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Changes of Undrained Shear Behavior of Sand due to Cementation
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Abstract

Triaxial tests at isotropic confining pressure of 200 kPa were carried out to show the undrained shear behavior of
artificially cemented sands, which were cemented by gypsum, and the influences of relative density and DOC (degree
of cementation) were investigated from the results. The yield strength, the elastic secant modulus at yield point and
the peak frictional angle of cemented sands increased abruptly compared to uncemented sands, and it was checked that
cementation exerts more influence on the behavior of sand than the relative density. But after breakage of the cementation
bonds, the relative density was more important factor on the behavior of sand than the cementation. Because the
compressibility and the excess pore pressure of cemented sands were reduced due to the cementation bonds, the effective
stress path of cemented sands was going toward to the total stress path of uncemented sands. The cementation of sand

restricted the dialtion of sand at the pre-yield condition, but induced more dilation in the post-yield condition.

2 X

£ =gollAlE L2(Comentation)oll €13 efe] Blujs AFASHE Wotel7] $isto] HLE TALUAZ ALgT
NEE 24T T FPIBAUCE A8, AUUE 2 D BHE| 2 AT WS LAsET, @
B 2 DR FRYE(), FRA BHEPARNE,), ARoHE0) ) AR 2718 81713, s nc)
wde] A § 2 L AAE Ao FAAYT. 2o} DALl B o)F, Bl ARE mARG

AUUES) GRS o 2 TE o2 Uehieh E3 TART] ot Y24 Tl B0 PHRE FaAlA
o A=7} o127 Roje 48 FRBoR WHo] WA nABT] BT =] Hoj
ol ZasiAT, Aol BE Folt mna meuct o 2 celeld Hgol furEgi

Keywords : Cementation, Compressibility, Degree of cementation, Dilation, Relative density, Undrained shear

behavior
M2 o] A} Atojnt IAFEH| M AsH Q27 AFH S
© ZAAFE FARS T (cementation)o] Bk gHch Yulb
Aoz ehAHZHE(CaCOs : calcium carbonate)S Hog gdie} ot x99 s wALEoR

1 334, Telthshia AS|#A A AT 8T $ TS (Member, Associate Prof,, Dept. of Civil and Environmental Engrg., Korea Univ.)

2 HE, seiuista AFS| A A AR T8} BhAF (Member, Graduate student, Dept. of Civil and Environmental Engrg., Korea Univ., kkkcivil@korea.ac.kr)
3 434, 3 uigty ARSRA A~ F 80 wAka A (Member, Graduate student, Dept. of Civil and Environmental Engrg., Korea Univ.)

4 LeeiSta AR EPAARE 8T BAY (Graduate Student, Dept. of Civil and Environmental Engrg., Korea Univ.)

* 2 el gE 2o doke 9L 2006 109 31U T2 WSS SgEE BUFAY] Bt A AR ew 8 =B AAstel =hug,

D& (Cementation)0ll (12 22HO) Hibi4 MCIHE WS 85



“J, LI‘HXI@!W&E o] Abzleka 4 =7}
Ao ol T Ao ¥AIEly| = Bt}

ot %94 ‘g‘i&] EX NSl TAlo] A=

G50 MO s

o
)
o £
Mo
2
)
E
II
;1': L

wdy) P52 ARl ek Aot 1
B3 ATE Ao A ATS ekl 4 9l

A 1AFLAAE A= Ao] o}t £93)
o, A|27HA] ZEHE= AldlE(Saxena and Lastrico 1978;
Clough 5 1981; Acar and El-Tahir 1986; Allman and
Poulos 1998; Ismael 2000)1+ A 1(Coop and Atkinson
1993; Huang and Airey 1998; Haeri 5 2005), ghAlg
(Akili and Torrance 1981; Molenaar and Venmans 1993;
Ismail 5 2002) 52 ©]&3t vl o] Huxm 9t
3] Ai(gypsum)= B0 A A 1EZS LA
SHAE 18 v 5 AFo| AAA e oA
BE Fof A fAlsE] mliel] B2 A7}l 23|

E
=
[}

—

ey
al

100

D o«
o o

Percent finer(%)
F -3
Q

20

ARGEAL Sl

A w9 lﬂ&l 74*‘;—% VAR, AR ERE
=HI), EEH%]XP—J B4
% 5ol oJs ¥
9 A&t 94?'&
U oj=st 2+E 27}
ZH2Q Ao} of7] W Eejl(Clough 5 1989; Huang
and Airey 1998; Ismail 5 2002) oJ& 272} AlaalA
of olg o) WS HAT Was) Atk W,
AN E HIE o) gstel Fujoly L] walE
7RsAo] we YAk Aol A91H DAL $UAIA

ARe] DAYE W AU Ee] T ATPAL B4
shoie.

