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KEYNOTE ADDRESS 

LANDFILLING WASTE MANAGEMENT COMPLIANCE 
WITH REGULATORY POLICY AND GUIDELINES 

R.N. Yong 
McGill University, Montrkal, Qukbec 

ABSTRACT 

T h e  management and 'sde" disposd of b m d o u r  solid and liquid u a r t a  p o x  formidable problems and difficult i s s u e  which 
n d  to be resolved if  'protection of human A d  and the cnwironmcnt' are t o  be obtained. This keynote address focusses on 
the issues that appear to  be a t  the centre of the  x t s  of problem: (a) the  n d  to  obtain proper spcification of 5.f~ 
protlction r r p u i r r m r n ~ "  relative to  tbe kind of r a r t e  bein managed. (b) concerns regarding development and utilization of the  P "bed available" d i s ~ o s d  technolom, and (c)  perception o g o v e m m n t d  policy, regulations, and conformance (and acceptance?) - 
requirements. 

INTRODUCTION, AND 
PROBLEM DEVELOPMENT 

Tbe management of huardour  solid and liquid uar tes  
( H )  - i e  generation. storage. transport, and d ~ s p o s d  - 
offers several challen ing issues if the requirements for p ro lec -  
l i o n  o f h u m a n  h e e f t b  a u d  t h e  e n v i r o n m e n t  are to  be met. 
Tbe need for protection of human health and the environment 
har bacn the subject of numerous discussions and debate, with 
resulting cffects articulated in terms of minimtion of threats 
to humar~ h d t h  and the e n r i n u n e n t .  .As will be seen Inter. 
in the  discussion of \arious a r p t s  of the  problem, nrticula- 
tion of the x d  is i n d m l  much earier than establishment of a 
'concrctc' ~ c t  of rulcr and rtandardr. For the pu 
keynote presentation, the  arpeclr dedjog with " s s = ~ ~ ~  
in the ground will be oddresred. 

Three basic sets of i s sun  can be identified: (a) %\'hat is 
meant by 'safe" prolection requirements? - i.e. what arc the  
r u l a ,  standards and criteria overning S A F E  protection? - 
relative IO the nature of the #\\' being managed? (b )  \Vhnt 
is % ~ t  available" d i r p d  technolo and how is this t o  be 
obtained d m d e d  upon) and e \ d u a t %  ((c Perception ofgor- A '. ernmen pohcy, reylot ions ,  and conformance rquircments.  

It is difficult t o  mount separate discussions addms=ingeadb 
of t h e x  issues without t r a n s p n d n g  from one (issue) to  th r  
other. For example, in determinin the p a r m e t e r s  that n y d  
attention in the development of ' h o t  b raJc protrction , it 
will be immediately evident that the associate qua t ion  should 
be .WAD u rrr onrible Jor articulating the SAFE rcpuircmrnb 
and ~londardr.8" U the  response identifia the regulatory ngen- 
c i a ,  it then needs IO be asked whether the \+our sets of  ti- 
reria used will indeed satisfy the  requirements for protection 

'The abbre\iation "HM" (Itamrdous warte) is used to  cover 
h a ~ a r d o w  rolld and lapusd w u t r ~ .  

of liumlvl henltli NKI the envi~onmcnt.  The rccord shows t l n t  
there is consideralh rcluctaucc ill p ~ . o \ 4 i n g  actual roncrctr 
answers, hence one 'talks" about minimiralion or t h e m ,  to 
human b d t b  and the enrironn~ent.  One therefore immecli- 
ntely d s  "what u mcant (p11antita11t~cIy) by minimimtion?- 

Whereas -1 of w u t e .  in the gcnernl context u r d  in 
North America1 refers to  the dischnrge of w s l e  forms into 
the atmosohere. receivinn waters and l.md. the subicct of con- 
cern to tde geotcchnic.4-en ine ru ig  communit.v <s land dis- 
m s d  of waste. with aarticu%r at tmtion to  H\\'. T h e  imme- - ~ - -  ~ 

