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CUWv u=R}t '=yl =N ẁv u}= QO "CU= xOw@ l}vmDw�S |UOvyt QO KQ]t p�=Ut
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|t}mLDV}B |xHQO =@ xDi=}s}mLDV}B |UQ |=yl =N R}v w sm |t}mLDV}B

[10]"w@v=H |x]@=Q QO xO=iDU= OQwt m w j Q}O=kt "1 pwOH
l =N `=wv= VvD u=wD pwOt xQ=tW

nvU q=@ Ctw=kt 1 1000� 1000000
sm Ctw=kt 1 300� 1000

uW 0 5 400� 800
sm =QDt 0 5 250� 400

xU=t \UwDt 0 5 150� 250
pW 0 5 100� 150

sm =QDt 0 5 80� 200
Cr}U \UwDt 0 5 60� 80

pW 0 5 40� 60

CNU 0 20� 60
TQ CiU 0 10� 20

sQv 0 5� 10
|D=@v w |r; |=yl =N 0 1� 5

VwQ R= xO=iDU= =@ xDi=}s}mLDV}B |UQ |=yl =N QO CUWv |x@U=Lt
|[=} Q |x]@=Q "CU= pNrND C@Uv VwQ R= xO=iDU= Ovv=t ,=U=U= pwOt |xQ=tW

"CU= 16 |x]@=Q CQwYx@ u;

" = 1
mr

Ln[
�0p
�00

] + 1
m
Ln[�

00 + ��0
�0p

] (16)

pwOt |xQ=tW mr &pwOt |xQ=tW m &s}mLD CLD |x}q QO VvQm " u; QO xm
V}=Ri= ��0 w x}rw= QF-wt Q=Wi �00 &|oDi=} s}mLDV}B Q=Wi �0p &xDi=}s}mLDV}B
pwOt |xQ=tW R}v w �j� VvD u=wD Q}O=kt "CU= Q=@ p=ta= QF=Q@ x}q RmQt QO VvD

"CU= xOW xO=O u=Wv 1 pwOH QO \@=wQ u}= QO xOW xO=iDU= �m�

|rta OQ=wt C=aq]= KQW "4
C}=im |UQQ@ R}v w '|rta OQ=wt =@ u; |xU}=kt w |O=yvW}B |x]@=Q uO}HvU |=Q@
l} |Qw;`tH x@ C@Uv 'hwyQ}=t w w@v=H 'utDQtW= pt=W G}=Q |=yVwQ Q}=U
|Qw;`tH Q@Dat `@=vt R= |rta OQwt 52 =DU=Q u}= QO "OW s=Ok= C=aq]= lv=@
xOQDUo *|B OQwt 7 w '|Q=wv *|B OQwt 5 'lD *|B OQwt 30 pt=W OQ=wt u}= "OW
OQwtQy QO =yCUWv "CU= Q}eDt QDt 2 =D 0 76 R= OQ=wt u}= uwiOt jta xm xOw@
u=}=B QO w QDt|r}t 150 =D QDt|r}t 36 |xOwOLt QO xm CU= u}ov=}t CQwYx@
u}= QO xOWC@F qc p}iwQB 'CU= xOW |Q}oxR=Ov= |t}mLD =} |v; CUWv |xQwO
|=yV}=tR; G}=Dv j@] w CU= 20 MPa =D 5 MPa Q}O=kt xOwOLt QO =yC}=U
Qo}O OQ=wt QO w '|q w TQ pt=W OQ=wt R= |}xQ=B QO =y|B u}= *Q} R l =N '|Ov@xv=O
|O=yvW}B |x]@=Q uOQmxQ@}r=m x@ OQ=wt u}= R= OQwt 10 "CU= xU=t w uW R= |@}mQD
CQwYx@ xm CU= |L]U |=y|B pt=W xOv=t|k=@ OQwt 42 w Ci=} X=YDN=
G}=Dv |xU}=kt w |O=yvW}B |x]@=Q CkO u}}aD Qw_vtx@ 'xOQDUo w |Q=wv 'OQivt
=D xDiQo CQwY |=y|UQQ@ jta "CiQo Oy=wN Q=Qk xO=iDU= OQwt \@=wQ Q}=U =@ u;

