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s=o Qy =@ =D OwW|t xO=O xR=H= l =N |DNU T} QD=t x@ |R=UpOt u}L 'Qo}O
?}DQD x@ p=mU=B=ot 30 w 60 |v=UWm pwOt ZQi =@ "OyO j}@]D =Q OwN |Q=PoQ=@
QO xOvwWCNU pOt |DNU QDt=Q=B 'OwHwt \@=wQ R= xO=iDU= w R} Qm =N w QDU@ |=Q@

[11]"OQ=O x@U=Lt u=mt= 'x}q Qy \Uw
"CU= 2 pwOH j@=]t R}v|m}t=v}Op}rLD QO QDU@ w R} Qm =NKr=Yt C=YNWt
|xOwOLt p}rO x@� |v=UWm pwOt Q=Okt QO \ki '|m}D=DU= Cr=L =@ u; Cw=iD
w 0 001 Q@=Q@?}DQD x@ (� w �) l =N |}=Q}t |=yQDt=Q=Bh} QaD w �=yVvQmlJwm
(Gmax) |m}t=v}O Q=@ CLD |WQ@ pwOt |xv}W}@ =OD@= '`k=w QO [12]"CU= 0 01
|m}t=v}O p}rLD R=}vOQwt |xv}W}@ |v=UWm pwOt TBU w 1 |x]@=Q R= xO=iDU= =@

%CU= xOW x@U=Lt 2 |x]@=Q j@] '(Emax)

Gmax = 3230� (2 973� e)2

1 + e
(OCR)k

�
�00
�1=2 (1)

Emax = 2(1 + �):Gmax (2)

ZQi 1 Q@=Q@ Q=Okt� |t}mLD V}@ C@Uv OCR 'pNrND C@Uv e '=yu; QO xm
u}= 'QiY Q@=Q@ PI \}=QW QO� |Q}tN XN=W R= |a@=D C@=F Q=Okt k '�CU= xOW
l =N uwU=wB C@Uv � w '|rY= QF-wt |=yVvD u}ov=}t �00 '�CU= QiY R}v Q=Okt

"CU=

|Q=PoQ=@ sDU}U "2"4
ẁv Qy |U=tD Q=Wi u=R}t x@ CN=wvm} |xOQDUo Q=@ CQwYx@ |Q=PoQ=@ sDU}U

MQJ lDre |U=tD Q=Wi xm CU= sRq QmPD u}= "CU= 3 pwOH j@=]t 'lDre
[13]"CU=yxO�=R pLt w =yMQJ Q} R |U=tD Q=Wi ?}DQD x@ '|R@xJ=B w |m}DUq
"CU= xOW xO=O u=Wv 8 pmW QO R}v xO=iDU= OQwt |=ylDre |R=UpOt |xwLv
s=Hv= |Q=OQ@ Q=@ � |Q=PoQ=@ CQwYx@ 'lDre |Qw@a T=B l} |=Q@ \ki |R=UpOt
uOQmQiY w R} Qm =N O=H}= R= TB C=@U=Lt CtUk QO xm |Qw] x@ "CU= xOW

"|OOa |R=UpOt QO xO=iDU= OQwt |=ylDre "8 pmW

xOQ=w |=yQ=@ Q@=Q@ QO l =N j}kO Q=DiQ |UQQ@ CyH ?U=vt |Ov@xm@W O=H}=
|L=wv w R} Q |DWQO =@ |Ov@xm@W 'pOt pm |=Q@ =DU=Q u}= QO "CU= |QwQ[
'|Ov@x}L=v \UwD QDj}kO |@=} RQ= CyH �|Q=PoQ=@ pLt Q} R |xOwOLt� |v=QL@
u=Wv =Q |m}D=DU= p}rLD QO pOt '6 pmW "CU= xOW ?=NDv= QDR} Q |Ov@xm@W

