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|}=Hx@=H `@=wD?}DQD u}= x@ "OvwW|t |@=}uwQO |]N pmW `@=wD\UwD\ki u=tr=
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|=yQ}D p�=Ut pL |=Q@ QwmPt VwQ R}v [8]'1997 p=U QO [7]"CWwv |rN=O
xOQ@ Q=m x@ |@v=H w |WQ@ |=ypmWQ}}eD Q}F-=D CLD |]NQ}e u=UWmwmU} w

"OW
|=yQ}D R}r=v; |=Q@ |m}D=DU= x@W OwOLt <=RH= VwQ '2009 p=U QO u}vJty
QO |=Q@ |]N u=UWmwmU} w X=wN u; QO xm 'OW x�=Q= wmvWwt}D w |rwvQ@ � Qrw=
p=U QO [7]"CU= xOW xDiQo Q_v QO |UOvy |]NQ}e |=ypmWQ}}eD QF= uDiQo Q_v
xDN=OQB OwOLt <=RH= VwQ x@ C} RwBt=m |=yxDUwB w =yjQw p}rLD x@ R}v [9]'1998
8 |=yu=tr= ltm x@ |}x}q |=yC} RwBt=m u=UWmwmU} w |]NQ}e MU=B w OW
l} CQwY x@ u=UWmwmU} w pOt QO ptmt |WRN pwOt w pOt xDUwB |}xQo
p=U QO u}vJty "OW ZQi Q=O}=B u=} QH Q=Okt l} |xi=[= x@ |}=tv `@=D |QU
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%OwW|t u=}@ 16 w 15 \@=wQ CQwY x@ xm 'OQm ?=NDv= jQw
Y1m = Y3m = Y4m = sin m�y
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(15)

Y2m = Y5m = cos m�y
a

(16)

x@ xm 'CU=yu; Ot=aD QF= uOQm Qw_vt jwi `@=wD Cw=iD Cra xm CU= QmP u=}=W
xOW O=H}= 'OvQ=O |}xHQO 90 R=i hqDN= xm Twv}Um w Twv}U `@=wD |xr}Uw
\@=wQ QO xO=iDU= |=Q@ xOW xDiQo Q_v QO |=yVvQm Q=OQ@ 'Q[=L VywSB QO "CU=
|=yVvQm R= uOQm Q_v hQY =@ wlJwm |=ypmWQ}}eD |Qw�D T=U= Q@ s}N[ jQw
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yz = @w
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\@=wQ?}mQD R= swU |x@DQt|WQ@ |Qw�D T=U= Q@ xOW O=H}= |=yVvQm?}DQD u}= x@
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=@ xm 'CU= pmWQ}}eD `@=wD |R=UxDUUo x@ R=}v '|OOa VwQ x@ xr�Ut pL |=Q@
VvQm Q=OQ@ ?}DQD u}O@ "OQ}o|t s=Hv= 18 |x]@=Q QO 7 |r= 3 \@=wQ |Q=Po|=H

%OwW|t |U} wvR=@ 19 |x]@=Q CQwYx@
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m=1
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m=1
fwwmY 3m (5)

 x =
rX

m=1
f x x;mY 4m (6)

 y =
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m=1
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'OvDUy |rw] CyH |D=FrFt `@=wD R= xOW xDiQo Q_v QO |=yOwt O=OaD r '=yu; QO xm
'wm ' v0m 'u0m u}vJty "CU= xOW xO=iDU= u; |=Q@ m |xOvQ=tW R= xm
x |=DU=Q QO xLiY pN=O |O=R; |=yxHQO |=yQ=OQ@ ?}DQD x@  y;m ' x;m
u=tr= |=Q@ x w y QwLt pwL |}x@r VNQJ 'xLiY GQ=N |O=R; |=yxHQO 'y w
xO=O u=Wv 12 |r= 8 |=yQ=OQ@ ltm x@ l} Qy xm 'OvDUy s=m Owt QO Q_vOQwt

%OvwW|t
u0m = hu01;m u02;miT (8)

v0m = hv01;m v02;miT (9)

wm = hw1;m (@w=@x)1;m w2;m (@w=@x)2;miT (10)

 x;m = h x1;m  x2;miT (11)

 y;m = h y1;m  y2;miT (12)

w v01;m 'x QwLt |=DU=Q QO =yxQo |}=Hx@=H u02;m w u01;m '=yu; QO xm
QO =yxQo |}=Hx@=H w2;m w w1;m 'y QwLt |=DU=Q QO =yxQo |}=Hx@=H v02;m
 y1;m w y QwLt pwL u=tr= |=yx@r VNQJ  x2;m w  x1;m 'z QwLt |=DU=Q
x@ QwmPt \@=wQ `k=w QO "OvDUy x QwLt pwL u=tr= |=yx@r VNQJ  y2;m w
'7 |r= 3 \@=wQ QO "OwW|t xDWwv m = 1 � r hrDNt Q}O=kt |=Q@ w r O=OaD
OvDUy |[Qa CyH QO |@=}uwQO `@=wD f y ' f x 'fw 'fv ' fu |=yQ=OQ@
u=}@ |=Q@ |D}tQy w |]N `@=wD R= |oO=U |=Q@ 'OW xQ=W= R}v QDV}B xm xvwou=ty w

%�13 |x]@=Q� OwW|t xO=iDU= =yu;
fu = fv = f x = f y = hN1 N2i = h1� � �i
fw = hH11 H12 H21 H22i
= h1� 3�2 + 2�3 b(� � 2�2 + �3)

3�2 � 2�3 b(��2 + �3)i (13)

b u; QO w O};|t CUO x@ 14 |x]@=Q R= xm CU= |Oa)@ uwO@ QDt=Q=B � 'u; QO xm
%CU= Q=wv ZQa