"CU= Q=@ QU R= |W=v VvD V}=Ri= |xOwOLt
QO w uwiOt jta '|B O=a@= '|B Q@ xOQ=w Q=@ 'fs 'qc Q=Okt '=yxvwtv u}= QO
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[15�12]"xOW |Qw; `tH |rta OQ=wt C=YNWt "2 pwOH
Sm (mm) Rf ��� qc (Mpa) Df (m) L (m) B (m) q (kPa)

xQ=tW OQwt xQ=tW
`HQt |rta

150 2 18 0 5 3 3 1133 3 13 1
145 3 17 2 0 7 1 5 1 5 1476 5 13 2
152 1 16 8 0 8 3 3 987 2 13 3
147 3 17 7 1 2 5 2 5 1133 3 13 4
160 2 17 3 1 2 1 1 1832 8 13 5
105 4 16 0 6 2 2 2 2 290 13 6
184 5 17 5 3 33 4 22 4 182 15 7
3 9 5 17 7 3 5 71 4 5 199 12 8
5 4 4 17 3 3 72 9 15 83 12 9
9 3 6 17 0 38 12 6 1 6 255 12 10
10 1 17 1 0 27 12 65 1 15 255 16 11
5 8 7 17 8 0 23 18 4 0 8 300 16 12
16 9 1 17 1 0 21 24 12 1 8 210 12 13
11 7 5 16 8 3 11 25 96 23 6 170 12 14
20 8 1 17 3 21 7 21 7 156 15 15
11 2 17 8 3 5 77 3 3 310 15 16

12 7 1 16 9 3 6 3 3 6 310 12 17
18 3 1 17 2 3 6 8 4 5 310 16 18
18 8 12 6 0 0 36 36 176 16 19

32 5 5 4 2 22 9 2 6 218 16 20
11 4 16 3 1 15 8 6 110 16 21
3 6 3 13 5 0 0 1 1 224 15 22
4 7 10 0 0 2 0 5 224 15 23

4 4 5 16 1 1 1 575 15 24
5 5 4 7 0 5 1 1 347 16 25
6 9 5 1 8 0 33 1 0 6 131 16 26
12 7 4 2 2 0 3 1 0 6 230 16 27
7 6 4 2 08 0 27 0 9 0 9 136 12 28
6 4 3 2 3 0 9 0 9 0 9 115 12 29
13 5 2 7 0 2 1 2 1 2 202 12 30

12 7 4 3 2 0 8 1 1 1 1 274 15 31
65 4 2 0 0 14 48 3 3 122 15 32
22 2 10 4 5 10 07 9 5 217 15 33

1 16 4 14 2 5 8 5 5 265 12 34
8 4 7 2 0 0 1 1 250 15 35
5 5 6 7 0 0 1 1 150 15 36
7 7 3 4 0 0 1 1 250 15 37
7 3 4 4 0 0 1 1 150 15 38

20 5 4 5 7 0 0 2 5 2 5 250 15 39
17 8 6 9 9 0 0 2 5 2 5 250 16 40
5 4 5 7 2 0 0 1 1 150 16 41
0 8 4 10 9 0 0 2 5 2 5 120 16 42
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OQ@Q

=mQ=Okt OwQ V}B sm =QDt |=yl =N CtU x@ l =N xvwtv xJQy Qo}O hQ] R= "OvDUy
Pwiv Q@=Q@ QO =yl =N u}= ?wN Ctw=kt |xOvyOu=Wv u}= w xOW nQR@ qt |OOa
|OOa Q=Okt =yl =N u}= QO xm OwW|t |v}@V}B w CU= CPT V}=tR; \wQNt
xOWx�=Q= |x]@=Q QO 'OwW|t xOy=Wt 1 pwOH QO xm u=vJ "OW=@ lJwm CUWv
Cr=L 3 Qy QO =y|q w =yxU=t '|vW |=yl =N |=Q@ VvQm u}}aD QO w@v=H \UwD
Cr=L QO |UQ |=yl =N |=Q@ w 0 5 OOa j |=Q@ sm =QDt Q=}U@ w sm =QDt 'pW
OwOL Qw]u}ty "CU= xOW xDiQo Q_v QO QiY OOa sQv Q=}U@ w CiU 'CNU
=yl =N `=wv= R= s=OmQy QO =Q C=Q}}eD R= |a}Uw Q=}U@ |xOwOLt m |=Q@ xOW x�=Q=
|=yl =N |=Q@ 60 =D 5 C=Q}}eD |xOwOLt R= xO=iDU= p=Ft u=wvax@ "OyO|t u=Wv
|v=w=Qi |=]N Q=JO =Q =yl =N ẁv u}= QO xOWx@U=Lt VvQm G}=Dv Ov=wD|t |UQ