"OyO|t
xO=O Q=Qk |m}D=DU= p}rLD R= QDQwO ,=twta pOt |=yRQt '|m}t=v}O p}rLD QO
p=ta= |xk]vt� Q_vOQwt |xk]vt R= |i=m |xR=Ov= x@ O}=@ =yRQt xm =QJ 'OvwW|t
u}O@ "OwW |Q}owrH umtt |=y?=DR=@ R= |W=v |=y|Q=Hvy=v R= =D 'OvW=@ QwO �Q=@
CyH pOt "CU= xOW ?=NDv= �`=iDQ= �ZQa� QDt15� 30 pOt O=a@= ?}DQD

"CU= xOW xO=O u=Wv 7 pmW QO |m}t=v}O p}rLD

Kr=Yt |m}vmDw�S C=YNWt "1"4
Q=Ri=sQv |OwQw |=yQDt=Q=B u=wvax@ QDU@ w R} Qm =N Kr=Yt |m}vmDw�S C=YNWt
R} Qm =N |x}rw= lWN XwYNt uRw xm CU= sRq QmPD u}= 'CU= 2 pwOH j@=]t
xm 'Q=Okt u}= ?=NDv= "CU= xOW xDiQo Q_v QO ?amtQDt Q@ uDw}vwr}m 15 Q@=Q@
QO TwULt C=Q}}eD |xOy=Wt Qw_vt x@ 'CU= CU )U ,=D@Uv l =N |xOvyOu=Wv
Q=}U@ |xOwOLt QO �QDU@� |v=DLD |x}q |v=UWm pwOt "CU= |R=Usm =QDt QF=
"CU= C@=F R} Qm =N |x}q |DNU xm |r=L QO 'CU= Q}eDt CNU Q=}U@ =D CU )U
XwYNt uRw 
sat '�|Qy=_� `=@W=Q}e XwYNt uRw '
unsat u; QO xm

"|m}D=DU= pOt |RQt \}=QW w |Ov@xm@W "6 pmW

"|m}t=v}O pOt |RQt \}=QW w |Ov@xm@W "7 pmW
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|DN
@Q=}

=vQB
w|

tqU
=p[

ir=w@
= "QDU@ w R} Qm =N Kr=Yt |m}vmDw�S C=YNWt "2 pwOH

�
 ' c EMC

eo

sat 
unsat

�xHQO� �xHQO� (kPa) (MPa) (kN/m3) (kN/m3)
0 35 6 36 10 30 0 77 19 3 16 5 |}xU=t R} Qm =N
0 35 0 24 50 30 0 77 19 3 16 5 |UQ R} Qm =N
0 30 6 36 8 60 0 77 20 6 18 7 QDU@

"|Rri MQJlDre �|}xU=t R} Qm =N |Q=PoQ=@ R=|W=v jta QOVvD `} RwD "9 pmW

lDre � |}xU=t R} Qm =N |Q=OQ@ Q=@ w |Q=PoQ=@ R= |W=v CUWv u=R}t "10 pmW
"|Rri MQJ

OYQO '�q=@ Q=}U@ |v=UWm pwOt =@ QDU@� ?rY QDU@ OwHw CQwY QO xm |}=H
"OQ=Ov R} Qm =N |x}q sm =QD QO |Q}F-=D '|Q=PoQ=@ ,qta w Ovm p}t QiY x@ sm =QD

uRw C}=yv QO w |}=yv pNrND u=R}t |x@U=Lt =@ R} Qm =N |x}q sm =QD u=R}t
%CU= xOW |@=} RQ= 4 w 3 \@=wQ j@=]t '|}=yv lWN XwYNt

ei � ef
1 + ei

= �H
Ho

(3)


df = 1 + ei
1 + ef

� 
di (4)

|x}q Ct=N[ Ho '|}=yv w x}rw= pNrND C@Uv ?}DQD x@ ef w ei '=yu; QO xm
"OvDUy l =N |}=yv w x}rw= lWN XwYNt uRw ?}DQD x@ 
df w 
di 'R} Qm =N
R} Qm =N |x}q hrDNt |=yCt=N[ sm =QD OYQO C}=yvQO w CUWv u=R}t
xOW x�=Q= 4 pwOH QO |R@xJ=BlDre |=Q@ xvwtv u=wvax@ QDU@ pwOt C=Q}}eD R= |W=v