� = x
b

(14)
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Bi4m = � 4
h2�266666664

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 H 0i1Y3m H 0i2Y3m NiY4m 0
0 0 Hi1Y 03m Hi2Y 03m 0 NiY5m

377777775
; i = 1; 2 (28)

w x |xYDNt x@ C@Uv Q_vOQwt `@=D jDWt Qou=Wv �'� s} QB Ctqa '=yu; QO xm
Y5m =D Y1m `@=wD |=Q@ w x QwLt x@ C@Uv jDWt H w N `@=wD |=Q@� CU= y =}

"�y QwLt x@ C@Uv jDWt
u}ty x@ "CU= Q_vOQwt |xO=t |=Q@ VvQm w VvD |x]@=Q u}}aD |Oa@ s=o
|xO=t l} |=Q@ uwU=wB C@Uv uOv=t C@=F ZQi =@ VvQm w VvD |x]@=Q Qw_vt

%OwW|t u=}@ 29 |x]@=Q CQwY x@ |]N u=UWmwmU} w l}B wQDwR}=
�(x; y; z; t) = Q(t = 0)"(x; y; z; t)

+
Z t

0
_Q(t� s)"(x; y; z; s)ds (29)

%Ov};|t CUO x@ 32 |r= 30 \@=wQ R= u; |=yQDt=Q=B xm
�(x; y; z; t) = h�x �y �xy �xz �yziT (30)

"(x; y; z; t) = h"x "y 
xy 
xz 
yziT (31)

Q(t) = E(t)
1� �2

266666664
1 � 0 0 0
� 1 0 0 0
0 0 1��

2 0 0
0 0 0 1��

2 0
0 0 0 0 1��

2

377777775 (32)

%OwW|t xDWwv 33 |x]@=Q j@=]t s}N[ jQw |=Q@ |R=Ht Q=m |x]@=Q '|Oa@ s=o QO
�Wint = �Wext (33)

u=wD|t xm 'OyO|t u=Wv =Q jQw QO |rN=O |=ywQ}v Q=m C=Q}}eD �W int 'u; QO xm
%CWwv 34 |x]@=Q CQwYx@ 29 |x]@=Q ltm x@ =Q u;

�W int = �
Z
V
�T "dV

=
Z
V
�"T (t)Q(0)"(t)dV

+
Z t

0

�Z
V
�"T (s)Q(t� s)"(t)dV

�
ds

= ��T
�Z

V
BTQ(0)BdV

�
�(t)+

��T
Z t

0
(
Z
V
BT _Q(t� s)BdV )�(s)ds (34)

R= xm 'CU= |HQ=N |=ywQ}v R= |W=v Q=m Qou=}@ '33 |x]@=Q QO Wext u}vJty
%O};|t CUO x@ 35 |x]@=Q

Wext =
Z
A
wqdA (35)

u=tr= |}x@r |=yVNQJ w |}=Hx@=H pt=W |O=R; xHQO 12 Q=OQ@ �m 'u; QO xm
%O};|t CUO x@ 20 |x]@=Q R= xm 'CU= s=m Owt QO

�m = hu01;m v01;m w1;m (@w=@x)1;m

 x1;m  y1;m u02;m v02;m

w2;m(@w=@x)2;m  x2;m  y2;miT (20)

R= xm 'CU= Q=wv Qy |=Q@ 12r � 1 |O=R; |=yxHQO pm Q=OQ@ � Q=OQ@ u}vJty
%�21 |x]@=Q� O};|t CUO x@ �m |=yQ=OQ@ uDiQo Q=Qk sy Q} R

� =

8>>>>>><>>>>>>:
�m=1
�m=2

...

�m=r

9>>>>>>=>>>>>>;
(21)

x@ xm 'OvDUy 5� 12r T} QD=t l} B w 5� 12 T} QD=t l} Bm u}vJty
%OvwW|t u=}@ 23 w 22 \@=wQ ltm

Bm = B1mz +B2mz3 +B3m +B4mz2 (22)

B =
h
Bm=1 Bm=2 : : : Bm=r

i
(23)

%Ov};|tCUO x@ 28|r= 24|}=yx]@=Q R=B4m 'B3m 'B2m 'B1m '=yu; QO xm
B1m =

h
B11m B21m

i
;B2m =

h
B12m B22m

i
B3m =

h
B13m B23m

i
;B4m =

h
B14m B24m

i
(24)

Bi1m =266666664
0 0 0 0 N 0iY4m 0
0 0 0 0 0 NiY 05m
0 0 0 0 NiY 04m N 0iY5m
0 0 0 0 0 0
0 0 0 0 0 0

377777775 ; i = 1; 2 (25)

Bi2m = � 4
3h2�266666664

0 0 H 00i1Y3m H 00i2Y3m N 0iY4m 0
0 0 Hi1Y 003m Hi2Y 003m 0 NiY 05m
0 0 2H 0i1Y 03m 2H 0i2Y 03m NiY 04m N 0iY5m
0 0 0 0 0 0
0 0 0 0 0 0

377777775
i = 1; 2 (26)

Bi3m =266666664
N 0iY1m 0 0 0 0 0

0 NiY 02m 0 0 0 0
NiY 01m N 0iY2m 0 0 0 0

0 0 H 0i1Y3m H 0i2Y3m NiY4m 0
0 0 Hi1Y 03m Hi2Y 03m 0 NiY5m

377777775
i = 1; 2 (27)
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OwW|t ZQi C@=F �(tk) |}=Hx@=H Q=Okt 'lJwm |v=tR |xR=@ Qy QO w 'OW

%�46 |x]@=Q�Z t

0
~K(t� s)�(s)ds =

n�1X
k=0

Z tk+1

tk

~K(tn � s)�(s)ds

�=
n�1X
k=0

�(tk)
Z tk+1

tk

~K(tn � s)ds (46)

