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u=tt Q=Okt COW x@ 'p}rLD QO ?rY lyqm ZQi =@ u}vJty "OQ=O |oDU@ xwQo
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'3VN@ QO "OQ}o|t Q=Qk xar=]t OQwt l =N w `tW lQDWt K]U |=yQDt=Q=B 'l =N
CU= xOW x�=Q= `tW xwQo |R=UpOt '4 VN@ QO w |m}t=v}O p}rLD QO QF-wt pt=wa

"CU= xOW xDN=OQB |Q}oxH}Dv w p}rLD x@ '=yDv= QO w

'=ypB '|}=} QO |=yxR=U '=yGQ@� OvQ=O Q=Qk |m}t=v}O |=yQ=@ CLD xm |}=yxR=U QO
|=yx}q x@ wQ}v p=kDv= |=Q@ swUQt VwQ `tW xwQo '�"""w |DavY |=yu}W=t |B
`tW lyqm [1]"CU= CUWv hqDN= Vy=m w CUWv Vy=m 'QDu}}=B sw=kt
C=k}kLD [2]"OwW|t xO=iDU= =y`tW u}@ =yQ=@ `} RwD |=Q@ '|}xR=U w[a u=wvax@
p@=k Q}F-=D lyqm x@ `tW p=YD= \}=QW w `tW xwQo lyqm |DNU OyO|t u=Wv
syt C=mv R= |m} [3]"OQ=O |@v=H |=yQ=@ Q@=Q@ QO `tW xwQo Q=DiQ QO |}x_Lqt
QO "CU= l =N � `tW � lyqm sDU}U |DNU u}}aD '|atW |=y|B |L=Q] QO
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Q}PBh=]av= lyqm ?rY lyqm `tW QU QO u=tt =} wQ}v xLiY3 w 1 |=y`tW 4 w 2 |=y`tW 3 w 1 |=y`tW 4 w 2 |=y`tW
202 267 234 5 234 5 �kN� |@v=H Q=@

X-Z�152 264 23 23 �kN-m� |WtN u=tt
30 34 - - �kN� |@v=H Q=@

Y-Z�194 �222 - - �kN-m� |WtN u=tt
3329 5463 3364 5428 �kN� |QwLt |wQ}v
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w \@=wQ x@ xHwD =@ VN@ u}= QO "OQ=O |y=oW}=tR; w |}=QLY |=yV}=tR; x@ R=}v
=@ CU= xOW |aU l =N w `tW lQDWt K]U |=yQDt=Q=B |=Q@ xOWx�=Q= |=ypOt

"OvwW XNWt =yQDt=Q=B u}= '|OOa |=yp}rLD

[4]l =N w `tW lQDWt K]U QO |WQ@ |=yQvi Q=DiQ "1"2
|@Uv |WQ@ |}=Hx@=H s=ovy QO lQDWt K]U |WQ@ Q=DiQ '|OOa |=ypOt QO
1 |x]@=Q j@=]t(Ks) Qvi |WQ@ |DNU =@ 'pOt |xm@W \=kv w `tW |=yxQo u}@

%�4 pmW� OwW|t u=}@
Fs
L

= Ks
�
usp � usm� (1)

|}=Hx@=H usm '`tW |QwLt|}=Hx@=H usp '|WQ@ Qvi QO |WQ@ |wQ}v Fs 'u; QO xm
"CU= u=tr= pw] L w `tW QwLt |=DU=Q QO �nvU =} l =N� pOt

%OwW|t u=}@ 2 |x]@=Q CQwYx@ `tW u=tr= pw] OL=w Q@ xv}W}@ |WQ@ |wQ}v
(Fmax
s )
L

= cs + �m � tan(�s)� perimeter (2)

u=tr= h=Q]= |xOvvmOwOLt VvD �m '|WQ@ Qvi |oOv@UJ Ctw=kt cs 'u; QO xm
"CU= |WQ@ Qvi l =m]Y= |x} w=R �s w `tW

[11]l =N w `tW lQDWt K]U QO p=tQv |=yQvi Q=DiQ "2"2
|R=UpOt p=tQv Qvi \UwD pOt |xm@W \=kv w `tW lQDWt K]U p=tQv Q=DiQ
|xm@W \=kv w `tW |=yxQo u}@ |@Uv p=tQv |}=Hx@=H 'Qo}O CQ=@ax@ "OwW|t