2. 2™ EM

2.1 2af 712584
£ A7) AHE mes R4 98 SAE dd
SOkm 8014 AT SALZA, 1 AZA T 4207

o] BAIA AFEBIAT AR B4A D YEBHL
21, 39 13 gor, EYEZHUSCSA SPof st
Bk 29 20]) ek AAFAFER] A(SEM, Scanning

10.00 1.00 0.10 0.01
Particle size(mm)
I3 1. ZEAE YEEE 7 2. BEJAI2 SEM ARRI(x107)
E 1. ZYAZ 722N
o % REYUZ B2y #2004 242 Az Ys Hrozds
(G) (Dyy, mm) (Dy,, mm) (%) (Vamax)) (atmin))
2.62 0.162 0.31 3.13 1.58 1.27
H 2. DAl TAME(XRF)
’}S‘,—E-— A|203 Ca0 FeoOs K20 MgO MnO Na,O PzOs SiOz TiOz
BRE(%) 8.28 3.02 0.99 3.06 0.29 0.01 1.62 0.02 76.06 0.16
86 BHEXILIBEE=2F X223 H4E



Electron Microscopy)2 &3F A3 ZajdAle= v

4 52 YA YRhiAT QAR A2 34
o] i, ol BAe) o3 BEE G Tl (=
e o] Zerslel siE Aol HREISN Eat B

29| JEEH(XRF) 2T 59 %Xl HoM= HE
] k= CaO 2ol AEHUL, S0, FiFol 2

Ag)7ha w(silica sand)Ql Ao =2 YeERGT

2 M3(Gypsum) Y

dutd oz Muegr &2 w4 1(CaSOs- H0)E
Zot, A e oA 1(CaS0s 2H0)E 443t
of dojch BkpMuE A (HI ol B3 W53tk
27] 2, H]E 22~249] 54t
B FAEAE olFH, BY £ 9HEYEE Ve,
2 dAFolA nAFEAR ARS Ails =X A
£ A I(GM-10)ZH, F2FYA] 20MPa®] A&7 g
gl 53] FAA] WAE0] 0.03%EH HFo A
o mjsf AWAALE H7] ol g IgollA AR
g Has & 5 ok

1o
—{11

CaSOy 5 H:0 + S H,0 = CaSO4-2H:0 (1)
3. Al

3.1 AJE 3|

B Aol AME AZEAIE7|= C. K. Chano] 73t
=3t AFEA|E 7 gyﬂ, 31523 Y(load frame), A%

SEM AKE(x10%)

A8 3 38 MO

Al(triaxial cell), 3H=A5}+3X|(load actuator), HjZ&3
A Z]|(volume measuring device), 415 =2 AX|(signal con-
ditioning wnit), AFE) % TV o= P46 9
of Ea B AEARYIE 2015E 240 g 2
A(load cell), AR sl =4S 935k LVDT, It
(chamber pressure), -3-5 W(effective pressure), | %35}
(volume change) 5-& 2317 Y&k 3719 A=AlA
5 5709 ASAA7E WA= 9l
ok B AR SreiT wel W AAHsE SAe) A%
HAZ 24510 A" AB2 ARe ol AT, of

2 tha] DA HEIoIA] o2 AR uho] A4
"o grele 2sto] 74t @ HX2L EA o]
Sl flele AEUTh 2 AHs)E B 5y
K U Sk s aRos B3 5
HATe S9N 4 U SR %
TRssiol Alzol tat chabet 271 71%—; e 5
oIt} CKC AHEpule] MARel TAL 1 49} Pk

(pressure transducer)s

l

32 AEME Y E3

3.2.1 #2273 E(Uncemented sand)2] 43 o 3}

REAE 24E 95F E=0 A (pluviation
method, Miura and Toki 1982)2 o]45}0] Al 25%,
40%, 60%2] 1] 1E A 22 A7 70mm, =o] 153mm
7|2 2A3ATE ZAE A= 10kPa2] F<(cell
pressure)©] 7} 2l Aefoll A ojitaletaz EIHE SA
G5 TkPad] ¢FE o2 oF I E B A AR
715 122 A At A&79 :‘Tiﬂ“?— 5l deaired
waterE 7kPa®] o2 EAZ] &, 10kPal] §-a-88

(effective pressure)2 -F-X|A|7|HA] vlj(back pressure)S

aj ©XC LOADER

O3 4. CKC =3l 7Y

D&(Cementation)0fl HE 2e2Hel HibHE MCEHHS B3 87



200kPa7tz] Z7FAA 7H24A19(B value)7} 0.97 o]
o] HEE slgrh AlRe] 28t $H3] olRol 4
HlolA) 200kPag] EHF4le Fst] o] ¢heH
%, 0.1%/min®] NRE SE2 uH4 ABAFCIV)E
SREELE |

