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xOwr=W R= |@}mQD xm OW=@|t ?mQt xOwr=W ẁv R= 'j}kLD u}= QO Q_vOt xOwr=W
'j}kLD u}= |rY= h=Oy= R= |m} xm |}=H u; R= "CU= j}ta |=y`tW w |L]U
uOW |]NQ}e R= ?mQt xOwr=W Q@ QkDUt Qeq |=yxR=U `=iDv= |ovwoJ |UQQ@
|=xQ=wyoCmQL R= uOQ@ xQy@ |=Q@ |m =m]Y= |=y`tW R= u}=Q@=v@ 'OW=@|t l =N
|L=Q] |Qw] xOW xDiQo Q=m x@ xOwr=W 'u}vJty "CU= xOW xO=iDU= xOwr=W
xOW xDN=U ?mQt xOwr=W 'u}=Q@=v@ "Ovm Q=DiQ ?rY CQwYx@ xm CU= xOW
|tw}v}twr; xrwr xv O=OaD w xOwr=W u=wvax@ |Oqwi xLiY wO R= x=oW}=tR; QO
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t"161 xwmRwQ}i xU=t C=YNWt "4 pwOH
SP |Ov@xk@]

36=8 '(0)

18 dmax(kN=m3)

14=6 dmin(kN=m3)

0=943 emax
0=548 emin
0=27 D50
0=88 Cc

1=87 Cu

2=65 Gs

|=yV}=tR; QO |m} R}i |=y pOt |Q=PoQ=R@= w =yQoUL u=tO}J xwLv "5 pmW
"|Q=@H= V=aDQ=

"1 pOt O=R; V=aDQ= R= xOt; CUO x@ u=tR � ?=DW Q=Owtv "6 pmW

=yV}=tR; G}=Dv "3
O=R; V=aDQ= V}=tR; =OD@= 'pOt Qy |=Q@ |Q=@H= V=aDQ= |=yV}=tR; ẁQW R= p@k
x@ Q[ =@ O=R; V=aDQ= |=yV}=tR; "O}OQo s=Hv= sDU}U |a}@] Tv=mQi uDi=} |=Q@
xR=UwQ xOW |Q}oxR=Ov= ?=DW |v=tR xJN} Q=D R= xvwtv l} "O}OQo =QH= xR=UwQ x@
u=Wv 6 pmW QO 1 pOt |=Q@ O=R; V=aDQ= V}=tR; QO xR=UwQ x@ x@ Q[ R= |W=v
|a}@] Tv=mQi 'p=vo}UwtR}=U Q=Ri=sQv R= xO=iDU= =@ 'C}=yv QO "CU= xOW xO=O
|a}@] Tv=mQi R}v =ypOt Q}=U |=Q@ '?}DQD u}ty x@ "OwW|t |Q}o xR=Ov= sDU}U

"OW |Q}oxR=Ov= 5 pwOH j@=]t

"|Q=PoQ=@ |=ys=o C=YNWt "3 pwOH
|Q=PoQ=@ s=o

7 6 5 4 3 2 1
3076 1575 831 458 256 164 93 Q=wO sQH

�sQo �
99 99 107 109 85 85 85 `=aW

�QDt|r}t�

F = mrr!2 cos�+ (mr +mb) �u (1)

'�xOvvmpO=aDt=v |wQ}v xOvvmO=H}= sQH� Q=wO |tQH xvRw sQH mr 'x]@=Q u}= QO
'�Q=wO |tQH xvRw |tQH RmQt =D =ylU}O RmQt R= xrY=i� u=QwO `=aW r

mb 'Q=wO |tQH xvRw |=x} w=R C}akwt � w V=aDQ= |=x} w=R Tv=mQi !
x]@=Q QO pw= sQD "OW=@|t xR=UwQ |r=kDv= ?=DW �u w xR=UwQ C@=F sQH
sQD w Q=wO |tQH |=yxvRw \UwD xOW O=H}= xOvvmpO=aDt=v |wQ}v Qov=}@ '1
|UQv}= ?=DW R= |W=v xR=UwQ QO xOW O=H}= |UQv}= |wQ}v Qov=}@ u; swO
|=ys=o R= |=xawtHt pt=W pOt Qy QO |Q=PoQ=@ OvwQ "OW=@|t xOWO=H}=
xOW x�=Q= 3 pwOH QO |Q=PoQ=@ |=ys=o u}= C=YNWt "OW=@|t |Q=PoQ=@

