=}r=|tHL OYQO?}DQD Vcc w Vss 'Vis 'Vi u}vJty
%OvwW|t h} QaD 6 \@=wQ j@=]t w OvDUy |}xWwo w |vwQ}@ |L]U '|vwQO

Vi = �
p3
8 "

Vis = �
p3
16 "

Vss = 3�p3 cos 

8 cos �(2p2� 1)

";

xDUO u}= Cr=L 'OwW|t xOy=Wt ?10 pmW QO xm u=vJ "Ov=t|t |k=@ |}xWwo
CU=Q \N wO CQwYx@ |oO=U |=Q@ =Hv}= QO xm CU= I}B Q=t l} CQwYx@ h=}r=
C}a[w Q=yJ QO R}v |}xWwo |x}L=v QO h=}r= "Ov=xOW xDiQo Q_v QO �G10 pmW�
=} +� Ov=wD|t X QwLt x@ C@Uv h=}r= xDUO u}= |x} w=R "OvQ}o|t Q=Qk Cw=iDt
x@ C@Uv Y-Z |xLiY QO h=}r= xDUO u}= Q} wYD |x} w=R u}vJty w OW=@ ��

"OW=@ xHQO 90 =} QiY Ov=wD|t R}v Y QwLt

|U=U= C=}[Qi
"CU= b w a |=y`=aW =@ |[}@ l} h=}r= s=tD `]kt K]U "1

pw] l} QO xOWxDN=U C} RwBt=m OO} Q@ |va} 'CU= CN=wvm} nv}O} Q@ Ov}=Qi "2
"CU= u=Um} X=wN |=Q=O XNWt

"CU= u=Um} '|oOQWi OYQO w xR=Ov= ^=Lr R= 'h=}r= |t=tD C=YNWt "3

O} Q@ |=yQDt=Q=B u}@ \@=wQ
|=Q@ Q} R \@=wQ CU= XNWt 9 =D 5 |=ypmW QO xm u=vJ w C=FrFt R= xO=iDU= =@

%CU= Q=QkQ@ hrDNt |=}=wR
tan 
 =

p2 tan�; tan� = tan � = 1/3 tan� (2)

%O};|t CUO x@ 3 |x]@=Q R= R}v h=}r= pm |tHL OYQO
Vf = CiVi + CssVss + CisVis + CcVc (3)

|L]U '|vwQO |=yx}L=v |=ysHL C@Uv ?}DQDx@ Cc w Css 'Cis 'Ci u; QO xm
11 pmW x@ xHwD =@ w OvDUyC} RwBt=m pm sHL x@|}xWwo w|vwQ}@|L]U '|vwQO

"OvW=@ GwR n w m Qo = %Ov};|t CUO x@ u}vJ
Ci = 2(m� 1)(n� 1) + 2

2m� n+m+ n

Css = 2(m+ n� 4)
2m� n+m+ n

Cis = (m+ n� 4)
2m� n+m+ n
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"""O
O}Q@

|v=U
Wm

X
=wN

X
wYN

QO|
r}rL

D|
xar=]

t%u; QO xm8>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>:

C11 = (1� �223)E11
V

C12 = C13 = �12(1 + �23)E22
V

C23 = (�23 + �212 E22
E11 )E22

V

C22 = C33 = (1� �212 E22
E11 )E22

V

C44 = G23 = E222(1+�23)

C55 = C66 = G12

V = [(1 + �23)(1� �23 � 2�212 E22
E11 )]

(9)

X=wN |w |=aO= j@] xm CU= [15]nv=y \UwD xOWx�=Q= VwQ swO VwQ "2
xDUO Qy VwQ u}= QO "Ovm|t |v}@V}B QDj}kO =Q |[Qa |=DU=Q QO |m}v=mt
QwLt x@ C@Uv |[Qa OQou=Uty w |v=UWm |xO=t l} CQwYx@ h=}r= R=
QO l}B wQDwR}= |xO=t l} CQwYx@ T} QD=t u}vJty "Ov=xOW xDiQo Q_v QO X