[10]"xQm Nak-Kong |xv=NOwQ QO pB |x}=B "1 pmW

Nak-Kong |xv=NOwQ QO pB |x}=B |=Q@ Q}PBh=]av= lyqm =@ p}rLD "2 pmW
[10]"xQm

[11]l =N w `tW lQDWt K]U |=yQDt=Q=B "2
|WN Qovr w p=tQv '|WQ@ |=ywQ}v xm CU= |O=R; |xHQO 12 |=Q=O `tW u=tr=
R= |@}mQD `tW u=tr= `k=w QO "OyO|t p=kDv= OwOLt p[=iD |xm@W \=kv x@ =Q
p=tQv |wQ}v w u=tr= |R=wt |WQ@ |wQ}v u; QO xm 'CU= p@=m w Q}D |=yu=tr= Q=DiQ
|=yQvi R= 'pOt |xm@W \=kv x@ `tW |=yxQo p=YD= QO "CU= u=tr= Q@ Owta
l =N w `tW lQDWt K]U |=yQDt=Q=B u}}aD [11]"OwW|t xO=iDU= |WQ@ w p=tQv
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[11]"`tW u=tr= QO |WQ@ Qvi Q=DiQ "4 pmW

[11]"`tW u=tr= QO p=tQv Qvi Q=DiQ "5 pmW

|rN=O l =m]Y= |x} w=R Q@=Q@ (�s) |WQ@ Qvi l =m]Y= |x} w=R Ctw=kt
|x} w=R 2

3 Q@=Q@ `tW h=Y K]U |=Q@ QDt=Q=B u}= ut[ QO "OwW|t xDiQo Q_v QO
[11]"CU= l =N |rN=O l =m]Y=

|oOv@UJ QO `tW\}Lt ?Q[pY=L Q@=Q@ (cs)|WQ@ Qvi|oOv@UJCtw=kt
xOWx@U=Lt Q=Okt 2

3 Q@=Q@ `tW h=Y K]U |=Q@ QDt=Q=B u}= ut[ QO "CU= l =N
[11]"OwW|t xDiQo Q_v QO

[12]%OQm x@U=Lt =Q lQDWt K]U |WQ@ |DNU u=wD|t '5 |x]@=Q x@ xHwD =@

Ks = Kn
1� 2#

2 (1� #)
(5)

%OwW xHwD 6 |x]@=Q x@ O}=@ ut[ QO "CU= l =N uwU=wB ?} Q[ # 'u; QO xm

Ks < Kn < 10�
 
K + 4

3G
Dmin

!
(6)

u=tr= Oa@ |xv}tm w |WQ@ pwOt '|tHL pwOt ?}DQD x@ Dmin w G 'K 'u; QO xm
[4]"CU=

� `tW lQDWt K]U QO p=tQv Qvi |=yQDt=Q=B C}ty= x@ xHwD =@ 'xt=O= QO

%�5 pmW� OwW|t u=}@ 3 |x]@=Q j@=]t (Kn) p=tQv |DNU =@ 'pOt
Fn
L

= Kn
�
unp � unm� (3)

Q@ Owta CyH QO `tW |}=Hx@=H unp 'p=tQv Qvi QO p=tQv |wQ}v Fn 'u; QO xm
`tW QwLt Q@ Owta CyH QO �nvU =} l =N� \}Lt |}=Hx@=H unm w u; QwLt

"CU=
%OwW|t u=}@ 4 |xrO=at CQwYx@ `tW u=tr= pw] OL=w Q@ xv}W}@ p=tQv |wQ}v
(Fmax
n )
L

= cn + �m � tan(�n)� perimeter (4)

"CU= p=tQv Qvi l =m]Y= |x} w=R �n w p=tQv Qvi |oOv@UJ Ctw=kt cn 'u; QO xm

l =N w `tW lQDWt K]U |=yQDt=Q=B u}}aD "3"2
"CU= Q=wWO l =N w `tW lQDWt K]U |=yQDt=Q=B x@|UQDUO 'OQ=wt R= |Q=}U@ QO
|=yQDt=Q=B uOQw;CUOx@ CyH |}=yQ=my=Q 'l =N ẁv x@ xHwD =@ VN@ u}= QO

%OwW|t x�=Q= lQDWt K]U
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%Ovvm|t p=ta= |RQt
tn = ��CPVn (7)

ts = ��CsVs (8)