"Ovm
=D 5 |xOwOLt QO CNU |=yTQ QO 'm |=Q@ w@v=H \UwD xOWx�=Q= OwOL
|=yl =N xm |r=L QO Ovm|t Q}}eD 800 =D 400 |xOwOLt QO =yuW QO w 60
|=yl =N Ovv=t Ovv=wD|t Q=@ QU QF-wt VvD V}=Ri= p@=kt QO xDi=}s}mLDV}B *|UQ
?=NDv= OW u=}@ xm u=vJ "OvW=@ |tm Q=}U@ CUWv Q}O=kt |=Q=O sm =QDt *|}xv=O
x]@=Q u}= R= xO=iDU= CqmWt R= |m}m |=Q@ xOWx�=Q= OwOL u=}t QO ?U=vt OOa
CqmWt Qo}O R= R}v |UQQ@ OQwt *l =N Cr=L K}LY X}NWD 'u; Q@ xwqa "CU=
|xU=t R= sm =QDt |xU=t X}NWD xm |Qw]x@ CU= pwOH u}= R= xO=iDU= QO OwHwt
|OOaDt |=yCQ=J w =yVwQ "CU= |Q=wWO Q=m CiU TQ R= sQv TQ =} \UwDt
|xOvvm =OH |=yRQt QO =yv; |t=tD QO =t= 'xOW x�=Q= =yl =N Cq=L X}NWD |=Q@

"CU= x=Qty =]N w |Q=wWO =@ |Q}os}tYD 'hrDNt Cq=L
Q=Qk |Ov@xv=O *V}=tR; *CLD C}=U QO l =N =OD@= R= xm u}= |=Hx@ xH}DvQO
pO=at j Q=Okt 'w@v=H VwQ Ovv=t u; G}=Dv R= TBU w OwW XNWt u; xwQo w OQ}o@
V}=tR; R= pY=L G}=Dv R= \ki OwW|t O=yvW}B 'OwW xDiQo Q_vQO 0 5 =} QiY
CUWv p=tDL= w u=R}t 'CU= fs w qc pt=W xm u; s}kDUt G}=Dv |va} 'CPT
TvH x@ xHwD uwO@ OW=@ |oQR@ qt |=Q=O |m =N Qo = CQQwY u}= QO "OwW x@U=Lt
Cio u=wD|t 'OW=@ xDi=}s}mLDV}B Q=}U@ TQ =} sm =QDt |xU=t CU= umtt xm u;
OwQ|t Q=_Dv= u}=Q@=v@ w &CW=O Oy=wN CUWv p@=kt QO |QDW}@ ptLD l =N u}=
CUWv 'u=Um} Q=@ QU Q=Wi CLD 'OvQ=O |mJwm qt xm |}=yl =N =@ xU}=kt QO
l} QO qt Q=Okt Q_v R= xm |}=yl =N 'CQ=J u}= T=U=Q@ "OvW=@ xDW=O |QDsm
u=wD|t u}=Q@=v@ "Ow@ Ovy=wN Q=OQwNQ@ |v=Um} Q=Wi ptLD R= 'OvQ}o|t Q=Qk x}L=v
wO x@ =yl =N u; QO xm w@v=H VwQ hqN Q@ %OQm h} QaD u}vJ =Q O}OH |x]@=Q
'|Ov@xk@] CQ=J QO |ak=w C}akwt w |ak=w Q=DiQ T=U=Q@ w 'OvwW|t s}UkD xDUO
'p=Ft u=wvax@ Qo = CQwY u}= QO "OwW|t xDiQo Q_vQO =yv; j |=Q@ ?U=vt OOa l}
|xU=t QO w QiY OOa w@v=H VwQ QO xDi=}s}mLDV}B Q=}U@ TQ l =N QO j |=Q@
QO u=Um} Q=DiQ p}rOx@ wO u}= |=Q@ =Hv}= QO 'OW|t xDiQo Q_v QO 0 5 OOa sm =QDt
x}L=v u}= |=yl =N |=Q@ pm QO w qc R= |oQR@ Q=Okt uOw@=Q=O w Q=Wi uOQmptLD
QO Qw]u}ty "OwW xDiQo Q_v QO j |=Q@ 0 5 OOa 'OvDUy =y|oS} w u}= |=Q=O xm
|=yxU=t QO w QiY OOa =yv; j |=Q@ w@v=H xm xDi=}sm}LD |O=a |UQ |=yl =N
=@ "OwW xDiQo Q_v QO u; |=Q@ |Qo}O u=Um} OOa CiQo|t Q_v QO =Q 0 5 OOa pW
|=yl =N |=Q@ xv=o =OH |x]@=Q wO R= xO=iDU= |=Hx@ u=wD|t VwQ u}= R= xO=iDU=
|t=tD |=Q@ OL=w |x]@=Q l} R= =yvD l =N ẁv x@ xHwD uwO@ xv=OR} Q w xv=OCWQO
m u=wvax@ xO=iDU= OQwt OwOL j}kO |xar=]t =@ u}vJty "OQm xO=iDU= =yl =N
|=Q@ |O=yvW}B Q}O=kt u}= `k=w QO xm O}UQ xH}Dv u}= x@ u=wD|t 'w@v=H |x]@=Q QO
O=} R CNU w CiU |=yl =N QO CPT V}=tR; R= pY=L qc Q=Okt Ovv=t m