"CU=
|Q=PoQ=@ Tv=mQi w C@=F u=QwO `=aW w Q=wO xvRw sQH |Q=PoQ=@ s=o Qy |oS} w R=
|L=Q] hrDNt |=}=wR QO xQ}=O R= |a=]k CQwY@ Q=wO |=ysQH "OW=@|t Q}eDt
|a}Uw |Q=PoQ=@ xR=@ xm Ov= xOW u}}aD hOy u}= =@ =y sQH "OvOW xDN=U w
'OvwQ u}= j@=]t xm} Qw]@ "OvyO VWwB =Q O=} R xvt=O =D sm |Q=PoQ=@ xvt=O R=
|]NQ}e xHQO '|Q=PoQ=@ QO |oDUw}B ^iL ut[ |Q=PoQ=@ xvt=O V}=Ri= =@
xOW p}mWD =yV}=tR; |QU l} R= |Q=PoQ=@ s=o Qy "O@=} V}=Ri= pOt uOW
QO xm CQwY u}O@ "OW=@|t C@=F R}v |Q=PoQ=@ Tv=mQi V}=tR; Qy QO "CU=
=D OwW|t xDW=O xov C@=F XNWtQ=Okt l} QO V=aDQ= Tv=mQi 'V}=tR; Qy
\}=QW x@ |@=}DUO =yV}=tR; u}= s=Hv= R= hOy "OUQ@ Q=O}=B Cr=L x@ sDU}U
|=xawtHt pt=W |Q=PoQ=@ s=oQy u}=Q@=v@ "OW=@|t |Q=PoQ=@ s=o Qy QO O}OWD
COt "OW=@|t O}OWD Tv=mQi C} QwLt =@ Cw=iDt |=yTv=mQi =@ =y V}=tR; R=

"CU= xOw@ �20� 2� x}v=F 20 OwOL QO V}=tR; Qy u=tR
QDU@ l =N C=YNWt �

x=oW}=tR; QO QDt 1 `=iDQ= w QDt 1=2 ZQa 'QDt 2=5 pw] =@ l =N x_iLt
x_iLt u}= QO |B QDU@ l =N u=wvax@ xwmRwQ}i 161 xU=t R= "OW xDN=U
|r@k u}kkLt \UwD OQ=Ov=DU= l =N l} u=wvax@ l =N u}= "CU= xOW xO=iDU=
uB=S |=Qw} wD xU=t x@=Wt w xOw@ CN=wvm} |Ov@xv=O |=Q=O w CU= xO}OQo |iQat
sm =QD Ov}=Qi "CU= xOW x�=Q= l =N u}= C=YNWt 4 pwOH QO [34]"OW=@|t
l} =D CiQ}PB s=Hv= |DUO |=yx@ wm R= xO=iDU= =@ w x}q x@ x}q CQwYx@ l =N

"OOQo O=H}= x@aH QU=DQU QO OYQO 80 sm =QD =@ CN=wvm} x}q
=yQoUL �

sQH Q} R QOGvU?=DW"CU= xOW x�=Q= 5pmWQO =yQoULC}akwt wu=tO}JxwLv
?Yv |Q=@H= V=aDQ= |=yV}=tR; CLD |UQv}= |wQ}v |Q}oxR=Ov= |=Q@ |v=kwi
|Q}oxR=Ov=|=Q@|ki=GvU|}=Hx@=Hl} w s�=kGvU|}=Hx@=HwO O=OaD "CU= xOW
R= 'u}vJty "CU= xOW xO=iDU= |ki= |}=Hx@=H w u=QwO pt=W xOwr=W MU=B
"CU= xOW xO=iDU= xR=UwQ |ki= |}=Hx@=H C@F |=Q@ |ki= GvU|}=Hx@=H l}
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"pw= s=o QO |Q=PoQ=@ R= |WN@ R= xOt; CUO x@ |UQv}= ?=DW "7 pmW

