o TR XE - $23% « 1987 (Proc. of Environ. & Sani. Eng. Research, Vol.23, 1987)

(16 BEEMBTA SR DO TFKkiEGE=42Y /R ORERE
—HNFEWEERT CoOREFEOBE —

OPTIMUM ALLOCATION OF ENVIRONMENTAL MONITORING
WELLS FOR DETECTING GROUNDWATER POLLUTION
AROUND AN ASSUMUED SOLID WASTE BURIAL SITE

Monitoring Well Allocation under the Stochastic and
Fuzzy Information

% & 2 W m & % s # L+ @ @
Shinsuke MORISAWA * Yoshirou TASAKI** & Yoriteru INOUE*

ABSTRACT; Optimum allocation method was proposed and simulation studies were executed for allocating
monitoring wells around an assumued municipal solid waste burial site by use of a computer. The problem
to allocate monitoring wells was formulated as a multi-attribute design problem and was tried to solve
based on utility assessment techniques, under the conditions where environmental parameters such as
permeability, porosity, diffusivity, distribution coefficient and so on were given as stochastic variables in
each given range, and where attribute utility functions were given as fuzzy information.

Two dimensional convective dispersion equation was solved numerically under stochastic environmental
parameters to get travel time distribution of a hazardous material, which should be used for determining
fuzzy expectation of each attribute under appropriate conditions. Some examples of optimum well alloca-
tions were shown and the characteristics of the optimum alternatives and the proposed allocation method
were examined.

KEYWORDS; Environmental monitoring, Fuzzy information, Groundwater pollution, Optimum design,
Multi-attribute design problem, Solid waste disposal
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Fig. 4 An Example of Attribute Utility Evaluation for Economical
Superiority in Municipal Solid Wastes Management Process,
Taken from Literature (5)
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5 RBRD A Table 41T, 7 Table 4 Superior Top Five Alternatives of Monitoring Well Allocation,

- in Descending Order of Superiority
61 3 REBERoEEN% Fig. 710K

T, Fig. TOEER., AARCEL
Z g & - Total Attribute Utility Attribute Scale Value Location of Monitoring

THELLZET toxd AW U u; u, ug u, X% X2 X5 X, |Pomts

. N . 1]0822 0890 0900|0598 | 0900 4094 | 0761 | 2.688 | 0 840 | (30,58)(32,63)(36,59)

§ T
EBTHD, UTKERITEY 5 2]0822]0.:890 [ 0900 | 0598 | 0900|4147 | 0761 | 2.688 | 0840 | (30,58)(32,61)(36,59)
BOHEAEL T2, Tabled 225 68 |3[ 0822 0889|0900 | 0598 | 0.900| 3841|0765 | 2688 | 0840 | (30,59)(32,63)(36,59)
g N 4| 08220889 | 0900 | 0598 | 0.900 | 397.7 | 0765 | 2 688 | 0840 | (30,59)(32,61)(36,59)
Stk Hic, B4 REBEOKRSE |5 0.821 0885 | 0900|0598 | 0900 | 443 7| 0778 | 2688 | 0770 | (30,59)(32,59)(36,59)
MAIRELL ~ BUHREOBRK T (Note) Expected value of X1 1s histed for reference.

FThHhOEBREY LN BICTELL, Equal weight 1s given for each attribute.
Table 41IC i3, BEEORE@E L

TX1 DHHEEZBEZEDIDICBY T 3, TTICE~ELIK, X
HHRELERTH 2,

BERBRII>OHF TRBR IO, ZasoHFIKB0T, &
L7 EEWE % 2.000 BUIPICEERT S 2 R (X)), 0.84,
HEHSHEEE L Th 758 2 000 HURICEEYE AN T HHER
(X2)130.76 , F- BT 2 DICES 26EMOMRHEIZ 4098 TH
%0 63

BRARBEABRT 3 3 HF oRELHEC T 5o nic. BEY
HoRHAEk 2N13 (Fig. 38R KEE LEBa0, SHFK 61 £
#YF 2TVLT (i, ;,k) OBEME LOHFBICTT 2 HES T
M (VLT (L 013G, §) <2 ) (R BB % Table SIS,
RUMESNISICRON T 2154, REREICK D EEME
A R I R 3 2 BERIIATE (32,63) 0 AL DELKKELE 1. =28 30 32 36 36 38
(I (36,59 DHF I BEEL T L AR LTS, $700 I (O Supertest, Atnd supericst, ®3rd sueriest)