... 
&ate and p a r t j c u ~ i  [oncernr &ding landfilling technolog? 
relate to  the a\ailnbillty. or lack t l c rmf .  of proper specifics. 
tioru and teclmicnl i~~formot ion  re ardmg dislmsd stnndardc 
and crlteris. - c<ticnl ir. the st.Llisfmr9:: of tLr b x i c  !aid dls. 
p d / c o n t a r n n , c n t  Jrwp s t m d n ~ d s  nnd t c c l m o l o ~ c ~ l  q u l z e -  
ments. \ \ I d s t  d w c t  gunt ions  ( t o  control hdia) concctulttg 
the detiuls aud spccificollons constatutmfi snfe r o l e c t i o ~ i  r e  
q u i r e m e n t a  do  not, as yet, have rpechc or dcfnitive nnsser;. 
arsurancn NV never tlirle,s contintrdly 1,riug sought by ,;~iious 
control b o d i a  or sgcncles fut * r d e  and secure- H\\' contain. 
ment and find disposal. The cooundn~lu Illat is perccivel as 
"rofe and rccvrr"lm~dfilling, requires resolution to scverd very 
difficult interactive issues - i.e. issuer ~41 ich  require internc- 
tion between, for esample, epidenliologists. tosiiologinr. en- 
vironmentd scientists and oigineers. biologists, legnl experts. 
pleotechnical endneers  ruld techlrolorirts, etc. Some s m i f i c  
Lsucr or o.uestiins illat nccd lo  be ddressed include: 

' 

\%%st is rnJe and ~ c c u r r ?  Policin. n i l a ,  regulations, con- 
trols, expectations, mensurenwnt. ........ 

* \\'hat are  the  'controls" o r  targets for design m d  disposal 
s t ra tegia?  
A ~ s e u m c n t  criteria for damage to human IrroltA end the 

'Dimtive 781319, Article Ic. of the Europeim Comtnunity nl- 
lows for l ransfor~nnt iond operntions nrcessnry for rccowly, re- 
use and rcc.vcle in its definition or "dirpos;tl". 
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Fig. 1 - INTERACTIVE FACTORS IN WASTE MANAGEMENT 

envimnmcnt in relation to  "mlr and sccurc"? 
If disposal strategies and procotol are implemented in ac- 
cord with the present ~ol icies  and regulations. are we as- 
runyl that S o l e  and 8ccurc" landfilling to meet protection 
of human health 'and the environment are met? 

' What ere the technological requirements to m e t  S a l e  
m d  ,rcwrr: .... nnd protection of human health and the 
environment'! 

* Accounmbility? Who r t s  the rules? Culpability? Re- 
spansibility? 
F.AILURE? Memure 01 failure? Onset af irreversible dam- 
age to human health and the environmeot? 

The list of irsucs and qurstionr c m  obvtausly be consid- 
erably increased. However. for the eotecbrurd engioer .  the 
variou interacting items that S H O C ~ D  p o u  direct c o n c m  to 
the prarttce of safe geo techca l  disposal technology c u  be di- 
rectly glrduced from the summary diagrnm prrseoted in Fig. 1. 
The v u m u s  interactions occurring acrors the cliKerent interest. 
groups is evident from the Figure 

-SAFEn D I S P O S A L  I N T E R A C T W E  F A C T O R S  

As noted from Fig. 1, landfilling waste disposal strategy 
depends on scvcral factors not directly ~ i t l l i n  the control of 
the gmtcchnicd engineer. The implementntioo of the 'con- 
straints" shown in the Figure generdly take the form of PI* 
curement 01 construction and operational permits. This pre- 
sumes that the neccsrary rcquirements, conditions and guide 
lines far d i n g  have h e n  satisfied, and that permission to site 
the d i s p s d  facility har been received. 'Permits" lor imple- 
mentation of the disposal scheme issued to the gmtcchaical 
consultant by the "Permitting Agency (PA)" occurs when ( p r e  
sumably) the P.4 is assured that the scheme and technology will 
satisfy the requirements for mlr and x c u m  di~poml. This o p  
erationd implicitly requires that the many arpects 
of HW management - from HW hedth threatening issum to 

technological solutions and risk assessment - haby been fully 
considered, evaluated, and thoughtfully analyed.  Fol this to 
occur, a proper understanding of the details a lnteractmns and 
consequences concerning waste t y p ~  and chemistry, handling 
procedurer, permissible linlitr and threats to human health 
and the environment, the soil buffering system and transport 
procases. toxicology and eco tor ico lo~ ,  etc. need to be ob- 
tained. 

