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<core:cityObjectMember>
<bldg:Building gml:id="bldg_22bddd78-814c-4f47-8dd9-a13c1a749199">
<bldg:yearOfConstruction>1970</bldg:yearOfConstruction>
<bldg:measuredHeight uom="m">13.7</bldg:measuredHeight>
<bldg:storeysAboveGround>2</bldg:storeysAboveGround>
<bldg:storeysBelowGround>0</bldg:storeysBelowGround>
<bldg:lodORoofEdge>
<gml:MultiSurface srsDimension="3" srsName="http://www.opengis.net/def/crs/EPSG/0/6697">
<gml:surfaceMember>
<gml:Polygon>
<gml:exterior>
<gml:LinearRing>
<gml:posList>34.97191396527567 138.38083384987308 26.649999939004424 34.9719578055839 138.38086291783506
26.649999939004424 34.97192623263081 138.38093316375512 26.649999939004424 34.971970253317814 138.38096234103017 26.649999939004424 34.9720072894813
138.38094750268093 26.649999939004424 34.97206296934279 138.38082355852387 26.649999939004424 34.97195174491258 138.38074990533946 26.649999939004424
34.97191396527567 138.38083384987308 26.649999939004424</gml:posList>
</gml:LinearRing>
<uro:buildingDetailAttribute>
<uro:BuildingDetailAttribute>
<uro:totalFloorArea uom="m2">134.93</uro:totalFloorArea>
<uro:buildingFootprintArea uom="m2">82.64</uro:buildingFootprintArea>
<uro:buildingRoofEdgeArea uom="m2">129.4</uro:buildingRoofEdgeArea>
<uro:buildingStructureType codeSpace="../../codelists/BuildingDetailAttribute_buildingStructureType.xm|">604</uro:buildingStructureType>
<uro:buildingStructureOrgType codeSpace="../../codelists/BuildingDetailAttribute_buildingStructureOrgType.xml">4</uro:buildingStructureOrgType>
<uro:urbanPlanType codeSpace="../../codelists/Common_urbanPlanType.xml">21</uro:urbanPlanType>
<uro:orgUsage2 codeSpace="../../codelists/BuildingDetail Attribute_orgUsage2.xml">19</uro:orgUsage2>
<uro:surveyYear>2021</uro:surveyYear>
</uro:BuildingDetailAttribute>
</uro:buildingDetailAttribute>
</core:cityObjectMember>
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Evaluation of fluorine diffusion parameters in compacted clay layer in landfill

OWen Jiaming! + Kato Tomohiro! + Takai Atsushi' + Katsumi Takeshi'
! Graduate School of Global Environmental Studies, Kyoto University

1. Introduction

Compacted clay liners generally served as bottom barriers in landfill facilities to reduce aqueous contaminant migration owning to
their excellent barrier performance and affordability 2. To effectively mitigate contaminant migration, bentonite has been used as a
common additive in compacted clay liners to meet the recommended hydraulic conductivity requirement of lower than 1x107° m/s 3.
Considering this point, although advection is considered dominant to transport aqueous contaminants in compacted clay liners,
diffusion due to concentration gradient is not negligible in low-permeable materials especially when their Darcy velocity is lower than
1x107"" m/s +. Moreover, previous studies > verified that components of compacted clay liners such as bentonite content exhibits
significant impacts on the diffusion behavior of aqueous contaminant. Thus, there is a need for investigating the influence of bentonite
content on diffusion behavior to comprehensively evaluate the contaminant migration in compacted clay liners.

To date, most existing studies have a focus on the diffusion of metal ions such as potassium >, while few studies investigate the
diffusion behavior of anions like fluorine in compacted clay liner. Fluoride is often found in leachate of landfills located in some Asian
countries including India, China and Malaysia, which is deemed as an emerging pollutant with high activity and biological toxicity 7
%), Moreover, the fluorine concentration of such leachate in Asian landfills are excessively high as compared to 1.5 mg/L recommended
by WHO guideline !9, imposing great challenges to public health and surrounding environment. Only one study has researched the
fluorine diffusion parameters in a compacted clay liner. Kau et al. !V investigated the fluorine diffusion behavior in compacted kaolin
and bentonite using a 100 mg/L F solution and found that the effective diffusion coefficients of compacted kaolin and bentonite are
3.5%x1071%-7.0 x 1071 and 4.8 x 10711-1.4 x 1071% m?/s, respectively. However, the fluorine diffusion in compacted clay has not yet
been fully researched. In this study, hydraulic conductivity tests using flexible-wall permeameters were conducted on Kasaoka clay-
bentonite mixtures with various bentonite contents. Subsequently, column diffusion tests were performed to obtain the effective
diffusion coefficients. The practice implication and corresponding engineering suggestion were proposed based on the results and

analysis of hydraulic conductivity and effective diffusion coefficient.

2. Material and Methodology
2.1 Material and specimen preparation

The commercially available Kasaoka clay and Kunigel V1, sodium bentonite, were used in this study to prepare the compacted clays,
both of which were classified as lean clay (CL) as per ASTM 2487 '2. Figure 1 shows the particle size distribution of Kasaoka clay
and Kunigel V1. Considering the affordability, 10% was usually applied as an upper limit of bentonite content in compacted clay liner
in landfill '¥). Thus, the compacted clays were prepared by mixing Kasaoka clay and Kunigel V1 with proportions of 0%, 2.5%, 5.0%,
7.5% and 10% by dry weight basis. The montmorillonite content of Kunigel V1 is 53%. Table 1 presents the basic properties of
Kasaoka clay and Kunigel V1.

The compacted clays specimens in this study were prepared as per the following three steps. First, the Kasaoka clay and Kunigel V1
were dried at 105°C for 24 hours, sieved through a 0.075 mm mesh, and then sufficiently mixed. Subsequently, well-blended powder
was moistened by adding appropriate distilled water to reach optimum water content (wopt), mixed thoroughly and stored in sealed
plastic bag for equilibrium. After 24 hours, the dynamic compaction method was employed to achieve the compaction degree of 90%
14, The size of compacted clays specimen was set as 60 mm in diameter and 25 mm in height for hydraulic conductivity tests, and 100
mm in diameter and 15 mm in height for column diffusion tests. Noted that the water content (w), dry density(pa), and porosity (n) of
compacted clays specimen with designed bentonite content were based on standard proctor compaction tests, as shown in Table 2. All

specimens were placed in sealed plastic bags for following tests.

Evaluation of fluorine diffusion parameters in compacted clay layer in landfill
Wen Jiaming', Kato Tomohiro!, Takai Atsushi!, Katsumi Takeshi' ('GSGES, Kyoto University)
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Fig. 1 Particle size distribution of Kasaoka clay and Kunigel V1 used in this study

Table 1 Properties of Kasaoka clay and Kunigel V1 used in the study

Property Kasaoka clay Kunigel V1
Specific gravity 2.69 2.80
Plastic limit (%) 20.9 53.1
Liquid limit (%) 53.1 432.4
Plasticity index 322 379.3
Montmorillonite content (%) - 53.0

Table 2 The basic parameters of compacted clays in this study

Specimen
Parameter
KK-0 KK-1 KK-2 KK-3 KK-4
Bentonite content (%) 0 2.5 5.0 7.5 10
Water content, w (%) 19.1 19.2 19.4 19.5 20.2
Dry density, pa (g/cm?) 1.45 1.43 1.42 1.41 1.41
Porosity, n 0.46 0.47 0.47 0.48 0.48

2.2 Hydraulic conductivity tests

Hydraulic conductivity tests were conducted using flexible-wall permeameters with the falling headwater - constant tailwater method
in accordance with ASTM D5084 '3 to investigate the permeability of compacted clays as bottom barriers in landfills. The specimens
were saturated using distilled water to test hydraulic conductivity. The basic parameters of compacted specimens were presented in
Table 2. Based on the Benson et al. ' and ASTM D5084 !9, the hydraulic gradient and confining pressure were set as 30 and 28 kPa
in this study, respectively. Each compacted specimen was permeated with distilled water until satisfying the termination criteria in
accordance with ASTM D5084 '9. The hydraulic conductivity k of compacted specimen at different pore volumes of out flow (PVF)
was obtained following the Darcy’s law written as Eq. (1).