w Cp w |r=oJ � 'xQo |WQ@ w p=tQv |=yCaQU ?}DQD x@ Vs w Vn '=yv; QO xm
|}xQo Qy QO ts w tn '|D=@U=Lt s=o Qy QO "OvDUy S w P Gwt |=yCaQU Cs
|RQt |=ywQ}v x@=Wt |} wQ}v =yxQo u; x@ w OwW|t x@U=Lt 'OQ=O s=Q; RQt \}=QW xm
|wQ}v -=O@t xm CU= |v=tR 's=Q; RQt R= xO=iDU= |=Q@ Cr=L u} QDy@ "OvwW|t p=ta=
\}=QW CQwYx@ |m}t=v}O |wQ}v xm |Dkw "OW=@ xOW `k=w pOt pN=O QO |m}t=v}O
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"OwW|t xO=iDU= O=R; u=O}t |=yRQt
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O}=@ |@v=H |=yRQt QO |RQt \}=QW '|L]U |=yxR=U |}xRQr MU=B p}rLD |=Q@
=yRQt u}= "OwW sy=Qi xR=U Qw[L sOa \}=QW QO CmQL |O=R; xm OW=@ |}xvwo x@
\}=QW w xv}tm G=wt= ?=DR=@ Q}F-=D =D 'OvQ}o Q=Qk xR=U R= |@U=vt |xrY=i QO O}=@
=yRQt QO '1976 p=U QO |WywSB QO |O=yvW}B O=R; u=O}t "OwW sy=Qi O=R; V=aDQ=
x@ xHwD =@ [14]"Ovvm ^iL =Q OwN |SQv= ?PH |oS} w =yRQt =D &OwW|t xO=iDU=
w OwW|t pOt O=R; u=O}t |xm@W x@ RwmU} w |}=Q}t p=YD= =@ O=R; RQt '7 pmW
p=ta= |rY= |xm@W RQt x@ O=R; u=O}t |xm@W uR=wDt=v |=ywQ}v CQwY u}O@

%OvwW|t u=}@ 10 w 9 CqO=at =@ =ywQ}v u}= "OwW|t

Fx = �[�Cp
�
V mx � V ffx

�� �ffxx ]�Sy (9)

Fy = �[�Cs
�
V my � V ffy

�� �ffxy ]�Sy (10)

|}xQo |x]kv QO y w x CyH QO CaQU ?}DQD x@ V my w V mx '\@=wQ u}= QO xm
|=yGwt Q=WDv= CaQU ?}DQD x@ Cs w Cp '|r=oJ � 'RQt QO |rY= |xm@W
|}xQo |x]kv QO y w x CyH QO CaQU ?}DQD x@ V ffy w V ffx '|WQ@ w |Q=Wi
|x]kv QO O=R; u=O}t |WQ@ w p=tQv VvD ?}DQD x@ �ffxy w �ffxx 'RQt QO O=R; u=O}t

"Ov=|RQt u=tr= |Owta |xR=Ov= \UwDt �Sy w |}xQo

[11]"O=R; u=O}t |xm@W x=Qty x@ |L]U |}xRQr p}rLD pOt "7 pmW

"p=tQv Qvi |=yQDt=Q=B u}tND CyH |twyit pOt uqB "6 pmW

xDN=OQB p=tQv Qvi |=yQDt=Q=B uOQw;CUOx@ |xwLv x@ '|@v=H |Q=PoQ=@ QO l =N
%CU= xOW

j@=]t |rOt R= l =N w `tW lQDWt K]U p=tQv |=yQDt=Q=B |x@U=Lt CyH
=@ w |R=UpOt Q}D |=yu=tr= |xr}Uwx@ `tW 'pOt u}= QO "OwW|t xO=iDU= 6 pmW
|=yxQo x@ CaQU p=ta= "OwW|t pYDt pOt |xm@W x@ Interface |=yu=tr=
hQ] R= wQ}v p=ta= =@ u=tRsy "OwW|t l =N x@ `tW R= wQ}v p=ta= ?@U 'Q}D u=tr=
|UQQ@ l =N w �Q}D u=tr=� `tW u}@ |@Uv |}=Hx@=H w |@v=H |wQ}v 'l =N x@ `tW
xDU@=w l =N |x@v=H xty |=yVvD x@ |@v=H |wQ}v |xv}W}@ OwW xHwD "OwW|t
C@=F pmWQ}}eD w VvD x@ C@Uv l =N |DNU w |Dtw=kt |=yQDt=Q=B Qo = "CU=

"OR u}tND =Q p=tQv Qvi |=yQDt=Q=B 'VvD K]U wO =@ |xv}tm u=wD|t 'OvW=@

|m}t=v}O p}rLD QO QF-wt pt=wa "3
\}=QW '|m}t=v}O |Q=PoQ=@ %R= CU= CQ=@a |m}t=v}O p}rLD QO syt C=_Lqt
|xJN} Q=D CQwYx@ u=wD|t =Q|m}t=v}O |=yQ=@ "pOt QO Gwt p=kDv= w|}=Q}t '|RQt
Vkv |Ov@xm@W '|OOa |=y|R=UpOt QO "OQm p=ta= wQ}v w VvD 'CaQU '?=DW
|=yp}rLD QO "OQ}o Q=Qk xHwD OQwt O}=@ xDmv u}= w OQ=O G=wt= p=kDv= QO |}=RUx@
=@ w OvwW|t pOt pN=O x@ G=wt= ?=DR=@ ?@U u=UWm w C@=F |=yRQt |m}t=v}O
|SQv= QDW}@ 'Kr=Yt OwN |}=Q}t =Q} R 'O@=}|t Vy=m ?=DR=@ u}= pOt uOQmnQR@
"O@r]|t =Q|}q=@|D=@U=Lt sHL Q=m u}=|rw 'Ovm|t ?PH =Q xOW?=DR=@ |=yGwt
?=DR=@ R= |Q}owrH CyH ?U=vt |=yRQt R= O}=@ 'pOt uOQmnQR@ R= |Q}owrH |=Q@