"xO=iDU= OQwt |=ylDre C=YNWt "3 pwOH
|R@xJ=B |m}DUq MQJ |Rri MQJ
4000 700 380 (kPa) |U=tD Q=Wi
2 1 2 1 2 (m) T=tD ZQa

QO w OvwW|t p=ai =yQ=@ w p=ta= lDre |Q=PoQ=@ |Oa@ R=i QO '=y|}=Hx@=H u=R}t
"OwW|t |R=Ux}@W |Q=OQ@ Q=@ \}=QW w p=aiQ}e =yQ=@ '|Oa@ R=i

|=ylDre C=YNWt |t=tD 'l =N sm =QD QO V=aDQ= QF= |xU}=kt Qw_vtx@
uRw R= |W=v |U=tD Q=Wi xrtH R= '|W=aDQ= w |m}D=DU= Cr=L QO |Rri MQJ
VN@ x@ RmQt R= R} Qo |wQ}v w Ot=U@ \ki w Ov=xOW ZQi C@=F T=tD ZQa w
R= QDW}@ ?re= |W=aDQ= |=ylDre uRw xm =Hv; R= "CU= xOW xi=[= |m}t=v}O

"CU= xv=Q=mx_i=Lt ZQi u}= 'CU= |m}D=DU= |=ylDre
uOQmpOt CyH |Q=PoQ=@ sDU}U wO R= |W=aDQ= lDre |m}t=v}O p}rLD QO
"CU= xOW xO=iDU= CN=wvm} |xOQDUo Q=@ CQwYx@ '|m}D=DU= w |m}t=v}O VvD
R} Qo |wQ}v R= |W=v |m}t=v}O VvD w uRw R= |W=v |U=tD Q=Wi '|m}D=DU= VvD
OQwt QO "CU= RmQt R= GQ=N sQH wO CyH hqN u=QwO \UwD |O}rwD RmQt R=
x@ QHvt xm 'QDW}@ |xvt=O w QDu}}=B Ot=U@ ?}mQD R= xO=iDU= '|W=aDQ= |=ylDre
|vi C=YNWt j@] "OQ=O C}LHQ= 'OwW|t |QDnQR@ RmQt R= R} Qo |wQ}v p=ta=
xHwD =@ 'RDQy 25 Ot=U@ w QDt 2 T=tD ZQa =@ lDre '|@=NDv= |W=aDQ= lDre
uDw}vwr}m 400 OwOL RmQt R= R} Qo |wQ}v 's=QO pN=O |v=QwO s=QH= C=YNWt x@

[14]"Ovm|t O=H}=

|R=UpOt G}=Dv "5
\UwD R} Qm =N |Q=PoQ=@ R=|W=vVvD `} RwD Q=Owtv '=y|HwQN pm R=|}xvwtv u=wvax@
'OwW|t xOy=Wt xm Qw]u=ty "CU= xOW xO=O u=Wv 9 pmW QO |Rri MQJ lDre
x@ |Q=PoQ=@ R= |W=v VvD xi=[= u=R}t 's} Q}o|t xrY=i R} Qm =N K]U R= xJ Qy
lDre |U=tD Q=Wi |xv}W}@ Cio u=wD|t Qo}O CQ=@ax@ "O@=}|t Vy=m COW
R} Qm =N K]U |v=kwi QDt 1 x@ ,=D}=yv �|Rri MQJ lDre |=Q@ p=mU=B wr}m 380�

"OwW|t p=ta=
lDre |=Q@ xvwtv u=wvax@ =Q jta QO l =N s�=k |}=Hx@=H C=Q}}eD '10 pmW
|Q=PoQ=@ R=|W=vCUWv u=R}t Cw=iD 'QwmPt pmW j@=]t "OyO|t u=Wv |Rri MQJ
xO}UQ QiY x@ QDU@ hm QO w xDW=O =Q Q=Okt u} QDW}@ 'QDU@ K]U QO |Q=OQ@ Q=@ w