[C]f = [S]�1
f CQwYx@ h=}r= |=Q@ |DiU T} QD=t "CU= xOW xDiQo Q_v

"OwW|t h} QaD

[S]f =

266666666664

Sf11 Sf12 Sf12 0 0 0
Sf12 Sf22 Sf23 0 0 0
Sf12 Sf23 Sf22 0 0 0
0 0 0 Sf44 0 0
0 0 0 0 Sf66 0
0 0 0 0 0 Sf66

377777777775
(10)

%u; QO xm
Sf11 = 1

Ef11
Sf12 = � �

f
12
Ef22

Sf22 = 1
Ef22

Sf23 = � �
f
23
Ef22

Sf44 = 1
Gf23

Sf66 = 1
Gf12

(11)

Gf12 'h=}r= |[Qa pwOt Ef22 'h=}r= |rw] pwOt Ef11 q=@ |=ypwtQi QO
uwU=wB ?} Q[ �f12 'h=}r= |[Qa |WQ@ pwOtGf23 'h=}r= |rw] |WQ@ pwOt
|=Q@ |DiU T} QD=t "OvDUy h=}r= |[Qa uwU=wB ?} Q[ �f23 w h=}r= |rw]

"OwW|t h} QaD [C]m = [S]�1
m CQwYx@ R}v T} QD=t

[S]m =

266666666664

Sm11 Sm12 Sm12 0 0 0
Sm12 Sm11 Sm12 0 0 0
Sm12 Sm12 Sm11 0 0 0
0 0 0 Sm44 0 0
0 0 0 0 Sm44 0
0 0 0 0 0 Sm44

377777777775
(12)

%u; QO xm
Sm11 = 1

Em
; Sm12 = � �m

Em
; Sm44 = 1

Gm
(13)

w T} QD=t |WQ@ pwOt Gm 'T} QD=t nv=} pwOt Em'13 w 12 \@=wQ QO
"OvDUy T} QD=t uwU=wB ?} Q[ �m

Vcc = 3�p3 cos 

4 cos�(1 + 2p2)

" (6)

w m Q}O=kt u}vJty w h=}r= pm |tHL OYQO uDW=O w \@=wQ u}= R= xO=iDU= =@
|tHL OYQO u; R= Oa@ w OQw; CUO x@ =Q (") h=}r= |oOQWi OYQO u=wD|t n

"OQm x@U=Lt =Q x}L=v Q=yJ R= s=Om Qy QO h=}r=

lD |=yC} RwBt=m |m}v=mt X=wN uOQw; CUOx@
X1 � Y1 � Z1 |rLt C=YDNt QO xDyH

QO s=OmQy xm CU= h=}r= R= |}xR=U `k=w QO xQwLtQ=yJ |Oa@xU C} RwBt=m OO} Q@
C} RwBt=m u} RQ =@ uOWQB R= TB xR=U u}= "Ov=xDiQo Q=Qk |YNWt |x} w=R QO =[i
C} RwBt=m l} |m}v=mt X=wN uOQw; CUO x@ |=Q@ "OyO|t p}mWD =Q |}=yv
xO=iDU= u=wD|t VwQ wO R= OvQ=O Q=Qk |rw] |=DU=Q QO u; h=}r= |t=tD xm xDyHlD

%OQm
|=Q@ xm CU= u} RQ w h=}r= \qDN= |xOa=k R= xO=iDU= Q@ |vD@t pw= VwQ "1

%OwW|t h} QaD u}vJ |Oa@xU |=yC} RwBt=m
V mn = 1� V fn ;
E11 = E11f � V fn + Em � V mn
E22 = Em

(1�pV fn (1� Em
E22f ))

G12 = Gm
(1�pV fn (1� Gm

G12f ))

G23 = Gm
(1�pV fn (1� Gm

G23f ))

�12 = �12f � V fn + �m � V mn
�23 = E22

2G23
� 1 (7)

'|rw] uwU=wB ?} Q[ �12 '|[Qa pwOt E22 '|rw] pwOt E11 '7 \@=wQ QO
|WQ@ pwOt G23 w '|rw] |WQ@ pwOt G12 '|[Qa uwU=wB ?} Q[ �23
T}Ov= w 'h=}r= Qou=Wv f T}Ov= 'T} QD=t Qou=Wv m T}Ov= "CU= |[Qa

