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QO "Ovm|t u=QwO |}x]kv pwL `tW w OwW|t p=ta= |@v=H |wQ}v `tW x@ lJwm
=yG}o \UwD `tW |}=H@=H Q=Okt w OvwW|t xO}Wm `tW x@ pYDt |=ys}U 'xH}Dv
C@F Cw=iDt j=ta= QO |}=H@=H w wQ}v Q=Okt |Q=PoQ=@ Qy QO "OwW|t xO=O V}=tv
V}=tv 6 pmW QO u; l}D=tW KQ] u}vJty w V}=tR; x=oDUO Q} wYD "OwW|t
w OQi x@ QYLvt |xQ=tW l} =@ xOWs=Hv= |=yV}=tR; R= l} Qy "CU= xOW xO=O
Ga hwQL "CU= xOW XNWt Al� L �D� =} w Ga� L �D� CQwYx@
xO=iDU=OQwt `tW uOw@|tw}v}twr; |xOvyOu=Wv Al w uOw@xR}v=wr=o |xOvyOu=Wv
D hQL "CU= (cm) `tW pw] u; R= Oa@ OOa w `tW pw] Qou=}@ L hQL "CU=
QO =yV}=tR; "CU= (mm) `tW Q]k u; R= Oa@ OOa w `tW |HQ=N Q]k Qou=}@
xOWs=Hv= |=yV}=tR;CUQyi "CU= xOW s=Hv= Cw=iDt XwYNt uRw wO =@ l =N

"CU= xOy=Wt p@=k 6 w 5 |=ypwOH QO w G}=Dv CtUk QO

"xO=iDU= OQwt l =N |Ov@xv=O |vLvt "5 pmW
"�s}kDUt VQ@ V}=tR;� |rN=O l =m]Y= |x}w=R "3 pwOH
XwYNt uRw |@Uv sm =QD |rN=O l =m]Y= |x}w=R
(kN/m3) ��� �xHQO�

13 8 28�1 33
15 91�1 41 5

"xOWpOt |=y`tW C=YNWt "4 pwOH
|HQ=N Q]k xQ=w}O Ct=N[ nv=} pwOt uRw |xQ=tW

(mm) (mm) (GPa) (kg/m) `tW
21 7 2 4 196 1 1
27 2 4 196 1 3 2

24 8 1 4 68 0 4 3

xO=iDU= OQwt |=y`tW "2"5
uwiOt |=ypw] =@ |tw}v}twr; |=yxrwr w O}iU |xR}v=wr=o |=yxrwr R= V}=tR; u}= QO
|=yQ]k =@ =yxrwr u}= "CU= xOW xO=iDU= `tW u=wvax@ QDt|r}t 800 w 600 '400
2 4 w 1 4 |xQ=w}O |=yCt=N[ |=Q=O 'QDt|r}t 27 w 24 8 '21 7 |HQ=N
xOW s=Hv= =yxrwr u}= |wQ Q@ VWm V}=tR; "Ov=xDiQo Q=Qk xO=iDU= OQwt QDt|r}t
TvH R= 2 w 1 |=y`tW "OwW|t xOy=Wt 4 pwOH QO =yv; C=YNWt xm 'CU=

"CU= sw}v}twr; TvH R= R}v '3 `tW w xR}v=wr=o

l =N uRNt "3"5
QO `tW Q]k Q@=Q@ 10 O}=@ VvD |xk]vt Q}F-=D |x}=B Q@ xO=iDU= OQwt uRNt O=a@=
xDiQo Q_v QO |m}D=DU= Cr=L QO |@v=HQ=@ QF= CLD `tW |=Q@ wQ}v p=ta= CyH
Q]k x@ |wQ}=O uRNt l} R= xO=iDU= OQwt |=y`tW x@ xHwD =@ Qw_vt u}O@ [1]"OwW
|ki= |}=H@=H |Q}oxR=Ov= |=Q@ "CU= xOW xO=iDU= QDt l} `=iDQ= w QDt|r}t 700
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RQw=
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O=wH
wR=

R@|
Qwr@

QiaH "=y`tW |@v=H |Q@ Q=@ C}iQ_ u}tND "5 pwOH
(N) |}=yv |Q@ Q=@ C}iQ_

' = 330; 
 = 13 8kN=m3; e = 270mm; D = 21 7mm

Rt=Q@ |QJ w O=U=QB hwyQ}t C}wwU=QDB Rt=Q@ uUv=y L
Test No.��20 Diameter� �Eq. 13� �Eq. 10� �Eq. 9� �Fig. 3� �Eq. 6� (mm)

30 27 31 41 49 50 400 Ga� L40D21 7
62 74 88 110 126 151 600 Ga� L60D21 7
95 147 184 213 243 320 800 Ga� L80D21 7