¢ zﬂh{ﬁj M
ANt hy

where k (m/s) represents the hydraulic conductivity; @ (m?) is the cross-sectional area of the reservoir containing the influent liquid; L
(m) and 4 (m?) corresponding to the thickness and cross-sectional area of the compacted specimen, respectively; 41 is the initial head,
while /2 is the head after Az.

2.3 Column diffusion tests

Figure 2 depicts the schematic diagram of column diffusion test apparatus used in this study. Procedures followed previous studies
16-17) a5 following. First, the seal grease for high vacuum was employed on inner wall of a cylindrical column with 100 mm inner-
diameter and 15 mm height to prevent edge flow. The specimen was dynamically compacted in the cylindrical column to achieve the
given density as shown in Table 2. Subsequently, the compacted specimen was tightly assembly between the top porous stone and

bottom porous stone, submerged in distilled water, and placed in the vacuum chamber for 3 days. It is noted that filter papers were
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placed between the porous stones and compacted specimen before assembling. After 3-day saturation, the top porous stone was replaced
by a porous stone saturated with sodium fluoride solution. Finally, the column diffusion test apparatus was installed and the specimen
was diffused with sodium fluoride solution, as shown in Fig. 2. The F- concentration of all the sodium fluoride solution used in this
study was 33 mg/L. The flow rate of the variable flow mini-pump was set at 0.0252mL/min, as recommended by Shackelford '¢.

The steady-state method 617 was employed to investigate the diffusion behavior of compacted clays specimen. To minimize the
advection, the heads of sodium fluoride solution source and distilled water source were identical in this study. The testing time for
column diffusion test was 18 days. During the column diffusion tests, the outflow of each solution was collected by the Polypropylene
bottles, and the mass and F- concentration of each solution was measured once at 24-hour interval. The F- concentration was measured
using a fluoride selective electrode (6561S-10C, Horiba) in this study. Based on the Fick’s law, the effective diffusion coefficient (D)
can be expressed as Eq. (2) - Eq. (3).

o, =%zAm1‘ Z_ZCO,iAV @

D = (A_QJELJ 3)
At )\ nCy,;

where D* (m?/s) is the effective diffusion coefficient compacted specimen; Ot (mg/m?) is the cumulative mass per unit cross-sectional
area; A (m?) is the cross-sectional area of the compacted specimen (4 = 7.85 X 1073 m? for this study); Co,i (mg/L) is the F- concentration ,
which is 33 mg/L here; Ami (mg) means the incremental mass of testing liquid in the outflow over At, while AV refers to the incremental
volume of the outflow over A#; Nt is the number of incremental samples i corresponding to the total elapsed time; n represents the
porosity of compacted specimen; L (mm) is the height of compacted specimen, which is 15 mm in this study; AQ: /At (mg/(m?-d))
denotes the slope which can be obtained by the best-fit linear regression of the steady-state data based on Q¢ curve; 71 is time lag,

corresponding to the intercept of the regression line on the z-axis across the steady-state data.

= Varigjﬂow = I

mini-pump

NaF solution Distille Bottom sample collection
(Co) d water

Fig. 2 Schematic diagram of column diffusion test apparatus used in this study

3. Results
3.1 Hydraulic conductivity

Figure 3 presents the variation of volumetric flow ratio and hydraulic conductivity with elapsed time. It can be seen from Fig. 3 that
the ratio of outflow to inflow rate was steady within 0.75 and 1.25. Meanwhile, there is no significant upward or downward trend of
the plot of the hydraulic conductivity versus PVF during each permeation scenario. Both the ratio of outflow to inflow rate and hydraulic
conductivity satisfied the two termination criteria detailed in ASTM D5084 '), indicating that the equilibrium was reached in hydraulic
conductivity tests.

Figure 4 shows the hydraulic conductivity value & of the compacted clays specimen with 0% to 10% bentonite content. The hydraulic
conductivity of compacted clays specimen with 0% to 10% bentonite decreased from 3.75x1071° m/s to 7.16x107"" m/s, manifesting
that the adding of bentonite significantly reduced its permeability, which is attributed to the decreased preferential flow paths in
compacted specimen due to swelling of bentonite particles. Moreover, the hydraulic conductivity of all specimens with 90% compaction
degree in this study was less than 1.0x10™° m/s, meeting the recommended k limit in ASTM D5084 '9). Results from hydraulic

conductivity tests testified the feasibility of compacted clays in this study used as bottom barriers in landfills.
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Fig. 4 The hydraulic conductivity of compacted clays with various bentonite content

3.2 Effective diffusion coefficient

The O of the 33 mg/L F- liquid diffused through the compacted clays specimen is shown in Fig. S. The linear section of the datas
corresponds to the stead-state diffusion phase in column diffusion tests. Based on the regression of the steady-state data for F-, the
slopes (AQ: /At) of the compacted clays with 0%, 2.5%, 5.0%, 7.5% and 10% bentonite were 13.6 mg/(m?*d), 9.7 mg/(m?*d), 7.8
mg/(m?*d), 6.9 mg/(m?>*d) and 6.9 mg/(m?*d), while the time lag (71) were 3.80 d, 2.91 d, 2.81 d, 2.68 d and 1.81 d (see Fig. 5). The
resulting effective diffusion coefficient D* was calculated according to Eq. (3). Depending on the sensitivity of results '®), D" was
parametrically determined using two significant digits to reduce the bias of the initial three points.

The D" values corresponding to the AQ/At and Tt are detailed in Fig. 6 and Table 3. Evidently, the increasing bentonite content of
compacted clays contributed to the decreasing of the corresponding effective diffusion coefficients, reducing from 1.6x107'° m?%s to
7.6x107'°m?/s. The lower D* value of the compacted clays with more bentonite is ascribed to: (1) higher bentonite content meant
increased swelling of bentonite particles, yielding a more tortuous diffusion path in compacted specimen; and (2) the larger macropore
of compacted specimen with more bentonite was conducive to the swelling of bentonite particles, further enhancing its impacts on
diffusion behavior. Combining with results of experimental tests and affordability, using 7.5% bentonite as additive of compacted clay

liner in landfill contains fluoride is deemed as the more high-efficient and cost-effective countermeasure.