"CU= Q_v OQwt |xDyHlD C} RwBt=m Qou=Wv n
|DiU T} QD=t u=wD|t xDyHlD |=yC} RwBt=m |m}v=mt X=wN uDW=O =@
R= s=OmQy |DiU T} QD=t uDW=O =@ w 'OQm h} QaD 8 T} QD=t j@=]t =Q u;
OO} Q@ pm |DiU |x@U=Lt |=Q@ =Q |Oa@ pL=Qt xDyHlD |=yC} RwBt=m

"OQm |] C} RwBt=m

[Cij ]n =

266666666664

C11 C12 C12 0 0 0
C12 C22 C23 0 0 0
C12 C23 C22 0 0 0
0 0 0 1/2(C22 � C23) 0 0
0 0 0 0 C66 0
0 0 0 0 0 C66

377777777775
(8)
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|tw
r_t

jO=
YO

tLt
wx}

QmW
O=OQ

ytO
wtL

t

"|twta w |rLt C=YDNt QO h=}r= xDUO l} l}D=tW "12 pmW

w |twta C=YDNt 12 pmW QO "OW xOQw; CUO x@ VwQ wO =@ X1;Y1;Z1
xO=O u=Wv OQ=O � |x} w=R X QwLt =@ xm h=}r= R= xDUO l} |=Q@ |rLt C=YDNt
"OQ=O ' |x} w=R Y QwLt =@ Y-Z |xLiY QO R}v h=}r= xDUO u}= Q} wYD "CU= xOW
xm xOW p}mWD xDyHlD C} RwBt=m 16 R= `k=w QO xOWpOt C} RwBt=m OO} Q@
Q} R |=}=wR |=Q=O xDyHlD C} RwBt=m 16 u}= "CU= Q}eDt ' w � |x} w=R =yu; |=Q@

%OvDUy8>>>>><>>>>>:
(
; �); (�
; �); (
;��); (�
;��)

(�; 0); (��; 0); (�; 90); (��; 90)

(
; �); (�
; �); (
;��); (�
;��)

(�; 0); (��; 0); (�; 90); (��; 90)

9>>>>>=>>>>>; (19)

C=YDNt QO xDyHlD |=yC} RwBt=m R= s=OmQy |DiU T} QD=t uOQw; CUO x@ |=Q@
wO u}= xm xOW xO=iDU= [T"] w [T�] u=QwO T} QD=t wO R= (X-Y-Z) |twta

%Ov=xOW ?Q[ |rLt C=YDNt |DiU T} QD=t QO T} QD=t� �Cij
�
n = [T�]�1

n [Cij ]n [T"]n (20)

%u; QO xm

[T�] =

266666666664

l21 m21 n21 2m1n1
l22 m22 n22 2m2n2
l23 m23 n23 2m3n3
l2l3 m2m3 n2n3 m2n3 +m3n2
l3l1 m3m1 n3n1 m3n1 +m1n3
l1l2 m1m2 n1n2 m1n2 +m2n1

2n1l1 2l1m1
2n2l2 2l2m2
2n3l3 2l3m3

n2l3 + n3l2 l2m3 + l3m2
n3l1 + n1l3 l3m1 + l1m3
n1l2 + n2l1 l1m2 + l2m1

377777777775

VvD *lJwm C=Q}}eD w h=}r= x@ xOW OQ=w VvD *lJwm C=Q}}eD pOt u}= QO
T} QD=t l} =@ 'xDyHlD |=yC} RwBt=m R= s=Om Qy QO T} QD=t x@ xOW OQ=w

%Ov=xOW \w@ Qt Qo}Om} x@ 9|vRpB
fd�mi g = [Aij ]fd�fj g (14)

|=yT}Ov= w fd�ig = fd�11; d�22; d�22; d�23; d�13; d�12g u; QO xm
QO [Aij ] |vRpB T} QD=t "OvDUy h=}r= w T} QD=t Qou=}=tv ?}DQDx@ f w m
|=yC} RwBt=m R= s=Om Qy QO T} QD=t x@ h=}r= Q=@ ptLD C@Uv Qou=}@ `k=w