' = 330; 
 = 13 8kN=m3; e = 270mm; D = 27mm

44 34 36 51 60 58 400 Ga� L40D27
94 92 106 136 156 176 600 Ga� L60D27
135 182 221 265 302 375 800 Ga� L80D27

' = 41 50; 
 = 15kN=m3; e = 270mm; D = 21 7mm

110 60 67 65 77 130 400 Ga� L40D21 7
180 163 199 175 199 417 600 Ga� L60D21 7
220 322 399 341 384 928 800 Ga� L80D21 7�

' = 41 50; 
 = 15kN=m3; e = 270mm; D = 27mm

145 74 77 81 95 146 400 Ga� L40D27
300 203 238 218 248 468 600 Ga� L60D27
370 401 490 424 478 1046 800 Ga� L80D27�

' = 330; 
 = 13 8kN=m3; e = 270mm; D = 24 8mm

44 31 33 44 55 55 400 Al � L40D24 8
85 85 90 117 144 156 600 Al � L60D24 8
85 167 183 230 278 332 800 Al � L80D24 8

"CU= xOw@v x=Dwm `tW CQwYx@ V}=tR; QO `tW u}= Q=DiQ �

"|@v=H Q=@ QF= CLD l =N K]U x@ C@Uv `tW u=QwO |x]kv "6 pwOH
(mm) l =N K]U x@ C@Uv u=QwO x]kv D 
 L

Test No.xOW xOy=Wt O=U=QB C}UwwU=QDB uUv=y (mm) (kN/m3) (mm)

300 290 310 310 21 7 13 8
400

Ga� L40D21 7
310 290 310 310 27 Ga� L40D27
310 290 310 310 21 7 15 Ga� L40D21 7
310 290 310 310 27 Ga� L40D27
430 440 440 460 21 7 13 8

600
Ga� L60D21 7

460 440 440 460 27 Ga� L60D27
470 440 440 470 21 7 15 Ga� L60D21 7
430 440 440 470 27 Ga� L60D27
590 590 620 640 21 7 13 8 800 Ga� L80D21 7
600 590 620 640 27 Ga� L80D27
300 290 300 300

24 8 13 8
400 Al� L40D24 8

440 440 460 470 600 Al� L60D24 8
600 590 620 630 800 Al� L80D24 8
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xOW QmP 4 w 3 |=ypwOH QO xm '`tW w l =N R= xOt;CUOx@ C=YNWt x@ xHwD =@
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u}tND xOWu=}@ |=y|Qw�D R= xO=iDU= =@V}=tR; OQwt |=y`tW |@v=H |}=yv |Q@ Q=@
CQwY QO CU= xOW O=yvW}B `tW |@v=H |Q@ Q=@ C}iQ_ |=Q@ "CU= xOW xOR
u=wvax@ Q]k �20 =@ Q@=Q@ |}=H@=H =@ Q_=vDt Q=@ Q=Okt '|}=H@=H � wQ}v |vLvt uDW=O
O=yvW}B CQwYx@ ẁ[wt u}= [4w3]"OwW xDiQo Q_v QO `tW |@v=H |Q@ Q=@ C}iQ_
Q}O=kt "CU= xDiQov Q=Qk u=QoWywSB |xO=iDU= OQwt Q=}at l} u=wvax@ w CU=
xOt;CUOx@ G}=Dv "CU= xOW GQO 5 pwOH QO xOWu=}@ |=y|Qw�D R= xOt;CUOx@
Q=Okt x@ |}xQ=W= w CU= |}=yv |Q@ Q=@ C}iQ_ pt=W \ki xm '=y|Qw�D u}= R=
lQO |=Q@ |}=H@=H � wQ}v |y=oW}=tR; |=yQ=Owtv |wQ Q@ 'OQ=Ov `tW |}=H@=H
l =N K]U QO |}=H@=H � wQ}v |=yQ=Owtv "CU= xOW XNWt QDy@ |xU}=kt w
600 '400 uwiOt |=ypw] w |@v=HQ=@ QF= CLD QDt|r}t 21 7 Q]k =@ `tW |=Q@
?amtQDt Q@ uDw}vwr}m 13 8 XwYNt uRw =@ |}xU=t l =N QO QDt|r}t 800 w
R}v QDt|r}t 27 Q]k |=Q@ x@=Wt |=yQ=Owtv "CU= xOW xO=O V}=tv 7 pmW QO
15 XwYNt uRw |=Q@ =yQ=Owtv u}= u}vJty "CU= xOy=Wt p@=k 8 pmW QO
10 w9 |=ypmW QO QDt|r}t 27 w 21 7 |=yQ]k |=Q@ w ?amtQDt Q@ uDw}vwr}m
=@ |t}v}twr; |=y`tW |}=H@=H � wQ}v Q=Owtv R}v 11 pmW QO "Ov=xOW xO=O u=Wv
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"l =N K]U QO =y`tW |}=H@=H � wQ}v |=yQ=Owtv "9 pmW