@
o
b
3|

Z—iE_EH(Gypsmn-cemented sand)] 33 2 ¥3)
A} 1A% (Gypsum-cemented sand)
Y 5o 2o BEE ARSI A3
T4 ANEEG The AelAl A
|8 AE, ok Fao| we
Amo} mehgapul s~20%0) S AN TP
YAl o g2 ZZ 70mm, =¢| 153mmY A|lESE F4
bark 248 ARl 55kPad) A TEUE THE 7,
AR SElH AHYoR FHAE FYUste] A

x
m
o M

W g 4o

s
o]

o

1o
ok
I oflt
o
ok Ll F°"

U
=
k
Y
3

o

i

O

9] 38 =T BE AR FA7IE 3ER F

osHAl SAAALH, P T B E sHEtT AR

A FolE A5t 2FHA AR Al

2R8Ik 39 62 SEME 0|83t} 150u)

2| nAE wmeo] Apxlo|d, mejglAte] T}l A

doll HuYdA7t 3tEo] 1

t:;:_), 2= qich 1 AH EEH/\]E% ’1‘:}'-—7/\]?:]7101] A |8}
il A3F Z o)A EAtel deaired

waterE ©]-8-5}¢d *lﬁg Z3A|Z] &, ulQtS- 400kPa

gegt
o

MTEHE
ot T
A R
2Hi&
D_A_}d+ - A2
O Kl =
[aV)
gl =gy ol
ITDTD
257
200

a7 5. naeef MEE

38 e=XIptESsEl=2d H22d M4s

THX) Z7RAIA 0.95014k0) 224 ASB value)Z B
ol3tgith AR Z3} & w1 A meel EUs1A 200kPa
o] Jr&Qto g E=urotdl] 7] & 0.1%/min%] HE e &

=2 g AUAES AAskech
4. NEZT 2 22

41 DAY wE Lk

4.1.1 3qEF}=e} 743 S}

25 2o $8-UgE AL Be ATAE
o8 AUfEar Qlev(Airey 1993; Coop and Atkinson
1993; Huang and Airey 1993; Ismael 2000; Ismail &
20022), 2% Ho] gtEuly] okARe njuE Hajel

sl LHEch 198 79 R R T2 A S|
A rlmd B F3e wEPe] UehiA g
2wl B2xo] Easty, YA B4 AT
H(brittle failure) WAS Holty. BDAAZ 7} E71&
= A4 Aol 58 £, 53] Ang
o 10%HTh & #4911 7ol 7] F7bshe Aom
etk SYa Aduee ARdxetE 8%
b} E 7} (yield strength)Q} Atho] A 06]-_“:_ AT
(stiffness)of] = X}o|7} Yepdth Ade 25,
Wz 7o) 4T e FEA wo—a@m
SUHR(e), 1T PR THSHANE)S E 30)
efstel, 28] ol ehuisie) ol el e
U]_]__7=l EEH_,] 3}5‘.14 o 7}:’-*0%01 6].7] /\]z_]-
H= A7 o]X(phase transformation point) 2 2 7} 3}
St 19 8(a), (b)ollA LT A= dx|ete 1
He7t S7HEE FEA £48Y, & PEA=L T

oo 334

>.
JHL

% o

O‘l

XEC 0 o0 i

17 6. M2 nHE D(SEM, x150)