"CU=
|UQQ@ OQwt u; �|DNU� |v=UWm pwOt Vy=m w V}=Ri= =@ QDU@ \}=QW QF=
'0 5Eo� hrDNt |DNU 6 pm QO 'Eo Q@=Q@ x}rw= |DNU ZQi =@ "CU= xDiQo Q=Qk
G}=Dv j@] "CU= xOW xDiQo Q_v QO QDU@ |=Q@ �10Eow 4Eo '3Eo '2Eo '1Eo
=D 'CU= xDi=} Vy=m R} Qm =N CUWv u=R}t 'QDU@ |DNU V}=Ri= =@ 'xOt;CUOx@
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"""C
t=N

[
V}

=Ri=
QOx

Ovvm
u}}a

D|
=yQD

t=Q=B
|U

QQ@|x}q sm =QD u=R}t QO QDU@ |DNU QF= x@ xHwD =@ "CU= l}ORv Qo}Om} x@ hrDNt
x@ Ovv=wD|t q=@ �|DNU� |v=UWm pwOt p}rO x@ R}v xOWC} wkD |=yQDU@ 'R} Qm =N

"Ovvm ltm R} Qm =N |x}q Ct=N[ V}=Ri=
|DNU QF= 'Qo}O CQ=@ax@ "CU= x@=Wt =ylDre |t=tD |=Q@ C}a[w u}=
|Q=PoQ=@ ẁv w lDre |SQv= u=R}t R= pkDUt 'R} Qm =N |x}q sm =QD u=R}t QO QDU@
30 R} Qm =N |x}q |=Q@ xvwtv u=wvax@ pY=L G}=Dv "CU= �|m}t=v}O '|m}D=DU=�
G}=Dv Q}=U '|R@xJ=B lDre <=vFDU= x@ "CU= xOW x�=Q= 6 pwOH QO |QDt|Dv=U

"CU= |}xU=t R} Qm =N x@ \w@ Qt
|Rri MQJ lDre |=Q@ xvwtv u=wvax@ QDU@ �|DNU� |v=UWm pwOt C=Q}}eD QF=
hqDN= u} QDW}@ 'QwmPt pmW j@=]t "CU= xOW xO=O u=Wv 11 pmW QO |m}D=DU=
"OvwW|tl}ORv Qo}Om} x@ Q=Owtv wO 'jtaV}=Ri= =@ w OyO|t MQ R} Qm =N K]U QO
x@=Wt |i}m Q_v R= Cw=iDt |=ylDre |=Q@ QwmPt Q=Owtv xm CU= sRq QmPD u}=
"CW=O Ovy=wN Q}}eD =y|}=Hx@=H Q}O=kt '|r=ta=VvD COW x@ xHwD =@\ki wCU=
OYQO C}=yv QO w |oOQWi u=R}t 'xOQ=w VvD V}=Ri= =@ '|r=ta= |SQv= OQwt QO
|xOwOLt w QF-wt jta V}=Ri= p}rO x@ ẁ[wt u}= "O@=}|t V}=Ri= R} Qm =N x}q sm =QD
u=wD|t =Q |QDW}@ Ct=N[ 'lDre |SQv= V}=Ri= =@ u}=Q@=v@ "CU= |r=kDv= VvD

"O=O Q=Qk sm =QD w |}=Hx@=H C}=yv QO w VvD Q}F-=D CLD
K]U QO q=@ Q=Wi p=ta= p}rO x@ |R@xJ=B lDre R= xO=iDU= '7 pwOH j@=]t
=ylDre Q}=U x@ C@Uv |QDy@ G}=Dv x@ QHvt |yHwD p@=k hqDN= =@ �=yxO�=R Q} R� sm
=ylDre |t=tD QO |r=oJ V}=Ri= |rm OvwQ 'OwW|t xOy=Wt xm Qw]u=ty "OwW|t

"CU= x@=Wt
|UQ l =N QO OQ@ Q=m p@=k |=ylDre |=Q@ =Q jta QO VvD `} RwD '12 pmW

"R} Qm =N |x}q sm =QD QO QDU@ |DNU C=Q}}eD QF= "6 pwOH�

df � 
di

�
=
di �H

E lDre
��� (cm)