%R= CU= CQ=@a u; h} QaD w CU= xDyHlD

[Aij ] =

266666666664

a11 a12 a13 0 0 0
a21 a22 a23 0 0 0
a31 a32 a33 0 0 0
0 0 0 a44 0 0
0 0 0 0 a55 0
0 0 0 0 0 a66

377777777775
(15)

%u; QO xm
a11 = Em

Ef11
;

a22 = a33 = 0 5(1 + Em

Ef22
)

a12=a13 =
(Sf12 � Sm12 )(a11 � a22)

(Sf11 � Sm11 )

a21 = a31 = a23 = a32 = 0;
a44 = 0 5(1 + Gm

Gf23
)

a55 = a66 = a44 = 0 5(1 + Gm

Gf12
) (16)

%OwW|t h} QaD xDyHlD |=yC} RwBt=m R= s=OmQy |=Q@ |tQv T} QD=t xt=O= QO
[Sij ]n =(V fn [Sij ]f + V mn [Sij ]m [Aij ])(V fn [I]

+ V mn [Aij ])�1 (17)

h=}r= |DiU T} QD=t Twmat T} QD=t ?}DQDx@ [Sij ]m w [Sij ]f u; QO xm
u}vJty "CU= OL=w T} QD=t R}v [I] w xOw@ �u} RQ� T} QD=t |DiU T} QD=t w
|=yC} RwBt=m R= s=OmQy QO T} QD=t w h=}r= |tHL OYQO R}v V mn w V fn
nT}Ov= "OvQ=O x]@=Q Qo}Om} =@ V mn = 1� V fn CQwYx@ w xOw@ xDyHlD
R= s=Om Qy |=Q@ |DiU T} QD=t "CU= Q_v OQwt |xDyHlD C} RwBt=m Qou=}=tv

%OwW|t h} QaD u}vJ R}v xDyHlD |=yC} RwBt=m
[Cij ]n = [Sij ]�1

n (18)

QO xDyHlD |=yC} RwBt=m |m}v=mt X=wN |x@U=Lt
X-Y-Z |twta C=YDNt

|rLt C=YDNt QO xDyHlD |=yC} RwBt=m R= s=Om Qy |=Q@ |DiU T} QD=t =Hv}= =D

17



"""O
O}Q@

|v=U
Wm

X
=wN

X
wYN

QO|
r}rL

D|
xar=]

t

Gxz = 1
S66

Gyz = 1
S44

�xy = �S12
S11

�xz = �S13
S11

�yz = �S23
S22

(25)

|=yC} RwBt=m |t=tD QO VvQm uOw@ u=Um} Q@ |vD@t q=@ QO xOWx�=Q= VwQ
|v}@V}B QO C@=F VvQm VwQ 'OW xDio xtOkt QO xm u=vJ "CU= xDyHlD
x�=Q= |QDq=@ |xOW|v}@V}B Q}O=kt w CU= u=wD=v C} RwBt=m OO} Q@ |rw] |DiU
OO} Q@ p}rLD |=Q@ |O}Ov}rm xm |WwQ R= xr=kt u}= QO p}rO u}tyx@ [13]"OyO|t
xOWxDi=@ |=yC} RwBt=m p}rLD |=Q@ [16]RQoQm u; R= p@k w |Oa@xU |=yC} RwBt=m
10�WAM�|vRw u}ov=}t VwQ xm VwQ u}= QO "CU= xOW xO=iDU= 'OvOw@ xO=O x�=Q=
Q=@l} |rw] |DiU OwW x�=Q= |rw] |DiU R= |QDy@ ?} QkD xm u}= |=Q@ 'OQ=O s=v
VwQ QO "OwW|t x@U=Lt C@=F VvD VwQ =@ Qo}O Q=@ w 'C@=F VvQm VwQ =@
"CU= u=Um} xDyHlD |=yC} RwBt=m |t=tD QO VvD xm OwW|t ZQi C@=F VvD
=@ |rw] |DiU |x@U=Lt Ovv=t VwQ u}= R= xO=iDU= =@ |rw] |DiU |x@U=Lt
|wQ xm u}= |=Hx@ u=QwO |=yT} QD=t xm Cw=iD u}= =@ CU= C@=F VvQm VwQ
p=ta= '|tQv T} QD=t |va} 'u; Twmat T} QD=t |wQ OvwW p=ta= |DiU T} QD=t
|tHL u}ov=}t =yu; R= hrDNt |L=wv |tHL OYQO x@ xHwD =@ TBU w xOW
CUO x@ 26 |x]@=Q R= C@=F VvD VwQ R= xO=iDU= =@ |DiU T} QD=t "OwW|t xDiQo