1600 2000
— Uncemented —e-Dr=25%
~o—Gypsum 5% = - Dr=40%
T 1200 - -a-Gypsum 10% g 1500 + 60
s ——Gypsum 15% % &~ Dr=60%
e —o— Gypsum 20% g
] £
£ so0 > 1000 +
4 [
3 400 2 500
0 &— + } ; 0 . + + u
0 5 10 15 20 0 5 10 15 20 25
Axial strain, g, (%) Degree of cementation (Gypsum %)
(a) SH-HHE 2 (a) DAYZO| LIS YELE W
1600 300
— Uncemented —e— Dr=25%
—o— Gypsum 5% - o
3 = Gypsum 10% g ~®-Dr=40%
g 1200 + yp £ —&—Dr=60%
= —— Gypsum 15% & 200 T
:.' —— Gypsum 20% &
& 800 + E
@ 3
H £
5 £ 100 4
3 400 +
g 3
0 : 0 . + : :
0 200 400 600 800 0 5 10 15 20 25
Mean effective stress, p' (kPa) Degree of cementation (Gypsum %)
(b} 7ESHY Z2 (b) DEHEO [ME SMEA S Hel
200 ~ 1
—— Uncemented &
= . < -8-Dr=25%
£ 150 —-e—Gypsum 5% g 081 -=Dr-40%
5 ~=— Gypsum 10% =)
< o @ —a— Dr=60%
& 100 —— Gypsum 15% 5
5 —e— Gypsum 20% ﬁ 0.6
2 a
& ®
@ © 0.4
g o 2
2 N
] ® 0.2
g E
(=]
-100 ; : : o0
0 5 10 15 20 0 5 10 15 20 25
Axial strain, €, (%) Degree of cementation (Gypsum %)
(c) Z5+U-HEE Al (c) DAY= wE HAske 2=eUs)
T8l 7. 1AYZ0| ME DAE 2elo| HS(D,=25%, o3 =200kPa) J3 8. DEYTO| WE nHEs Y3
E 3 1AYE 9 Mozl w2 0H8 Qe
dogs 25% 40% 60%
A0 BIREH(%) 0 5 10 15 20 0 5 10 15 0 5 10 15
ay (kPa) 184 204 441 737 1443 209 275 693 976 245 409 796 1284
g, (%) 1.32 0.62 0.40 0.51 0.61 0.79 0.62 0.58 0.57 0.74 0.66 0.62 0.67
E,”"(Mpa) 13.9 329 | 110.3 | 1445 | 2366 | 26.5 44,4 | 1195 | 171.2 | 33.1 62.0 | 128.4 | 191.6
"Gy D BEAl ZXIEH (Deviator stress in yielding)
ey sHEAl SHES(Axial strain in yielding)
Ey(=ayley) ¢ BHEAl EHMEMYH 4 (Secant elastic modulus in yielding)

Z (Cementation)tll =

2242l gigie BEAS B

89



124
U}
oz,
)
3
N
L
il
N
ok

412 e 2R

Aol oJgt 1AE mejo] 7+t Wy A T
A=l 3 tt=A yepdth I3 7(c)9] ME&ol
w2 Mot FAA BER =) Skslon e
o uhaly] ol He| ZHERe HEL Ao| Yo 2
o 2wt ok UrEMiI'_ ot} 12y 1

o
©
©

N

N
3
T

¢ D=ade FELERE BHAA
L}E}‘;’i—% 3 LB ETY FUHEeE gAY 29
° }EHXI“ shaoll Hlsl =4k EAg g0l
ARE7L 7SS AYAl &
o E@ﬂ?’ﬂ sol, 18 T(byof A1t 3t
E(effective stress path)7} LEZ 0 &2
SR &, v wefjet nANy
& 5% 2 9s g9 nZALT}
= & 10% o) 2] a3 HRE Uy
ARl yordd &9 RE38 F29 SR Uehu
ar

olN
oy
2
N

L
do
l:o[r
o(o
NIVE
o

i

Hof upet Eal
82 5%9] Alg= u]
b Al g A TRk
o] WAst: gﬁ e %3
o Qg H34gol aaty] AlZste, ojn) 1
A7 45 U el OE ISy Aago) o
A vebdet ol =) n2B o] HI=y] A
ot DAZYe] sFol Agsie] AR crldol4
ZAgFol A =2 9K Clough S 1989), 112 Z3}o] w3
g o|Zo= DAL 42 ¢ 2 cfagold A
dhASHS omjstct, gEols A &x1-&8 Af
7} (peak strength)ol] =2 wrtz] thdsg)
ol A& LAY, A7t HEdEe vy
st T=90] HA 7}0P°f1 L5t
ok E3F O 7(2)9] $E-HEE o ]oﬂ/\ﬂE A
™ =T ol &
o2 yehtt o] 7
o] mao] Age
7) DAY 9 o) w
V& ANEE o3 FE ZAHEE 9o

)
Al
ne
&
9
i
o~
e.
g
S

3

s Ehe]

90 EI=XEESE =2

H222 Haz

42 MU0 ©E g3

421 FEE 9 7 5}
AL =T} F71ErE QA &40 Zosieg

o] G2 nHo| guEo] mAE mHe) Pe EF
F7Vole Ao delA QeKismail 5 2002b). 1% 9
1600
w
% 1200 1
T
@
[
® 800 -
]
S
k-]
2 400 -8~ Dr=25%
a -a~Dr=40%
—— Dr=60%
0 t —+ t
[} 5 10 15 20
Axial strain, €, (%)
(a) 2-HyE
1600
-—-Dr=25%
= —a— Dr=40%
& 1200 1 -4 Dr=60%
e
"3
7]
@ 800 T
7]
S
«
= 400 T
a
0 — t 1
0 200 400 600 800 1000
Mean effective stress, p'(kPa)
(b) 7524 4=
200
—o—Dr=25%
100 - Dr=40%