CmQL ZQi =@ l}D=tW CQwY x@ xR=UwQ MU=B xOvyO p}mWD |=yxirwt "8 pmW
"xR=UwQ |ki=

"Qo}Om} x@ C@Uv xR=UwQ MU=B xOvyO p}mWD |=yxirwt C=Q}}eD "9 pmW

V}=tR; j} Q] R= |m} R}i |=ypOt |=Q@ xOW |Q}oxR=Ov= |a}@] Tv=mQi "5 pwOH
"O=R; V=aDQ=

3 pOt 2 pOt 1 pOt
RDQy 3=7 RDQy 3=02 RDQy 3=7

u=Um} |a}@] Tv=mQi |=Q=O CN=wvm} V}=Q; =@ pOt wO 'G}=Dv u}= T=U= Q@
xH}Dv QO w QDtm |a}@] Tv=mQi |=Q=O RmQtDt V}=Q; =@ pOt xm |r=L QO "OvW=@|t
|v=QwO |DNU R= |W=v ,q=tDL= ẁ[wt u}= "OW=@|t QDsQv Qo}O pOt wO x@ C@Uv
u}}aD QO xOvvmu}}aD Vkv =y`tW V}=Q; 'u}=Q@=v@ "OW=@|t RmQtDt V}=Q; =@ pOt QDtm
|oDU@=w sOa 'u}vJty "OQ=O ?mQt xOwr=W Q@ |mDt |=ysDU}U |a}@] Tv=mQi
|v=QwO |DNU R= |W=v ,q=tDL= =y`tW Cw=iDt pw] =@ pOt wO |a}@] Tv=mQi
x@ "CU= xOw@ O=R; V=aDQ= V}=tR; QO xOWp=ta= |=x@ Q[ Q=@ CLD pOt wO u=Um}
x@ O=R; V=aDQ= V}=tR; QO x@ Q[ R= |W=v xOwr=W x@ xOQ=w |UQv}= Qovr OUQ|t Q_v
CLD =Q Cw=iDt |=y`tW pw] =@ =yuw}U=Ovwi |v=QwO |DNU xm CU= xOw@v |OL
'OW=@|t lJwm =y`tW QO xOW G}U@ |}=Hx@=H 'Qo}O CQ=@a x@ "OyO Q=Qk Q}F-=D
u=Um} 'Cw=iDt pw] =@ =y`tW QO xOW G}U@ |wQ}v |}=Hx@=H u; QO xm|Qw]x@
V=aDQ= V}=tR; '|m} R}i pOt Qy |=Q@ O=R; V=aDQ= V}=tR; s=Hv= R= TB "OW=@|t
QDV}B xm Qw]v=ty "OwW|t sDN sDiy s=o x@ w ẁQW pw= s=o R= ?}DQD x@ |Q=@H=
"OW=@|t Q}eDt V=aDQ= Tv=mQi =@ V}=tR; u}OvJ pt=W |Q=PoQ=@ s=o Qy 'OW u=}@
|=yV}=tR; 'TBU "OW=@ O}OWD Tv=mQi R= QDtm Tv=mQi |=Q=O O}=@ |}=OD@= V}=tR;
|=Q@ "O@=}|t xt=O= O}OWD \}=QW x@ uO}UQ CyH V=aDQ= Tv=mQi V}=Ri= =@ |Oa@
wO |=Q@ |Q=PoQ=@ pw= s=o QO xOt; CUO x@ |UQv}= ?=DW ' ẁ[wt u}= QDy@ lQO
'pmW u}= QO "CU= xOW x�=Q= 7 pmW QO u=Um} pw] w Cw=iDt V}=Q; =@ pOt
V}=tv Cw=iDt V}=Q; =@ pOt wO |=Q@ |Q=PoQ=@ pw= s=o QO xOW s=Hv= V}=tR; xU
V}=tR; l} 'V}=tR; xU u}= u=}t R= 'CU= XNWt xm Qw]v=ty "CU= xOW xO=O
V}=tR; l} w O}OWD \}=QW Q_=vDt V}=tR; l} 'O}OWD ẁkw R= V}B x@ \w@ Qt
xOW XNWt pmW QO V}=tR; Qy �f� Tv=mQi "OW=@|t O}OWD ẁkw R= TB |=Q@
|Q=PoQ=@ s=o =D j}kLD u}= QO Q_v Ot |m} R}ipOt xU Qy |=Q@ OvwQ u}= "CU=
u}= |rY= C} wrw= "Ovm|t =O}B xt=O= 'OW=@|t sDiy |Q=PoQ=@ s=o u=ty xm |}=yDv=