CQwY x@ |v=tR s=o Qy QO �40� u=UWmwmU} w OwOLt Q=wv |x]@=Q 'T=U= u}= Q@
x@U=Lt �(tn) Q=Okt u; ltm x@ |v=tR s=o Qy QO w OwW|t xDWwv 47 |x]@=Q

%OW Oy=wN

�(tn) = (K(0))�1(F �
n�1X
k=0

�(tk)
Z tk+1

tk

~K(tn � s)ds) (47)

Q@ j@]vt w ?U=vt pOt l} j@] Q@ =D CU= sRq 47 |x]@=Q R= xO=iDU= |=Q@
VywSB QO "OwW xOR TOL u=tR pw] QO |oOwU; pwOt C=Q}}eD `@=D 'xO=t Q=DiQ
Q_v QO 48 |x]@=Q CQwY x@ |vwQB |QU T=U=Q@ |oOwU; pwOt C=Q}}eD 'Q[=L

[22]%CU= xOW xDiQo

E(t) = E0 +
NmatX
l=1

Ele
� t
�El (48)

x@ V}=tR; ltm x@ xO=t Qy |=Q@ xm 'OvDUy |vwQB |QU C@=wF �El w El 'u; QO xm
CU= sRq QmPD u}= "CU= |vwQB |QU |x@DQt Nmat u}vJty w Ov};|t CUO
C=Q}}eD h}YwD CyH |awvDt \@=wQ 'OwHwt u=UWmwmU} w O=wt `=wv= |=Q@ xm
|QU pOt |rw 'CU= xOW xO=iDU= u=UOvyt w u=QoWywSB \UwD xO=t C}Y=N
R= |Q=}U@ X=wN Q@ u; |Q=DiQ pOt xm 'CU=yu; u} QDOQ@ Q=mQB R= |m} |vwQB
|=ypOt '|QU |x@DQt uOQ@ q=@ =@ u=wD|t xm |Qw] x@ [22]"OQ=O j=@]v= =yC} RwBt=m
QDW}@ j=@]v= w C=@U=Lt CkO uDiQ q=@ |=Q@ u}=Q@=v@ "OQw; CUO x@ R}v |QDj}kO
V}=Ri= =Q |vwQB |QU |x@DQt u=wD|t O=wt Q}=U Q=DiQ =@ |UQQ@ OQwt |xO=t Q=DiQ
QO xm _E(tn � s) w E(0) `@=wD '48 |x]@=Q uDiQo Q_v QO =@ ?}DQD u}O@ "O=O
'OvwW|t Qy=_ 40 |x]@=Q QO �34 |x]@=Q� _Q(tn � s) w Q(0) `@=wD h} QaD

%OQm u=}@ 50 w 49 \@=wQ j@=]t u=wD|t =Q

E(0) = E0 +
NmatX
l=1

El (49)

_E(tn�s) =
NmatX
l=1

�El
�l

exp(� tn � s
�l

) (50)

51 |x]@=Q j@=]t Q} R p=QoDv= O}=@ '47 |x]@=Q R= �(tn) Q=Okt |@=} RQ= |=Q@
%OwW x@U=LtZ tk+1

tk

_E(tn�s)ds =

NmatX
l=1

El exp
�
� tn � tk

�l

��
1� exp

�
�tk
�l

��
(51)

C=Q}}eD T=U= u}= Q@ "�2 pmW� CU= jQw K]U Q@ OQ=w |xOQDUo Q=@ q 'u; QO xm
%OwW|t u=}@ 36 |x]@=Q ltm x@ |HQ=N Q=m

�W ext =
Z
A
�wqdA (36)

|O=R; |=yxHQO ?UL Q@ 37 |x]@=Q j@=]t u=wD|t =Q 36 |x]@=Q QO w `@=D
%CWwv

w =
rX

m=1
Hm�m = H�; Hm =

h
H1
m H2

m

i
(37)

s=Om Qy H2
m w H1

m |=yT} QD=t w CU= 1� 12r T} QD=t l} H 'u; QO xm
xDWwv 38 |x]@=Q CQwY x@ i = 1; 2 Q}O=kt |=Q@ w OvDUy 1� 6 T} QD=t l}

%OwW|t
Hi
m =

h
0 0 Hi1Y3m Hi2Y3m 0 0

i
i = 1; 2 (38)

|U} wvR=@ 39 |x]@=Q CQwY x@ 36 |x]@=Q QO |HQ=N Q=m C=Q}}eD ?}DQD u}O@
%OwW|t

�Wext = ��T
Z
A

HT qdA (39)

|x]@=Q CQwY x@ 39 w 34 |=yx]@=Q ltm x@ 33 |R=Ht Q=m |x]@=Q 'C}=yv QO
%OwW|t |U} wvR=@ 40

K(0)�(t) +
Z t

0
~K(t� s)�(s)ds = F (40)

xDU@=w |DNU 'C@=F |DNU |=yT} QD=t ?}DQD x@ F w _k(t� s) 'k(0) 'u; QO xm
QO Kr=Yt C=YNWt C=Q}}eD sOa ZQi =@ xm 'OvDUy |} wQ}v Q=OQ@ w 'u=tR x@

%OvwW|t u=}@ 43 |r= 41 \@=wQ ltm x@ u; Ct=N[ |=DU=Q
K(0) =Z

A
fBT3 D1(0)B3 +BT1 D2(0)B1 + +BT3 D2(0)B4

BT4 D2(0)B3 +BT1 D3(0)B2 +BT2 D3(0)B1

+BT4 D3(0)B4 + +BT2 D4(0)B2gdA (41)