%O};|t

[C]Isostress = (
c4X
n=i1

Vn [T"]�1
n [Cij ]�1 [T�]n)�1 (26)

T} QD=t 27 |x]@=Q R= xO=iDU= w |vRw |Q}ou}ov=}t VwQ R= xO=iDU= =@ xt=O= QO
"CU= xOt; CUO x@ pm |DiU

[C]total =  [C]Isostrain + (1�  ) [C]Isostress (27)

xO=iDU= =@ w [C]total T} QD=t Twmat T} QD=t uOQw; CUO x@ R= TB =yDv= QO
xO=iDU= =@ VwQ u}= QO  Q=Okt "CU= xOW x@U=Lt |rw] |DiU 25 \@=wQ R=
u} QDy@ 0 6 OOa xOW x�=Q= pOt |=Q@ xm 'O};|t CUO x@ |y=oW}=tR; G}=Dv R=

"OQ=O =Q |y=oW}=tR; Q}O=kt =@ Ck@=]t
pwrU ẁv l} R= \ki Vv=Q=mty w |O}Ov}rm \UwD xOWx�=Q= VwQ QO xD@r=
pm w xOW x�=Q= |QDj}kO pOt Q[=L VwQ QO xm |r=L QO Ow@ xOW xO=iDU= OL=w
OL=w pwrU |L=wv u}= R= s=OmQy xm xOW s}UkD Cw=iDt |x}L=v Q=yJ x@ C} RwBt=m

"OvQ=O =Q u=WOwN X=N C=YNWt =@

xrY=L G}=Dv |@=} RQ=
xm CU= |UmwB= u} RQ w AS4 u@ Qm h=}r= =@ |D} RwBt=m xOW xDiQo Q_v QO pOt
C=YNWt u}vJty "CU= xOW xOQw; 2 w 1 pw=OH QO =yu; |m}v=mt X=wN

"CU= xOW xOQw; 3 pwOH QO u; |UOvy
w}y |y=oW}=tR; G}=Dv =@ xOt; CUO x@ G}=Dv 'xOWx�=Q= pOt QDy@ |@=} RQ= |=Q@
|y=oW}=tR; G}=Dv u=W}= |xr=kt QO "CU= xOW xU}=kt R}v [10]Vv=Q=mty w u=U

"�5 w 4 pw=OH� CU= xOW x�=Q= |[Qa pwOt w |rw] pwOt |=Q@
VwQ R= xOt;CUO x@G}=Dv '?}DQDx@AJ R= sQ=yJ w swUuwDU QO xOWxO=OG}=Dv
'�MUCM1� u} RQ w h=}r= \qDN= |xO=U uwv=k R= xO=iDU= =@ |OL=w pwrU OvJ

[T"] =

266666666664

l21 m21 n21 m1n1
l22 m22 n22 m2n2
l23 m23 n23 m3n3

2l2l3 2m2m3 2n2n3 m2n3 +m3n2
2l3l1 2m3m1 2n3n1 m3n1 +m1n3
2l1l2 2m1m2 2n1n2 m1n2 +m2n1

n1l1 l1m1
n2l2 l2m2
n3l3 l3m3

n2l3 + n3l2 l2m3 + l3m2
n3l1 + n1l3 l3m1 + l1m3
n1l2 + n2l1 l1m2 + l2m1

377777777775
(21)