"OW=@|t O}OWD u}L sDU}U MU=B |UQQ@ j}kLD
|@Uv |}=Hx@=H xirwt xU R= pmWDt '|ki= CmQL ZQi =@ xR=UwQ MU=B
CmQL R= |W=v |}=Hx@=H w '(ur) xOwr=W u=QwO R= |W=v |}=Hx@=H '(us) xR=UwQ
"CU= xOW xO=O u=Wv 8 pmW QO l}D=tW Qw]x@ xm OW=@|t (uh) xOwr=W |r=kDv=
xirwt Q}F-=D xm O}OQo XNWt |m} R}ipOt xU Qy |=Q@ xR=UwQ MU=B |UQQ@ =@
|QDtm C}ty= Qo}O xirwt wO x@ C@Uv xOwr=W |r=kDv= CmQL R= |W=v |}=Hx@=H
|v=QwO CmQL 'OQ=O OwHw Qeq |=yxR=U Q=DiQ R= xm |Q=_Dv= j@] 'u}=Q@=v@ "OQ=O
'=DU=Q u}ty QO "OQm Q_vhQY |r=kDv= CmQL R= u=wD|t w OW=@|t ?r=e xOwr=W
wO '(ur) xOwr=W u=QwO R= |W=v |}=Hx@=H w (us) xR=UwQ |@Uv |}=Hx@=H xirwt
|wQ}v '|Q=PoQ=@ s=o V}=Ri= =@ "OvW=@|t xR=UwQ MU=B xOvyOp}mWD |rY= xirwt
"O@=}|tV}=Ri= R}v xR=UwQ MU=B u; `@D x@ xm OOQo|t OQ=w xR=UwQ x@ |QDW}@ |UQv}=
xR=UwQ MU=B xOvyOp}mWD xirwt wO C=Q}}eD C@Uv 'xHwD p@=k w syt C=mv R= |m}

"OW=@|t Qo}Om} x@ C@Uv
|}=Hx@=H xOvyOp}mWD OYQO ?UL Q@ xirwt wO C=Q}}eD C@Uv 9 pmW QO
xm Qw]v=ty "CU= xOW xO=O u=Wv Ovr@ |=y`tWCN=wvm}V}=Q; pOt |=Q@ (ut) pm
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"|Q=PoQ=@ |=ys=o |t=tD |=Q@ QDx=Dwm |=y`tW CN=wvm} V}=Q; =@ pOt xOwr=W u=QwO-|UQv}= Qovr Q=Owtv "10 pmW

G}=Dv R= xOW |Q}oxR=Ov= l =N � ?mQt xOwr=W � xR=U sDU}U MU=B 'xt=O= QO
xOwr=W u=QwO?UL Q@ x=oW}=tR; QO xOWxDN=U|m} R}i |=ypOt |=Q@|y=oW}=tR;
"OQ}o|t Q=Qk |UQQ@ w EL@ OQwt 'OW=@|t sDU}U |=xQ=wyo CmQL Qov=}@ xm ���
xvwtv u=wvax@ QDx=Dwm |=y`tW CN=wvm} V}=Q; =@ pOt �M � |WtN C}iQ_ Q=Owtv
s=o V}=Ri= =@ 'Q=_Dv= j@] "CU= xOW x�=Q= �N:m� QDtuDw}v OL=w =@ 10 pmW QO
Q=DiQ sDU}U 'O@=}|t V}=Ri= xR=UwQ x@ xOQ=w |UQv}= |wQ}v u; `@Dx@ xm |Q=PoQ=@
|=y|vLvt ' ẁ[wt u}= QDy@ lQO |=Q@ "OyO|t u=Wv OwN R= |QDW}@ |]NQ}e
|m} R}i pOt xU Qy |=Q@ |Q=PoQ=@ |=ys=o R= |O=OaD|WtNC}iQ_ Q=Owtv 5|rY=