Conveotional wisdom expects that the PA members will 
have the required expert knowledge or expertise in the -our 
individual disciplines - either personally or via mnsultetive 
advice. The preceding notwithstanding, experience shows that 
the tranadiwiplinary interaction required to produce effective 
scrutinl of the disposal scheme is rarely achieved. Some of the 
major actors that  impact directly on the interactions between 
the disciplinary gmups in the consideration of disposd strnteg). 
include: 

1. Indus t ry :  Compri t ion and toxicity of waste dis- 
charged, quantities. storage and handling. 

2. S t a n d a r d s  a n d  c r i t e r ia  for  war te  discharge: Ac- 
ceptnble ( ermissible?) concentrations or limits, lethal 
d o s o  a n d E r  concentrations, exposure indices, etc. 

3. Disposal  requ i rements  a n d  technology: Short- 
tcrm and long-term performance expectations and requirr- 
ments. risk, etc. 

4.  Moni tor ing :  Strategy and technology. 
5. Assessment: Criteria, pathuays. fate, expmwe. 

The above lsctors are subordinate to one sioale over-ridina 
set of control: i.e. governmental legidative p o l i 6 a  regulating 
total H W  management - generation, re-ulr and recycle, treat- 
ment. storaee. transwrtation and d i s ~ a d .  The ideal set of 
c i r c u m s t a n ~ w ~ r w u ~ m  that mnulatidos and auidelines avail- 
able from the ;eguletory sgmct& are properly developed aod 
'tn-plye'. Accordingly, the 'DISCHARGE policy, rrpure- 
mrsl-r. ,tamdar&'(Box 2) rhown in the Figure, not only con- 



tralr (dmectly) the quality and nature of rhe waste discharged 
by the "Gcnrrotor" (Box I),  but aLo indirectly "dictates" the (2) the propoled method o j  trralmrnl, rtoragc, or dirpord ir 

tho1 ~rac!icab!c method currently available to lhr grncmtor 
disposal strategy. whic mtnmxzrr the prerenl and future threat to humon 

v d ,  and distances, are in actual fact the sets of controls for 
the d e i g n  of the  landfill, Interpretation of these performance 
requirements is key to  the successful compliance of the land- 
fill ca ability and performance ( t o  regulatory expectations). 
Since kngterm performance is to  be 'predicted" as  a r t  of the 8 compliance procedure, the  importance of 'MPNIT RING re. 
p i r rmrn l r .  policy, rlandordr and guideliner (Box 5), is self 
evideut. 

As noted from Fi 1, the sets of interactions needed for 
DroDer and coherent fi W manarmnent to meet the require- 
mei ts  for protection of human health m d  the environment 
can only occur if regulatop reflect the 'red" condi- 
tions hnd constraiu!5 necde for "safe" !ongterm d i r  
p a l .  In short, ms nl reauircmrntr and eondltions, which 
are directly usoci%d with the  nature (and quantities) of the  
w m e .  (composit~on, chemistry, propertics, characteristics. 
etc.). provide the 6 n t  step in "safe- disposal strategy. T h e  
recommended levels or concentrations of pollutants sllou.ed for 
-safe' discharge are necded, failing which, the requirement for 
sde disposal containment must ~ n r u r e  that no " u n d e "  dis- 
chsrce to the environment occurs. The lack of strict renula- 

0~ ~ ~~~ 
- 

rionr or cotdormance requirements, improper interpretation o r  
-predctio~,' prformance expectattons of ~lne completed land. 
fill will lead to  scverc conrq tencer .  

The preceding notwithstnndiug, it is npparcnt tlmt m e n  
if d l  publislied r tmdar lL  and criteria are met, and if all r e y -  
latary requirements have been strict1 adhered to. there is no 
guarnntee that waste generotion a n d d i s p o d  will still mect 
the conditions designed to  protect human health and the en- 
vironment. The fundamental need to  establish cntegorically 
whd cerutalulrr a lhxo l  lo human h a l l h  and the muiron. 
mrnl. and what conrtlvlrr %jr' dirporol dr~ign/lcchnology. 
is paramour.  