Table 3 The obtained hydraulic conductivity k and effective diffusion coefficient D" in this study

Material Bentonite content (%) Porosity, n k (m/s) D" (m?/s)

0 0.46 3.75x10710 1.6x10710

2.5 0.47 2.59x10710 1.1x10710

Compacted clays 5.0 0.47 2.01x1071° 8.6x107!
7.5 0.48 9.38x10711 7.7x10711

10 0.48 7.16x1071 7.6x1071
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Fig. 6 The effective diffusion coefficient of compacted clays with various bentonite content

4. Conclusion

In this study, the hydraulic conductivity tests and column diffusion tests were performed on compacted clays to evaluate the
permeability (k) and effective diffusion coefficient (D*). The distilled water was used in hydraulic conductivity tests, while the

compacted clays were subjected to NaF with F- source concentration of 33 mg/L in column diffusion tests. Based on the results obtained

from this study, the following conclusions can be drawn:

1)

2)

3)

The adding of bentonite significantly reduced the permeability of compacted clays. The hydraulic conductivity of the
compacted clays with 0% to 10% bentonite was less than 1.0 x 107 m/s, verifying the feasibility of applying it as bottom

barrier layer in landfills.

The increasing bentonite content contributed to the decreased effective diffusion coefficients, reducing from 1.6 x 10719 m?%/s
to 7.6 x 1071m?/s. The improvement mechanism behind the decreasing of effective diffusion coefficient is closely related to

the more tortuous diffusion path caused by swelling of bentonite particle. Furthermore, the larger macropore of compacted

KK-2
Specimen

KK-3 KK-4

specimen with higher bentonite content facilitated the swelling.

Based on the results of hydraulic conductivity tests, column diffusion tests and affordability, using 7.5% bentonite as additive

of compacted clay liner in landfill contains fluoride is deemed as the more high-efficient and cost-effective countermeasure.
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LTEMLTNAZEEREHRLTWDS, F£2, B-40)IZRTXLH12+206 12 TRYME
BWTHRKSEMRETH S P=132kN %725 L7214, +225 CHirEius GHlGE e
& : —247 mm) D 8s DRI KE < e o TWHA, ZHUFR-S IR T X5
RER S OFen AR O 5 HEFTITSIC AR CIEH 2 H 00T Y A
MR ST Z & D, KFFE (St A W) NRE LB THDL &
HESR SN D, ZOMEMIET D700, W il o 28 A Wil kE o fif R
KRN quETVY 7 —XOLFIARE D LICREH L, ek, RHRHIE
M L7 i O AL AR ERIIWEHE TH D y=21.1 kN/m?, SREEELITHE
B3 95 %P EDREBE T 5 2 &M BAEEE LT o'=0 kKN/m2, INEREE i a o SRS
B ¢ =457 | WATHBOARITE HTY (I B=248.5 mm, BL{7X L=466.7mm, X5 BERBREICHALIET Y
AR ), JEAREREE 1,16 45 & OX 0447, S2H5 TR B TR F AR D (BEBAEE No. 1 OBIRER)
MHHEE LTENLI NS0, N=32, N=173 & Lz, TORE, K No.1
DA HIED g 1E 749.3 KN/m2 TH Y, Ak U720 No.1 O KERTHE 7 B
P=132 kN Z #ifaf EB O e TR L 72 KENEIE oma=1138 kKN/m? £ 0 H/hEWZ &7
O XFF IR FA LTI RIR SN D, 728, Oma D5 qu DRI 1.5 5L 725 T
WDR, ZIUE qu OEHFFIIRANEZEr & LTV D 0NFEEIT+20 § BREORA
AR OMEAHIE~D D VIAZ) N D Z L, FATEROSHEE B AR O FALIZ /M
DENELZ LNy FREEENTND Z LD, TOSTET BT
MTBZEREREELTNDBLEEILND,

WA, SRTEHE B BRI ) & VB S8 725U No.2 1220 CiE, -4 () BL W
(IR T & D ICHFAAEN § DIEAICELTH HDH VI —8 OBINE & b ICHT
HD+8s I8 L —8s ITENFIII L TV D23, AR L7z No.l & B2 0 FHERRD 5 ' B
DEIEAEE 225 2 mm, 150 mm, 300 mm OZED 8s LML TND 2 EDRDND, g HEREDIAR I KARD KT
T, RO 5 HERNEMEE 225 500 mm 3B & TN 700 mm OALED §s AIF L A E (54K No. 1 DELERR)
AL LTV, ZHUTATR L7z X 9 I3 K No.2 1% PC SR~ D O HDE A
WX O SRER B ICERIS I E2ER S E TS, REBEOLEEEE L THMEKE 2D 626.5 mm ONLE TRHAEED 2 Z
THENRIVRICEE LIZEECL b0 THDL LB b5, HEAK No.2 TH LIV FHERT OB 20 O AME R 1L, B
=4 () 1T — S M DENE LN /A0 X THEEIZ A B AL, MUrES & FHERASIE B30 LTV A K5 T3 303z 5, 2,
ENEAE BB D RER S22 LIc k0, #frEs & FHE o M o B 34 2 2 & T3 Bl 3 #iA I /E
THEEMEP ZFHTLAHELTND, 77200, POSHEEAEML TWD ZLE2ERLTND, ZORE,
B B TERMEIS /& (ER SR 755K No.2 OB EMEIS 1 &2 B S /720 No.l LI L CTRIL § 12815 P AREL
2D (B ZIE, +208 128155 P : No.l OHE P=132 kN, No.2 DA P=167kN) Z & b7,

i1, HEERIA No.l BE TN No.2 & b ICEEMK B ICAE L7288 ik KBRIC DWW TIE, ZNEROREBK T % TESHLTD
BT 220> 72 b DD, No.l OFHFLEKRIZIZR-6 12779 &K D IS0 IR UEAFICHE ) R Eo B L 5 L BEb
NDNL(E R — ) BiER SN T, ZORIZOWTIE, Mg/ IMERIZ W7o LA DIE S 73 0.2 mm T D FEFIZHE
NI E N BETRORIEROEEDFBED RN H D, LN >T, SBEHTEOHREMMEIC TR0 H ik 25358 L
A O BEHARBICB O TRARNEZ BT 2 LERH D,

3. BhYIC
AHFZETIX, CFRD D7 = A A AT 7 OEME 255 L U THEICE 240 R LA EAMEA L7254 OifiE$a % %

BRI BT D22 HE L, 7= ARAT T OREM B JED ORI A2 R L7z 5 2 TRE T sk % £l

L7z AR DWW TR ATz, OB, $HERE EICVER T 2 MG ) O A B ERREN K IETHBIZ OV TRt L7z, AT

FIZEVBONTZMRITLTOEEY TH S,

1) SRERE B ICIEREIS ) 2B &S WIS, ST ) REN % 5 2 727200 T A7 7 v MHLA & AR LT 8h Lk
H O () NEZIZEII, EATHSAMSE L CEMT D, ZOfEER, RFFREORBREMED b & CIIR &R HA
R IE R LT D,

2) SRR ICERIS N B ER SB25A, WA & FHUERO M OB 3N 5 Z &2 K o THAAES & FHAEB O k3
S, HWAETTICER T 2 8MEREEZ I LM T 5, T742bh, SNEMEOSHEESEMNT 5, FORE,
SRIELAE B BRI 1 2 1B S BB A 3 EMIG D 2 B S 820 IGE & il U CR Ui S 2SR 1T 2 A fif
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3)  SREAE B OEMEIS D OF I X D TERERE B OSRUEKBUIEBRK T £ TEEMOGDITAE Ty, 72721, ShEAk
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BREAELT L= KL B ORE R ICRIFT HE