7 27-0 53 1 95-0 14 10E � 0 5E |Rri MQJ
8 60-0 53 2 29-0 19 10E � 0 5E |m}DUq MQJ
20 40-1 73 5 05-0 47 10E � 0 5E |R@xH=B
9 20-1 73 2 49-0 46 10E � 0 5E |W=aDQ= |Rri MQJ

|Rri MQJ lDre � R} Qm =N |x}q sm =QD QO QDU@ |DNU C=Q}}eD QF= "11 pmW
"|m}D=DU=

15 |x}q x@ \w@ Qt XwYNt uRw V}=Ri= u} QDW}@ 'QwmPt pwOH j@=]t "CU=
|r=mU=B=ot 4 Q=Wi CLD xm 'CU= (0 5E) Cr=L u} QDCU )U QO |QDt|Dv=U

"CU= xOW sm =QDt |R@xJ=B lDre
=@ "O@=}|t V}=Ri= R}v jta QO |i=[= VvD u=R}t '|r=ta= |SQv= V}=Ri= =@
xm =QJ 'OQm sm =QDt =Q x}q R= |QDW}@ Ct=N[ u=wD|t jta x@ |r=kDv= VvD V}=Ri=
s=QO uRw V}=Ri= =@ Ov=wD|t pta QO \}=QW u}= "CU= xDi=} V}=Ri= VvD Pwiv jta
|U=tD Q=Wi V}=Ri= x@ QHvt '�s=QO uwQO x@ xU=t =} ?; uOwRi= j} Q] R=� lDre
ZQi =@ '|m}D=DU= |=ylDre |=Q@ "OQ}o CQwY V=aDQ= Ot=U@ C=Q}}eD =} w OwW
xOW xDiQo Q_v QO �3qo w 2qo 'qo� |SQv= hrDNt Kw]U 'qo Q@=Q@ x}rw= |SQv=
u=R}t C=Q}}eD j} Q] R= xOQ=w |SQv= C=Q}}eD '|W=aDQ= |=ylDre OQwt QO "CU=
j@] "CU= xOW ^=Lr RmQt R= R} Qo |wQ}v C=Q}}eD 'u; |xH}Dv QO w Q=@ Ot=U@
R} Qo |wQ}v '35 w 30 '25 |=yOt=U@ |=Q@ |W=aDQ= |=ylDre |vi C=YNWt
C=Q}}eD R= pY=L G}=Dv "CU= uDw}vwr}m 200 w 300 '400 Q@=Q@ ?}DQD x@ RmQt R=
QO QDt|Dv=U 45 Ct=N[ |=Q@ xvwtv u=wvax@ 'R} Qm =N |x}q sm =QD Q@ |r=ta= |SQv=
|R=Usm =QDt Q@ lDre ẁv OQmrta |xU}=kt Qw_vt x@ "CU= xOW x�=Q= 5 pwOH
|Rri MQJ |=ylDre x@ \w@ Qt Q}O=kt '|}xU=t w |UQ |=yR} Qm =N R= l} Qy
MQJ |=ylDre x@ \w@ Qt Q}O=kt w '|}xU=t R} Qm =N |=Q@ |W=aDQ= w |m}D=DU=

"CU= |UQ R} Qm =N |=Q@ |R@xJ=B w |m}DUq

|HvUQ=@Da= w G}=Dv QO EL@ "6
V}=Ri= CUWv u=R}t |DNU Vy=m =@ pY=L G}=Dv j@] 'QDU@ \}=QW QF= |UQQ@ QO
R= "CU= |Q=PoQ=@ QF= CLD h}a[ QDU@ |}=Hx@=H R= |W=v u; |xOta xm 'O@=}|t
R= xO=iDU= CQwY QO 'OwW|t u; CUWv Vy=m x@ QHvt |DNU V}=Ri= xm =Hv;
V}=Ri= u=mt= w OwOLt R} Qm =N |x}q |}=Hx@=H x@ |}=Hx@=H u=R}t 'QDCNU QDU@
|DNU V}=Ri= =@ xOt;CUOx@ G}=Dv j@=]t xm =QJ "OwW|t sy=Qi x}q u}= Ct=N[
|=yCt=N[ =@ R} Qm =N |x}q |r=oJ w 'pNrND '|}=Hx@=H C=Q}}eD u=R}t 'QDU@