& (30,58) IT % (VT 4.000 HEARICEEMHE = A1 2 5HE O o
100TH 5 b (RICHF (32,63 pEMELT b, NI3itii@» Fig. 7 Optimum Allocation of Monitoring

. — o - Wells, Determined under the
SORMEEVE I coRBEEGF ICHF (30,58) itk b, & Reference Conditions
Hiidnbon s bon, BERICEMIN S LT 5,

7. BEABEICHT 2 RERREX (R (3) 2R OHEMhE, REREBRT2E40HF Iy 220t
4 Table 6 KR T TR, BEVERLTORBUEL CRETA D& LTE, —F, B4 ORMAIED S
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"7 2 EEYHE, BRERE
KILL » T 2.000 B LI BEED
T3 HER% Fig. 8 IK/RT, 25/
OiRBSEON, EIERDORE
MOBDIF0.84TH %, T3

Table 5 Frequency Distribution of Time,

Table 6 Frequency Distribution of

Required for Detecting Hazardous

the Attribute Scale Value X;

‘Materia] Which 1s Released at

No.13 Release Point, Calculated

for Rapidness, Calculated for
All and Each Monitoring Well

for All and Each Monitoring Well

of the Optimum Alternative

of the Optimum Altemative

1’)15‘ z @EEEL(_J: 5%%@}:\’ ’I“iVLT Location of Momtoring Point 'I;VLT Location of Monistoring Poimnt
. (days) | All three|(30,58)] (32,63)](36,59) (days) | Al three|[(30,58)[(32,63)(36,59)
B3 0.84 £735 (K (8), 0~ 100 86 0 86 0 0~ 100 ] 37 48 | 10 28 | 12 60 | 14 60
= ; : 100~ 200 12 0 12 0 100~ 200 | 1140 | 3.64 | 3.52 | 424
Table 428D, Fig.8 P 200~ 300 2 0 2 0 200~ 300 904 | 328 | 260 324
. p R 300~ 400 0 0 0 0 300~ 400 | 664 | 368 | 204 | 212
fEphsiRHfiBR &, B 400~ 500 0 0 0 0 400~ 500 | 528 | 244 | 180 | 220
= g 500~ 600 0 0 0 0 500~ 600 | 476 | 296 | 1.32| 196
DIHFRLBE=L YT D 600~ 700 0 3 0 0 600~ 700 | 412 | 316 | 112 | 148
. R 700~ 800 0 13 0 0 700~ 8001 4.20 | 296 | 136 | 224
HRI/NS0, TOE Y 2T 800~ 900 0 7 0 0 800~ 900 | 240 | 224 | 1.36| 112
_— . 900 ~1000 0 4 0 0 900~1000 | 272 | 292 | 112] 100
LOFFMERZF LS #D 108 1000 ~1100 0 9 0 0 1000~1100 | 220 | 292 | 1.08| 0.92
N 1100 ~1200 0 5 0 0 1100~1200 | 184 | 244 | 112| 088
i, £h o oRHAEIE Y 1200 ~1300 0 7 0 0 1200~1300 | 112 | 232 | 0.52| 044
; = 1300 ~1400 0 6 0 0 1300~1400 | 1.20 | 208 | 060 | 0.68
2 BRHIERO K & W ALBICHF 1400 ~1500 0 5 0 0 1400~1500 | 124 | 232 | 0.96 | 056
. . 1500 ~1600 0 3 0 0 1500~1600 | 072 | 140 | 0.92 | 0 40
B N ENC EICE 5, 1600 ~1700 0 7 0 0 1600~1700 | 0.88 | 200 | 116 | 0.48
1700 ~1800 0 2 0 0 1700~1800 | ©0.52 | 132 | 052 | 024
1800 ~1900 0 3 0 0 1800~1900 | 0.64 | 212 | 064 | 028
4 £ B 1900 ~2000 0 5 0 0 1900~2000 | 0.44 | 152 | 048 | 0.24
. < 2000 ~2100 0 2 0 0 2000~2100 | 0.36 | 216 | 052 | 016
- 2100 ~2200 0 7 0 0 2100~2200 | 0.32 | 176 | 0.64 | 0.20
41 BERECEEERET 2200 ~2300 0 0 0 0 2200~2300 | 020 | 144 | 048 | 0.12