"OQm xO=iDU= G=wt=

[11]2s=Q; RQt "1"3
?@U '|RQt |=yxQo QO pkDUt |=yQo =Q}t u=QoWywSB \UwD xOWx�=Q= s=Q; RQt QO
|U=mav= w OwW ?PH pt=m Qw] x@ ,=@} QkD '|OwQw |tHL Gwt |SQv= =D OvwW|t
QDtm xHQO 30 R= RQt =@ =yu; OQwNQ@ |x} w=R xm |H=wt= |=Q@ xD@r= "OQ}ov CQwY
"Ovm|t ?PH =Q |OwQw |SQv= |@} QkD Qw]x@ pOt u}= '|L]U |=yGwt |=Q@ =} OW=@
u=tr= |=yVwQ QO |SQv= ?PH QO pOt u}= ?U=vt C=}YwYN CQwY Qy QO

[13]"CU= xOW C=@F= w |UQQ@ OwOLt p[=iD w OwOLt
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"VywSB u}= QO xO=iDU= OQwt `tW xwQo lyqm `=wv= "8 pmW

"pOt |xUOvy "9 pmW

"l =N |=yQDt=Q=B "2 pwOH
sm =QDt |xU=t CUU |xU=t OL=w l =N |=yQDt=Q=B
1 54� 104 6 07� 103 (kN/m2) |WQ@ pwOt
3 34� 104 2 84� 104 (kN/m2) |tHL pwOt

0 3 0 4 - uwU=wB ?} Q[
5 0 2 0 (kN/m2) |oOv@UJ
34 28 (deg) |rN=O l =m]Y= |x} w=R

1900 1600 (kg/m3) |r=oJ
2 0 (deg) `=UD= |x} w=R

\}Lt QO x@v=Hxty VvD ?Q[pY=L w pw] OL=w QO p=tQv |wQ}v 'jta Qy |=Q@
"�11 w 10 |=ypmW� OwW|t sUQhrDNt|@Uv p=tQv |=y|}=Hx@=H <=R= x@ '`tW
Q@xv}W}@ p=tQv |wQ}v '(Kn) p=tQv |DNU '11 w 10 |=ypmW x@ xHwD =@
\}Lt QO xv}W}@ |x@v=Hxty QF-wt VvD ?Q[pY=L w

�
Fmax
n
L

� `tW pw] OL=w
"CU= xOW xYqN 4 pwOH QO (�pm) `tW

Q@=Q@ QO `tW pw] OL=w Q@ xv}W}@ p=tQv |wQ}v Q=Owtv '4 pwOH T=U= Q@
|xU=t |x}q |=Q@ '`tW \}Lt QO xv}W}@ |x@v=Hxty QF-wt VvD ?Q[pY=L
"CU= xOW xO=O u=Wv 13 w 12 |=ypmW QO?}DQD x@ sm =QDt |xU=t |x}q wCUU
Ctw=kt '(Kn) p=tQv |DNU '13 w 12 |=ypmW w 4 pwOH x@ xHwD =@
|xU=t |=Q@ (�n) p=tQv Qvi |m =m]Y= Ctw=kt w (Cn) p=tQv Qvi |oOv@UJ

"CU= xOW x�=Q= 5 pwOH QO sm =QDt |xU=t w CUU
6 pwOH QO l =N w `tW lQDWt K]U|WQ@ |=yQDt=Q=B '"3"2VN@ x@ xHwD =@

"CU= xOW xYqN

[11]Gwt p=kDv= "3"3
Gwt Q=WDv= QO CU= umtt |OOa |=yVwQ R= xO=iDU= =@ |m}t=v}O p}rLD QO
"CU= xm@W O=a@= w |R=UpOt \}=QW `@=D =]N u}= xm 'O}; OwHwx@ |OOa |=]N
Q}F-=D Gwt p=kDv= |DUQO Q@ wO Qy sDU}U Gwt p=kDv= CaQU w |OwQw Gwt Ot=U@
Gwt K}LY p=kDv= |=Q@ xm OvO=O u=Wv Kuhlemeyer w Lysmer "OvQ=Po|t
\w@ Qt Gwt pw] u} QDW}@ 1