"|R@xJ=B MQJlDre '|UQ R} Qm =N � QDU@|DNU C=Q}}eD x@ \w@ Qt G}=Dv "4 pwOH�

df � 
di

�
=
di �H Ho

E
��� (cm) (cm)

47 47-2 33 4 86-0 32 15
0 5E � 10E20 40-1 73 5 05-0 47 30

(EMC = 30� 600 MPa)12 73-1 13 5 20-0 49 45
9 27-1 13 5 09-0 75 60

"R} Qm =N |x}q sm =QD QO lDre |SQv= C=Q}}eD QF= "5 pwOH�

df � 
di

�
=
di �H lDre |SQv=��� (cm)

10 60-2 25 4 29-0 99 |m}D=DU= |Rri MQJ 1q � 4q
12 00-2 93 4 75-1 20 |m}DUq MQJ 1q � 4q
13 40-6 67 5 39-2 68 |R@xJ=B 1q � 2q
6 00-5 33 2 63-2 31 |W=aDQ= |Rri MQJ 1F � 2F
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|DN
@Q=}

=vQB
w|

tqU
=p[

ir=w@
= V}@ |yHwD p@=k u=R}t x@ |W=aDQ= lDre R= xO=iDU= CQwY QO 'R} Qm =N K]U

Cr=L wO QO |r=kDv= VvD u}ov=}t 'Oa@ x@ jta u}= R= "CU= |m}D=DU= lDre R=
"CU= u=Um} ,=@} QkD

wO QO |Rri MQJ lDre |=Q@ =Q |}xU=t R} Qm =N |oOQWi u=R}t '14 pmW
hqDN= |xv}W}@ xm OwW|t xOy=Wt "OyO|t u=Wv |W=aDQ= w |m}D=DU= Cr=L
"O@=}|tVy=m G} QOD x@ R} Qm =N K]U R= xrY=i =@ xm 'CU= K]U QO |oOQWi u=R}t
QO |}=Hx@=H u=R}t |Q@=Q@ 2 R= V}@ V}=Ri= u=mt= 'OwW|t xOy=Wt xm Qw]u=ty
OwHw u; |m}D=DU= ẁv =@ xU}=kt QO |W=aDQ= |Rri MQJ lDre R= xO=iDU= CQwY

w |m}D=DU= Cr=L wO QO |Rri MQJ lDre |=Q@ jta QO VvD `} RwD "13 pmW
"|W=aDQ=

Cr=L wO QO |Rri MQJ lDre |=Q@ |}xU=t R} Qm =N |oOQWi u=R}t "14 pmW
"|W=aDQ= w |m}D=DU=

q=@ |U=tD Q=Wi Cra x@ |R@xJ=B lDre 'QwmPt pmW j@=]t "OyO|t u=Wv
|r=kDv= VvD u=R}t QO |Q}osWJ hqDN= �=yxO�=R pLt QO p=mU=B=ot 4 u}ov=}t�
K]U QO hqDN= u}= xm 'OQ=O |m}DUq MQJ w |Rri MQJ |=ylDre x@ C@Uv
u=R}t x@ QDU@ hm QO w O@=}|t Vy=m R} Qm =N K]U R= xrY=i =@ w 'CU= xv}W}@

"OUQ|t xv}tm
|xvt=O w QDu}}=B (f) Ot=U@ ?}mQD R= xO=iDU= '|W=aDQ= |=ylDre OQwt QO
"OQ=O C}LHQ= 'OwW|t |QDnQR@ (F ) RmQt R= R} Qo |wQ}v p=ta= x@ QHvt xm 'QDW}@
=ylDre R= l} Qy |m}D=DU= w |m}t=v}O |R=UpOt R= pY=L G}=Dv |xU}=kt =@
R= V}@ =D sm =QD OYQO w |}=Hx@=H u=R}t 'V=aDQ= p=ta= =@ xm OwW|t xOy=Wt
u}= x@ pwYL '|m}D=DU= |=ylDre R= xO=iDU= CQwY QO "O@=}|t V}=Ri= Q@=Q@ 2
u}=Q@=v@ "CU= lDre |SQv= |Q@=Q@ 3 |@} QkD V}=Ri= sRrDUt sm =QD w CUWv u=R}t

