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Study on the Evolution of Sand Structure during Shearing
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SYNOPSIS : This paper summarizes the results of a study which has quantified the evolution of
the structure of sands adjacent to geomembranes of varying roughness at different stages of
shearing. The results show that the structure evolution, and hence shear mechanisms for rounded
uniform sands adjacent to geomembranes, are directly influenced by the surface roughness of the
geomembranes. For smooth geomembranes, the shear mechanism predominantly involves sliding of
sand particles and only affects the sand structure within two particle diameters of the geomembrane.
For slightly textured geomembranes, the effects of interlocking and dilation of sand particles extends
the zone of evolution to four particles diameters from the interface. For moderately/heavily textured
geomembranes, the interlocking and dilation of sand particles is fully developed and results in large
dilation in the interfacial zone, which extends up to six particle diameters from the interface. By
understanding how the structure of the sand adjacent to geomembranes of different roughness
changes during shearing, it may be possible to identify alternative geomembrane roughening

procedures and patterns that can lead to more efficient interface designs.

Key Words : Surface roughness, Shear mechanism, Geomembrane, Direct shear test, Digital image
analysis, Sand structure

1. ME

A8, o2 MeaE T EEMNGE A2 § T N HYsled nPE
T B2 EEZA AA - AFHY Az o E3], AedEFede] F$, EHo| nmjuge 2R
(smooth) XL EBHAFA & AaEHe] FEHNA HAs= FEA Ao (interface strength)S F
7EX 7171 et FWo] AH L E7|Y(textured) A 2WEH AL AL oy, olHF ENNF AL
WEHAS A AHE 7HEs A5 AUAE T AARY AP o&so MEgo] N Y A
o)tk

A7A A2 ATFES F39 EHoAY &Y FAL HAEUE FASE F ARY BEAA
(43 =271, 9= BE, A 34, dA9 89 Ay, 34 A5 ¥4 AV, Ax 5) € FF39
7733t (density, normal stress 5)°] Wzl Walevn deizion, 53], ¥ Fdo ¥4 AFAY)
t H5Y ADE S ZAHsed v¢ T2 2490 v A (Kishida and Uesugi, 1987;Paikowsky
et al, 1995; Dove and Frost, 1996; Dove et al., 1997, Lee et al., 1998).

2 @A E oleld de] A7 AFAE FTYn FFSEr] A3 A FF BH ARVE A
d 2zt xedadRly meote] AdAd F P YA M (evolution)E FHH o
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%, Aedrdgdn B2 7Y HEWAA AGiYo] A= AAFe 72 WIE =243
° 24 dilation?} contraction®] ¥3H$ 2L HIFEE FAHEAE Ul AFE ¥ (evolution)
Ay 2o oA gz At FAHE He YA microstructure®] W3S 2n
sl AT, B 979 EXE HEHA Aodagede ¥R AArd me 2] Wz FAAs
BRAFo2ZHN Xeduddy Rz 789 AEFHY AD wWIUEE g3le=d Ao

2. A8 9y

29 Feowrgglor A HEHNA A AFE F3d v A SFH-¥Y F4E&
el A&3Q AHAG AFS £ AA e AFA HYdA ADAEE HFI epoxyE AHE
3t HERHA A R FZE(sand structure)E B EFS YT BEH A E(specimen)Z2FE 2709 AlH
(coupon)& A& &, ZHTZE digital image analysis Al2Ho2 AF3} & + JYE & FAHS A
T BEAS HAAEYH(Jang, 1997; Jang et al., 1998).
21 28 Al

2 d7oAE Ottawa 20/30 RHE AHgsien, 2 €44 2 Z=E54L E 13 ¥ Ottawa
20/305 A9 436 77tE RAEA dEHA &L 29 13 2ok

E 1. Ottawa 20/30 2=2] A

Dso 0.72 emax | 0.742 mm

Cu 119 €min 0.502 mm

Ce 098 ?'s 385

Gs 265 ' 215 239 1. Ottawa 20/30¢} ©|v%| 4

2.2 Fi2HEel AR

2 A7AE test 2ol AA 48R Yt AcHAnAY EA ALs] Axe WAS T
4 IES, @ Ao 2F= NeWB A 2749 E7)% (textured) HDPE A 2 A B AAE ASahgich

+ National Seal Co. &<} Dura Seal HD : 2% =(smooth) A 2. HH &<l
» GSE Lining Technology, Inc. #1 & ¢! Friction Flex : 7] % (textured) X 2 W B &<l
» Poly-Flex, Inc. A& Poly-Flex Textured HDPE : 7] ¥ (textured) X 2B &