HETE—ER - OPASFE | - MR K 2 - dFskse 2« R a2
VRS RZER AR TP FER « 2 Ul R R e R BR BT 72 4

1. [FL®Iz

KILVE KT K0 FAET 2 KILPEE I AFEFICHERE L, DAMKESOER L2572 TR, Ul A5 siizn s
LT, RFIGECMEEEAENS, #TA 27 T SIREIHIC T A IR E A SIS 2T, £, AARIEELRONTE
D, WS RMOMER S RETH D, 207, KILFEY &2 BIRERC K EE R OB R O BB S L THEFIAT 2
TEREFELY, AL, BEEMIEDOZL ITRHIBOHERT - B b4 T 7o KRB RICET 2 60 TH Y, EAZRICHKE
SO E A R TN 2 BREE ST LUK LIRS P O -SSR BHRFPE 100 ISR S v Tunia v, REFSETIX, K ILIFRE ) 0 Hivi
MEHRFMEZA O NS T2 2 &2 HB9E L, BRI FiakBr, KM DR, EBEVIK ZMEMRBREZIT, 2 ORFiitE
LIREERRE AT L, F72, KILEMORDFAICH 20, FRIALIRNIT OIS FTREMEN & D V12D, THh:
JLER S B A PR VR L T 3 R BT L 7=,

2. REBAE
2.1 R

ARFFECIE, 2023 43 A 8 FICALS R & ILITED B HITK 3.5 km
OAFHX OW OFHE T M AR U7z, 3L, EHEed -
ATIC L VWSV THRE L W2 gzl Lz (BE-1), #
BRI ZE N E N RS -%, BRE EHPICL 0V YEL
L, #¥20kg Fo+D 5 WICAFE Lz, BE-1ICREHRBURFT 2R 7,

=1 1KLY O HiE it % 9, BRI #EEIX 2.728 g/lem® T
Y, BLESA L PERSITEEDSGITH D, {LFHRAICDONT
1%, Si02, Fex03, ALOs, CaO DIEIZZL FENTEY, —MmMIzkil
DO T 2WEOFEARIEEIL Tz, £z, FRBRIEEEO
BRI Z 4.75mm AT & L=,
2.2 BRI FRERERER

BORL TR & IR T- D 9 DB O 2 3 L, ARl
THRFIHERT DN 2RO LR TH D, T ORER Tl =l EiE

REREAT 1T Te > T, REITRL B IEAE L 7RV D # o AR
JEEEDD R ML L, KILPEREY O K1 25ed 5 £ % o o
Ko7z X-1 EHHREUEAH (KO@E)

BE - B (RH S4THA3) 2)0

KIS % 0.850-2 mm, 2-3.35mm, 3.35-4mm, 4-4.75mm O 4 B
#MEEIE

BEDRIFRITIRA L, RiREIZ 10 OB —RI 125t LT, —iliERER 5
B &[R4 OB & T TR BE 0.1 mm/min TEME L7, & L Chi+

- NG w1l 4k
IS AR % F TOMER O % 8k LIS -, 2 ol R KILBENOEREY T

SIFEREDY 1.0X10° mm TH Y, FEILSMAREDS 1.0X 104kN, HK 2.0 1E (il
KN TR B — KeMe £ 0 R o, £, BRI L
o7 (MPa = N/mm?) &2(1) Cit 3 L 72, TR TEE (g/em?) 2.728
5 b >0.075 mm (%) 63
TTa (1) 5345 >0.075 mm (%) 2.0
T DT RS OMEN), do M) TH S, do 1T Dso (mm) 113
ZORF BT DRBRHEAORKME (B 21F, 4mm-475 mm OBE e §i0, 47.87
F475mm) & L7z, BANCHEARD T 5 T Doy % 5 — i AHR Fe205 18.72
HE, BRI & R A C Doy & KRR & 23 LT-, (%) AL20s 14.24

Effect of Particle Crushing Strength and Deformation Properties

Shinichiro Demachi!, Minami Nishimura!,Tomohiro Kato?, Atsushi Takai?, Takeshi Katsumi’> ('JGraduate School of Engineering,
Kyoto University, 2GSGES, Kyoto University)

KEY WORDS: Volcaniclastic debris, Particle crushing, Strength and deformation properties, Triaxial compression test
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B-2 255 —Tehsi B & B KM B O & 7R 3,
2.3 HAH OB

AAFSE TIIECE L 7= K LS ) O 2 228 012 L 5 L OfEE a3k 300
B (JISA1210) #5514 To7, BEMIZE, T ~—HEE45kg, 200
HETmS 45 cm, ZEEDHBE 1, REDEZ 5HEL, E—AF (N
£ 150 mm, ZFEH 883 cm?®) PNITHY 1.63 kg DFlEL% G b 72 IR HE T
BIEZA T o1, BLED X S 22—l T KR —(EEE 1 EE L, Y |
WeteDBIXE % 8 [BIFEME L7, BLEEZ e LT\ e ilkhz Tk P
el L o - o 5, = . A ZE(mm)
AL |, RSB A LR AR THE D ) EERT D, FNLER
DR 53 % B3 1R, BFHAEIT & 0 BB ORIEA N & < 720 T S ENITIR

WD T EWTND, M-2 FE—-WREES

24%Ebﬂﬁé ‘ - B B BAWMREDERE
KLU 00 5 51 o5 P R OB 00 RERIATAT & = b FE A 5 C A

WAHEIRD BEEEOREZ HNE L, EEDIZE S EoME DR
B (JISA1210) % A-bik (iR - EMEV IR LIE) THEML-, ER
VXA U BB R OB 0 3Rk 2 FlfE A Ve,
2.5 EFEHK=EEMEHER

FRIBHALTE DG M L 5 F1 728 OB AT 2 721, ik
LR & A 0 ARk 2 FEEEZ OV C SRR R 2T o T2
2.5.1 WEEDERAE

400

EWN)

100

0.5

100

| Jigu el
@ L

[}
(==}

[*))
(=]

[\
(=]

BEEEESE (%)
EAN
o

0

AL C IR 175 B 5 2 FRARORUBLE R T BRI T 0O O ey
Y S L=z - H % e - G55 T AL /=S -S
ﬁ%@%&?ﬁj_k%ﬁ%f@%lﬁkﬁﬂbgaﬁ%ﬁ?_k% H-3 R LS R URR S U S0
R L, BER 0 SEHME I B TR D B A5 = & T o 72, S e

AR CITAEICL > TE— NV FRNTIZESE SEZA T L OH
IR A RE T A ATEEE O TR A BRI L7z, ERARIEER Sem, &S 10om OE—/L REHW, FIEDEE T
B OE KL ZFHER, SBICHT TR L, &8 CTHIMED 21757, SMRIEOMMETEE2R-2 17T, e
DFEBE DL 9% & Uiz, £z, PIHARIREE R VG KIIZOWT, BRE LEUBHE 1.71~1.72 glem®, 12%TH Y, W
R 0 30BHE 1.78~1.79 g/em?, 11%ThH -7z,

2.5.2 @K - BEF0BE

HEAEE (R, WAL OERE O E4T - 72, AIFEBRIXEEREOBFIE Z R Y 72 < 100%I2-31 5 72 DI
PRECTH D, AWZE TIIHERIEAN OfaFI 2 B E % VN CREl L 72, B & Id Skempton (2 2 > THEZR S 7= [HIFR
KIEFRETH Y, ERENZEICHET L COIE, BMEIZ 1.0 2/7R7 Y, LvL, 222fitRe255 2 Si3E Ly
72, —RENTIE 0.95 LLEDENE SRAUZHFICBI L TN D EHRRTIENTED Y,

