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Vy=m Ea=@ Ov=wD|t ẁ[wt u}= "OvyO|t VWwB =Q Qo}Om} 'u}tR x@ =y`tW
?=NDv= u=vJ O}=@ xwQo QO =y`tW |xrY=i 'p;xO}= Qw]x@ "OwW `tW |Q@ Q=@ C}iQ_
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hrDNt pY=wi =@ |@v=H Q=@ O=ODt= QO xm 2 � 1 `tW xwQo R= Qw_vt u}= x@
|myqm \UwD `tW wO Ow@ sRq u}=Q@=v@ "s}OQm xO=iDU= 'OW|t xO=O Q=Qk =y`tW
24 � 3 cm2 O=a@= =@ |t}v}twr; lyqm R= Qw_vt u}= |=Q@ xm OwW pYw sy x@
lyqm x@ |}qwr |xr}Uwx@ =y`tW R= s=OmQy "s}OQm xO=iDU= 2 mm Ct=N[ w

"OW|t pYDt

=yV}=tR; s=Hv= |xwLv "3
`tW xwQo |Q=Po}=H w xU=t VR} Q |xwLv "1"3

C=mv R= |m} =yV}=tR; |xty |=Q@ u=Um} \}=QW uOQmsy=Qi s}v=O|t xm u=vJ
QO O}=@ xm |OQ=wt R= |m} wQ u}= R= "CU= |m} R}i |=ypOt CN=U QO |U=U=
R= Qw_vt u}= |=Q@ "CU= xU=t VR} Q QO |DN=wvm} OwW C}=aQ =yV}=tR; |xty
QD}r 6 sHLw 35 cm `=iDQ= w |}xQ}=O |xv=yO =@ |}xv=wDU= *|m}DUqB hQ_ l}
`=iDQ= R= TBU w xOW QB xU=t R= Q_v OQwt hQ_ xm ?}DQDu}O@ "s}OQm xO=iDU=
xU=t 'Ov}=Qi u}= |] QO =D OW|t xO=O CmQL V}=tR; x@aH |wQ QO 50 cm OwOL

"OwW xDN} Q x@aH pN=O x@ CN=wvm} CQwYx@
lyqm 'OwW |Q=Po}=H `tW xwQo O}=@ xm |a=iDQ= x@ xU=t K]U uO}UQ R= Oa@
`tW wO R= s=OmQy w OW xDU@ wQ}v p=kDv= sQy= x@ |rYit CQwYx@ `tW xwQo

"x=oW}=tR; \}Lt R= |}=tv "2 pmW

"=yV}=tR; s=Hv= *|}=tW Q=mwR=U "3 pmW
"V}=tR; OQwt |xU=t C=YNWt "1 pwOH


dmax 
dmin Gs �

17 08 (KN/m3) 14 20 (KN/m3) 2 637 28�

Qw_vtx@ 20 mm Ct=N[ w 80�70 cm2 O=a@=x@ Tqo|UmrB TvH R= h=iW
R= |}=tv 2 pmW QO "OW xO=iDU= l =N QO xOWO=H}= |=ypmW Q}}eD |xOy=Wt
xOW xO=O u=Wv =yV}=tR; s=Hv= Q=mwR=U R= |}=tW 3 pmW QO w 'x=oW}=tR; \}Lt

"CU=

V}=tR; OQwt |xU=t "2"2
?Qe p=tW QO `k=w 'u=}iwY |xk]vt lWN |xU=t R= =yV}=tR; s=Hv= Qw_vtx@
C=YNWtu}}aD |=Q@ sRq|=yV}=tR; R=pY=LG}=Dv KQW "CU= xOW xO=iDU= 'u=Q}=

"CU= xOt; xt=O= QO xU=t
xm OLDt |Ov@xk@] T=U=Q@ xO=iDU= OQwt |xU=t %l =N |Ov@xv=O V}=tR;
|xU=t wRH w xDW=O CN=wvm} |Ov@xv=O 'CUy R}v ASTM OQ=Ov=DU= O}}-=D OQwt
QO w 'l =N |Ov@xv=O |vLvt Q=Owtv 4 pmW QO "OQ}o|t Q=Qk SP xOW|Ov@xv=O O@

"CU= xOW x�=Q= V}=tR; OQwt |xU=t C=YNWt Q}=U 1 pwOH

xO=iDU= OQwt |=y`tW "3"2
|Q_v h} QaD xm CU= xOW xO=iDU= =yV}=tR; s=Hv= |=Q@ Ovr@ `tW R= xSwQB u}= QO