_k(t) =Z
A
BT3 _D1(t)B3 + +BT1 _D2(t)B1 +BT3 _D2(t)B4

+BT4 _D2(t)B3 +BT1 _D3(t)B2 +BT2 _D3(t)B1

+BT4 _D3(t)B4 +BT2 _D4(t)B2gdA (42)

F =
Z
A

HT qdA (43)

j = 1 � 4 Q}O=kt |=Q@ _Dj(t) wDj(0) |=yT} QD=t '42 w 41 |=yx]@=Q QO
%Ov};|t CUO x@ 45 w 44 |=yx]@=Q R=

fD1(0);D2(0);D3(0);D4(0)g =
�
h
1 ;

h3

12 ;
h5

80 ;
h7

448
�
Q(0)

(44)

f _D1(t); _D2(t); _D3(t); _D4(t)g =
�
h
1 ;

h3

12 ;
h5

80 ;
h7

448
�

_Q(t)

(45)
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w |}=Hx@=H |O=R; |=yxHQO x@ xHwD =@ xm 'OwW|t =[Q= jQw |Q=vm |=yQ=wv
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%OQm u=}@ 53 |x]@=Q T=U= Q@ =Q jQw l} |xv}W}@ |}=Hx@=H

wmid = �12(1� �2)qz(lx)4

E(t=0)h3 (53)

|r}]DUt |=yjQw |=Q@ xm 'CU= jQw |xv}W}@ |}=H x@ =H Wmid 'u; QO xm
K]U \Uw QO CN=wvm} COW =@ xOQDUo Q=@ CLD 'Q[=L VN@ QO EL@ OQwt
lx 'CN=wvm} |xOQDUo Q=@ COW qz 'uwU=wB C@Uv � u}vJty "OyO|t MQ jQw
xO=t |oOwU; pwOt Q=Okt |xOvvmu=}@ E(t=0) w 'jQw Ct=N[ h 'jQw ZQa
xm CU= |Oa)@ uwO@ ?} Q[ � 'Qo}O hQ] R= "CU= t = 0 |va} x}rw= u=tR QO

"OwW|t x�=Q= u; ?UL Q@ jQw pmW Q}}eD
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CyH |}xv=}=Q |xt=vQ@l} 'u=UWmwmU} w |=yjQw pL R=}v OQwt\@=wQ G=QNDU= =@
'`k=w QO "CU= xOW xDN=OQB p=Ft pL x@ u; ltm x@ w xOW xDWwv |OOa pL
OwOLt Q=wv |x]@=Q 'Q[=L pYi QO C=@U=Lt s=Hv= Q@ sm =L w |rY= |x]@=Q
xOW G=QNDU= |R=Ht Q=m |x]@=Q ltm x@ xm 'CU= �40 |x]@=Q� u=UWmwmU} w
OwHwt uWwrwwv=m p=QoDv= '|v=tR |R=U=OH VwQ C=}[Qi ltm x@ u; R= TB "CU=
xO=t; xr�Ut |OOa pL CyH =D 'CU= xOW xOR ?} QkD ?U=vt CQwY x@ u; QO

"OwW

G}=Dv |OOa |UQQ@ "3
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"CU= xOW |@=} RQ= jQw Q=DiQ
R=}v OQwt u=UWmwmU} w |=yC}tm w Kr=Yt C=YNWt =OD@= 'Q[=L VN@ QO
"CU= xOW xDN=OQB xOQDUo Q=@ CLD jQw |m}D=DU= p}rLD x@ u; R= TB w |iQat
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�E1 (s) E1(MPa) 1
� 1419 4360 0
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9=4318� 102 181 0887 4
9=2066� 103 238 7641 5
8=9974� 104 278 0111 6
8=6852� 105 327 6906 7
8=5143� 106 322 7491 8
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"2 pwOH QO xOW

|=y|}=Hx@=H '1 pwOH C=YNWt =@ |a@ Qt jQw l} |=Q@ ?}DQD u}= x@
Q}O=kt x@ xHwD =@ "CU= xOt; CUO x@ 3 pwOH =@ j@=]t u=tR pw] QO jQw |xv}W}@
'|Q=PoQ=@ u=tR V}=Ri= =@ ,qw= xm Ci=} QO u=wD|t QwmPt pwOH QO xOW xO=O u=Wv
l} '|Q=PoQ=@ |x_Lr u}rw= QO xm |}xvwo x@ 'O@=}|t V}=Ri= jQw |=ypmWQ}}eD
ẁQW |x_Lr QO `k=w QO "O};|t OwHw x@ u; u=UWm Q=DiQ R= |W=v x}rw= pmW Q}}eD
|}=Hx@=H u=wD|t p}rO u}ty x@ w xOWv u=}=tv xO=t RwmU} w Q=DiQ Rwvy '|Q=PoQ=@
|=yVwQ Q}=U R= xm 'jQw pL j}kO Q}O=kt =@ =Q x}rw= |x_Lr QO jQw |xv}W}@
|HvUCLY |=Q@ Qw_vt u}ty x@ "OQm xU}=kt 'CU= xOt; CUO x@ jQw R}r=v;
x@ |=y|}=Hx@=H ltm x@ 53 |x]@=Q QO � Oa)@ uwO@ ?} Q[ Q=Okt 'C=@U=Lt
[23]`HQt QO xOW x�=Q= G}=Dv =@ u; |xH}Dv w |@=} RQ= OwOLt Q=wv VwQ R= xOt; CUO
R= QwmPt pwOH QO "OwW|t xOy=Wt 4 pwOH QO u; G}=Dv xm 'CU= xOW xU}=kt
xOW xO=iDU= Cw=iDt Owt w Q=wv O=OaD w 2 pwOH QO xOW x�=Q= C=YNWt =@ |kQw
Q}}eD Q}O=kt pwYL |=Q@ x} Qwi |QU R= QwmPt `HQt QO xm CU= sRq QmPD u}= "CU=
VwQ ?U=vt |}=Qosy Qou=}@ '4 pwOH R= pY=L G}=Dv "CU= xOW xO=iDU= pmW
|=yjQw T=U= u}ty Q@ "CU= xOt; CUO x@ |=yMU=B |@=} RQ= QO OwOLt Q=wv
"Ov=xDiQo Q=Qk Q_v Ot 5 pwOH C=YNWt T=U= Q@ Cw=iDt |=yCt=N[ =@ |a@ Qt
OwOLt Q=wv VwQ T=U= Q@ � Oa)@ uwO@ ?} Q[ w jQw |xv}W}@ |}=Hx@=H Q}O=kt
u; G}=Dv xm 'CU= xOW xU}=kt [23]`HQt R= pY=L G}=Dv =@ pY=L G}=Dv w x@U=Lt