8 =D 1
10 R= O}=@ ,=@} QkD u=tr= O=a@= '|OOa |=ypOt QO

|OwQw |m}t=v}O Q=@ Qo = "��L < �
10
� OW=@ QDtm '|OwQw Gwt Ot=U@ u} QDW}@ x@

QO w OwW|t R} Q Q=}U@ =yu=tr= O=a@= Cr=L u}= QO 'OW=@ |}q=@ |=yOt=U@ |w=L
=@ |ak=wt u}vJ QO "OW Oy=wN |vqw] Q=}U@ pOt p}rLD |=Q@ R=}vOQwt u=tR xH}Dv
|=yu=tr= R= u=wD|t q=@ Ot=U@ |=yxir-wt hPL w |OwQw Gwt |xJN} Q=D uOQmQDr}i

"OQm xO=iDU= |QDnQR@
|=yOt=U@ 'x} Qwi|QUp}O@D |xw}Wltm x@ u=wD|t|OwQw Gwt uOQmQDr}i|=Q@
u}=Q@=v@ "OQm hPL =Q xOWXNWt |xOwOLt R= QDW}@ |=yOt=U@ w|@=} RQ= =Q |OwQw

"CW=O CkO u; |Ot=U@ |=wDLt x@ O}=@ |OwQw Gwt p=ta= R= p@k

`tW xwQo |R=UpOt "4
|m}D=tv}U VvmQOv= sy w xR=U R= |W=v |wQ}v sy xm OvyO|t u=Wv C=k}kLD
T=U=Q@ O}=@ p}rLD u}=Q@=v@ 'OQ=O =y`tW Q=DiQ QO |tyt Vkv l =N w `tW u}@
|UQQ@ Qw_vt x@ 'VywSB u}= QO "OQ}o CQwY l =N � `tW � xR=U VvmQOv=
|Q=OOwN xR=U x@ s�=k w |@v=H |m}D=DU= |=yQ=@ p=ta= R= '|m}D=tv}U VvmQOv=
'`tW xwQo |m}t=v}O Q=DiQ QO lyqm |DNU OQmrta |UQQ@ CyH "CU= xOW
`k=w QO "CU= xOW xO=iDU= =y`tWQU p=YD= |=Q@ '8 pmW =@ j@=]t |}=ypOt R=

"O@=}|t V}=Ri= G} QOD x@ 4 pOt x@ 1 pOt R= lyqm |DNU
x@ `tW xwQo lyqm VN@ |DNU '=yQ}D QF-wt pw] Vy=m =@ 'T=U= u}= Q@
QDx_Lqt p@=k EI/L |WtN |DNU |=Q@ ẁ[wt u}= "O@=}|t V}=Ri= ?U=vD

"CU=
|xU=t w CUU |xU=t pt=W |}x}q wO l =N l} QO `k=w `tW xwQo '9 pmW
|Q=DiQ pOt R= "OyO|t u=Wv =Q QDt 15 w QDt 10 Ct=N[ x@ ?}DQD x@ sm =QDt
pw] "CU= xOW xO=iDU= xR=U w l =N |=Q@ ?}DQD x@ u=UWm w ?trwm � Qywt
u}@ xOQ=w |WQ@ |wQ}v 'l =N =@ lyqm T=tD CQwY QO "CU= QDt 15 5 =y`tW
lyqm 'l =N =@ `tW lyqm T=tD sOa |=Q@ [15]"OwW|t `} RwD lyqm w =y`tW
|x}q QO =y`tW |}=yDv= QDt 5 'Qo}O CQ=@ax@ "CU= u}tR K]U R= QDq=@ QDt 0 5
QO w CU= QDt 4 Q@=Q@ Qo}Om} R= =y`tW |xrY=i "CU= xOW `k=w sm =QDt |xU=t
x@ \w@ Qt |=yQDt=Q=B "CU= xOW xDiQo Q_v QO lyqm |q=@ QO ?=k l} ut[

"CU= xOW xO=O u=Wv 3 w 2 |=ypwOH QO ?}DQD x@ xR=U w l =N

|=Q@ l =N w `tW lQDWt K]U p=tQv |=yQDt=Q=B |x@U=Lt "1"4
VywSB u}=

pw= |x}q |=Q@ 'l =N w `tW lQDWt K]U p=tQv |=yQDt=Q=B |x@U=Lt CyH
QDt 14 w QDt 12 5 'QDt 11|=yjta swO |x}q |=Q@ w QDt 7 w QDt 5 'QDt 3|=yjta
%O};|tCUOx@ 11|x]@=Q R= Q_vOQwtjta QO x@v=HxtyVvD "CU= xDiQo Q=Qk Q_vOt
�m = 0 5(�xx + �yy) (11)
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}F- =D"|}xR=U |=[a= |=yQDt=Q=B "3 pwOH

`tW �Q}D� `tW lyqm uwDU Q}D OL=w
23 3 23 3 23 3 23 3 (GPa) |v=UWm pwOt
0 2 0 2 0 2 0 2 - uwU=wB ?} Q[