OvyO|t u=Wv OwN R= s�=k VvD =@ xyH=wt QO xm |Q=DiQ |=y|oS} w Q_v R= O=} R
Q=Wi ptLD |=Q@ q=@ |t}mLDV}B |xHQO =@ |UQ l =N |}=v=wD "CU}v u=Um}
"OW=@ lOv= O}=@ l =N ẁv u}= |wQ |r=tDL= |=yCUWv xH}DvQO 'CU= O=} R Q=}U@
|O=} R VvQm ptLDt xOQ=w s�=k |=yQ=Wi Q@=Q@ QO pW |}xU=t |=yl =N ut[ QO
Q=Wi ptLD u=R}t T=U=Q@ =yl =N CU= QDy@ OUQ|t Q_v x@ u}=Q@=v@ &OvwW|t
X}NWD |=Q@ QDt=Q=B u} QDy@ 'xDiQoCQwY C=ar=]t j@] "OvwW |Ov@xwQo Q=@ QU
Q}F-=D |=Q@ xOWKqY= qc u=ty xm 'CU= qt CUWv Q@=Q@ QO =yl =N ptar=Tma
|v}@V}B u=wD|t OW=@ QDnQR@ |m =N qc xJQy |DQ=@ax@ "CU= |}xQiL ?; Q=Wi
QO xm |DQ=J T=U=Q@ "CW=O Oy=wN xOQ=w Q=@ QU Q@=Q@ QO |QDsm CUWv xm OQm
|Ov@xk@]Rf w qt T=U=Q@ hrDNt |=yl =N 'OW x�=Q= 1997 =D 1990 |=yp=U
sQv |UQ |=yl =N 'xOW xO=O u=Wv 3 pmW QO xm =yCQ=J u}= QO [16�14]"Ov=xOW
xU}=kt QO '|UQ |=yl =N =t= 'OvQ=O |mJwm qt pW |}xv=O |=yl =N w T=UL w
|QDnQR@ Rf Q=Okt |=Q=O lJwm qt uDW=OQ@ xwqa 'pW |}xv=O |=yl =N =@

"CPT \UwD =y l =N |Ov@ xk@] CQ=J R= xvwtvwO "3 pmW
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"CPT =@ =y l =N |Ov@ xk@] |=y CQ=J |=Q@ j |O=yvW}B Q}O=kt "4 pmW