Excess pore pressure, Au (kPa)

-100

-200

=300 T

—4— Dr=60%

-400

a8 9

Il 1 g
T T T

5 10 15 20
Axial strain, g, (%)

(0 2134Y-wag B

- AUEEN WE DAHE mefe| HS
(@J'_:m-% 10%, o3 " =200kPa)



2000

-o— Uncemented

- -& Gypsum 5%
& 1500 + —&— Gypsum 10%
é‘é ——Gypsum 15%
% 1000 1
© 1000 -
£
[}
Ll
2 500 1+
g ,=—___—__f—r:’_‘:_/_:

0 t t } t $

10 20 30 40 50 60 70
Relative density, D,(%)
(a) HTHLUZO| ME EEZE 3}
300
-o— Uncemented
o - Gypsum 5%
En. —+— Gypsum 10%
Jr 200 —o— Gypsum 15%
"
=
2 //
o
g ‘______4*-——-—""‘
« 100 1
c
©
o
'3
? — .
0 t t —— t +

10 20 30 40 50 60 70
Relative density, D, (%)

(b) HOHLZO WE SHERIAH S HE
38 10. SO WE 0FEs I

of Yehd daolME Jugigo| TdTAT= &
HEE7) S7rEeS sdd mae FEFETF St
3he ACE vebgth olnf FEA S T
AAle] 7 A=E a9 1002 Vel A, A
T 9| Z7to| 9 FEAE BrAIALT} A 2715}

E A%e B

g vjAs ddEEY §FS 1EA=Y ¥
e} AT Aol of ] dAxe] ofs wrslal uh olem
(Baig 5 1997; Huang and Airey 1998; Ismail 5 2002),
& dFolME 2= 9 id =]
3 A A MRS tekd 113 (), (b)9
19 10(a), (0)E ¥l 72% o =M gelo] 7hs3tgith &
g 3 113 Zo] Hidz 25%% A& 5%
MNEE 710 ATide U DAREY F7Hg0)
2 guA) EX}eUY GHHAAS) SRS HE
3t An}, A7} 25%0] A 40%= 16HH Z713 A
$ 1.35~1.574H}, 60%=2 244 Z71& 7 1.74~2.4HH
o] FEF=7L S7FsHth W A I ghG-go] 5%0llA

2 35 d=

—e— Gypsum 5% ,

~a— Gypsum 10% P
al —— Gypsum 15% /,/” 49/

—5- Dr 25% P

—x Dr40% Yo

_ s
o- Dréo% /oy

#=2Aqr S
(qy/dy_or2s, qy/qy_pocs)
N

-t
1
U

closed simbol : #CHYUE S7HE
',"' open simbol : TAJE SIS
0+ -+ | :
[ 1 2 3 4

AT o DHIE 7=
(DI’/DI"zs, DOC/DOCs)

(a) &5Yz F7k8

5
—e— Gypsum 5% o
Al —a—Gypsum 10% /'E //'
0 ——Gypsum 15% P et
‘_";I! g —o- Dr25% -
Ko @' 3] —oDrao% i o
(l- IIT ~G- Dr 60% /A/ {»f
B g / e
3 2l / @
ty /’/é
< /
=1l 4
14 .
g closed simbol : #UUE SIHS
p open simbol : UM SIS
0 + t t } t
0 1 2 3 4 5

i 2 2HFYS Boks
(DI'/Drzs, DOC/DOCs)

(b) EMEMAI+ E7k2
J8 1. ¥8YT J SUEAS Bl

10%=Z 28l &718 AL 1.95~-2.524), 15%E 34} =7}
T A9 314~36189) YR S5 nia
A SAEY AL AUEe] STt o3 1.08~
1.88u)7F Z7bet s, AR =] Z7bo) s 2.07~
430W Z71steict & 1A mefe) B ol AFE
AiaEEct TAYE o3 ¢ A

oo A
%
e
2
-
2
2r
fr
k1
1)
ox
!
b
- ox
op fr ox % ['E °
oy = 0o
u U
at €l f
© L e
> e s