4 909� 10�2 5 208� 10�3 2 133� 10�3 2 133� 10�3 (m4) |UQv}= u=tt
0 7854 0 25 0 16 0 16 (m2) `]kt K]U
2400 2400 2400 2400 (kg/m3) |r=oJ

"|@Uv p=tQv |}=Hx@=H Q@=Q@ QO pw] OL=w QO p=tQv |=ywQ}v Q=Owtv "11 pmW "|@Uv p=tQv |}=Hx@=H Q@=Q@ QO pw] OL=w QO p=tQv |wQ}v Q=Owtv "10 pmW
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OtL

t "l =N w `tW lQDWt K]U p=tQv |=yQDt=Q=B "5 pwOH
swO |x}q pw= |x}q K]U p=tQv |=yQDt=Q=B

�sm =QDt |xU=t� �CUU |xU=t� l =N w `tW lQDWt
1 33� 104 7 19� 103 Kn (kN/m/m�

25 6 14 6 Cn (kN/m�
80 78 'n (deg)

"l =N w `tW lQDWt K]U |WQ@ |=yQDt=Q=B "6 pwOH
swO |x}q pw= |x}q K]U |WQ@ |=yQDt=Q=B

�sm =QDt |xU=t� �CUU |xU=t� l =N w `tW lQDWt
3 79� 103 1 2� 103 Ks (kN/m/m)

15 7 6 3 Cs (kN/m)

23 19 's (deg)

"?=DW |v=tR |xJN} Q=D "14 pmW

'CU= xOW xO=iDU= s=Q; RQt R= �QDU@ nvU� pOt hm QO xmv}= x@ xHwD =@
x@ w CU= xOW p}O@D CW=ov VvD x@ 8 |xrO=at R= xO=iDU= =@ CW=ov?=DW
pOt x@ u; Q@=Q@ wO ,=@} QkD xm CW=O xHwD O}=@ ut[ QO 'OwW|t p=ta= pOt hm
u}= |=}=Rt R= "OwW|t pkDvt C}=yv|@ \}Lt x@ u; R= |WN@ =Q} R 'OwW p=ta=

%OQm xQ=W= OQ=wt u}= x@ u=wD|t CW=ov?=DW
CW=ov?=DW x@ |Uwv}U |=yCW=ov?=DW hqNQ@ CW=ov?=DW ẁv u}= "1

"CU= QDl}ORv |ak=w
|OOa |=ypOt x@ |Uwv}U |=yCW=ov?=DW hqNQ@ CW=ov?=DW ẁv u}= "2

"Ovm|tv OQ=w lwW

xr�Ut p}rLD "5
QO `tW lyqm |DNU QF= |UQQ@ x@ 'l}D=tv}U VvmQOv= x@ xHwD =@ VywSB u}=
xR=U VvmQOv= Q}F-=D x@ xHwD =@ "CU= xDN=OQB `tW xwQo QO `k=w |=y`tW Q=DiQ
l =N � `tW � xR=U |Oa@xU CQwYx@ pOt '=y`tW Q=DiQ QO l =N � `tW �
w pOt hm x@ s=Q; RQt w pOt |=yxQ=vm x@ O=R; u=O}t "CU= xOW xDiQo Q_v QO
�15 pmW� X CyH QO |WQ@ CW=ov VvD CQwYx@ CW=ov?=DW xH}Dv QO
Q=DiQ QO lyqm |DNU OQmrta |UQQ@ CyH "CU= xOW p=ta= pOt hm x@
Qo}Om} x@ =y`tWQU p=YD= |=Q@ 8 pmW =@ j@=]t |}=ypOt R= '`tW xwQo |m}t=v}O
V}=Ri= R}v 4 x@ 1 pOt R= lyqm sQH OwW xHwD ut[ QO 'CU= xOW xO=iDU=

"O@=}|t

QF-wt VvD ?Q[pY=L w pw] OL=w Q@ xv}W}@ p=tQv |wQ}v 'p=tQv |DNU "4 pwOH
"hrDNt |=yjta |=Q@ `tW \}Lt QO xv}W}@ |x@v=Hxty

Kn Fmax
n =L

�m� jta |Ov@x}q
(kN/m/m) (kN/m)

perimeter �QDt�
(kN/m)

7 11� 103 7 47� 102 1 59� 102 3 pw= |x}q
7 26� 103 1 20� 103 2 57� 102 5 �CUU |xU=t�
7 20� 103 1 65� 103 3 53� 102 7
1 32� 104 3 20� 103 5 39� 102 11 swO |x}q
1 33� 104 3 68� 103 6 19� 102 12 5 �sm =QDt |xU=t�
1 32� 104 4 10� 103 6 92� 102 14