C=}[Qi w V}=tR; T=U=Q@ s}mLD |=Q@ xOWx�=Q= \@=wQ xm OvOQm sqa= u}kkLt
u}vJ C}=U QO w pta QO xm CU= |Oa@l} s}mLD Cr=L QO xOt; pta x@
CQwY h=Q]= |=yQ=Wi |=Q@ XwYNu}= QO |D=LqY= w xDW=Ov =Q |D}a[w
xDi=}X=YDN= KqY= ?}=Q[ Q=Okt |O=yvW}B |x]@=Q R= xO=iDU= QO [1]"OQ}o|t
"CU= xOW u}}aD 5 pmW j@=]t =yv; |Q}oQ=Qk pLt R}v w xv=OR} Q |=yl =N x@

G}=Dv QO EL@ w =yVwQ |@=} RQ= "6
xOQDUo *|B OQwt Ciy w |Q=wv *|B OQwt GvB 'lD *|B OQwt |U |wQ Q@ =y|UQQ@
xH}DvQO w Ow@ |B *ZQa R= QDsm uwiOt jta OQ=wt u}= |t=tD QO "CiQo CQwY
u}@ OQ=wt u}= |=Q@ CUWv Q=Okt "OvwW|t ?wULt |L]U |=y|B wRH |oty
|=yCUWv u}@ |xU}=kt hr=6 pmW QO "CU= xOW C@F QDt|r}t 150 =D 36
'utDQtW= |=yVwQ '|O=yvW}B |x]@=Q\UwD xOW|v}@V}B Q}O=kt w xOW|Q}oxR=Ov=
u}= R= xm u=vJ "CU= xOW xO=O u=Wv xv=OCWQO |=yl =N QO hwyQ}=t w w@v=H

|@} Q[ =@ =Q Q}O=kt u}= u=wD|t u}=Q@=v@ "CU= sm Q=}U@ pW w sQv |=yl =N QO w
m R= xO=iDU= |=H x@ w@v=H |x]@=Q QO Qo}O CQ=@ax@ &OQm u} Ro}=H =yv; qc R=
hrDNt ?} Q[ OvJ |UQQ@ R= TB "�m = �qc� OwW xO=iDU= qc R= |@} Q[
xrY=L |xH}Dv �E� l =N |DNU u=R}t u}tND Qw_vtx@ 'CkO |UQQ@ w qc |=Q@
2 ?} Q[ '=yl =N QO xv}W}@ CkO x@ uO}UQ |=Q@ ?} Q[ u} QDy@ xm Ow@ u}vJ
"OwW|t u} Ro}=H 2qc QDt=Q=B |xr}Uwx@ w@v=H pwOt xQ=tW u}= Q@=v@ "CU= qc |=Q@
R= =yvD xm |Qw]x@ 'umtt pmW u} QDy@ x@ u; Q}}eD w w@v=H |x]@=Q KqY= |=Q@
Q=Okt |=Q@ =Q |@U=vt Q}O=kt u=wD@ O}=@ 'OwW xO=iDU= u; QO CPT V}=tR; G}=Dv
=@ "OW xO=iDU= uwUDQ@=Q CQ=J R= Q=m u}= |=Q@ "OQw; CUOx@ hrDNt |=yl =N j

hrDNt |L=wv QO j R= |Dw=iDt Q}O=kt xOW |Qw;`tH |rta OQwt 10 R= xO=iDU=
|x]@=Q R= pY=L |=y?=wH |UQQ@ R= TB "CiQo s=Hv= C=@U=Lt w OW ZQi
hr=4 pmW x@ xHwD =@ 'xOW|Q}oxR=Ov= CUWv Q}O=kt =@ =yv; |xU}=kt w |O=yvW}B
O=yvW}B CPT V}=tR; G}=Dv |wQ R= =yl =N ?U=vt j u}}aD |=Q@ 17 |x]@=Q

"OW
j =

qT
�1 + (0 05 log qT )�R2

f
�

5log qT (11pRf +R2
f )

(17)

=} kg/cm2 OL=w ?ULQ@ w CU= xOW KqY= |}xQiL ?; Q=Wi qT u; QO xm
uDi=} R= TB "CU= xOW xO=iDU= OYQO CQwYx@ R}v Rf &OwW|t xO}HvU bar