_I i

o,

> x o
Bodorr R Ko

wdorr 8 R Som o
(1)
o
1
N
o|N
N
st
4
o

o :{o
b{l
olo
1

K1
)
ofN ok
N
ok
2
K
ot
I
o,
2
do
fob
o[o
1%
oM.
HU
lo
P
N
N,

[
o]
3
[0}
=1
ok
e}
=
2
=
Ul
H
&
10
o
=
5
Pl
]
o
&
k_?ﬂ
©
—



7171 A AT RS B 5 Aok ol nARES}
YT L AUy -7P°ﬂ e oA A
o 7} 4oE o

L84

422 254 28R %

3% 909 PR wE 35e
2 mefe| PuolA HF4d AL 1
A% gejame] BAglel Ao} AR 571
BYon|, ot 41284 EHES} Tels
HESY AL A B 2ue 4
o BUs nAYE A etE HUEs e g
o1F A% e TR TRBE 1Y 95 T &
Ve 5 9le Z AU Bk TRuee ¢
BHE7L FIRICIE BRoh, YRl UL
LS WY B o, Yiko] WAT ol ol
WU B4 6 2 2480 Fade ey

o, o] Ze fsok% wefe] Qe Blujs: A5}
e,

IR
ol rx
2
X

1
o
b m

J
[

fllo

o o on
[
Lk

e

43 DEYE H YUYz TE ASUYA

AvtH oz meo] JuolF AEE mafo] 27] 4
U= 3 2Qkof o3l HE -8 A3NK(strain softening)
AHE-oly HE. Z3Kstrain hardening) A 5082 JFLHE
ok AL Ee} FEgto] BeSE WHE AsAEo)
AujA ol iR A mol L&bo] S48 HY

A8 o] Z]HHX‘?O]E]- g 129] ”EHEQE 25%<

Dr-DOC
~~25%-10% —-25%-15% ~o—25%-20%
—&-40%-5% - 40%-10% —=-40%-15%
2~ 60%-5% -4—60%-10% -~ 60%15%

2000 -
1600 1

1200 +/i

800 e

Deviator stress, q (kPa)

&

Axial strain, &, (%)
2312 2AFE W AR T HiHjS MTEHS (o * =200kPa)

92 E=RXEIBEE =28 W22A N4E

g go] Z713) uhet H3-3go] n|n w
of ZAREH T FARRE gho & Hshs Ao el
), FHEE 40%, 60%2] 1Z2H 2= FUS A
HBok T2y, A8 10%9] 18mo] S8
BE& IS S *PEH‘QEﬂ F7VE HEE 7
S} A TFo] S8l AL B 4= qlr},

A= H]BH 357} 2 peuisE HEg
Azl S0l Al o2 WAL 41338 15%9)
FHEE 40%2] AlRE= HPE FoAFol, Higz
MUFFE 15%0)1 JAUET} o 2 60% A2 W
BFE dsAsol HAste O AsS vERgith of
B AUE 60% AR A, the] Am HHBol
2efdAte] I MY DAAYo] HuETM 22
3} Zchuly)H(shear plane)o] FAEo] ojmmH o] dt
A7) g Ao wokEnh

i?i r& to r]r lo ot

K or

4.4 O}&Zk(friction angle)2| 213}

TATLE GAF Aol TAREA} A= FAdo)
o2 dudoz mefio] ARUEE /A gl of
3F A3t 9 B R7) X3Y9H-3-2l(apparent preconsolidation
pressure)2] S71E F-4FA]ZIci(Coop and Atkinson 1993;
Huang and Airey 1998). 181} 24U AlE ohas)
R ARY] F= Y= Fo] opde}, mEf YAEL
Z&sHA 73@*171741% YRt Ho] Rt 7] of
Rol, DAL Zeo] YRURZOIE F3S F 4+ 9
ct, Coop and Atkinson(1993)2 A& o]-&3t 1A(H
H) 25%)S E3) A 20 SHAANE Eapalz L(¢CS, cricital
state friction angle)o] 3°A = A4S B, Ismail
(2000)-2 10% 402 THF A|ZEo] 23t HTUPZEF ZHur,
ultimate friction angle)o] 1.2° &8ttty B 1shgich

2 dTolMe AeAl DAt 2 A8 S8y
(stress ratio, M)ZEE] u}atz-S AAste] 19 133} 2
o] nEARE W Az wE HEopdzH¢,, peak
friction angle) 2 & Lehigict. oju] HEnpzkzto] e}
Ue HEEE 149 AR gEo] st HES
I A dA|sh= AoZ Yepgth I8 13(a)o)A) A
B 25%2) w37 B HEUPUTE 346°2
vehton, Mnshegol s%H 7Nl ot 14
590, 9.9°9] Aokt F717} Walslel TAREY
7t ol G433t YFupEte] SIS Y,
A= 40%, 60%2] 2ol A= FALSE HeFo]



70

¢ Dr=25%
= Dr=40%
" & Dr=60%

Peak friction angle, ®p(degree)