"CU= xOW x�=Q= 11 pmW QO
|t=tD QO "O@=}|t Vy=m xOwr=W u=QwO |DNU '|Q=PoQ=@ |=ys=o QO |wQW}B =@
|=yQ=Owtv |rY= |vLvt '�sQ=yJ |Q=PoQ=@ s=o =D� x}rw= |=y|Q=PoQ=@ QO w =ypOt
|Q=PoQ=@ s=o R= TB xm |r=L QO "Ovvm|t Q=DiQ |]NlD CQwYx@ |WtN C}iQ_

|rY= VN@ xR=UwQ |@Uv |}=Hx@=H xirwt 'pw= |Q=PoQ=@ s=o QO 'OwW|t xOy=Wt
'O@=}|t V}=Ri= xOwr=W u=QwO '|Q=PoQ=@ s=o V}=Ri= =@ "OyO|t p}mWD =Q |}=Hx@=H
QO xOwr=W u=QwO R= |W=v |}=Hx@=H xirwt syU 'u=QwO x} w=R V}=Ri= =@ xm |Qw]x@
Vy=m xR=UwQ MU=B QO xR=UwQ |@Uv |}=Hx@=H xirwt syU w V}=Ri= xR=UwQ MU=B
Q=PoQ}F-=D xR=U |m}t=v}O Q=DiQ Q@ xR=UwQ MU=B QO 'xirwt wO u}= C@Uv Q}}eD "O@=}|t
?Hwt u=tDN=U QO C=k@] u=}t Ci} QO u=ty =} xR=UwQ |@Uv |}=Hx@=H "OW=@|t
|}=Hx@=H xm |r=L QO 'OwW|t |=xR=U Q@ Q=@ |=RH= QO =yVvQm w =yVvD O=H}=
MU=B `=iDv= 'u}=Q@=v@ "OOQo|tv C=k@] u=}t Ci} QO x@ QHvt xOwr=W u=QwO R= |W=v
xR=UwQ |@Uv |}=Hx@=HVy=m pt=a wO R= |B QDU@ l =N uOW |]NQ}e R= xR=UwQ
xm CU= |vDio "OwW|t pY=L xOwr=W |=xQ=wyo CmQL R= |W=v |}=Q}t u}vJty w
|Q=PoQ=@ |=ys=o QO |wQW}B =@ R}v xOwr=W |=xQ=wyo Q=DiQ R= |W=v sDU}U |}=Q}t

"OW=@|t QDU@ l =N |]NQ}e Q=DiQ pY=L |}=Q}t u}= "O@=}|t V}=Ri=

36



4|
xQ=t

W'
39

|xQ
wO'