"xar=]t OQwt jQw |UOvy C=YNWt "2 pwOH
ly = 500mm jQw pw]
lx = 500mm jQw ZQa
h = 50mm jQw Ct=N[

qz = 0=981kPa xOQDUo Q=@ COW
r = 3 Owt O=OaD
10 Q=wv O=OaD

�t = 0=05 � 1s |v=tR |xR=@

"QDt|r}t ?UL Q@ hrDNt |v=tR |=yxR=@ |=Q@ 2 pwOH QO xOW x�=Q= C=YNWt =@ |a@ Qt jQw |xv}W}@ |}=Hx@=H "3 pwOH
(s) u=tR �t = 1s �t = 0=5s �t = 0=2s �t = 0=1s �t = 0=05s

0 0 000584 0 000584 0 000584 0 000584 0 000584
5 0 000764 0 000683 0 000655 0 000648 0 000645
10 0 000782 0 000691 0 000661 0 000653 0 000650
50 0 000809 0 000710 0 000678 0 000669 0 000666
100 0 000824 0 000721 0 000688 0 000680 0 000676
200 0 000842 0 000735 0 000700 0 000692 0 000688
400 0 000859 0 000748 0 000712 0 000703 0 000699
600 0 000870 0 000756 0 000719 0 000710 0 000706
800 0 000878 0 000762 0 000725 0 000716 0 000711
1000 0 000885 0 000767 0 000730 0 000720 0 000716
1200 0 000892 0 000772 0 000734 0 000724 0 000720
1400 0 000892 0 000776 0 000738 0 000728 0 000724
1600 0 000902 0 000780 0 000741 0 000731 0 000727
1800 0 000906 0 000783 0 000744 0 000734 0 000730

9



"""s
}N[

u=U
Wmw

mU}
w|

=yj
Qwp

mW
Q}}eD

|U
QQ@|x_Lr QO 53 |x]@=Q QO � Oa)@ uwO@ ?} Q[ Q=Okt w Cw=iDt Owt w Q=wv O=OaD =@ 2 pwOH QO xOW x�=Q= C=YNWt =@ |a@ Qt jQw |xv}W}@ |}=Hx@=H |xU}=kt "4 pwOH

"[23]`HQt R= pY=L |=yMU=B =@ |Q=PoQ=@ ẁQW

Owt O=OaD Q=wv O=OaD OwOLt Q=wv VwQ ��� 1 hqDN= Q=Okt
(mm) xv}W}@ |}=H x@=H � ?} Q[

1 10 0 00627466 0 00043258 1 243
1 20 0 00628075 0 0043300 1 341
1 50 0 00628189 0 0043308 1 360
1 95 0 00628271 0 0043314 1 374
3 10 0 00618193 0 0042619 0 253
3 20 0 00618804 0 0042661 0 154
3 50 0 00618918 0 0042669 0 136
3 95 0 00619000 0 0042674 0 124
5 10 0 00619221 0 0042690 0 087
5 20 0 00619832 0 0042732 0 012
5 50 0 00619947 0 0042740 0 030
5 95 0 00620028 0 0042745 0 042
7 10 0 00618955 0 0042671 0 131
7 20 0 00619566 0 0042714 0 030
7 50 0 00619680 0 0042721 0 014
7 95 0 00619762 0 0042727 0 000

"CU= xOt; CUO x@ 0 0042727 =@ Q@=Q@ [23]`HQt T=U= Q@ � Oa@ uwO@ ?} Q[ Q=Okt

|D=@U=Lt |=]N 'Q[=L VywSB QO xDiQ Q=m x@ |v=tR |R=U=OH VwQ w |OOa
QwmPt pL VwQ |oDU@=w QO u=wD|t =Q Qt= u}= Cra xm 'CW=O Oy=wN |QDW}@
s=o Qy QO xm =Hv; R= `k=w QO "CUv=O p@k |v=tR |=ys=o R= pY=L G}=Dv x@
|=]N 'OvDUy p}NO C=@U=Lt QO R}v |r@k |v=tR |=ys=o |=ypmWQ}}eD '|v=tR
"CU}v |}x_Lqt p@=k Q=Okt V}=Ri= u}= OvJ Qy &O@=}|t V}=Ri= |mOv= C=@U=Lt
Q=DiQ QO QDq=@ |x@DQt |WQ@ |Qw�D |=v@t Q@ C=LiY Ct=N[ QF= |UQQ@ |=Q@
QO Cw=iDt |=yCt=N[ =@ |D=LiY |xv}W}@ |}=Hx@=H 'C=LiY u=UWmwmU} w
|xOy=Wt Qw_vt x@ "CU= xOW xO=O u=Wv 5 pmW QO u; G}=Dv w |UQQ@ u=tR pw]