"�CUU |xU=t� pw= |x}q p=tQv Ctw=kt Q=}at Q=Owtv "12 pmW

"�sm =QDt |xU=t� swO |x}q p=tQv Ctw=kt Q=}at Q=Owtv "13 pmW

|OwQw CW=ov?=DW "2"4
CU= 0 2g ?=DW |xv}W}@ w RDQy 3 Ot=U@ |=Q=O pOt x@ |r=ta= CW=ov?=DW

%�14 pmW� Ovm|t |wQ}B 12 |x]@=Q R= w
�u(t) =

p
�e��tt
 sin(2�ft) (12)

"CU= f = 3 Hz w 
 = 5 '� = 2 '� = 4 'u; QO xm
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"`tW xwQo lyqm hrDNt |=ypOt |=Q@ =y`tW pw] QO |WQ@ |wQ}v "18 pmW

"`tW xwQo QO =y`tW |Q}oQ=Qk C}akwt "15 pmW

xwQo lyqm hrDNt |=ypOt |=Q@ =y`tW QO |ki= |}=Hx@=H |xv}W}@ "16 pmW
"`tW

xwQo lyqm hrDNt |=ypOt |=Q@ =y`tW QO |WQ@ |wQ}v |xv}W}@ "17 pmW
"`tW

|ki= |}=Hx@=H |xv}W}@ 'CU= xOW xO=O u=Wv 16 pmW QO xm Qw]u=ty
sQH V}=Ri= =@ x=Qty� `tW xwQo lyqm |DNU V}=Ri= =@ =OD@= QO =y`tWQU QO
u=tR OwW|t u=WvQ]=N "CU= xDi=} Vy=m TBU w V}=Ri= �`tW xwQo lyqm
'CU= Cw=iDt 4 w 3 |=y`tW =@ 2 w 1 |=y`tW QO |}=Hx@=H |xv}W}@ ẁkw
`tW xwQo Q=DiQ QO =y`tW u}@ VvmQOv= w `tW xwQo lyqm |DNU QF= Qou=}@ xm

"CU=
'�`tW xwQo lyqm sQH V}=Ri= =@ x=Qty� `tW xwQo lyqm |DNU V}=Ri= =@
"�17 pmW� O@=}|t Vy=m TBU w V}=Ri= =y`tW QO |WQ@ |wQ}v |xv}W}@
V}=Ri= =} Vy=m ?@U ,=t=Rr= `tW lyqm |DNU Vy=m =} V}=Ri= 'Qo}O CQ=@ax@
pw] QO |WQ@ |wQ}v `} RwD '18 pmW "OwW|tv =y`tW QO |WQ@ |wQ}v |xv}W}@
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"`tW xwQo lyqm hrDNt |=ypOt |=Q@ =y`tW pw] QO |WtN u=tt "20 pmW

xwQo lyqm hrDNt |=ypOt |=Q@ =y`tW QO |WtN u=tt |xv}W}@ "19 pmW
"`tW

uwo =vwo |=ypOt |=Q@ �=yv; QO |WQ@ |wQ}v |xv}W}@ ẁkw u=tR QO� =Q =y`tW
x@ xHwD =@ '`tW lyqm R= pOt l} QO "OyO|t u=Wv `tW xwQo lyqm R=
=y`tW Q}F-=D u}vJty w xR=U =@ =y`tW VvmQOv= w CW=ov?=DW p=ta= CyH
=D 6 Qo}Om} Q@ =y`tW Q}F-=D |xRwL |m}t=v}O |=yp}rLD QO� Qo}Om} Q=DiQ QO
Cw=iDt =y`tW QO |WQ@ |wQ}v |xv}W}@ ẁkw u=tR '�CU=y`tW Q]k Q@=Q@ 8
R= uwo =vwo |=ypOt |=Q@ =y`tW QO |WQ@ |wQ}v Q=Okt w Ctqa Q}}eD "CU=
|atW |=y|B Q=DiQ QO `tW lyqm |DNU Vkv Qov=}@ '`tW xwQo lyqm

"CU=
|xv}W}@ ẁkw u=tR QO� =y`tW QO xOWO=H}= |WtN Qovr |xv}W}@ '19 pmW
=@ x=Qty� `tW lyqm hrDNt |=y|DNU x@ xHwD =@ =Q �=yv; QO |WtN u=tt
=@ 'OwW|t xOy=Wt xm Qw]u=ty "OyO|t u=Wv �`tW xwQo lyqm sQH V}=Ri=
TBU w V}=Ri= =y`tW QO |WtN Qovr |xv}W}@ '`tW lyqm |DNU V}=Ri=
3 jta QO ,=@} QkD |WtN u=tt |xv}W}@ '20 pmW x@ xHwD =@ "CU= xDi=} Vy=m
u}= w xO=O MQ `tW |QDt 3 5 pw] QO 'Qo}O CQ=@ax@ =} w u}tR K]U R= |QDt
R= pOt l} QO "CU=y`tW u}}=B CtUk |=yu=tr= QO xR=UwQ QF= Vy=m p}rO x@
CyH 'Qo}Om} Q=DiQ QO =y`tW Q}F-=D p}rO x@ |WtN u=tt |xv}W}@ '`tW lyqm
=y`tW QO hrDNt |=yu=tR QO '`tW Q=DiQ QO xR=UwQ Q}F-=D w CW=ov?=DW p=ta=