—EAIC, R OMME IR K ZBKSE THOEEL RSN D2 & TEREASES, UL, KIUEWIX
ZEEAE NEMECTEZAE THDH I LD, IR FETIIRIEN LAV I WEEZ bR, TOROARNIETIT
TR RSB EBEAZEA L, fAFEE T BEN 09 ML EAMARTE LI L AR L T bEFBRA~BIT LI, £-2I1C
BALERIRD B AT,

2.5.3 X% - ShEME1ETE

JEFEA TR Tl 3.1.2 O HRFRSBROFE R 2 ZE L, WAL 30, 60, 120 kPa THFIEHEZ{To 7, HHEMERIZO
T HHEFREERA L, O AL 0.05 %/min & L7z, E72, HABITHIOT 23 15 %IZBI#ET 5 £ TITV,
OFHITIES-OFT B MR 2E7EIE B3R K & 72 > T2 CO®OT A L LTz,

&2 EHEAKOMHSTHE

kD FEEH R 5FE WG K R i [ o0 i B fi
(kPa) (cm?) (%) (g/cm?) (%)
30 195.2 12.0 1.71 97.1 0.95
R AIE L 60 195.2 12.0 1.71 97.1 0.95
120 194.8 12.0 1.72 97.3 0.95
30 192.8 11.0 1.78 97.3 0.90
TR v 60 193.7 11.0 1.79 97.8 0.95
120 194.1 11.0 1.78 97.6 0.96

141



2.5.4 E—)LOWIEaKE

BRI R IEE OT—V M & ISR R A S, Ton
Bl NESEEERA, WA 2 T2 TRdoND, LnL, K
IR B O X 5 2l 2 L, BRI WOAEHCIME I AT T b Al
BEEHS Blicie b ZENE BN, 72, AREHIWE LI
HEILTRY, WENI0kPa L EZOLND, TD, AHFFETIE
SREEER OB T [3 FOMHIE DI M7 6 BT TRtk
AR, WNEBEBEEMA @ & RN ORE T caeRD D) K BT
DISJINTx L, Rl AR A5 < 2 & THiZE /1% 0 kPa
EARE LT NEEE R G o 23R D, 2 OFE, FHHTIZE O T oy 235
HEns) EWH 2 o0FEERALE,

3. MEHERLIER
3.1 BAMIFHEREAER
31,1 BRI FHERARE

K-4(a), (b)IZE MR, R RIEFTRE 2R, DT ORI
THHFBEEIZIE D& N AT, ZHICIEKREL ZO0HBERE
26D, —DBIXKILUBMR Lt (Si, Fe, Al, Ca%) T
RSN TNDZ ETHD, BMAMELZODVWENREL TS
T END, BRI T CHERNEZRY, BRSRENE L2 2 ENE X
biILd, ZOHIZKIUEM D Hx bl PR EE L TNDH 2 & Th
%o BAREOMIMARE WS, WOl 72 2S5 23 Je lCi % 72
W, B EIKTT2EEx2005, £, ENENORIERIC
B D5 — MR B OS5 1Tk 0.85-2, 2-3.35, 3.35-4, 4-4.75mm O
JIEIZ 9.03, 8.49, 8.42, 7.10 MPa TH Y, FRHEFGRE D)X 13.5,
12.3, 12.6, 102MPa THo7=Z £, RENNSLS 2DIEE, H—
AR & e KRR 13 & b2 ER-T MM %2R Lz, 2, ki
BN E L 72 51 ERFEL B OFR P BN TH—FMEL, 7. T
BB NEEEZ RO L 51272 5 B L RIROETH L Y, &3
WZHRIR 0.85-2 mm DA LAMIZ 351 2 55— R fis EEIRF 0D BORL TR0
BT, AATKILE Y O 5 — R SIS 9 MPa TH D, il
MEEFFOV T ALRRE TH -T2, TDD, BTIBEAD LSS
LE TIEF TR Lo T WAPENE & Cide WS, AANA RS %13
BRI Lo WHEZ LB X b b,

3.1.2 ZHEmEARTOMREDRE

ZHhERERER TR - & AR O B R Z T RV X D,
MELORSRIE A ZZIC L THRIEZRET 2 LERH D, AHFET
FHN T2 KILARIE B 0O 55— TR RELZ 3 V) D TR FE 0D I IR 13 R 42 0.85-
2, 2335, 3.35-4, 4-4.75mm DJEIT 2300, 4800, 2400, 640kPa T
Bolo, FDI, ZHHEHFTFBRIN O 3 E LB ARE 640 kPa K U KW
fEE LT30, 60, 120kPa o 3 FEIEICHE LT,

3.2 #HEHHER

3.2.1 #HEHHR

B-5 12 A-b 5T DIV AR USUEH Ol Aa 0 30O [ o h
AT, il [ D BRI O F M B D S TR L 7B 2 R LT,
F 7o, WL RE IR 0 SR 5 SRR LR L 0 b R E
K Tpote, TR D 3B 5 DSl L sk X 0 Ak 2y 3% <
EENTEY, RBWENIEN-7-Z & T, R0 R DOMIBRIZTE
HENRCT L RolzlabiZeEZLND Y,
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F 72, MEOHRITEERETH-> T
—ME D L O A MR o HiR &
B3, W LR D REIZIEEIED /L5
Ni-, —FH T, WE LIRS N S
BALD DS, AR KILRE T K155 B
ZELS P, W REAS R Ukt B AR
Teolz, ZoL X, KILEDIEROR

BH-2

FE-3 EEHEECD

(2B 59, ZEE O mT < IR YA

L, =/ RFFLHEKLTWEIRITH HKDET KDZHE L DT

-7 (BE 2, 3), ZIUTHEFRKILREED

DR D TR < . B AEFNIRIBIZE T D RNCK DI HEK S 600

TLED Z L BEET, —RHATWE O L 5 105 kWS % - Fi : MERAE L
500 F /. TR - Al

GKEER/DZENTE Mo B ZBND,
3.2.2 ZEHEMmHABOBEAKROHEDE - LIFFEEDRE

AR CUILA K LA 9 D fie KB FE Je OVRci 2 /K b3 5 B a7
Motz, Oz ZHhEAERER COMRER O BEE L, Z2E OHUT
SUTIKRDBYIH Ly 2 — /b R 5 OHEKRD B S = FIE Ko
BERIOE K, T7bbaf LRECIE 12 %, BT 0 RECix
1 %& Uiz, & ORFO IR ITAEREE LR 1.76 g/em?, BfH Y
B 1.83 g/em® TH Y, FEEOEITE HIZ9T%E LT,
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AR O—E#El LX), ERE(LO—2T, H L2 UORE SN EEHF BN OME S AE-E L L TR
R FIETH D, SRR EREOE(LEFTRE L T 5728, ~HERBELCER R & i LT, &b BREDRVEK
Pl &nD, BEEER L, RE(LICEZ BB oM EE TR bRFREEEREE B E LT R e U—Kkili{k & H
W EREHEIR DRSS ED H TR Y, EEICHOE SN D BROEMICERH SN 5130, HRSEOERFHIH W57
DOBFTHRINTVND Y, ZDEHIT, MRuU—E#EbE, TTEOMREZHNR LD, BE(LOME a2 b OHIIC
BT 5 Z &R TWD, BRRERIBWTE, PC HAEMBORIHIC bR U—RiE{bd AV 2 ERATThivTn
LEFIDSH BN, HEHEY E IG5 E LT AR e Uil LiE 2 Rat Lo Sl e,