"G}=Dv |HvUCLY CyH xar=]t OQwt jQw |UOvy C=YNWt "5 pwOH
ly = 500mm jQw pw]
lx = 500mm jQw ZQa

h = 0=5 � 250mm jQw Ct=N[
qz = 0=981kPa xOQDUo Q=@ COW

r = 7 Owt O=OaD
95 Q=wv O=OaD

|x_Lr QO �53� |x]@=Q QO � Oa)@ uwO@ ?} Q[ Q=Okt w hrDNt |=yCt=N[ =@ 5 pwOH QO xOW x�=Q= C=YNWt =@ |a@ Qt jQw |xv}W}@ |}=Hx@=H |xU}=kt "6 pwOH
"[23]`HQt R= pY=L |=yMU=B =@ |Q=PoQ=@ ẁQW

Ct=N[ x@ Ct=N[ C@Uv � ?} Q[ hqDN= Q=Okt
(mm) jQw ZQa OwOLt Q=wv VwQ [23]`HQt

0 5 0 001 0 0040622 0 0040624 0 005
5 0 01 0 0040647 0 0040644 0 007
50 0 10 0 0042727 0 0042727 0 000
75 0 15 0 0045351 0 0045353 0 004
100 0 20 0 0049019 0 00 49025 0 012
125 0 25 0 0053727 0 0053738 0 20
150 0 30 0 0059468 0 0059484 0 027
175 0 35 0 0066236 0 0066257 0 032
200 0 40 0 0074020 0 0074047 0 36
225 0 45 0 0082810 0 0082834 0 040
250 0 050 0 0092594 0 0092632 0 041
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4 2
xQ=t
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34

�2
|xQ

wO'
�13

97
u=DU

tR�
h}

QW
u=Qt

a|
UOv

yt "2 pwOH QO xOW x�=Q= C=YNWt =@ |kQw |=Q@ �OYQO ?UL Q@� hrDNt |v=tR |=yxR=@ ?=NDv= =@ |v=tR |R=U=OH VwQ |=]N "7 pwOH
(s) u=tR �t = 1s �t = 0=5s �t = 0=2s �t = 0=1s

0 0 00 0 00 0 00 0 00
5 18 45 5 89 1 55 0 47
10 20 31 6 31 1 69 0 46
50 21 47 6 61 1 81 0 45
100 21 89 6 66 1 76 0 59
200 22 38 6 83 1 74 0 58
400 22 89 7 01 1 86 0 57
600 23 07 7 03 1 83 0 56
800 23 49 7 17 1 97 0 70
1000 23 60 7 12 1 96 0 56
1200 23 89 7 22 1 94 0 56
1400 23 20 7 18 1 93 0 55
1600 24 07 7 29 1 93 0 55
1800 24 11 7 26 1 92 0 55

"Cw=iDt |WQ@ |=y|Qw�D T=U= Q@ � Oa)@ uwO@ ?} Q[ Q}O=kt "8 pwOH

u=tR h = 50mm h = 10mm

(s)
HSDT FSDT CPT HSDT FSDT CPT

(Presentstudy) [17] [16] (Presentstudy) [17] [16]

0 0 004351 0 004236 0 004063 0 005123 0 005091 0 004063
5 0 005089 0 004955 0 004729 0 005992 0 005955 0 004729
10 0 005144 0 005008 0 004780 0 006057 0 006019 0 004780
50 0 005286 0 005146 0 004911 0 006223 0 006185 0 004911
100 0 005372 0 005230 0 004992 0 006325 0 006285 0 004992
200 0 005473 0 005328 0 005085 0 006444 0 006404 0 005085
400 0 005570 0 005422 0 005175 0 006558 0 006517 0 005175
600 0 005629 0 005480 0 005230 0 006627 0 006586 0 005230
800 0 006576 0 005526 0 005274 0 006683 0 006641 0 005274
1000 0 005716 0 005565 0 005311 0 006730 0 006680 0 005311
1200 0 005751 0 005599 0 005344 0 006771 0 006729 0 005344
1400 0 005781 0 005628 0 005372 0 006807 0 006765 0 005372
1600 0 005808 0 005654 0 005397 0 006838 0 006796 0 005397
1800 0 005832 0 005677 0 005419 0 006866 0 006824 0 005419

l}Uqm |Qw�D w [16]'pw= |x@DQt |WQ@ |Qw�D R= pY=L G}=Dv =@ u; G}=Dv w x@U=Lt
x�=Q= 8 pwOH QO u; G}=Dv xm 'CU= xOW xU}=kt hrDNt |=yu=tR QO [16]'jQw

"CU= xOW

u=UWmwmU}w s}N[ jQw QO |Q=OQ@ Q=@ QF= "3"3
xOy=Wt p@=k |v=tR 'u=UWm O=wt =@ u=UWmwmU} w O=wt |=yCw=iD u} QDsyt R= |m}
O@=} Vy=m u=UWm O=wt R= l} Qy R= xOW xDN=U |xR=U Q@ OQ=w |=yQ=@ xm CU=
|Q=OQ@ Q=@ s=ovy QO xO=t Q=DiQ 'u=UWm |=yxR=U QO "OwW hPL |rm Qw] x@ =} w
'xOQ=w |=yQ=@ hPL =@ p}rO u}ty x@ w CU= |]N ,qt=m |Q=DiQ |Q=PoQ=@ Ovv=ty
x@ 'OwW|t hPL |Q=PoQ=@ Vy=m MQv u=ty =@ w QwQt x@ R}v xR=U |=ypmWQ}}eD