%u}vJty2664 l1 m1 n1
l2 m2 n2
l3 m3 n3

3775 =

2664 cos � sin � cos' sin � sin'

0 � sin' cos'

sin � � cos' cos � � cos � sin'

3775
(22)

'=yQwLt |x} w=R Twv}Um CQwYx@ w CU= |O=y Twv}Um ni w mi 'li u; QO xm
"OvwW|t h} QaD u=QwO R= Oa@ w p@k

Axes X Y Z

X1 l1 m1 n1
Y1 l2 m2 n2
Z1 l3 m3 n3

xOt; CUO x@ C} RwBt=m pm |DiU |tHL |Q}ou}ov=}t VwQ R= xO=iDU= =@ =yDv= QO
%CU=� �C

�
=
X

Vn
� �Cij

�
n n = (i1; i2; ::::; c3; c4) (23)

%s} Q=O GwR n w m Cr=L |=Q@ u; QO xm

Vi1 = Vi2 = Vi3 = Vi4 = 2(m� 1)(n� 1) + 2
4(2m� n+m+ n)

Vis1 = Vis2 = Vis3 = Vis4 = (m+ n� 4)
4(2m� n+m+ n)

Vss1 = Vss2 = Vss3 = Vss4 = (m+ n� 4)
2(2m� n+m+ n)

Vc1 = Vc2 = Vc3 = Vc4 = 2
2m� n+m+ n

(24)

u; R= Oa@ w 'x@U=Lt [ �S] = [ �C]�1 x]@=Q R= pm |DiU T} QD=t Twmat TBU
"Ov=xOW x@U=Lt 25 \@=wQ R= xO=iDU= =@ R}v C} RwBt=m pm |m}v=mt X=wN

Ex = 1
S11

Ey = 1
S22

Ez = 1
S33

Gxy = 1
S55
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t "OUQ|t Q_v x@ ?U=vt Q=}U@ VwQ wO u}= R= xO=iDU= 'OwOLt <=RH= |=yVwQ

|x}w=R Q}}eD =@ C} RwBt=m OO} Q@ Q=DiQ |v}@V}B
nv}O} Q@

'|y=oW}=tR;G}=Dv =@ u; |xU}=kt w Q[=L VwQ R= xOt;CUO x@G}=Dv|@=} RQ= R=TB
Q}F-=D 13 pmW QO "OQm |v}@V}B =Q C} RwBt=m OO} Q@ *|m}v=mt |=yQDt=Q=B u=wD|t
QO "CU= xOW xO=O u=Wv =yC} RwBt=m OO} Q@ |m}v=mt X=wN Q@ nv}O} Q@ |x} w=R
CUO x@ G}=Dv w [10]Vv=Q=mty w u=Uw}y VwQ R= xOt; CUO x@ G}=Dv pmW u}=

"CU= xOW xO=O u=Wv 'Q[=L |xr=kt QO xOWx�=Q= VwQ wO R= xOt;
|x} w=R V}=Ri= =@ |rw] |DiU 'OwW|t xOy=Wt hr=13 pmW QO xm u=vJ
|Q@ Q=@ x} w=R u}= V}=Ri= =@ =Q} R CU= |a}@] Q=}U@ xDmv u}= "O@=}|t Vy=m nv}O} Q@
|[Qa |DiU xm OyO|t u=Wv ?13 pmW "OwW|t sm |rw] |=DU=Q QO h=}r=
OW=@ O=} R nv}O} Q@ |x} w=R xm |t=ovy "O@=}|t V}=Ri= nv}O} Q@ |x} w=R V}=Ri= =@
pmW u}= QO "CU= QDXNWt nv}O} Q@ |x} w=R V}=Ri= =@ |rw] |DiU V}=Ri=
Q=Okt �� Qo}O VwQ wO x@ C@Uv �� MUCM2 VwQ |v}@V}B QO |[Qa |DiU
=@ 5 |xQ=tW pOt |=Q@ |y=oW}=tR; G}=Dv QO xm =Hv; R= "OyO|t u=Wv =Q |QDsm
|y=oW}=tR; Q=Okt x@ |QDl}ORv |v}@V}B VwQ u}= xHQO 25 nv}O} Q@ |x} w=R
Q=Okt x@ MUCM2 VwQ =@ |[Qa |DiU |v}@V}B xm OUQ|t Q_v x@ 'CW=O
|x} w=R V}=Ri= =@ =OD@= xm CU= XNWt R}v G13 pmW QO "CU= QDl}ORv |ak=w
xHQO 40 OwOL |x} w=R QO TBU w xDi=} V}=Ri= |rw] |WQ@ |DiU nv}O} Q@
C=Q}}eD O13 pmW QO "O@=}|t Vy=m nv}O} Q@ |x} w=R V}=Ri= =@ |WQ@ |DiU
pmW u}= QO "CU= xOW xO=O u=Wv nv}O} Q@ |x} w=R x@ C@Uv |[Qa |WQ@ |DiU
"O@=}|t V}=Ri= |[Qa |WQ@ |DiU nv}O} Q@ |x} w=R V}=Ri= =@ xm CU= XNWt
nv}O} Q@ |=}=wR QO |rwCU}v O=} RV}=Ri= u}= xHQO 20 Q} Rnv}O} Q@ |=yx} w=R QO
|Q}otWJ RQ]x@ |[Qa |WQ@ |DiU nv}O} Q@ |x} w=R V}=Ri= =@ xHQO 20 |q=@