BH 2300 ~2400 0 6 0 0 2300~2400 | 012 | 1.56 | 0.60 | 008
2 2400 ~2500 0 1 0 0 2400~2500 | 008 | 144 | 056 004
A A 2500 ~ 2600 0 2 0 0 2500~2600 | 004 | 1.32 | 028 | 0.04
(A) BAZHFIBIH 2600 ~ 2700 0 1 0 0 2600~2700 | 0.0 144) 048] 00
BPUEE AA 2700 ~ 2800 0 0 0 0 2700~2800 | 004 | 1.28| 028 | 004
R (D) TcHAonsREHHA 2800 ~ 2900 0 1 0 0 2800~2900 | 00 .08 | 0.24 | 0.0
2900 ~3000 0 1 0 0 2900~3000 | 00 | 072 028 00
R, XA RV HED 3000 ~3100 0 0 0 0 3000~3100 | 0.0 | 1.08 | 0.3 | 00
. 3100 ~3200 0 0 0 0 3100~3200| 00 120 016 00
LAr 3 REROEE % Fig. 9iC 3200 ~3300 0 0 0 0 3200~3300 | 00 056 | 024 | 00
— 3300 ~3400 0 0 0 0 3300~3400 | 0.0 | 068 | 0.40| 00
21RO A Table 7TICR | 3400 ~3500 0 0 0 0 3400~3500 | 00 | 096 | 008 | 0.0
+ 3500 ~ 3600 0 0 0 0 3500~3600, 00 | 076 | 0.32| 00
° 3600 ~3700 0 0 0 0 3600~3700 | 00 | 040 | 008! 00
Uy =M 3700 ~3800 0 0 0 0 3700~3800 | 0.0 | 0.96 | 012 | 00
¢ = Min. 3800 ~3900 0 0 0 0 3800~3900 | 00 | 0.80 | 0.12 | 0.0
3900 ~4000 0 0 0 0 3900~4000 | 0.0 | 068 016 | 00
{Wio 4 (X gD}
(16)
% RBROB
AshRns, REBR n l
| i
DRBHESHE W& , | | | 67
. - 67+—10.9271.00F1.,00F0.99T0.64
POSDTHZ S % % | %
NBETEELT 65 1.00T1.00T1.00T L. 00T1.00+ 65
THbo TDOEZ /L % ] }
HTER, Iy 63 1.004=1.0041.0041.0041.00- 63
1> OB 1S st
0 THNIEE DR 614— 1.009-1.0040.9841.0041.001 61
| | |
BRIB®RINS | AT 1
: i 59 .0041.0040,9841, 0041, 00+ 59 f> @;
z &ltiis, Fig. 9 N pN%
X
OREIE, WHO V 1257
HEEICI2 B Fig. T 1=28 :2 34 36 38 1-28 30 32 34 36 38
> { H iest, 2nd Superiest, ® 3rd Superiest)
@Eaﬁb) ‘9\ ,%g o uperte (O Sup;rtest.Aan Superiest, ® 3rd Superiest)
YT XIBRANDOH  Fig. 8 Distribution of the Attribute Scale _ . . o
€ . . Fig. 9 Optimum Allocation of Monitoring
= Value X4 for Infallible Detection, . . .
/=l DBRELT
. : Wells, Determined Using Max-Min
P Calculated for the Optimum Well o .
Bon BECEIC, . . - Principle for Calculation of Total
i Allocation Shown in the Figure -
By THOEWNZ - Utility
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(B) BHEshma%K

BYESRLRW)TELLND
Ba, TR » ¥
A TEEBENCEL oNEB
&0 kA3 RBROEE% Fig.10
i, B 1RBREOHES Table 7
KR o AR TR, CRoED
BHEzhA o EREE TREEKO
RESMEIC—BT 5L HichR
BAMAREL TV 3, Z0K,
Fig. 10 0EEE 2. ZHFAREEHs 7

Table 7 Characteristics of Each Determined

Optimum Monitoring Well Location

7 4 CTHEBOEE (Fig. TR EBHTLILEUL TV 5,

(COOE &

AR CEIEBHICELVWELZHEER E LTEENIAET 3
r— ZEERREE Lic, COBEAOEDEZEE L, EFHEI0.5,
BD 3BT ENEN0.16 2 54 BAOKE % Fig. 11(A)IX, %
O I REEOBIES Table 7 IKRT, 7-. FEOCRALE
Zeleny OHUBEHETEHEOCRE L BEALACTEE LLE
BHI% Fig. 11 (BXC, Z0%E 1 RBROEE% Table 7 ICRT,