�14
02

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt

"�xR=U uRw =@ xOW p=tQv� xR=UwQ QO |UQv}= |wQ}v |=[=kD "12 pmW

"xR=U `=iDQ= =@ xOW p=tQv xR=UwQ pm |}=Hx@=H Q=Owtv "13 pmW

"CU= xOW x�=Q= 14 pmW w 13 pmW '12 pmW QO?}DQD x@ xOwr=W u=QwO?UL Q@
`=iDQ=?UL Q@|}=Hx@=H|=yQ=Owtv w �W � xR=UwQ uRw?UL Q@ �F �|UQv}= |wQ}v
|DNU x@ xDU@=w 'xR=UwQ |=Q@ xOt; CUO x@ pm |}=Hx@=H "Ov=xOW p=tQv �h� xR=U
|=yQ=Owtv QO CkO =@ OUQ|t Q_v@ "OW=@|t pOt |}=Q}t u}vJty w pOt |v=QwO
xU}=kt u}vJty w xrY=L G}=Dv Q}UiD 'xR=UwQ |@Uv |}=Hx@=H w |UQv}= |wQ}v
u}= "OOQo|t QU}t xv=o =OH R=i wO x@ =ypOt Q=DiQ l}miD j} Q] R= Qo}Om} =@ =ypOt
u}= ?UL Q@ 'OvwW|t =OH Qo}Om} R= XNWt xOwr=W u=QwO x} w=R l} QO xm R=i wO
l}miDx@|m} R}ipOt xU Qy |=Q@ �xR=UwQ|@Uv|}=H@=H w|UQv}= |wQ}v� xirwt wO
'R=iQ}}eD Q_=vDt xOwr=W u=QwO x} w=R u}= |rY= |oS} w "CU= xOW x�=Q= 15 pmW QO
G}U@p}rO@,q=tDL=|DNUVy=mu}= "OW=@|t xOwr=W|v=QwO|DNU|v=yo =vVy=m
�Q=OH |WWm Ctw=kt XwYN x@� =y`tW Q=OH Ctw=kt R= |t_a= VN@ uOW
OW=@|t ?r=e Q=OH Ctw=kt '|m =m]Y= |=y`tW QO xm CU= |vDio "OyO|t MQ
|Ov@ R=i |rY= |=y|oS} w R= Qo}O |m} 'u}vJty "CU}v xHwD p@=k lwv Ctw=kt w
"OW=@|t swO R=i QO xR=UwQCi} QO u=ty =} w|@Uv|}=Hx@=HV}=Ri= sOa 'xOWs=Hv=
V}=Ri= =@ xR=UwQ |@Uv |}=Hx@=H 'swO R=i x@ xOwr=W OwQw =@ 'Qo}O CQ=@a x@
|}=Hx@=H Vy=m =} V}=Ri= sOa "O@=}|t Vy=m |DL =} w xOv=t C@=F |UQv}= |wQ}v
|=yVvQm w =yVvD =Q} R 'CU= xOt; OwHwx@ \}=QW R= xR=UwQ `=iDv= Qov=}@ xR=UwQ
xOwr=W u=QwO x} w=R "OW=@|t xR=UwQ |@Uv |}=Hx@=H R= |W=v xR=U QO xOW O=H}=
'xHQO 0=0019 Q@=Q@ Ovr@ |=y`tW CN=wvm} V}=Q; pOt |=Q@ R=i Q}}eD Q_=vDt
V}=Q; pOt |=Q@ w xHQO 0=004 Q@=Q@ Ovr@ |=y`tW RmQtDt V}=Q; pOt |=Q@

"xOwr=W u=QwO � |UQv}= Qovr Q=Owtv |rY= |vLvt "11 pmW

u=Wv OwN R= |Dw=iDt |v=QwO Q=DiQ =ypOt '|B xHwDp@=k|]NQ}e Q=DiQ RwQ@ w sQ=yJ
=t= 'Ovvm|t Q=DiQ |]NlD CQwY@ u=vJty RmQtDt V}=Q; =@pOt xJQo = "OvyO|t
V}=Q; QO Q}}eD 'u}=Q@=v@ "Ovvm|t Q=DiQ |]NwO CQwYx@ CN=wvm} V}=Q; =@ =ypOt
'=DU=Q u}ty QO "OyO Q=Qk Q}F-=D CLD =Q |B |v=QwO Q=DiQ C}y=t CU= umtt =y`tW
x@ xJ xOwr=W '=y`tW pw] w =y`tW V}=Q; p}@k R= ?mQt xOwr=W C=YNWt Q}}eD =@
Q=Okt ^=Lr x@ xJ w O}OQo xOy=Wt =y`tWV}=Q; Q}}eD QF= QO xm |Q=DiQC}y=t ^=Lr
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