[10]"AS4 u@ Qm h=}r= |m}v=mt X=wN "1 pwOH
uwU=wB ?} Q[ |WQ@ pwOt |WQ@ pwOt |[Qa pwOt |rw] pwOt

|rw] |[Qa (G12) |rw] (E22) (E11)

(�12) (G23) (GPa) (GPa) (GPa)

0 2 5 5 13 8 13 8 234 6
[10]"|UmwB=u} RQ |m}v=mt X=wN "2 pwOH

uwU=wB ?} Q[ (GPa) nv=} pwOt
0 35 2 94

"|UQQ@ OQwt |=yxvwtv |UOvy C=YNWt "3 pwOH
m � n Vf � xvwtv |xQ=tW
12 � 12 0 28 0 1
12 � 12 0 38 17 2
12 � 12 0 40 17 3
12 � 12 0 46 20 4
12 � 12 0 44 22 5
12 � 12 0 29 25 6

�MUCM2� [15]nv=y |xr=kt \@=wQ R= xO=iDU= =@ |OL=w pwrU OvJ VwQ w
Q}O=kt ?}DQDx@ 'AJ R= sWW w sHvB uwDU QO xOW xOQw; Q}O=kt u}vJty "OvDUy
VwQ R= pY=L G}=Dv w [13]�WAM� |O}Ov}rm |O=yvW}B VwQ R= xOt; CUO x@
OwW |t xOy=Wt q=@ pwOH QO xm u=vJ "OvDUy [10]�HYB� Vv=Q=mty w u=Uw}y
G}=Dv =@ |rw@k p@=k Cy@=Wt |OL=w pwrU OvJ VwQ wO R= xOt; CUO x@ G}=Dv
=@ xU}=kt QO VwQ wO u}= uOw@v Q@u=tR w |oO=U x@ xHwD =@ w 'OQ=O |y=oW}=tR;

"|rw] |DiU |=Q@ [10] HYB w [13] WAM pOt 'Q[=L pOt R= pY=L G}=Dv w [10]|y=oW}=tR; G}=Dv |xU}=kt "4 pwOH
HYB WAM MUCM2 MUCM1 |y=oW}=tR; G}=Dv |xQ=tW
(GPa) (GPa) (GPa) (GPa) (GPa) xvwtv
69 2 68 8 66 2 66 2 66 9 1
46 0 48 3 43 9 45 2 43 6� 1 9 2
46 9 50 7 46 47 4 45 9� 1 2 3
44 8 47 0 45 3 46 5 48� 3 0 4
38 1 38 6 39 1 40 3 38 5� 2 4 5
23 8 21 6 23 24 1 21 2� 1 8 6