"OW |Q=Po}=H 18 |x]@=Q QO xOt; CUOx@ Q}O=kt j

" = 1
2qT j

"�
�00 + ��0

100
�j
�
�
�00
100

�j#
(18)

l =N uRw QF= CLD |UQQ@ OQwt |x}q RmQt QO x}rw= QF-wt VvD �00 x]@=Q u}= QO
|UQQ@ OQwt |x}q RmQt QO QF-wt VvD V}=Ri= Qou=}@ ��0 w CU= x]kv u; |q=@

"CU= |B |wQ CN=wvm} |HQ=N Q=@ QU OwHw QF= CLD
Q}F-=D jta u=wD|t 'G}=Dv |=Q@ sRq CkO x@ xHwD =@ w 18 |x]@=Q x@ xHwD =@
4 =D 3 |Q=wv |=y|B |=Q@ w |B ZQa Q@=Q@ 3 =D 2 lD |=y|B OQwtQO xm � =Q VvD
|}=yx}q x@ � CU= |B ZQa Q@=Q@ 1 5 =D 1 xOQDUo |=y|B QO w |B ZQa Q@=Q@
u}}aD R=}v OQwt CkO x@ xHwD =@ =yx}q u}= Ct=N[ "OQm s}UkD sm Ct=N[ =@
QDt|Dv=U 2 5 Qy |=R=x@ CPT V}=tR; xm u}= x@ xHwD =@ CQwY Qy QO "OwW|t
u=wD|t 'Ovm|t |Q}oxR=Ov= fs w qc R= sa= =Q l =N C=YNWt 'jta QO Pwiv
" Q=Okt "O=O Vy=m R}v QDt|Dv=U 2 5 =D |DL =Q |UQQ@ OQwt |=yx}q Ct=N[

"OwW|t xH}Dv 19 |x]@=Q R= =yl =N |=Q@ �VvQm �
" = �H

H
(19)

CQ=J |=Q@ u=wD|t 'u; QO OwHwt QDt=Q=B wO QO |tm Q=}U@ Q}}eD =@ =Q 17 |x]@=Q
OQwt 'CU= xOW xO=O u=Wv R}v ?3 pmW QO xm [15]Tw}vri � |tqU= |Ov@xk@]
R= O}=@ Q_v OQwt CQ=J QO |O=yvW}B |x]@=Q R= xO=iDU= |=Q@ "O=O Q=Qk xO=iDU=
j |Q}oQ=Qk pLt "OQm xO=iDU= qT |=Hx@ qE QDt=Q=B R= w Rf |=Hx@ fs QDt=Q=B
u}}aD |=Q@ "CU= xOW xO=O u=Wv ?4 pmW QO Tw}vri�|tqU= CQ=J |wQ Q@
=Q xOt; CUOx@ VvQm Q=Okt u=wD|t �Ct=N[ Q}}eD '�H� l =N CUWv Q=Okt
2 5 lJwm Q=}U@ Q=Okt |=Q=O |DL Ov=wD|t xm '|UQQ@ OQwt |x}q Ct=N[ QO
|QwQ[ xDmv u}= x@ xHwD C=@U=Lt |=yDv= QO "OQm ?Q[ 'OW=@ R}v QDt|Dv=U
|xOwOLt QO l =N 'uwUDQ@=Q CQ=J QO l =N pLt u}}aD R= TB Qo = xm CU=
1972 p=U QO "OQm xO=iDU= KqY= ?} Q[ l} R= O}=@ CiQo Q=Qk |UQ |=yl =N
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=m|x]@=Q\UwD xOW|v}@V}B Q}O=kt R}v w xOW|Q}oxR=Ov= |=yCUWv 7 pmW QO
pmW� lD |=y|B QO ?}DQDx@ =Q hwyQ}=t w w@v=H 'utDQtW= \@=wQ w |O=yvW}B
xOW xO=O V}=tv �G7 pmW� xOQDUo |=y|B w �?7 pmW� |Q=wv |=y|B '�hr=7
xOW|v}@V}B CUWv Q}O=kt xm OwW|t xOy=Wt hr=7 pmW QO CkO =@ "CU=
Q=}U@ lD |=y|B QO xOW|Q}oxR=Ov= CUWv Q}O=kt w |O=yvW}B |x]@=Q \UwD
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