0 5 10 15 20 25

Degree of cementation (Gypsum %)
(a) YO WE HEOlaZ B

70
* Uncemented

= Gypsum 5%
60 1+ 4 Gypsum 10%

‘Gypsuﬂ'/
50 +
/

40 +

Peak friction angle, ®p(degree)

30 t 1 } }
20 30 40 50 60 70
Relative density, D, (%)

(b) ATHY=O] WE HFOFRIZE Ha}
I8 13 EYE J Y=o wE HE0rEt W)

Uehdth v 39 130)A RS 5% AR
o FHYUE=T} 25%00 A1 40%, 60%E S7HE A9 HE
w271 22 2.5°, 14°0) %, ATEEE 10%
QAR BERNYZ SIHFE 57, L0 2H, Ay
o] St o ntet HFEokdz: SIS B
o & nagEe Yusel 7k nad e A
Fupdztel Fto) @EE FAT AddEHcE 1
Aol &gt FaFo] o AW, ol nFH =] Uutz
A AT Fd gt

FE o|F SHFE 10~20% Apolof|A et ZF
FubEZH(dy, residual friction angle)o] A| &9 Atide
A 1A o wet Wslels S HES b 1
g 149F Zrh AL ET} 25%8] A 2e ndA T o}
2} 34.5~37.1°9] 2FubRZS vebdn, ddds
40%, 60%2] AlE= 34.7~36.6° 34.4~37.6°9] ZEn}
27t Uik &, 22 =7 0~ 15%2 S

™ 40
g o Gypsum 5%
4 o Gypsum 10%
8 38 T 4 Gypsum 15%
9 A ]
= A
c T &
g 36 T - T EP Er
a
3 Y- o
= 34 +
=
]
»
@
£ 32 t ~+—t t t

10 20 30 40 50 60 70
Relative density, D, (%)

8 14, nEE 2o MEapEzt

o

ute} KRoRAzo] 19~32°E S7leto] $UT 4
o= YR|ehe nZ e e ozt 3714
o) ERET E3 ATEGE 5% AlRE 25~ 40%
oA ot 34.7°9) XpFubaZrS Ve, A1
8 10%, 15% AJRE 217F 35.4°, 36.6°9] W A2
npaZke Hol=H|, U AEA T A= Al EEo)
O3t ZFubEZtol ¥ish= 79 gl Aoz etk
U AU 60% ¢ AlEE AR 40% AJ2R
o 04~0.9°9] ZRupEkzio] Z7kslged), Adde
o] Z7tol| o3 FU 1A EEE 1 G&F9 1
ol WSy oz wekdc, Ao Ay
WE 3 DA F710] o8 goiziol 2715
= Awe BaAE, AUEe ¥sus nAYE
of WS} EelAle] o 2 G3e At AoE By
Hoh nZ0] A farE AR(H IR 5%)= A
Aoz nAFIA e FHFo] H7] uj&ol AE=
of TAGlo] vjE mefol FARE AFubaz-S e
o] o] 2bFAtel AlRe] npzkzbo] #9] o

A AR, H03HF-8 10% o142 73t mdo] IEE
AEE ZFEA 7 YAt e Babslo] QIxie} ¢
Apapol Q] upaRg S7MAIA FrFuhakzio] RsA &

ete e Bark

ot

b

o

o

ME o

Ao A& 3L (cementation)o] R Q] AZo| 7
FES dotiy] fsf Mg 1E FUAR AME
FAT & g AGAR(CIUYE A s

TR =7 SV E B e E

JZ(Cementation)tfl MHE ZeHl Hibha MHHE H3l 93



=)
ol
ox.
o,
oN
N
N
o
ki

o
Pa

D49 o] FRolA AFL
of ofaf o & ek W Aow s
DA IS GRA 3) 3
|%2] Z7hgo] 27 Yehtd, f239 A=
e Ao 2A3tel UekAe, $UT 1

£

Lo M
o oX ki
2 N iy ﬁ
o
Hi

2
o
=

Noxoxe
™ o

AU ET} GHRAA G 1A G
2 Hoo), YuH 4529 F29 7187
A Urebiet. 23 mefe) Amntaztel
S0} AfUse] oot Z7bske A4S HAE
So] u)s) RARES} B HEulazio)
Ggpol © 2A vepieh,

o o] muiwt o] HEelA AR 2

S F7HIA GEAE AR, 18P =TL

ox

Tof| &

H orlo my
2
lo f—lF

i '
o &
o
o]
2

i

3
i
oX
o

2
o,
&
e

X
N

242 SplA shgo] uls) 7a4ete] Wl gol &
of 2AY mAo] fELY ARk Tl o} f&
2 Azl SAR1A Ukt £3, sl nAd
wAE thddlold Aol FAEA, FEolFol