"|[Qa |DiU |=Q@ HYB[10] w [13] WAM pOt 'Q[=L pOt R= pY=L G}=Dv w [10]|y=oW}=tR; G}=Dv |xU}=kt "5 pwOH
HYB WAM MUCM2 MUCM1 |y=oW}=tR; G}=Dv |xQ=tW
(GPa) (GPa) (GPa) (GPa) (GPa) xvwtv
6 22 5 74 5 62 5 81 6 21� 0 41 2
6 54 6 21 6 14 6 39 6 02� 0 3 5
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xO=iDU= OwOLt <=RH= VwQ R= OwHwt |=ypOt QDW}@ QO "OW x�=Q= xDyHQ=yJ |Oa@xU
Qo}O |xDmv "CU= QDQ@u=tR w QDxO}J}B Q=}U@ |r}rLD pL VwQ x@ C@Uv xm xOW
xU =} l} R= ,qwtat 'Ow@ xOW x�=Q= QDV}B xm |mOv= |r}rLD |=ypOt QO xm u}=
OL=w pwrU ẁv Q=yJ R= pOt u}= QO xm |r=L QO 'OW|t xO=iDU= OL=w pwrU ẁv
QO CkO uDiQ q=@ x@ QHvt Qt= u}= &CU= xOW xO=iDU= C} RwBt=m pm uOQmpOt |=Q@

uwU=wB ?} Q[ Q@ nv}O} Q@ |x} w=R xm OyO|t u=Wv �y13 pmW "O@=}|t V}=Ri=
|x} w=R V}=Ri= =@ xHQO 25 R= QDsm nv}O} Q@ |=yx} w=R QO "CU= Q=PoQ}F-=D R}v |rw]
nv}O} Q@ |=}=wR |=Q@ xm |r=L QO 'O@=}|t V}=Ri= |rw] uwU=wB ?} Q[ nv}O} Q@
"O@=}|t Vy=m |rw] uwU=wB ?} Q[ nv}O} Q@ |x} w=R V}=Ri= =@ xHQO 25 R= QDW}@
C=Q}}eD R= QF-=Dt R}v |[Qa uwU=wB?} Q[ xmCU= xOW xO=O u=Wv �w�13 pmW QO
V}=Ri= =@ xHQO 25 R= QDsm nv}O} Q@ |=}=wR QO ?} Q[ u}= "CU= nv}O} Q@ |x} w=R
u; R= Oa@ w OUQ@ OwN Q=Okt u} QDsm x@ x} w=R u}= QO =D xDi=} Vy=m nv}O} Q@ |x} w=R

"O@=}|t V}=Ri= nv}O} Q@ |x} w=R V}=Ri= =@
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t '|[Qa w |rw] |WQ@ |DiU '|[Qa w |rw] |DiU |=Q@ '|y=oW}=tR; G}=Dv =@
s=Hv= O} Q@ hrDNt |=}=wR QO |}=y|v}@V}B |[Qa w |rw] uwU=wB ?} Q[ R}v w
R}v w '|[Qa w |rw] |WQ@ |DiU '|[Qa w |rw] |DiU OyO|t u=Wv xm 'xOW

"Ov=T=UL nv}O} Q@ |x} w=R Q}}eD x@ C@Uv |[Qa w |rw] uwU=wB ?} Q[

=@ 'VwQ u}= R= xOt; CUO x@ G}=Dv xt=O= QO "OwW|t |m}v=mt X=wN |v}@V}B
|y=oW}=tR; G}=Dv u}vJty w [10]Vv=Q=mty w u=Uw}y VwQ R= xOt; CUO x@ G}=Dv
u=Uw}y VwQ G}=Dv =@ xU}=kt QO Q[=L VwQ R= xOt; CUO x@ G}=Dv "OW xU}=kt |w
|r}rLD G}=Dv |@=} RQ= R= TB R}v =yDv= QO "OQ=O |y=oW}=tR; G}=Dv =@ |QDy@ j@=]D

=yCWwv=B
1. delamination
2. damage tolerance
3. yarn packing factor
4. �ber interlocking model
5. �ber inclination model
6. �nite cell model
7. Braiding pitch
8. multi unit cell model
9. Bridging matrix
10. weighted average model
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