T IC, ARFGETIE, W EOROWEREGEAEE L, MR e YR b s il O R IO R TR A ST D
TEEENE L TERET o, SHEOE LWAME bR e U—Fi bk E Z NN — SO iE FloiE &,
JERGZEREIC L DR E AR AIT S 2 & TR O D W E-IL T &R & RIS E OMERE A i L7z,

2. fEHT
2.1 R@EEEENERXE

ARHFFECTIE, Sigmund Y2 L2 A 99 line topology optimization code written in Matlab % F:Z fd{bLEt E 21T > 7=, [Fl=a—
KiE bR e o—gE{LHRON Fv—r a— & LTERHSATWD, KECHROBNLER-1 18T, Zo7ay
Z AT, SIMP (Solid Isotropic Material with Penalization) 52 & W Z%FHEKO ERNOEE 2547 HES L L, otk
BICESOW TR ERDOERH 217> TWDH, ZIT, BIEEZRKIET 2702, a7 T4 7 ZcDig/IMERE E LT
Ko X izER LN D,

N
min: c(x) = UTKU = Z(xe)p ulk,u, (1)
* e=1
X REERANT v, U BREMART MLV, K BERIMEATS, p o XFAT AR, u,  BREMAT ML, ke
BERMMHEATHITH 5,
72, Q~@)ROHKIFENED BN D,

V(x)

V_O_f (2)

KU=F 3)
0<xpn<x<1 4)

o EHEERE, V, : EHEEORE, Vx) : SEENOMEIR SO S EETH D,

2.2 BREBRHS LI URELLHEOHRE

ARIFEATCTIE AR O — R LN EROERO SN G2 2B LTI T 522 LA AN E LTS, 22T, 1G %O
BT AE U C, KROBEREML, OREL R CWiE 2 R GHEk s 42 MR e O— s oPERE % ik
5T b Uiz, fEFTREI S LTI, BRIE 20 mm, & & 30 mm OARBOBERIEBEOUTIH Y A XERE LTz, TOBEOER
FIZONWTIL, T OLEWEEZREF L-DD, R TOMERMRHRODMELZ T H I L 4ZE L TLE Fmiodh
B ORI & EE, A P oSBT m % EE, KEHFREABE L (B-2), F/, FEL IBKRMICK L TYT
ST ERRBROM R A2 B EIL, AMOY L 7R%E 7350 MPa, RT Y Utk 04 & LTz, REOMHEE 30%, FEiNO
PR A 100 x 150 EFRE L, MTEOSEMET, REHEEO LRI T 0P ELZ#M T2 Lz, 2D
FER, R-317nTL97% bT ARG LT, ST RS Autodesk #-HLDHE > 7 M Autodesk Fusion % VT 3D
ETNEEKL, 3D 7V X —CTRAIZER Lz, BRIOSHER, A E%E 1<, BE 20 mm, H47 39 mm, &S 30
mm & U7, 7ed, —#EMERBREIT O BUCER L B85 S ¥ 508 o LE %2 KT L CER L (BE-1),

An analytical, experimental example of topology-optimized shallow foundation

Ryota Yamamoto', Yuuki Matsuoka?, Koki Takeda', Tanawat Tangjarusritaratorn®, Yuusuke Miyazaki'
('Kansai University, 2 Graduate School of Engineering, Kyoto University, *Chulalongkorn University)
KEY WORDS: Topology optimization, Shallow foundation, Vertical loading test
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At A RO

DT 1% 120
ARz ?

Lag

/
//
%

A é o 0 & -] ]
B-1 BBeEtH DN © R B-2 SR BI-3 AR

%1 BRBORE

D, =40% D, =90%
Ps
e emi
[g/cm?] max min e Pa . e Pa ,
[g/cm?] [g/cm?]
2.65 0.92 0.59 0.788 1.482 0.623 1.634

(a) At (b) &BIERIK
FE-1 AR

(a) (b) &BIERIK
BEE-4 HARO%F

3. EROBME

FEEIZIE, BUEAD, —EhTHERE, 77 VLA (NS AEIE 140 mm, AT 40 mm, &S 45mm), AR BEIE 20
mm, B4739mm, FE30mm), FHECIROBRAEER Lz, SnEEE, 85 1%DEHOTHARELEEE L
Too Fio, FEBREMIIETIZ L2, HXEBED 40% THRAIVEE 23 0.0 mm & 5.0 mm, FHRIE LD 90% THRANE S A
0.0mm & 5.0mm D 4 7 —AL L, TNEh4[ETD, §16 BfT-o72,

FEERCHE L- B O#EEZR-1 1R T, HRBR CHV 2 MR, DOMIIEEZ 40%E 90%% HiZ L LT
REFEDOICE VIR LTz, 727 UVARBRINICIE S 40 mm O 2Bk LT (BE-2), EEE L RBNOWNED S
WHENOVELRBOEEZREL, SBICOT TRRERAL, BE-3IRTHAZHNTLE I LICREFHEDEITVV
D3 O MR A VERR L7z,

VERR U7 b Ml Bl A, S bk OR & E &, 20003 5 mm ([CBFET B M M A & 500 N ICBET 5
ENQ 7Tk A D e

4. KERIER

Wk ONT2EE-4 17, B-4, B-5 12/, REROME R 55 5 5 B M E- Sk &R
Zoad, B, EFRMLETEIIZEMEZ SR CHRLIZbDTH D, KT, 4 BIORBFRELHL TV D,
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Quality control report of bentonite mixed soil using
30 method for 10 waste final disposal sites, approximately 240,000 m?

QOToru Inui! * Katsumi Mizuno? * Yoshinori Iwasaki® * Jun Harada* - Kazuto Endo’ *+ Masashi Kamon®
10saka University - 2 Osaka Bentonite CBA - 3 GRI + # GIA Study Group for SECURE - > Nies + ‘RIEG

1. Introduction

There are several options for the material of the water-impermeable layer at the bottom of a waste final disposal site. When bentonite mixed
soil is used as a water-impermeable structure, in Japan, the minimum thickness is 50 cm and the permeability is 10-¢ cm/sec or less.We have
developed a 3¢ quality control method that can estimate the on site permeability coefficient only by measuring the water content and density
with an RI meter.We have used an RI device to measure the density and water content at 2,985 points in 10 outdoor construction projects
covering an area of about 240,000 square meters out of 30 construction sites in Japan, and used the 3¢ method to statistically control the
quality of the sand-bentonite mixed soil. From the data from these 10 points, we were able to find a soil grain size accumulation curve suitable

for the bentonite mixed soil. In this paper, we discuss the quality control method for the bentonite mixed soil.

2. Basic chracteristics of bentonite mixed sand

In Figure 1, the compaction of the bentonite sand is shown as well as the change of permeability based upon Kenney’s experimental data®.
The bold line shows the optimum water content for the standard proctor compaction. The mass ratio of bentonite to sand, B/S ratio, was
changed from 0 to 24. The maximum density for each B/S ratio increases with B/S ratio as shown in the upper part in Figure 1. In the lower
part of Figure 1, it is shown that the permeability decreases with the increase of the water contents. However, the rate of the decrease becomes
much slow when the water content becomes equal and larger than the optimum water content. The permeability at the optimum water content

may be regarded as a representative value to make comparison among different B/S ratio?3"),

20 1E-3 I
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%7 X o by Standard Procter 1E-4 ——O0O0—mn0n0w—]
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Figure 1. Compaction of bentonite mixed sand and permeability?3}4)

Figure 2 shows that the change of the permeability and the dry density at the optimum water contents against B/S ratio. We find a point in
Figure 2 where the decrease rate of the permeability decreases with the increase of the B/S ratio. We may call this point as threshold or critical
B/S ratio. Practically, it is important to know the limit of the B/S ratio beyond which further addition of bentonite produces no significant

decrease of the permeability.