HW M A N A G E b I E f i T  A N D  C O N T R O L  

The U.S. Rarardow and Solid W u l e  Amrndmenlr, 19.81 
(IISWA 1981') which amended the U.S. Rc,ovrcr Conrema- 
hon and Recovrq Act. 1976 (RCRA 1976') provides a good 
esample of *policy and general gttidelincr" whidr im act di- 
rectly on the practice of landfilling waste disposal. T g e *Xa- 
tionnl Policy" articulnted in &. 1003 of RCRA 1976 s ta tes  
'The Congrrrr hercby dcclarrr it lo be a naltonal policy o j  the 
Unitcd Stater (hat, whcrrvrr jcoriblr, Uar gmcralion o j  haz- 
ordow wulc  b lo bc xduccd o r  climinatcd u czpcdiliourly or 
porsnblc. Wartc that i.. ncvcrlhclcrr gcncrolcd ~hou ld  bc treated. 
rlored. o r  dirpo.tcd oj, ro ar to mtnimizr thc pmrcnl ondjulurc 
lhrcol lo human hcollh and thc cnntronmml'. 

In additmn ru the preceding. Section E 4 l n I  a l  HS\\:4 19% 
require  wasre generators to certify on rhe manilcst nccampa- 
n?mg e v e q  waste shipment that: 

-11) Lhc gcncmlor o j  ihr h u n r d o w  wulc  h u  o program in 
plncr to reducc thc volurnr o r  qu~nt i ty  and lorlctly o j  ~ u c h  
vo?lr lo the dcgrcc dclcnninrd b g  ihr gcncrolor lo be cco- 
nomicdly pracltcoblc: and 

'Pub.L. 36-616. Snv.  9, 19S4, 

health and lhr rnuironmrnl. " 

T h e  RCRA 1976 policy represents a m d d  policyJ a p  
roach which has been advocated by many other countries (e.g. 

~ E C )  in regard to  HW management and wntrol.  With thta 
type of market policy, the burdm of responsibility for man. 
agement and control of HW lies with the generator and the 
geotechnical engineer (consultant), within a set of guidelines 
articulated by 'Permitting" bodies and r e p l a t o y  agencin. 
With enforcement of regulations and use ofpenalties, i t  is prr- 
sumed that  thc market will sntisfy compliance requirements. 
However. the record shows that gross mismananement and il- 
legal prscticn' abound. ~ c c o r d i n g l ~ .  it becomes hfficult  to 
provide assuriuwes that d~sposal  technology p rac t i ce  required 
to  satisfy 'rdc disposd'" requirements civl  be met. 

P R O B L E M S  F R O M  HW C L A S S I F I C A T I O N  

Handlin and disposal requirements are generally difler- 
ent between h' containit~g tone substancn and A\$' without 
taxics. The need for regulatory control of HW is npecially im- 
portant in transboundary shipments of HIV,  where con t rd  and 
management of the manner in which HW is transported Lom 
Generator to disposd facility are critical. For example. thc  
Committee on Transport of Dhngeraus G m d s  (CTDG)  within 
the Economic and Smial Council (ECOSOC) of the  UY c l u -  
si6es HIY (w Dangerous Goods) into nine hazard groups, rr- 
quiring labelling for each group. and conditions and criteria 
for pa& 'ng in multi-modal transport'. Proper and wntin-  
uous tractin of HW enrum accountnbility for safe handling P and disposal - provided that the technology available for safe 
handling and disposal is applied (or exists?). Since there exis& 
considerable economic adsantage for thc  Generntor t o  have a 
w u t e  declared a "on-HW - because of the  lerrthan-stringent 
handling and disposal requirements governing disposal of non- 
H\V (e.g, little or no tracking requi~ements. etc.) - the guide- 
lines, criteria or standards used to define or characterize o H\\' 
or toxic subrtancc became vcr). important. 