B AT A" 37MR £5F59 oW rE & Optical Profile Microscopy (OPM) 39 (Dove and
Frost, 1996)& Al43ld 238 HF EW AFAY] F=ERs) 20 I} EF HAA7ZF E 29 HERd o]
A Aok AAZR el ¥ AV ALY L W AF7] v+ E Lee(1999, a, bl Y
1228 e 1=
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X 2 ®2¥ AZRN 3 2%

AW edgl F5 B ¥ AA7I(Rs) A b A7 F&Y

NSC Dura Seal 1.09 - smooth
GSE Friction Flex 1.25 0.03 slightly textured
Poly-Flex Textured 171 0.12 moderately/heavily textured

1) Dove 9 Frost(1996)°] €3l A|¢td 79

2.3 FFTE AEII

At 80mm< 43 W% (horizontal displacement)E A 4 =2 udd APAG AF/I(2d”
DE A5t 29 Aoewrgor FARN HEWU Add 2 RYF2E FAHINAY. ADAES
0.01 in/ming] ¥ &= AA AT

Vertical LVDT

¢
s
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Al Nomal , 4’
Vent Strass , o Top Cap
“ “,¢ /
" e Soil Specimen

2 |
. ' hear Box
.
re==-4Jq4°, . . Gaomembrane

H tal R Satfrnemasmn el * Tested

Displacement . : /
.

! | | rs
Testing Platform

a9 2. APAG AF AR

Agurakal 71 A A Zgko] HaEA AXE Ae@guHd Yo AdurA(102X102 mm)E HA & F
air pluviation® A&38ta] RPgPE A Y (635 mm diameter)3tI metal cross armS AFE3t A -§E
(normal stress)& 7F3tAtt. & 709 load cell® 3709 LVDTAA EAHE 3%, oHHY, 93y
NP ERE-L LabView data acquisition A|2%& o] 839 AFHAA AFHoR FAHINAT.

24 Y PxEe HE U A|H M=z

2ot Nogngle] FEAAA AGAE F A SHI} MY FHo =EsHs W MRS
W& F EPO-TEK 301 Epoxy Resing Ar&3te] RAlFEE SaAPLEZN HEIITD. &2 kl
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epoxy MY EHTFxe HFYE Huyg
(specimen)”} &3 ¥ 7Y

Folud HALE Qo2 AFAARY 2. 2w
% 23
gatan. A" AE Aewgs dgstn, AW

ted 29 3o Uebd vheh 2ol 2789 Al ¥ (coupon)E 4
= F£A% uskow FLAEH

CIJ

Shear Direction

1.5"

Front Side - Rear Side
Coupon A

Image Number
25" 2 j28 [ 27
2 J Je
Coupon A : Parallel to Shear Direction wlala
Coupon B : Perpendicular to Shear Direction
Center Side Outside

Coupon B

a9 3. AEg olm| A9 93]

AYE 2708 AHGA =z BEAe] o]Fejxd WL BUEHLER DIALOG #¥(Jang et al.,
1998)& Al&-3ted 49Ae] EHAHE AASAY. ola$ A2 AFdd AlHE CCD Mg & ofn
Z(9.2 X 86 mm)E EF3d ZAFE Y AAHo U+ digital image analysis A|2HE o] &3t R
TZE BA&A.

g Alm F, Al A 18719 olnlR]et AlH BelA 9719 oM A7} EFHAT 77} omAE
e 1107 A= RagdeE xgstn gtk 2 27709 olnAE HERoZRY xold wg =A 3
Ao 2oz Uyo BEAFNY. F 1522 AH ARGEE FYPF AH)9 1¥HMEH 687X 9 oln|
A9t A B(AGHFH 3 "]311)-4 1995 219 o|vAE X ¥3H, oA L FEZHA A RE
92mm ¥o|7tA 9] ¥E-& X3 23L& THEY 129 a3 229 RE 24U XFstx, 352 139
HE 184 zEln BHUREH 2748 TEL. F 258 HEHOZRY 92mmol DI FolRH
184mmol| #Zd= H&, 281 33L& 184mmHP¥ 27.6mme] dFEE F & X

3. Xxyuele #H HEI|J Revxe] MY OjX= HE

32F9 92 ¥4 AAVNE AJ NLPEHAF Ottawa 20/30 ZPE A1E&de AdAH S 3}
HA E#FX(sand structure)®] ¥ ¥ (evolution)S A ZF3}t Fo2H Aodr#le EH AF7G &
/A BHQ FEHY A v F X 9FE A7 deHy ANES F39 vy A
Ad $9-dY & o AdAE S AAEU7E A AFANA AFE HFL epoxyE AHEE

=
o RYFZRE BEINDL AN RHYTRY HYL FEFHUoZRYH Fold mt I8 Wi E
digital image analysis A|&®& o] &3l Z2FJFozN 3yt