3. Case study of a silty sand with bentonite

Among more than 10 case studies of bentonite mixed soils in the past, we show here a typical procedure to determine several parameters of
bentonite mixed with soil based upon the required quality specifications. The specification of the clay liner required by Japanese law is the
permeability as well as the thickness of the liner. The permeability should be less than k& <= 10 cm/sec and the thickness should be larger

than 50cm? .

Quality control report of bentonite mixed soil using 3¢ method for 10 waste final disposal sites approximately 240,000 m* Toru Inui!, Katsumi Mizuno?,
Yoshinori Iwasaki®, Jun Harada*, Kazuto Endo’, Masashi Kamon®('Osaka University, 2Osaka Bentonite CBA, * GRI, *GIA Study Group for SECURE, ° NIES,
‘RIEG) KEY WORDS : the waste landfill,bentonite mixed soil,quality control
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Figure 2. Compaction curve and physical properties for a decomposed granite soil statistically controlled by 30 method?34)

3.1 Soil properties
When a site for construction of the waste landfill is determined, we usually expect some earthworks of cut and fill. We study geology and
geotechnical characteristics of the area to evaluate if the available soil is suitable to be used as bentonite mixed soil as clay liner. We will
show a case study on decomposed granite, which is one of the typical soil in mountain area in Japan. Physical properties of the decomposed
granite soil is shown in Figure 3. The maximum density is 1.762 and optimum water content is 16.5% by standard proctor compaction test.
Figure 2 shows the compaction curve by standard proctor with distribution of natural water contents. Natural water contents of the soil vary

from 15% to 20% with an average of 17.4% that is in wet side of the compaction curve.

3.2 Laboratory tests for bentonite mixed soil

To estimate the permeability of the bentonite mixed soil, permeability and cone penetration tests were performed for compacted soil samples
with different B/S ratios. Figure 3 shows compaction curve for the bentonite mixed soil with various B/S ratio.

The permeability was tested for the soil samples that were compacted to the density of 90% of the maximum density obtained for each B/S
ratio at the optimum water contents. The critical B/S ratio may be obtained as B/S=13% as shown in Figure 4. The density decreases with
the increase of B/S ratio, which is different from Kenney’s experiment. This is because the different particle size distribution between two
soils. The sand that Kenney used has much more void to allow the bentonite to increase the density. On the other hand, silty sand of

decomposed granite has little void and the addition of bentonite decreases the density of the soil.

1.0x10° 1.70
' |nx|0"i 1655
™~ $
2" EIDW'S A 160%
§n 16 g B O\o Density §
:g B/S retio=50 | 2 Z 1odo” s ] e 199 é
& 15 o 'E ‘§
> b N g 10x107 5 150 &
o 14 ,\,\ & /\ 0d . é
13 ol 10x10° 7/ 145
Critical B/S ratio T
12 1.0x10° T + - 1.40
5 10 15 20 25 30 35 o 10 20 30 40 50
Water Contents(%) B/S Ratio(%)
Figure 3. Compaction curve for bentonite mixed soil with Figure 4. Decrease of permeability and density with
different B/S ratio?34 increase of B/S ratio234)

It should be noted that the decrease of the density as the increase of the bentonite. This makes more stable condition of the bentonite within
the silty sand soil in the smaller range of water contents than sandy soil. Using the critical B/S ratio of 13% as the basic parameter, we
performed compaction test. The maximum density and optimum water content for standard proctor was obtained as yd= 1.616g/cm? and
wowc=20.8%. We further performed laboratory tests of permeability and cone penetrometer test for compacted samples of different densities
0f 95%, 90%, and 85% of the maximum density with several water contents for the bentonite mixed soil with the critical B/S ratio of 13%.
Figure 5 shows the results of variation of the permeability and cone resistance values for samples with different densities and water contents.

Figure 6 shows the results of regression analysis between the degree of saturation and the permeability in Figure 5. We may assume the
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permeability of the compacted soil is a function of the degree of saturation. Based upon Figures 5 and 6, we could draw equi-contour lines

in density-w/c chart shown as Figure 7.
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Figure 5. Equi-contour line of permeability and cone penetrometer resistance?34

Since the water content of the bentonite to be mixed has different water content from the soil to be mixed, the water contents by addition of
bentonite is not the same as the natural water contents. The average water content of bentonite used here is about 10%. The addition of 13%
of bentonite makes decrease of the water contents about 0.5%. These range of water content expected at the field is shown in the lower part
of Figure 8. Figure 8 shows the result of the combination of Figure 7 and shows the range of density and water content that must be specified
for the quality control of the bentonite mixed soil for the site when the silty sand is used as clay liner with B/S ratio=13. Since the water
contents for the mixed soil is within the range of 14.5-19.5%, if the density is, say larger 1.40 g/cm’, the two main conditions of the
permeability and cone penetration resistance are well satisfied. Other characteristics like strength that controls stability of the earth structure
were also studied. These strength requirements are found within the range of the specified in Figure 8. Based upon the comparison of the
expected distribution of the mixed soil and the necessary range of compaction condition for this site, it was expected not necessary to make
any adjustment of water content to the bentonite mixed soil. We determined the basic specification for the site as the minimum degree of

compaction of 90% of the maximum dry density without any treatment of natural water content.
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4. Quality control at the field compaction work

To control the quality of the compacted soil at the field, following tests were performed; (1) content of bentonite and (2) water content and

dry density.

4.1 Content of bentonite

Mixing bentonite with soil was performed by specially developed mixing machine. Metylene blue test was performed to obtain the content
of the bentonite. For the trial testing phase, the machine is adjusted to reach the uniformity of mixing in terms of ratio of bentonite to soil to
be within some range. The range of B/S ratio at this site was found within £0.9%. Funnel viscosity test was also adapted to confirm the
bentonite ratio during running the mixing machine. It was to measure the viscosity of liquid that was a mixture of water and the sampled
bentonite mixed soil and estimate the bentonite content. Funnel test requires only 15 minutes that is faster than the metylen blue test that

requires about three hours. The funnel viscosity test may be less accurate but worth to obtain index faster than Methylene blue.

4.2 Water content and dry density

We used gamma neutron tester to measure the soil density and water contents in the field. Before the field compaction work started, we set
experimental yards for trial bentonite mixing and compaction to select the mixing parameters, compaction machine, required passages to
obtain the specified density. Figure 9 shows the change of the variation of water contents for the original borrowed material of decomposed
granite, expected distribution of mixed bentonite, the measured distribution of mixed soil at stock yard before compaction, and the final stage
of compacted bentonite soil as clay liner. The total number of measurement by gamma neutron meter was about 250 times or once per
compacted soil volume of 33 m3. The distribution in Figure 10 shows satisfactorily results for both density as well as water contents.Based
upon the relationship between degree of saturation and the permeability as shown in Figure 6, the permeability of the compacted clay liner
was estimated by the field density and water contents as shown in Figure 10. It is shown the estimated permeability distribute in the range of

107 to 108 cm/sec, which satisfy the legal requirement of less than 10-6 cm/sec? .
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Figure 9. Distribution of water contents for various stages Figure 10. Distribution of water contents and dry density
Statistically controlled by 3o method?%) (250 points/ once@33m?) statistically controlled by 30
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5. Selection of Bentonite ratio for QC in the field

After selecting suitable B/S ratio as preliminary base, we proceed to series of compaction test to define the expected range of the water
contents and required density corresponding to the required characteristics of the permeability and the workability.