T h e  (Canadian) Federal Department of the E~ivimnmrnr .  
formed in June 1971 conferred upon the llinister the d u t i s  of 
protection andcnhancemcnt o/ thenatunlenvironmcnr. includin~ 
water. air and roil qualily Since the "Govelmment Organization 
Act. 1970- limits the  hlit~istcr's responsibility t o  t h o x  areas 
not by low u,ignrd lo any other drparlmml, branch o r  agrnry 
o j  the Govrrnmrnl o j  Canodo. the role of the Provinccr be- 
comes important "is-a-ri?i w a l e  regulation and contrd. This  

some other countries. a Stale policy approach hpr been 
a d a p r d .  HIV dirpornl facililies arc owned and managed by 
the State. and w m c  generators arc required to  transport their 
w u t e  to the Stare-owned or Stnte-subsidized facilities 
'C.S. Congress. Oflice af Technological .4ssosment. (1361). 
OTA R~cvtcw o/ Exp~ricncr o j  thc -Supcrjund" Program. Warh- 
ington. D.C.: CI< Hazardous IVaslr Inspectorntc. (1985). Eon 
ordow W u t c  Managcmcnl: A n  O o c r v w w .  London: HSISO. 
First Rrport. DOE. 
'\Ve prnume that cvcntudly: n ..ct of rules" o r  w h a t e r n '  
will be produced t i n t  would iufarrn one ar to what ' sde  dis. 
p o d "  rcrjuircmcnti arc:  or ix t ter  yet. a general Code of P r o c  
lice will be produced which wnuld ensure that 'sde dispmsl' 
occurs. 

'The compnrablr Canndian requirements in the Transportation 
of Dangerous G m d r  Act ITDCA).  bcnr considnahk simikrity 
to  thc C S  CTDG recommendations. 

'42 U.S.C.A. 6901 el seq.. as amrnded by Pub L 96-4S?. Pub. sAs for examplc in the rmdlc lo gmuc appronch set foward  in 
L. 96.510 RCRA 1376. 



situation provide. the scenario that now exists, i.e. varying 
eritaia,  standards, wdormance  requirements, and even def- 
initiow or clarsification schemes for HW between the differ- 
ent P r o n n c a  and the Federal overnment. T h e  evolvement of 
CCREM, the Canadian ~ o u n c i f  of ~ a o u r c e s  and Environment 
Minislm, and the recent development of the Canadian Envi- 
ronmental Protection Act 
preceding shortcomings. 
commitment are needed to devela the f u n d m e n t h  of HW 
management and control, not the kar t  of which is a common 
approach to warte management. 

The differences in H W  clarsificatian criteria between the 
Provinces and the Federal government. together with differ- 
ences in requirements far "sale disposal" as perceived by each 
Province or  the Federal g a v e m e n t ,  make for possible varying 
"standards" far disposal of the romc hozardow w a l e  o r  f o r k  
rubrtancc. What is classified ar a HW in one region may not be 
classified ar such in another region, thur providing the appor- 
tunity for more or less stringent conformance requirements for 
disposal. Whereas some control exists through the Tranoporta- 
tion of Dangerous G m d s  Act (TDGA), the T D G  re@ti?ns 
(TDGR) which identify a host of "dangerour materials in mne 
clarses, are not specifically designed to a d d r m  permissible lev- 
els and concentrntions of contaminants or toxic substances. 
These (levels or concentrations) are key elements in design 
and protection requirements for the gmtechnical engineer in 
formulating disposal technolag, and for the generator in the 
discharge of HIV. T h e  priority substance list of CEPA which 
deals with toxic substances cooriders only a small number of 
the more than 70.000 chemicals resent1 listed. Thus, with 
no published permissible levels. t[e probyem of "safe dosage" 
is left to s t a n d a d  established by "Drinking Water Standards" 
or some such equivnlcnt. 

Various countrin, and even various regions/cities in indi- 
vidunl countries h a w  diRerent definitions or  criteria chnrncter- 

izing or diRerentiating between h a z ~ d o u r ' ~  and non- 
huardour  rar te .  and even municipal solid warte. The D i .  
rrctivr an Torrr end Dmngrrov~ Wartr" of the European E c e  
nomic Community ertsblzsha the Cnnlrnt~nih. Law for all the 
twelve member states. However, only threc member states hare 
adopted the Directive List of materials" without modification. 
Other member states haveeither modified the List or  published 
their own lists. In the US. .  the lists of hazardous wartes are 
found in 40 CFR parts 261.31 through 261.33. The four lists 
include "hazardow w ~ c t e s  from non-spcific source" (261.31). 
"hazardow r \as ta  from specific sources" (261.32). "acute haz- 
ardous" (261.33(e)). and "toxic" (261.33(1)). It should aLo be 
n o k d  that ar in the care of the TDGR. the Directive List and 
the US.  lists are not specifically designed to establish target 
levels (i.e. pcrrnisrible concentretions or  levels). 