"l =N K]U QO =y`tW |}=H@=H � wQ}v |=yQ=Owtv "10 pmW

"l =N K]U QO =y`tW |}=H@=H � wQ}v |=yQ=Owtv "8 pmW

"OwW xO=iDU= O=U=QB VwQ R= OwW|t O=yvW}B =Pr w CU}v ?U=vt |L=Q]

x=Dwm |=y`tW QO u=QwO |x]kv "2"7
=@ x]kv u}= "Ovvm|t u=QwO |}x]kv QO |@v=H Q=@ QF= CLD |B uwO@ x=Dwm |=y`tW
R= xOt;CUOx@ Q}O=kt =@ x=Qty l =N pN=O QO xOWs=Hv= |=y|Q}oxR=Ov= x@ xHwD
uOQw; R= '=yQ=Owtv O=} R O=OaD p}rO x@ "CU= xOW GQO 6 pwOH QO OwHwt |=y|Qw�D
|=y|Qw�D u}@ "CU= xOW |Q=OOwN l =N pN=O QO xOW|Q}oxR=Ov= |=y|}=H@=H
|O=} R Cw=iDV}=tR; QO xOt;CUOx@ Q=Okt w u=QwO |x]kv |x@U=Lt |=Q@ xOWu=}@
xm OwW|t x_Lqt xDiQoCQwY |=yV}=tR; x@ xHwD =@ u}vJty "OwW|tv xOy=Wt
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"13 8 kN/m3 XwYNt uRw =@ l =N QO `tW pw] w Q]k QF= "12 pmW

"(L = 600 mm) `tW Q]k w l =N XwYNt uRw QF= "13 pmW

"(L = 600 mm) `tW pw] w l =N XwYNt uRw QF= "14 pmW

V}=Ri= Ea=@ XwYNt uRw w Q]k 'pw] |=yQDt=Q=B R= l} Qy V}=Ri=
u}= C=Q}}eD OYQO Q=Okt uDiQoQ_vQO =@ "OwW|t `tW |@v=H |Q@ Q=@ C}iQ_
u} QDT=UL xm OwW|t x_Lqt |@v=H |Q@ Q=@ C}iQ_ C=Q}}eD OYQO x@ =yQDt=Q=B
`tW Q]k C}=yvQO w `tW pw] u; R= Oa@ w l =N XwYNt uRw QDt=Q=B
=@ `tW QO `tW Q]k V}=Ri= u}vJty w l =N XwYNt uRw V}=Ri= "CU=
Q=@ QF= CLD `tW |Q@ Q=@ C}iQ_ |Q@ Q=@ V}=Ri= QO |QDW}@ Q}F-=D QDOvr@ pw]

"l =N K]U QO =y`tW |}=H@=H � wQ}v |=yQ=Owtv "11 pmW

xOy=Wt u=QwO |x]kv QO |O=} R Q}}eD `tW Q]k w l =N XwYNt uRw V}=Ri= =@
"OwW|tv

x=Dwm |=y`tW Q=DiQ "3"7
Q@ uDw}vwr}m 13 8 C@=F XwYNt uRw =@ l =N QO `tW Q]k w pw] C=Q}}eD

"CU= xOW xO=O u=Wv 12 pmW QO ?amtQDt
QDt|r}t 600 C@=F pw] =@ `tW Q]k w l =N XwYNt uRw C=Q}}eD u}vJty
?}DQD x@ QDt|r}t 21 7 C@=F Q]k =@ `tW pw] w l =N XwYNt uRw C=Q}}eD w

"CU= xOW xO=O V}=tv 14 w 13 |=ypmW QO
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"(L = 400 mm) l =N Cw=iDt j=ta= QO `tW |ki= |}=H@=H "17 pmW