A Aol B on, H57

4

P& Ao e, w2 DAYE} 2

L A8e 2SR egth 28t 4
Yeo] uls) RAHES ASHtE nAGEA}
NES] B2 FH AL A$ AFE AsASol
E|E s w3 RAGEA 2 Rie] B
Aot Qa} Ewlo] Ratwlo] majo] FulEZo]
s gon, JouEnct RAAR ofst HRutEzt
o 57} Aol ©

-1
4
N}
3L
32
5

-1 =2
2 =l AHnTRIT Edst a4 nErlE
F7HAol A 15 AJ3gt 2004\ = A A 7]& A7)

HALY(IHAHE : C104A1000009-04A0200-00900)2] ]
Yo 2 o|FojFom, ojof FA=HYL

K223 M4z

94  BRNLUBHZ=LE

10.

11.

1

b

0
Mo
ro

. Airey, D. W. (1993), “Triaxial testing of naturally cemented carbonate

soil”, J. Geotech. Engrg., ASCE, Vol.119, No.9, pp.1379-1398.

. Akili, W. and Torrance, J. K. (1981), “The development and geo-

technical problems of Sabkha, with preliminary experiments on
static penetration resistance of cemented sands”, Q. J. Engg. Geol.
Vol.14, pp.59-73.

. Baig, B., Picornell, M., and Nazarian, S, “Low strain shear moduli

of cemented sands”, J Geotech. Engrg., ASCE, Vol.123, No.6,
pp.540-545.

. Coop, M. R. and Atkinson, J. H. (1993), “The mechanics of cemented

carbonate sands”, Geotechnique, Vol.43, No.1, pp.53-67.

. Cuccovillo, T. and Coop, M. R. (1999), “On the mechanics of

structured sands”, Geotechnique, Vol.49, No.6, pp.741-760.

. Clough, W. G., Sitar N, and Bachus R. (1981), “Cemented sands

under static loading”, Geotech. Engrg. Div, ASCE, Vol.107, No.6,
pp.799-817.

. Clough, W. G., Iwabuchi J, Rad N. S, and Kuppusamy, T.

(1989), “Influence of cementation on liquefaction of sand”, J
Geotech. Engrg. Div, ASCE, Vol.115, No.8, pp.1102-1117.

. Haeri, S. M, Hamidi, A., and Tabatabaee, N. (2005), “The effect

of gypsum cementation on the mechanical behavior of gravely
sands”, Geotech. Testing J., ASTM, Vol.28, No.4, pp.1-11.

. Huang, J. T. and Airey, D. W. (1998), “Properties of artificially

cemented carbonate sand”, J. Geotech. Engrg., ASCE, Vol.124,
No.6, pp.492-499.

Ishihara, K. (1993), “Liquefaction and flow failure during earth-
quakes”, Geotechnique, Vol.43, No.3, pp.351-415.

Ismael, N. F. (2000), “Influence of artificial cementation on the
properties of Kuwaiti sands”, Kuwait J. Sci. Eng., Vol.27, pp.59-75.

. Ismail, M. A, Joer, H. A., Sim, W. H., and Randolph. M. F.

(2002a), “Effect of cement type on shear behavior of cemented
calcareous soil”, J Geotech. Engrg., ASCE, Vol.128, No.6, pp.
520-529.

. Ismail, M. A., Joer, H. A, and Randolph, M. F. (2002b), “Cemen-

tation of porous materials using calcite”, Geotechnique, Vol.52,
No.5, pp.313-324.

. Leroueil, S and Vaughan, P. R., (1990), “The general congruent

effects of structure in natural soils and weak rocks”, Geotechnique,
Vol.40, No.3, pp.467-488.

. Miura S. and Toki S. (1982), “Sample Preparation method and its

effect on static and cyclic deformation-strength properties of sand”,
Soils and Foundations, Vol.22, No.1, pp.61-77.

. Molenaar, M. and Venmanns, A. A. M. (1993), “Calcium carbonate

cementation of sand : A method for producing artificially cemented
samples for geotechnical testing and a comparison with natural
cementation processes”, Engineering Geology, Vol.35, pp.103-122.

. Schnail, F., Prietto, P. D. M., and Consoli, N. C. (2001), “Cha-

racterization of cemented sand in triaxial compression”, J. Geotech.
Engrg., ASCE, Vol.127, No.10, pp.857-868.

. Ismail, M. A. (2000), Strength and deformation behaviour of

calcite-cemented calcareous soil, Ph.D. Thesis, the University of

Western Australia.

(BFYA} 2006. 1. 10, AAIAEYD 2006. 4. 15)