QwmPt Q=Owtv QO � Oa)@ uwO@ ?} Q[ Q=Okt 'xv}W}@ |}=Hx@=H |=H x@ G}=Dv QDy@
|kQw C=YNWt R= xv}W}@ |}=Hx@=H |x@U=Lt |=Q@ "CU= xOt; QO V}=tv x@
Qou=}@ |@ wN x@ '5 pmW Q=Owtv "CU= xOW xO=iDU= Q=wv 15 =@ 5 pwOH jQw x@=Wt
Q=Okt =yjQw Ct=N[ V}=Ri= =@ 'Qo}O |wU R= "CU=yjQw u=UWmwmU} w Q=DiQ
6 pwOH QO xOW x�=Q= G}=Dv QO ẁ[wt u}= xm 'O@=}|t V}=Ri= � Oa)@ uwO@ ?} Q[
jQw |xv}W}@ |}=Hx@=H Q}O=kt hqN Q@ QwmPt Q}}eD "CU= u=}=tv |@ wN x@ R}v
|xU}=kt CyH "O@=}|t Vy=m R}v u; Q=Okt 'jQw Ct=N[ V}=Ri= =@ xm 'CU=
?} Q[ Q}O=kt '=yjQw u=UWmwmU} w Q=DiQ QO =yu; Q}F-=D w Cw=iDt |WQ@ |=y|Qw�D
|xR=@ w 2 pwOH QO xOW xO=O u=Wv O=a@= =@ |a@ Qt jQw l} |=Q@ � Oa)@ uwO@
OwOLt Q=wv VwQ \UwD QDt|r}t 100 w 50 |=yCt=N[ w �t = 0=5s |v=tR
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Q}}eD

|U
QQ@

Q@ Q}eDt |Q=PoQ=@ CLD u=UWmwmU} w |a@ Qt jQw |xv}W}@ |}=Hx@=H "6 pmW
"54 |x]@=Q T=U=

Q@ Q}eDt |Q=PoQ=@ CLD u=UWmwmU} w |a@ Qt jQw |xv}W}@ |}=Hx@=H "7 pmW
"Cw=iDt |=yCt=N[ |=Q@ 54 x]@=Q T=U=

t = T2 u=tR |va} xOQ=w Q=@ pm uO}UQ QiY x@ =D OvwQ u}= w OvwW|t hPL
QO u=UWm pmWQ}}eD 'jQw Q@ OQ=w Q=@ pt=m hPL R= TB "CW=O Oy=wN xt=O=
C}Y=N p}rO x@ \ki u; QO xOt; OwHw x@ |=y|}=Hx@=H w OyO|tv MQ jQw
u=tR QwQt x@ 'OwW|tv p=ta= jQw Q@ |Q=@ xm |}=Hu; R= w CU= xO=t RwmU} w
R}v 6 pmW QO xm xvwou=ty "Ovvm|t p}t QiY CtU x@ QwmPt |=ypmWQ}}eD
uwJ '�CU=Q CtU |=yQ=Owtv� OW=@ QDQ}O Q=@ hPL u=tR xJ Qy 'OwW|t xOy=Wt
hPL R= TB jQw |}=Hx@=H 'CU= QDnQR@ Q=@ hPL u=tR QO jQw |}=Hx@=H xm
s}N[ jQw Ct=N[ QF= uO=O u=Wv |=Q@ 'Qo}O |wU R= "Ow@ Oy=wN QDnQR@ R}v Q=@
u=tR ?UL Q@ � Oa)@ uwO@ ?} Q[ C=Q}}eD 'u=UWmwmU} w |=yjQw |Q=OQ@ Q=@ QO
<=R= x@ 2 pwOH QO xOW x�=Q= C=YNWt w Cw=iDt |=yCt=N[ =@ |}=yjQw |=Q@
x@ xm 'CU= xOW xO=O u=Wv 7 pmW QO T2 = 1200s w T1 = 900s Q}O=kt
|x@DQt |WQ@ |Qw�D QO Ct=N[ QF= w jQw u=UWmwmU} w X=wN Qou=}@ |@ wN

"CU= pw=

|Q}oxH}Dv "4
xOW xDN=OQB s}N[ |=yjQw |v=UWmwmU} w C}Y=N |UQQ@ x@ 'Q[=L Q=DWwv QO
j@]vt |=ypOt u} QDQF-wt w u} QDj}kO R= |m} xm '|vwQB |QU pOt R= wQ u}= R= "CU=

Ct=N[ =@ |=yjQw |=Q@ u=tR pw] QO � Oa)@ uwO@ ?} Q[ C=Q}}eD "5 pmW
"hrDNt

OwW|t hPL R}v xR=U |=ypmWQ}}eD |x}rm 'xOQ=w |=yQ=@ pt=m hPL =@ xm |}xvwo
u=UWm |=yxR=U QO R}v p}rO u}ty x@ "OOQo|t R=@ OwN |x}rw= Cr=L x@ xR=U w
x_Lr Qy QO xR=U |=ypmWQ}}eD w CU}v xOQ=w |=yQ=@ |xJN} Q=D |UQQ@ x@ |R=}v

"OvwW|t x@U=Lt xOQ=w Q=@ |=v@t Q@ w
Cw=iDt ,qt=m u=UWmwmU} w O=wt |=Q@ xOW QmP C}a[w 'u=UWm O=wt hqNQ@
u=UWmwmU} w |xR=U l} x@ |r=ta= |Q=PoQ=@ 'u=UWmwmU} w O=wt QO "Ow@ Oy=wN
|=ypmWQ}}eD O=H}= u=tR QwQt x@ u=UWm |v=yo =v pmWQ}}eD l} O=H}= R= TB

"CU= xO=t RwmU} w Q=DiQ R= |W=v xm 'Ovm|t |QDW}@
|x}rw= |x_Lr QO xm OwQ|t Q=_Dv= xOQ=w |=yQ=@ hPL CQwY QO u}=Q@=v@
w OvwW hPL xO=t u=UWm Q=DiQ R= |W=v |=ypmWQ}}eD \ki =OD@= '=yQ=@ hPL
R}v xO=t RwmU} w Q=DiQ R= |W=v |xOv=t|k=@ |=ypmWQ}}eD 'u=tR CWPo =@ TBU
xO=t X=wN XDNt xOW xQ=W= C}Y=N xmu}= x@ xHwD =@ "OvwQ@ u}@ R= QwQt x@