95



"""|
@v=H

Q=@C
LD`

tW
xwQo

h=Q
]=l

=NQ
=DiQ

|U
QQ@|xLiY R= |r=wDt Q} w=YD p=D}H}O u}@ QwO R= xO=iDU= =@ 'l =N pmW Q}}eD pw] QO

|HvUCaQU VwQ R= xO=iDU= =@ l =N pmW Q}}eD TBU w OwW|t xDiQo l =N
CUO x@ |=Q@ "OvwW|t u}}aD |r=wDt Q} wYD CiH Qy u}@=t '�PIV� C=QP |Q} wYD
|=yQ=OQ@ 'Q} wYD |=[i QO |Q}oxR=Ov= s=Hv= R= Oa@ 'O}it w syi p@=k C=aq]= uOQw;
|=[i x@ Q} wYD |=[i R= 'l} QDt=QowDi p}O@D R= xO=iDU= =@ pY=L *|}=Hx@=H
\}=QW 'u}@ QwO |vi C=YNWt T=U=Q@ p=kDv= |=yQDt=Q=B "OvwW|t pkDvt sUH
|=Q@ "OvwW|t u}}aD |@=}uwv=m VwQ =@ w xOy=Wt xQHvB C=YNWt w |Q=OQ@ Q} wYD
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=Q ẁ[wt u}= "OW=@ u}}=B x@ wQ wrH *̀ tW CU=Q *CQw=Ht QO xDiQoQ=Qk |=yxv=O
OwW|t xO}O =Pr "Ci=} QO R}v 10 pmW QO u; x@ \w@ Qt |vLvt w 8 pmW R= u=wD|t
Q=DiQ w O@=}|t Vy=m =y`tW u}@ VvmQOv= 'xwQo QO =y`tW |xrY=i V}=Ri= =@ xm
\w@ Qt |vLvt w 9 pmW x@ xHwD =@ "OwW|t QDl}ORv OQivt `tW Q=DiQ x@ =y`tW
l =N |=yxv=O '=y`tW 6B |xrY=i QO xm OwW|t xOy=Wt 10 pmW QO u; x@
w OvwW|t =Hx@=H OQivt `tW h=Q]= |=yxv=O Ovv=ty =y`tW R= s=OmQy h=Q]= QO

"OvQ=Ov Qo}Om} Q=DiQ Q@ |Q}F-=D =y`tW
u} QDW}@ 'Ovr@ `tWQU x@ |@v=H Q=@ uOW OQ=w QF=Q@ xm CU= u}= Qo}O |xDmv
|=yCtUk QO |ki= |}=Hx@=H u}= w OyO|t MQ `tWQU QO R}v |ki= |}=Hx@=H
'u}}=B x@ z=4B OwOL jta R= xm u}= =D O@=}|t Vy=m ,=H} QOD `tW QDu}}=B
|=yxv=O *|}=Hx@=H |=yQ=OQ@ =Pr 'OyO|tv u=Wv OwN R= |ki= |}=Hx@=H I}y `tW
'QDu}}=B |=yjta QO G} QODx@ w OvQ=O =Q xR=Ov= u} QDW}@ R}v l =N K]U QO xDiQoQ=Qk
jta R= xm u}= =D OvwW|t QDs}qt R}v =yu; |x} w=R w xOW QDsm =yQ=OQ@ |xR=Ov=
6 |=ypmW� OUQ|t QiY x@ |}=Hx@=H |=yQ=OQ@ |xR=Ov= u}}=B x@ z=4B OwOL

"�9 =D
OQivt `tW h=Q]= QO xOWO=H}= |}=Hx@=H |=yQ=OQ@ |=}=wR |xU}=kt Qw_vtx@
K]U� z/B=0 R=QD |=Q@ 10 pmW QO =}=wR u}= 'hrDNt pY=wi =@ `tW xwQo w
|x} w=R hQat s�=k QwLt pmW u}= QO xm CU= QmP u=}=W "CU= xOW sUQ �l =N
C@Ft Q=Okt pmW u}= QO u}vJty "CU= �xHQO ?ULQ@� ji= x@ C@Uv Q_v OQwt
|}=Hx@=H |=yQ=OQ@ |=Q@ u; |ivt Q=Okt w q=@ x@ wQ |}=Hx@=H |=yQ=OQ@ |=Q@ x} w=R
QO 'OwW|t xOy=Wt 10 pmW QO xm u=vJ "CU= xOW xDiQo Q_v QO u}}=B x@ wQ
xm O};|t OwHw x@ |}=Hx@=H |=yQ=OQ@ |x} w=R QO |v=yo =v VQB l} =y`tW pLt
=y`tW pLt QO 'Qo}O CQ=@ax@ "CU= wrH *̀ tW R= QDnQR@ ?ka *̀ tW |=Q@ VQB u}=
u}= xm OvwW|t p}O@D C@Ft x@ |ivt R= xQ=@l} l =N |}=Hx@=H |=yQ=OQ@ |x} w=R
uOw@ q=@ x@ wQ w '=y`tW ?ka QO QwmPt |=yQ=OQ@ uOw@ u}}=B x@ wQ R= |W=v Qt=
R= xwQo QF= '=y`tW 6B |xrY=i QO xm OwW|t xOy=Wt "CU=y`tW wrH QO =yu;
QO CU= |y}O@ "CU= u=Um} =y`tW R= s=OmQy pLt QO QwmPt VQB w xDiQ u}@