"CU= xO=O MQ

|Q}oxH}Dv "6
xm OyO|t u=Wv Q}PBh=]av= lyqm =@ `tW xwQo p}rLD |=Q@ u}W}B |=yVywSB
`tW xwQo QO u; |Q}oQ=Qk C}akwt x@ '`tW QO |WtN u=tt w |@v=H Q=@ Q}O=kt
=y`tWQU QO |WtN u=tt Q=Okt 'p}rLD QO ?rY lyqm ZQi =@ w OQ=O |oDU@
VvmQOv= C}ty= w ẁ[wt u}= x@ xHwD =@ VywSB u}= QO "O@=}|t Vy=m COW x@
lyqm |DNU Q}F-=D |Oa@xU p}rLD x@ 'l =N � `tW � xR=U pOt QO |m}D=tv}U
xDN=OQB OwOLt p[=iD VwQ R= xO=iDU= =@ xrRrR Q=@ CLD `tW xwQo Q=DiQ QO `tW

"CU= xOW xO=iDU= |vD@ |=yQ}D R= Qo}Om} x@ =y`tWQU p=YD= |=Q@ w xOW
VvmQOv= |R=UpOt QO l =N w `tW lQDWt K]U |=yQDt=Q=BC}ty= x@ xHwD =@
|x@U=Lt x@ 'VywSB u}= QO xOWx�=Q= O}OH OQm} wQ T=U=Q@ =OD@= QO 'l =N � `tW
|m}t=v}O p}rLD G}=Dv "CU= xOW xDN=OQB l =N w `tW lQDWt K]U |=yQDt=Q=B
lyqm sQH V}=Ri= =@ x=Qty `tW xwQo lyqm |DNU V}=Ri= =@ xm OyO|t u=Wv
|WtN Qovr |xv}W}@ w |WQ@ |wQ}v |xv}W}@ '|xv}W}@ |ki= |}=Hx@=H '`tW
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"CU= |atW |=y|B Q=DiQ QO xR=UwQ Q}F-=D Qov=}@ �`tW
|=H x@ |vD@ |=yQ}D R= xO=iDU= xmv; x@ xHwD =@ OwW|t u=WvQ]=N =yDv= QO
'Qo}O hQ] R= w CU= j}kLD w =QH= pL=Qt |=OD@= QO `tW xwQo p=YD= |=Q@ lyqm
xOW s=Hv= VywSB u}= QO Q=@ u}rw= |=Q@ 'xrRrR Q=@ QF= CLD sDU}U u}= Q=DiQ |@=} RQ=
=} w |m} R}i |=ypOt G}=Dv =@ |HvU|DUQO u=mt= 'C=k}kLD R= xrLQt u}= =D 'CU=
|y=oW}=tR; |=ypOt G}=Dv xm CU= u; Q=_Dv= "CU= xOWv QU}t |rta |=yxO=O

"OvW=@ p=YD= sDU}U u}= |}=Q=m O} -wt |}=QLY w

|DNU V}=Ri= 'Qo}O CQ=@ax@ "O@=}|t Vy=m TBU w V}=Ri= =OD@= QO =y`tW QO
|wQ}v 'xv}W}@ |}=Hx@=H Vy=m ?@U ,=t=Rr= 'lyqm sQH V}=Ri= =@ x=Qty lyqm
|DNU V}=Ri= u}L QO =Q} R 'OwW|tv =y`tW QOxv}W}@ |WtN Qovr w xv}W}@ |WQ@
"OwW|t QDW}@ xrRrR ?=DW QF= QO lyqm QO xOt;OwHwx@ |wQ}v 'sQH V}=Ri= p}rOx@
`tW xwQo lyqm |DNU R= |}xOwOLt `tW xwQo Qy |=Q@ xm CiQo xH}Dv u=wD|t
u=tt w |WQ@ |wQ}v w |}=Hx@=H OwW|t ?@U xm OQ=O OwHw �u; sQH =@ x=Qty�
QO xm CU= u; Qov=}@ G}=Dv ,=vt[ "OUQ@ OwN Q=Okt u} QDW}@ x@ =y`tW QO |WtN
u=mt x@ '=y`tW QO |WtN u=tt w |WQ@ |wQ}v 'Q}PBh=]av= lyqm =@ `tW xwQo

=yCWwv=B
1. interface
2. quiet boundary
3. free �eld
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