"13 8 kN/m3 XwYNt uRw =@ l =N QO `tW pw] QF= "18 pmW

"(L = 800 mm) l =N Cw=iDt j=ta= QO `tW |ki= |}=H@=H "19 pmW

"(L = 600 mm) l =N Cw=iDt j=ta= QO `tW |ki= |}=H@=H "20 pmW

x=Dwm |=ypw] QO Q]k w l =N XwYNt uRw V}=Ri= u=ty x@ C@Uv |@v=H
"OQ=O

800 w 600' 400 |=ypw] =@ l =N j=ta= QO xR}v=wr=o `tW pmWQ}}eD
R= xrLQt 4 QO xvwtv u=wvax@ 17 =D15 |=ypmW QO |QDt|r}t 27 Q]k w QDt|r}t
|Q}oxR=Ov= |Q=PoQ=@ pw] QO xDUw}B Qw]x@ \=kv u}= "CU= xOW xO=OV}=tv |Q=PoQ=@
pmWQ}}eD u}vJty w u=QwO |x]kv "CU= xOWv xOQw; =Hv}= QO =yv; Q=Owtv xm 'Ov=xOW
u=UWm pmWQ}}eD CU= |y}O@ "OwW|t xO}O Kw[w x@ =ypmW u}= QO R}v u=UWm
QDx=Dwm |=y`tW w |]NQ}e ,qt=m �QDt|r}t 800 Ovv=t� QDW}@ pw] =@ |=y`tW
uOWQDx=Dwm =@|]NQ}e |=ypmWQ}}eD "CU=|]N x@l}ORv �QDt|r}t 400 Ovv=t�
Q}PBh=]av= w x=Dwm `tW xm |DQwY QO "Ov@=}|t Vy=m uOWQD?rY p}rOx@ `tW
|yHwDp@=k u=UWm |=ypmWQ}}eD 'u=QwO R= p@k &�|t}v}twr; |=y`tW Ovv=t� OW=@
QO |}=H@=H |Q}oxR=Ov= =@ xm Ovm|t u=QwO x@ ẁQW TBU w OyO|t u=Wv OwN R=
|ki= |}=H@=H x@ wQ}v Q=Owtv '18 pmW QO "CU= xOy=Wt p@=k Kw[w x@ jta
|=Q@ l =N jta QO `tW pmWQ}}eD '21 =D 19 |=ypmW QO w l =N K]U QO
"CU= xOW xO=O u=Wv QDt|r}t 800 w 600 '400 |=ypw] =@ |t}v}twr; |=y`tW
u=QwO R= p@k l =N K]U QO XNWt |@v=H Q=@ QF= CLD =y`tW u}= |}=H@=H
CLD `tW |}=H@=H Q=Okt 'Ovvm|t u=QwO x@ ẁQW =y`tW xm |t=ovy "CU= u=Um}
uwiOt pw] V}=Ri= =@ CU= |y}O@ "OQ=O =yv; uwiOt pw] x@ |oDU@ |@v=H Q=@ QF=
xH}Dv QO w OwW|t =H@=H l =N R= |QDW}@ sHL 'XNWt |}=H@=H l} |=Q@ '`tW
pmWQ}}eD |ovwoJ Cio|t u=wD|t C}=yvQO "CU= |QDW}@ |@v=H |wQ}v x@ R=}v
|=v@t xm '?rY ,qt=m p;xO}= |=y`tW Q=DiQ x@ C}@rY V}=Ri= =@ x=Dwm |=y`tW

"(L = 800 mm) l =N Cw=iDt j=ta= QO `tW |ki= |}=H@=H "15 pmW

"(L = 600 mm) l =N Cw=iDt j=ta= QO `tW |ki= |}=H@=H "16 pmW
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xOWx�=Q= \@=wQ |x}k@ x@ C@Uv xv}tR u}= QO |Q@ wO w Rt=Q@ \@=wQ "OwW xDiQo

"OvyO|t u=Wv OwN R= |QDW}@ CkO
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"CU= xOW x�=Q= |=yVwQ Q}=U x@ C@Uv |QDy@ VwQ
uUv=y VwQ R= xOQ@s=v |=yVwQ u=}t QO =y`tW |@v=H |Q@ Q=@C}iQ_ u} QDW}@ �
QO OwW|t O=yvW}B `tW O=} R |ki= |}=H@=H x@ xHwD =@ xm 'O};|t CUOx@
OQwt VwQ u}= \=}DL= =@ 'CU= C}ty= R�=L `tW |ki= u=mtQ}}eD xm |ak=wt
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"CU=yVwQ |x}k@ x@ C@Uv QDxO=U w QD`} QU O=U=QB VwQ |rw
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`tW |Q@ Q=@ C}iQ_ V}=Ri= Ea=@ wO Qy '`tW pw] V}=Ri= w Q]k V}=Ri= �
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"OyO|t u=Wv OwN R=
p;xO}= |=y`tW Q=DiQ x@ C}@rY V}=Ri= =@ x=Dwm |=y`tW pmWQ}}eD |ovwoJ �
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"Ovvm|t u=QwO x@ ẁQW l =N QO |}x]kv
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%Cio u=wD|t

=yCWwv=B
1. �x head
2. free head
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