3.1 Ottawa 20/30 222} AFE X2yl HE{EH
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Ottawa 20/30 B#i¢} A% = AwB#de HEHY AGATES A7 939 94384 100
kPa 3tollA wlg] 7" 3-89 A& ot 6719 A2 E AT Aol 6719 AEE E 34 o
Eldiojx] gl%o]l dA I WA APE FTAT F epoxyE AMEE SFIAAHY. 18 4%
digital image analysis AlA® & o] &3l HEHOZRE Eold wWE 7+IH]e WIS BAFa g}
B AFAANE 6718 ARE AL oY 123 ARE BAFy] et 2 4H, ey 2 3F
Sl F& 37tA Y Ak 19 49 YERHAS

¥ 3 AR 549 W3
Alg SMOT?22 SMOT31 SMOT41 SMOT51 SMOT®61 SMOTT71
%27] =Y, @ 0.550 0.551 0.551 0.550 0.549 0.552
AF 73], e 0.544 0.546 0.548 0.545 0.543 0.552
H88, kPa 0.0 36.5 453 37 30.3 26.4
$9], mm 0.0 0.1 0.15 1.14 10.06 76
30 v
Smooth Geomembtan i
with Ottawa 20/30y 1
25 i
i
i Maximum
20 } I / Void Rati
|
g ;
g 15} |
: i
5ol i
10 |—e—SMOT22
i (Initial)
|—8—SMOT41
5 (Peak)
!—A—SMOT71
i (Residual)
0 ] .
03 0.7 038 0.9

Void Ratio, e

a9 4 BHRYAY A Y

AGAFE APstr] "o e A= air pluviationd] &3] 159 A ge] 23 2 35K i 29
g EXAHE RAFAT a8y, A 270 Ax9 Tzl BAF A AFH FAHNA dF
H o] o7t =&3 Fxo EX AHE Yehlidith AdgFHo] BAHY] A7RA HEFH QoA g
rFEE WE7t gl Reg Jehud dAES AdAd $A90 g JYERSY. a8y, Hae
go] A= HYdAE FEFAXGAA BHYAY AdiAHQd FAYe] LAHAYG F, BRI
XA FEFH A G vlojA Y FHE AAA BT HA A HFHR A
Ha HEFuE g FHoRle AFS B FAG Ao ASPoEN, HEHA AR
contraction @42 AR 2 WA 159 AMEEoz APsPct 28y, oleis AL o A
BE E7)¥(textured) X 2FE QoA LAs= Aol ¥l3le] o]$ nvjA3 W3l E3sg

olgigt AAZRYH g #E Ad WIYUFo FEHJUGD AGHPL FE HFFAHoZRYH 27
2HPA Folol gt HAAeY L, AZE dilation ©]Y contractione HAAH A gkt F )AL )
S8 FFEAAA EHAAZ Aedrdg FHAA vnEygoez Add TA}E HAFu Qv
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A e A Folr AgHe 2AAS Fnd YD powing Edl ol A% DA g
ARAES} AW Fole RATFRE O o4 WssA Yskeh

3.2 Ottawa 20/30 =2 2[2} Slightly Textured X2 Egjolo| X &H™

Slightly textured AW E A7 Ottawa 20/30 o] HEH AGHYL AT737] 989 GSE
Friction Flex AL WB# QA& A& G} 100 kPae] d&-$8 dlolA ng F3gA $8-¥9 THL
wl 309 AEE AIIIHE 4). 298 55 2713, U8 2 AFeY AHAA &2y
H Fold W& 7+Fu)e Wi A4S BRodFa Qo

¥ 4. A8 549 A3}

. / Void Rati

A8 GDOT?21 GDQT41 GDQOTé61
zx7] 3], ¢ 0.547 0.547 0.548
HFT 3], e 0.542 0.545 0.567
AESH, kPa 0.0 717.1 5l1.2
9. mm 0.0 1.09 10.1
30 T
Slightly Textured Geomembran !
with Ottawa 20/30 | i
25 - i
i
| Maximum
2 I
|

g 15
B i &
o) O
ol
10 .
Minimum = l——GDOT21
Void Ratio | 1 (Initial)
j—8—GDOT41
ST (Peak)
| e—GDOT61

i (Residual)