Fig. 11(A)i3Fig. 9 &, %7, Fig.11(B)IiFig. 7 2heh—

LT3,
(D) BHEReEME

AMETR, DEtO BEMRALZEET ABRBTEOHBEEZR
Wiz, X DBy — 2 & U CREMREESBET BB TS
DPRFEERANECEBEZOND, COL S EEIRILETIE,
Bons b 3REBERORE IXABEMNT »r V41 THEhEIIC

& & Fig. 10 L ER2I—HL 120
4.2 FIHEHT COREEE

b Item | Total | Attnbute Utihty Weight Attribute Scale Value F
es), 18,
Condition U Uy | ug | uz | ug | Wy | Wo | Wy |l Wol Xy | Xo| Xa | Xy
Reference state 0 82 |089]0.90|0 58]0 90]0 25|0.25|0 25|0.25| 409 |0 762 680 84| Fig. 7
Max Mm principle 0 17 |0.84]0 90]0 72[0.69]0 25]0 25[0.25]0 25| 671 ]0.81]1 86 |0 44| Fug. 9
Determnistic attribute 4
e, 0 75 0.62087|0.58|0.910.250.25|0.25|0 25| 384 {0 76|2 68|0 84| F1g.10
8;‘{;{3‘“ subjective 0 77 |085/0.90{0 72[0.70|0 16{0.17/0 50 |0 17| 616 |0 811 860 49| F1g.11(4)
82{;;‘;"3 Zeteny’ s | o 73 [0.89[0 00(0.590.90 {0.010 010 530 45| 409 {0 76(2 68 0 84 | F1g.11(B)
Infallible detection
Infaliible 0 67 (0900 90]0 20| - (0.33]0.33]0.33 - | 181(079|5 011 00| Fig.13

67

65 @\

\J/

63 e

61

59 M

AS~4
J=57 -
1=28 30 32 34 36 38

(O superiest, O 2nd Superiest, ®3rd Superiest)

Fig. 10 Optimum Allocation of Monitoring

Wells, Determined Using Determin
istic Attribute Utility Functions

(A) B—HFoD
£

ERQIECTE T T o7
EEx#iRTs L, 65 65
FTROBEICHHE
(30,58), (30,50) . 63 63 &
(34,59), (36,59 %
BE=42)YIHFO 61 61 ==
i g

° \25‘ AN

LT, 2224279 J=57 J=57% F
}E&& IOGCBE%[J'C‘ 1=28 30 32 34 36 38 1=28 30 32 34 36 38
ZOHABKRENDLD (O supertest, A 2nd Superiest, ® 3rd Supertest) () supertest, Aznd superfest, @ 3rd Superiest)
»oJRICI3FEE TES
%4 LT Fig.12iK7RL  (A) Weight Determined Subjectively as  (B) Weight Determined Objectively by

1:, EiROBBEIZZ

W1=0.16, Wp=0.17, N3=0.50 and Wg4
=017 2

Zeleny’s Method

hzZhBE—HFfIEE  Fig. 11 Optimum Allocation of Monitoring Wells, Determined for Different Weight

LT bHEmmicR &0

YPREETAMBETH B Eosbh Bo Fig. 255 bHETE S LT, WTKoRNRLESE L TREEMELXIED
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EESh SETHRICAD ~THY, - TEERHMED S
L-BEMHE G ERORMIBICH, - THEIN S C EIKIE 5,
—iic, AEME OMEXEETHARTROBRTRICSH - T,
BEMETRKEOER FOMENE=2 ) v I HPOREME S
LCo@BlEBRENENTI XD,
(B) #PHERET 2BE

e 4 ) v 7 HPEMBICEENSIL S 2B, RETS
HEOHMFIBIN 2 L2, HFEAE1~8DZNZhiC
BEIE L1 5BE 0BENRB%E % Table 8 IT/RY, Table 8 i3, HEH
YWEOL TORMMED S ORMEE =4 — T2, T1bbEE
VEDRENE (X4) % 1.01CT 57 I3 6 L Lo HB b BT 12
BZEAERLTVS, BEEREEX RSB 2ERARNE
(B IK->h T, to3BEOMAIIAEL 85, Chu, BF
HOMAEZOMOSREDRIC L — Vit TRIGRSH BT L%