"OW=@ jO=Y R}v =yjQw |Q=PoQ=@ OQwt QO O}=@ 'CU=
C}Y=N uO=O u=Wv QO OwOLt Q=wv VwQ |}=v=wD w QwmPt |xO}OB |UQQ@ |=Q@
Qw_vt CN=wvm} |xOQDUo |Q=PoQ=@ CLD |a@ Qt u=UWmwmU} w jQw l} 'xOW QmP
u=tR QO 'CU= |Q=OQ@ Q=@ QF= CLD jQw Q=DiQ |UQQ@ hOy xm =Hu; R= "CU= xOW
|Q=PoQ=@ hPL R=e; u=tR xm |DQwY QO "OwW|t hPL jQw Q@ OQ=w Q=@ |YNWt
ltm x@ =Q jQw Q@ OQ=w Q=@ u=wD|t 'OwW xO}t=v T2 |Q=PoQ=@ hPL u=}=B u=tR w T1

%OQm x@U=Lt 54 |x]@=Q

qz =

8>>>><>>>>:
98=1kPa : 0 � t � T1
(T2�t)
T2�T1 � 98=1kPa : T1 � t � T2

0 : t � T2

(54)

w 2 pwOH QO xOW x�=Q= C=YNWt =@ jQw l} 'xOW QmP QF= |UQQ@ CyH
xm 'CU= xOW xDiQo Q_v QO �T = 0=5s |v=tR |xR=@ w Q=wv 15 O=OaD
pmW j@=]t "OwW|t xOy=Wt 6 pmW QO u; |=Q@ xOt; CUO x@ |=ypmWQ}}eD
Q=_Dv=OQwt OvwQ Q@ j@]vt |Q=OQ@ Q=@ u=tR ẁQW R= p@k =D jQw |=ypmWQ}}eD 'QwmPt
"Ovm|t Q=DiQ 'OW C@LY u; |xQ=@ QO QDW}B xm 'u=UWmwmU} w |xO=t l}
"Ovvm|t Vy=m x@ ẁQW jQw |=y|}=Hx@=H 'xOQ=w Q=@ hPL ẁQW =@ TBU
CQwYx@ |v=tR |x_Lr Qy QO jQw Q@ OQ=w xOQDUo Q=@ hPL xm |}=Hu; R=
jQw u=UWm Q=DiQ R= |W=v |=y|}=Hx@=H \ki x_Lr Qy QO 'OQ}o|t s=Hv= |v;
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yt '|Q=PoQ=@ |x_Lr u}rw= QO xm|}xvwo x@ &O@=}|tV}=Ri= jQw |=ypmWQ}}eD |Q=PoQ=@
|}=Hx@=H TBU "O};|t OwHw x@ u; u=UWm Q=DiQ R= |W=v x}rw= pmWQ}}eD l}
x@ 'OwW|t xi=[= QwQt x@ |Q=PoQ=@ u=tR V}=Ri= =@ jQw QO xO=ONQ |xv}W}@
x@ "OwW|t sm |Q=PoQ=@ u=tR V}=Ri= =@ QwmPt pmWQ}}eD V}=Ri= MQv xm |}xvwo
V}=Ri= MQv Vy=m =@ w OwW|t QDu=}=tv xO=t |xD} RwmU} w C}Y=N QF= ?}DQD u}=
"Ovm|t p}t |YNWt Q=Okt x@ jQw QO xOW O=H}= |=y|}=Hx@=H '=ypmWQ}}eD
l} Q=_Dv=OQwt OvwQ Q@ j@]vt |Q=OQ@ Q=@ u=tR ẁQW R= p@k =D jQw |=ypmWQ}}eD
=@ TBU "Ovm|t Q=DiQ 'OW C@LY u; |xQ=@ QO QDV}B xm 'u=UWmwmU} w |xO=t
xm |}=Hu; R= "Ovvm|t Vy=m x@ ẁQW jQw |=y|}=Hx@=H 'xOQ=w Q=@ hPL ẁQW
'OQ}o|t s=Hv= |v; CQwYx@ |v=tR |x_Lr Qy QO jQw Q@ OQ=w xOQDUo Q=@ hPL
OvwW|t hPL jQw u=UWm Q=DiQ R= |W=v |=y|}=Hx@=H \ki x_Lr Qy QO
hPL R= TB "CW=O Oy=wN xt=O= xOQ=w Q=@ pm uO}UQ QiY x@ =D OvwQ u}= w
|=y|}=Hx@=H w OyO|tv MQ jQw QO u=UWm pmWQ}}eD 'jQw Q@ OQ=w Q=@ pt=m
xm |}=Hu; R= w CU= xO=t RwmU} w C}Y=N p}rO x@ \ki u; QO xOt; OwHw x@
QiY CtU x@ QwmPt |=ypmWQ}}eD u=tR QwQt x@ 'OwW|tv p=ta= jQw Q@ |Q=@
QO jQw |}=Hx@=H xmu; p}rO x@ 'OW=@ QDQ}O Q=@ hPL u=tR xJ Qy "Ovvm|t p}t
Oy=wN QDnQR@ R}v Q=@ hPL R= TB jQw |}=Hx@=H 'CU= QDnQR@ Q=@ hPL u=tR

"Ow@

u=wva x@ OwOLt Q=wv VwQ u}vJty "CU= xOW xO=iDU= 'CU= QwmPt O=wt Q=DiQ Q@
Twv}Um w Twv}U C=@}mQD 'Q=wv|rw]CyH QO xm 'CU= xOW ?=NDv=VywSB VwQ
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