03 0.4 0.5 0.6 0.7 0.8 0.9
Void Ratio, e

a9 5 ERYAY 9y

Hedgol Aol A9 27183 FelAE 2FE Aeyndds 2ol 159 2 ore 29
& gd, adU ASEoRRH 24 949 FolANE tha =&@ YHE HolFn Yok Aol
FYEE WAAAE HEE AGH RadAs 4 $AGe] ARIQAT. FHA AGelA o
negez st 13ule FAE HAZEYY 27= AogndAse gy a3t Fose AY
2 nlFAY. AL HULY WA ANeWnd FHAH mAUAe nne AT 5
Aol BeQAst NoPuaAs APe EWAolo|A interlockingo] BT HIE FAAAL R
473 gith. oAF WsFYe dF YEWosry i EAdA EoAA TAFLS vehAich
A eHe A Haugol A% AR Bt interlocking®] TAX AL A R Folw
2744 AYHA0H, o)d wa} o] AGNHe] FIFHE AL FrE FFE RAFYT

i3
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A% HY-ed Fo HFAXNGAMY =307t Frkste 2HE sz R YAV A9 B
EHANA vl gz FAO A Aedrdde FEHAAY interlockingol 8 A w7y
Z£2ds ¢ & AR 23, AFAE ANAHE BEREHE interlocking®} dilation©] W& Aol o
F HEHoZRE 49 AR FolAA 4FE WIS & F AU

3.3 Ottawa 20/30 222} Moderately/Heavily Textured X2 e ajoio] & &

Moderately/Heavily textured X ®H #l¢13} Ottawa 20/30 9] HEH] AGAY L AF3l7] ¢
3l Poly-Flex textured X 2B 1L AL A h 100 kPad] 933 dtollA 7] FadF &8~
e ZAe o 6719 ARE AYSIYTHE 5). 298 62 27|AH, Ay 2L FFHLEY %
AERAAMRY Folo & H3H|9] W3 F4E BoaFa Jlvh & AFdANE 6719 Alm
Fou 7ZHAZ AAE BTy 93t 273, Hd$E 2 AREHAA T 47N A
4 60 Yl

E b ANE 549 Wz

A& PFOT22 PFOT31 PFOTA41 PFOTA42 PFOT51 PFOT61
27 734, & 0.548 0.550 0.548 0.551 0.550 0.548
HF 3], e 0.540 0.551 0.559 0.563 0.566 0.571
-89, kPa 0.0 52.5 83.6 83.7 70.7 56.6
MY, mm 0.0 0.30 1.19 1.52 2.90 10.3
30
25 |
Maximum
Void Ratio
20}
g
E .
8 15| ! _e—PFOT21
8 : (Initial)
a ! _g—PFOT4l
10 } : (Peak)
g —o— PFOT42
s ' (Peak)
i ! —a—PFOT61
(Residual)
0
03 04 05 06 0.7 038 09

Void Ratio, e

a9 6. ZHgAs ¥y

Hagoe] dojur] A9 27 FHdAME e AeHBdAdsn Fe BEXIFHE BAFAT A
o] M7 AAANE H2Q WIE BYFIeoy HUE&HA =AM 7T WUIE RAFY
. &, 29 6°1A PFOT413} PFOT42& 2t HUSH9 w2 da Fo 11348 s JHE BAF
A, AN & 5 ARl AT FUAHYA YL BFan doh F, HASY w2 A
T, AER AGolq 349 Wste 27 e A S 2953 o 2y, JoS
€ B2 AUEA, FSHle HEAAGAA G343 ST 2, olAL HUYLH T WY

N ood RO
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AA Bzt FdiAHd Yol AFHNTGE RS veEllz o ZRUAE AedAEYe) gH
A vlneFA#H Al interlockingol FATE ¢ 4 AR © Lol dilationo] LAHE HAF T ¢
o, Adwigo] A& APgo] wal, interlocking dilatione A& WAoo Wz YE2AHAA 6719 =
HAA o] WFAA A3 & HFHE FEIFAH.

$1e] 23288 Moderately/Heavily textured X 22 & Q13 Ottawa 20/30 Za# o] HEZ2HA the
I 22 HE I ES FEE F AT HdZHel HAHY] Hdee FAY A ZIHYRAY &
o] HAHAY. 21F, Hd-§Ho] DA HAAFANE FFAXFAAN B YA vy
interlocking®] @At R PR dilationE FE39 M7 FHHE AFE BRAFQUG AF
Moderately/Heavily textured X @B 19 A9 HEH Hdde 2 dAHe dilationol] ¢ste v
AES ¢ F ANt

4. A=

B AFNA oA dE8EL g g

2835 AowWrHdedy A AY WIUEZL F2 2YYAI vjlnP ez A AHolnl, HEHO

2HE 2719 2HYgR wol7A T FgS v A,

2) Slightly textured e B #HAe AL EAYAY interlocking® dilationo] BBt JEHo 2 H
H 4719 RAYA Eol7HA FFE& v H.

3) Moderately/Heavily textured X2 @B <9 39, R UAY interlocking® dilation®] =9 &AH

o FFHoZEE 6719 EHYA FolAA 9dFE v Ah

D
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