"CU= OwyWt ,qt=m |W=aDQ= |=ylDre R= xO=iDU= |oOQDUo w swRr Cra
R= xO=iDU= Cr=L 3 QO =Q |}xU=t R} Qm =N |r=oJ w |oOQWi C=Q}}eD '8 pwOH
"OyO|t u=Wv|W=aDQ= |Rri MQJ w '|m}D=DU= |Rri MQJ '|m}DUqMQJ|=ylDre
"OwW|t xOy=Wt G}=Dv QO Kw[w x@ =ylDre |W=aDQ= sR}v=mt R= xO=iDU= ?wr]t QF=
|m}D=DU=Cr=L wO QO |Rri MQJlDre |=Q@ =Q jta QOVvD `} RwD '13 pmW
R= |v=kwi QDt 1 5 OwOL QO |r=kDv= VvD 'pmW j@=]t "OyO|t u=Wv |W=aDQ= w
Ct=N[ x@|UQ R} Qm =N|r=oJ u=R}t QOlDre|U=tD Q=Wi C=Q}}eD QF= "7 pwOH

"QDt|Dv=U 30�

df � 
di

�
=
di �H

q lDre��� (cm)

16 47-3 53 4 29-1 07 4q � 1q |Rri MQJ
20 40-4 13 5 12-1 25 4q � 1q |m}DUq MQJ
19 60-10 00 4 94-2 63 2q � 1q |R@xH=B

"|m}D=DU= |=ylDre u=}t VvD `} RwD |xU}=kt "12 pmW

"hrDNt |=ylDre Qw@a QF= QO |}xU=t R} Qm =N |r=oJ C=Q}}eD |xU}=kt "8 pwOH�

df � 
di

�
=
di �H Ho

q lDre��� (cm) (cm)

7 33-1 68 0 99-0 98 60-15 q = 380 kPa |Rri MQJ
8 60-2 33 1 20-1 18 60-15 q = 700 kPa |m}DUq MQJ
18 00-4 07 2 37-2 25 60-15 qst = 380 kPa, f = 30 Hz, F = 300 kN |W=aDQ= |Rri MQJ
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"""C
t=N

[
V}

=Ri=
QOx

Ovvm
u}}a

D|
=yQD

t=Q=B
|U

QQ@R= |W=v u; |xOta xm O@=}|t V}=Ri= CUWv u=R}t 'QDU@ |DNU Vy=m =@ �
QDU@ |DNU V}=Ri= xm =Hv; R= "CU= |Q=PoQ=@ QF= CLD h}a[ QDU@ |}=Hx@=H
u=R}t 'QDCNU QDU@ R= xO=iDU= CQwY QO 'OwW|t u; CUWv Vy=m x@ QHvt
u}= Ct=N[ V}=Ri= u=mt= w OwOLt R} Qm =N |x}q |}=Hx@=H x@ |}=Hx@=H
|v=UWm pwOt p}rO x@ R}v xOWC} wkD |=yQDU@ xH}Dv QO "OwW|t sy=Qi x}q

"Ovvm ltm R} Qm =N |x}q Ct=N[ V}=Ri= x@ Ovv=wD|t q=@ �|DNU�
C}=yv QO w |oOQWi u=R}t 'QF-wt jta V}=Ri= p}rO x@ 'xOQ=w VvD V}=Ri= =@ �
|SQv= V}=Ri= CQwY QO ?}DQD u}O@ "O@=}|t V}=Ri= R} Qm =N |x}q sm =QD OYQO
"O=O Q=Qk sm =QD C}=yv QO w VvD Q}F-=D CLD u=wD|t =Q |QDW}@ Ct=N[ '|r=ta=
q=@ Q=Wi p=ta= p}rO x@ |R@xJ=B |=ylDre R= xO=iDU= 'xOt;CUOx@ G}=Dv j@]
sR}v=mt p}rO x@ |W=aDQ= |=ylDre R= xO=iDU= w �=yxO�=R Q} R� sm K]U QO
=ylDre Q}=U x@C@Uv xHwD p@=k hqDN= =@ QDy@ G}=Dv x@ QHvt 'X=N |OQmrta