"CW=O Oy=wNv OwHw xwQo QF= R}v 6B R= V}@ pY=wi
`tW xwQo x@ \w@ Qt Q=Owtv *QiY ,=@} QkD |x} w=R x@ xHwD =@ xm u}= Qo}O |xDmv
'xwQo QO =y`tW *QDl}ORv pY=wi QO xm s}UQ|t xH}Dv u}= x@ '`tW wO u}@ QO 1B

CQ=@ax@ "OQ=Ov s�=k |}=Hx@=H w xOW =Hx@=H |ki= CQwYx@ =y`tW u}@ l =N
10 pmW x@ xHwD=@ u}vJty "Ow@ Oy=wN OQivt `tW Q=DiQ x}@W `tW wO Q=DiQ Qo}O

98



"""w
|ro

y=W
=}vQP

;?
}@L

'?=
v@|

wr}ra
|H

=LO
waU

t

"6B `tW xwQo |=Q@ l =N |WQ@ VvQm "14 pmW

"3B `tW xwQo |=Q@ l =N |WQ@ VvQm "15 pmW

`tW Q=DiQ |wQ `tW l} Q}F-=D w =y`tW u}@ VvmQOv= OwHw 'p=mW= u}= QO VvQm
Ci=} QO u=wD|t QwmPt |=ypmW |xU}=kt =@ u}vJty "CU= OwyWt ,qt=m Qo}O
w VvQm |=yxwo u}@ pN=OD '14 pmW QO =y`tW |xrY=i uOw@ QDO=} R p}rOx@ xm
`tW Q=DiQ x@ =y`tW Q=DiQ w CU= 13 pmW R= QDsm =y`tW u}@ VvmQOv= xH}DvQO
|=yxwo �15 pmW� 6B |xrY=i =@ `tW xwQo Cr=L QO "CU= QDl}ORv OQivt
`tW Q=DiQ Ovv=ty w u=Um} `tW wO Qy Q=DiQ w OvQ=Ov sy =@ |rN=OD I}y VvQm

"CU= OQivt

QO u; Q}F-=D |xOwOLt w xOWO=H}= |}=Hx@=H u=O}t |xU}=kt "3"4
`tW xwQo w OQivt `tW h=Q]=

`tW h=Q]= QO u; Q}F-=D |xOwOLt w xOWO=H}= |}=Hx@=H u=O}t |xU}=kt |=Q@
xv}tm |=Q@ xOwOLt u}= 'u; QO xm s}vm|t xO=iDU= 16 pmW R= '`tW xwQo w OQivt

"CU= xOW sUQ QDt|r}t 0 5 |}=Hx@=H
pN=O QO OwHwt l =N |=yxv=O |}=Hx@=H pmW u}= |=y|vLvt R= l} Qy QO
0 5 |vLvt |wQ RQt |}=Hx@=H "CU= QDt|r}t 0 5 R= QDW}@ 'Q}F-=D |xOwOLt
QO "CU= QDt|r}t 0 5 R= QDsm xOwOLt R= GQ=N |x}L=v |}=Hx@=H w 'QDt|r}t
=Hx@=H `tW u}}=BCtUk h=Q]= QO OwHwt |=yl =N xm OwW|t xOy=Wt 16 pmW

`tW h=Q]= |L]U l =N |}=Hx@=H |vLvt x@=Wt `tW Qy |=Q@ x]w@ Qt |vLvt
"CU= OQivt

w OQivt `tW h=Q]= l =N QO xOWO=H}= |WQ@ VvQm |xU}=kt "2"4
`tW xwQo

xwQo 'OQivt `tW h=Q]= l =N QO xOWO=H}= |WQ@ VvQm 15 |r= 12 |=ypmW QO
VvQm OwW|t xOy=Wt xm u=vJ "CU= xOW sUQ 6B w 3B '1B |xrY=i =@ `tW
h=Q]= x@ `tW pLt R= xJQy w OQ=O =Q Q=Okt u} QDW}@ `tW pLt QO l =N |WQ@
xO}O 15 |r= 12 p=mW= x@ xHwD =@ u}vJty "OwW|t QDsm u; Q=Okt s}vm CmQL
=y`tWQU R= xJQy w OQ=O =Q Q=Okt u} QDW}@ |WQ@ VvQm =y`tWQU QO xm OwW|t
x@ z=4B jta R= xm u}= =D O@=}|t Vy=m ,=H} QOD |WQ@ VvQm s}vm CmQL u}}=B x@
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1. particle image velocimetry (PIV)
2. group e�ect
3. image processing
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