J=57

1=28

Point for Monitoring Well Location

32 34 36 38

Fig. 12 Superiority of Each Candidate Node

BHLTHE,
(C) FEEEOEWIRG 28T Table 8 Example and Characteristics of Optimum Monitoring
5E Well Allocation When the Number of Monitoring Well
ﬁﬁ%ﬂ(z)‘ﬂi%%i?ﬁ%ﬂ (X, =1.0) is Fixed at Each Given Number

Gl e TLT, W
%’!@;ﬁ%mﬁ%#& l:f : N N(fl Total Atinbute Uty Attribute Scile Value Location of Monitoring Pomts
FTHhORBAED SR L BEY 1\[/)1P U o Tup Tus s [ X5 1%z | %o | Xs ocation ng

< > D 1106170 570]0. 990]0. 990|0 100|793 3]0.900(1 000/0.0 | (32,58)
HTH-Th, 2000 HURNICLT 2 |0 796]0 855/0 900|0. 7280 700|616 4{0.810/1.866 0 490{ (30,59)(34,59)

. e 3 |0 822|0 890|0. 9000, 598|0. 900|409. 4[0 761|2. 688|0. 840 (30,58)(32,63)(36,59)
BAITE 5 & ORlKIER L TRIBR 4 {0.7860. 8950, 9000, 447)0. 300307 4|0, 753|3. 482|0 890| (30,59)(36,59)(36,61)(32,63)
BABEE L. BREFig13BLY 5 |0 757|0 900/0 900/0. 330/0 900,235 30 7984 257 |0 990 (30,59)(32,63)(32,59)(36,59)
Table 7 iCRd o BEZMOELS 6 [0/727/0 900|0 900|0 209|0 900|215.2\0 8645.016|1.000| (30,593(32,63)(32,59)(36,59)
; . — 7 [0.712{0 900|0.900|0. 14810 900|154 9|0. 876|5 762|1 00| (30,59)(32,63)(32,893(36.59
Mtc T DiTiE, BARRICHE o ERILERE i( ) )

8 10 700(0.900 [0 900{0 100{0 900|149 8|0. 909|6 498|1 000| (30,59)(32, (36,59
BEL RO IUEEOPANKRE - (3 e e 63;(34 )

3XE, BEHEOMABII/NEL 23

(Table T8R), Fig. 130OFEE B I3

B RIGT 2 Bl A EE(H, Fig.10(B)) :BHTILHEARLT
W3, MBDOERI, BB TIHBEESD 7 4 - 2 BHEEBEL
TE5Z o3 DIH L, KMTREN S HHEREG L TIN5 &I
HLT3,

4.3 BEREFEOHHE

FHETHEL - BT =4 ) ¥ S HR EE O BEFEOE RIS
iz, BEP 0z NEAENCRAL TS 2o £ TOMBIERIHE
EHICEZ S B C L ARIRIC L ARIcN LT, AR TiHESR
HEHSRERACERT 5 L%, PABKORECEL TIRESRNS
WEOX(T7 7 V4 2 R)EBTEONED, JOBRENEEBAEZEEL
<. BEEFEOBRFERAILEL T 5,

7 7 VA SRBROERMCE LTE. Fifle oBkte ROy
i, BIZEFig. 5 (A DL> CHRBEMNL5EAS > TEESHC &
AFEEL, chh b Fig. 5 (B) DRBEEHAE 2FIH4 R Lo L
L5, Fig.5 (B) &k 5 IKBHREBEOA b3kic 5 BERT

(EEEHFR) INBLEL THLR A ARHARE., ZDFEIRI
KUDD & 5 KERALINIFRERIE 2 (Xm, ¢) #AV T, Fig.5
(A) o FREUCHY 3+ 2388 %, FlZ TR

U(Xm,g) =& 4 X g) #a(Xm g)
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{Note) Expected value of X1 18 hsted for reference.

MP stands for Monitoring Pomnt.
Equal weight 1s given for each attribute.
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Fig. 13 Optimum Allocation of Monitoring
Wells, Determined under Infallible

(O Superiest.Aan Superiest, @ 3rd Superiest)

Detection Constraint
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