"OvwW|t
'QDW}@ |xvt=O w QDu}}=B Ot=U@ ?}mQD R= xO=iDU= '|W=aDQ= |=ylDre OQwt QO �
Qw_vtx@ "OQ=O C}LHQ= 'OwW|t |QDnQR@ RmQt R= R} Qo |wQ}v p=ta= x@ QHvt xm
|Rri MQJlDre |R=UpOt '|}xv=O R} Qm =N|W=aDQ= sm =QD Q}F-=D w OQmrta|UQQ@
|Rri MQJ lDre x@=Wt �T=tD ZQa w |U=tD Q=Wi� |D=YNWt =@ |W=aDQ=
|}=Hx@=H C=Q}}eD u=R}t xm CU= xO=O u=Wv G}=Dv "CU= xOW s=Hv= |m}D=DU=
Cr=L x@ C@Uv Q@=Q@ 2 R= V}@ x@ V=aDQ= |Q}oQ=mx@ =@ R} Qm =N |x}q |r=oJ w

"O@=}|t V}=Ri= |m}D=DU=

p}rLD QO w QDt 7 |m}D=DU= p}rLD QO QDU@ jta xm CU= |Qw;O=} x@ sRq "OQ=O
"CU= QDt 15 |m}t=v}O

'lDre |Qw@a T=B l} \ki '|R=UpOt w xOWQmP OQ=wt x@ xHwD =@ C}=yv QO
Ct=N[V}=Ri= u=mt= '|i=m |SQv= p=ta= w?U=vt|DNU =@ QDU@ OwHw CQwY QO
u}= xm CU= QmP p@=k "CW=O Oy=wN OwHw QDt|Dv=U 45 =D R} Qm =N |x}qlD
QDW}@ C=Q}}eD xm 'lDre |Qw@a T=B O=OaD ^=Lr =@ xm =QJ 'CU= xv}tm Ct=N[
Oy=wN V}=Ri= p@=k Q=Okt u}= 'CW=O Oy=wN x=Qty x@ =Q |r=oJ w pNrND '|oOQWi
=QJ "CU}v uyP R= QwO 'xOW|iQat |OQwt C=ar=]t x@ xHwD =@ Ct=N[ u}= "Ow@
xm CU= xO=O u=Wv uB=S |wO}=mwy QO xOWs=Hv= |=y|UQQ@ 'Cr=L u} QDxO=U QO xm
|}xU=t R} Qm =N |x}qlD Ct=N[ '|m}DUq MQJ lDre R= xO=iDU= CQwY QO
V}=Ri= p@=k QDt|Dv=U 45 x@ QDt|Dv=U 30 R= '�uW �60 R= QDtm |w=L� |vW w
CQwY QO w OwOLt xv}y@ |Qw@a T=B 5 x@ Qw@a O=OaD xm CU= |r=L QO u}= "CU=
O=OaD =@ "CU= R=}vOQwt |i=[= T=B l} \ki |QDt|Dv=U 45 |x}q R= xO=iDU=
R= |QDW}@ VN@ |DL w u}t-=D R}v R=}vOQwt �85 sm =QD OYQO 'lDre |xv}y@ Qw@a

"OwW|t sm =QD OYQO V}=Ri= Q=JO x}q

|Q}oxH}Dv "7
V}=Ri= QO lDre |SQv= w QDU@ \}=QW QF= |UQQ@ Qw_vt x@ |Oa)@ wO |R=UpOt

%CU= xDW=OQ@ QO =Q G}=Dv u}= 'R} Qm =N |x}q Ct=N[

=yCWwv=B
1. high energy impact compaction (HEIC)
2. spectral analysis of surface waves (SASW) testing
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