If you select the bentonite ratio large enough that should result in achieving the required permeability for the range of the density and water
content that are expected in the field, the quality control for field construction work becomes very simple by only to confirm the density
requirement.

The comparison between the conventional compaction control for silty sand without bentonite mixed and the bentonite mixed one is shown
in Figure 12. The natural silty sand compaction or one with small bentonite ratio shown in the left side that shows the permeability is in the
transition range of the k = 10-% cm/sec. The requirement of compaction is usually defined by saturation ratio. If the natural water content is
limited within some wet side range, the compaction energy may be specified to obtain the required saturation ratio. However, in the case of
Figure 13, the water content is distributed in dry and wet side. It is very difficult to define the controlling criteria in the field compaction. On

the other hand, if the bentonite ratio is given to bring the permeability so small as shown in right side in Figure 13, it become very easy to
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define the compaction specification. There is no requirement of compaction from the permeability concerned. We only concentrate the

workability based upon density.

No (rain size characteristics Water content
" | Gravel | Sand | Fines | Natural Opt.
1 8.7 58.7 32.6 27.0 23.9
2 9.6 65.2 25.2 16.0 27.8
3 8.9 66.3 24.8 16.5
4 0 734 26.6 31.1 229
5 1.3 72.5 26.2 24.1
6 0 99.6 0.4 5.1 20.7
7 0.3 87.2 12.5 27.5 19.9
8 1.8 54.9 43.3 303 25.5
9 0 94.7 5.3 10.8 20.9
sand(75m-2mm) 10 3.3 69.9 26.8 17.1 15.6
Figure 11. Grain size characteristic used as bentonite mixed soil2®4
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Figure 12. Permeability change with B/S ratio?3))
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Figure 13. Effect of bentonite clay that widens the satisfied area in compaction chart?3*)
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6. Conclusions
Figure 14 illustrates the beginning, development, twist and conclusion of this report. In March 2003, I traveled to the United States and

received instruction from Mr. Daniel on the three-element composite liner grand design described in “R.M. Koerner and D.E. Daniel (1995):
Waste Containment Facilities, Guidance for Construction, Quality Assurance and Quality Control of Liner and Cover.” Based on multiple
field tests and laboratory tests conducted in Japan for the construction of waste landfills, the following conclusions were drawn regarding the
use of bentonite-mixed soil as a clay liner for the embankment base:

- Prior to construction, laboratory soil tests must be conducted, and the mixed soil must be carefully selected based on particle size
distribution. Figure 14 shows the particle size accumulation curve for uniform mixing in the mixer, based on experience from 10 locations.

- By appropriately selecting the bentonite mixture ratio, permeability can be reduced to 10-® cm/sec or less, simplifying quality control
during the compaction process and facilitating construction.

- Bentonite mixture has extremely low permeability and was highly effective as a clay liner.

- The three-element composite liner, which combines GM/GCL and bentonite mixed soil and is statistically managed using the 3¢ method,

won the “Environment Prize in 2004,” “Technical Prize Achievements in 2004,” “Technical Prize in 2004,” and “Special Prize in 2004.”

H:
]
2
=2
!
E
B

Water Content (%9
Campacted Clay Liner

Figure 14. lllustrates the beginning, development, twist and conclusion of this report23?)
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2P NaB__[SuperClay 2.459 23 6155 47.6 567.9 223 88.0 528 774
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4PNaB _ |Federal FB3 2532 23 560.9 60.3 500.6 231 87.1 79.0 75.8
S5PNaB___ |Federal FB-2 2.648 23 542.0 55.8 486.2 23.4 86.8 79.3 76.0
6P NaB___|Federal FB-1 2.647 23 5226 50.7 461.9 210 87.4 75.8 755
7PNaB___|Kunigel WB 2.775 23 512.6 442 468.4 157 84.4 728 67.9
8PNaB___|PremiumGel 2513 26 5112 43.9 4673 14.0 80.0 741 715
0P NaB___|NeoKunibond 2.405 21 5105 3.9 446.6 273 75.4 69.5 62.0
10PNaB__ |Asama 2.461 22 481.0 54.6 426.4 255 84.7 73.6 66.5
11PNaB_ |Kunigel V1 2.540 17 470.7 30.8 439.9 17.2 60.3 5L6 49.9
12PNaB__|Kunigel VA 2.551 23 408.4 47.9 360.5 14.9 68.7 55.8 52.6
13PNaB__|Kunigel VAS 2532 23 3914 572 3342 152 80.2 69.2 62.6
14PNaB__ |Akagi 2.555 13 360.1 571 303.0 221 724 62.0 551
15P NaB__|Hotaka 2,548 19 3105 541 256.4 18.9 751 614 51.0
16 P NaB__ |NewHotaka 2.457 14 200.2 64.1 226.1 17.2 70.0 60.1 525
17PNaB__[SuperClay [H29.5] 2577 25.0 605.1 42.6 562.5 84.7 80.4 74.8
1SPNaB__|GRIFEE [H29.8] 2.743 24.0 527.3 323 495.0 75.4 64.3 60.6
10P NaB__|Kunigel V1 [7] 2.671 22.0 515.1 30.0 485.1 65.4 533 47.4
20PNaB | Kunigel VI [H29.5] 2.620 22.0 423.7 30.1 393.5 L6 49.1 43.6
21PNaB__ |Volclay [H29.8] 2723 26.0 547.8 40.1 507.8 9L6 86.6 83.4
22PNaB__|PremiumGel [H29.5] 2.698 23.0 465.5 38.5 427.0 82.0 76.2 70.0
23PNaB__|Akagi [H29.5] 2524 145 2625 331 2204 50.6 465 343
24P NaB__|Akagi [H30.5] 2565 205 3771 275 349.6 66.6 57.0 527
350 NaB__|SuperClay [H20.11] 2588 26.0 585.1 382 546.8 86.3 822 74.8
260NaB  |GRIEE [H30.6] 2.690 26.0 505.8 303 4755 67.2 57.4 50.9
27P CaB__|Kunibond 2.636 5 1922 597 1325 194 644 531 46.3
38 P CaB__|Kasaok Clay [H29.3] 2.661 31 58.9 215 375 50.6 263 181
20 P Kao__|NN Kaolin Clay [H29.3] 2510 48 79.0 303 48.7 96.6 88.1 77.8
30PKao  |PantherCreek 2721 6 119.4 523 67.1 17.0 42.8 324 26.6
31PH Acid clay [H29.5] 2.446 4.0 833 311 52.2 412 33.7 26.9
32 PuriNa__|POLAGEL [H29.8] 2514 34.0 5131 426 4705 014 83.9 793
33 PuriNa |GRISIEE [H30.6] 2722 54.0 $56.0 45.9 810.2 99.5 99.1 92.7
34 PuriNa__|SuperClay [H29.5] 2.661 44.0 696.8 a2 655.5 95.1 98.2 96.4
35 Puri Na_|Kunipia F [H29.8] 2.789 75.0 823.6 438 779.8 975 96.7 935
36 GCL Na_|Paraseal (GCL/GM) 2.305 21 460.0 50.8 4002 85 78.8 754 745
37 GCL Na_|GundSeal (GCL/GM) 2.289 23 500.0 52.9 447.1 37 87.3 85.0 81.0
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