In ronw Provinces (in Canada). no exact definition of what 
constitutes a HU' &rts (except ar a "specid warte" or per- 
haps through special legislation by the Provincial hlinister of 
the Envimnment). Reliance on the TDGR for tracking and 
overall management of huardour  g m d s  const i tutn a major 
part of the HW handling procedures. Disposal requirements 
and standards d o  not fall within the jurisdiction of the TDGR; 
these arc left to the individual Provincial and the Federal ov 
emmentr for their respective jurisdictions. The  C C R E ~  3. 
year Action Plan for the hlaoagement of HW" war initiated 
in 1987 in recognition of the fact that HW war bciog managed 
in Canada "in o manner that couldpore a rignibcant danger to 
public health mnd thr rnmronmcnt . - a conclusion which war 
reached because of the realization of the inconsirtencin in reg- 

loe.g. the U.S. d&nition of hwardous warter in RCIW l0iG 
' lDirectire 76/319/EEC 
"The list of materials attached t o  the Directive establishes 
the identified w t a  a r  candidates for control according to the 
provisions of the Directive. 
I1The Action Plan war apprwed in principle in October, 1086. 

ulatians and inadequacies of treatment and d i spsa l  facilities, 

Paramount in the problem of warte mana ement is the 
m m e r  in which HW is finally disposed (Gave!. Because of 
the dangers posed by disposal of potentially h u a r d a w  mate. 
rials ( w a ~ t e )  in the ground, initiatives taken by many coun- 
tries - via legislation or  recommended guidelines/standards - 
presently require that some proper meum for neutralization 
and detoxification of the HW be  implemented before discharge 
(e f HSWA 1084 and RCRA 1076). The  lack of absolute p r e  
ce uru for neutralizing or  detoxifying ("treating") all of the 
elements in HW require that the technology used for 'safe dir- 
pasd"  (grave be most secure. Frequently this means using 
procedures wkich provide far a form of encapsulation of the 
"treated" HW. 

S A F E  D I S P O S A L  T E C H N O L O G Y  

m e  Perce ived  R o l e  of Reeulnt ionr .  G u i d e l i n e s  

and "Permi t t ine"  Retruirements  

As uen from the p r r p c t i r e  of thv gmtrchnicd cngn- 
necr r ~ p m s i b l e  for creating il ,afe ' p k v r " ,  the role of r rguk-  
t10113, qu:debzes a d / a :  * ~ r z ~ : : t : : t g '  requiremenl, is  to p r e  
vide the conformance requbrcnents iu.o c::tera - -tuge!r' - 
whtch if uiet. would ensure that the HII' I w  bwo safely *man. 
aged". Rrmlation 300 under the Ontarto Eo\.xanruental Pro. 
tictian A& provider comprehensive lists which describe HII' 
and general m t c  management disposal practice covering such 
items ar standards and siting far rva\le disposal sites, c.urier 
requirements, access roads, and superrision. The  techicnl de- 
tails concerning siting, design and operation of a landfill which 

are embodied in the Rraronoblc U x  PolicyLs.  advocam the 
use of the noturn1 ~ t t c n u o t ~ o n  concept as the most r e ~ ~ n a b l c  
concept for landfilling. By doing so, it is admitted that somc 
contaminant discharge (leachates) from the landfills will oc- 
cur. In the Quibec document Guidr d'mplantotion ct dc gcr- 
tian dc l i c w  dinfouisrcmcnt dr ralr co?tomini,'". the landfill 
disposal procedurer and 'rules" are g t v q  wi~hout  nccesrar- 
ilg acceding to the natural atteouatian concept. The  evident 
'fuzziness" in many of the 'signposts or rules" in both t!pn 
of documents har often been cited as bci; deliberate - lo per- 
mit 'discussions" to occur between the tonsultants' and the 
Permitting Agency (PA)". 

T h e  concerns of the geotecbnical engineer in regnrd lo  rc- 
rponsibilitier attendant s t t h  s d c  handling and disposal of HI!. 
arise from conformance requirements and guidelines. It is not 
unusual for publirhed guidelines'' for disposal to be ioadc  
quate, and misleading - based on outdoted bon ledge  and in- 
formation or  even faulty knawledpp. U "failure" occurs k a u r r  
of lor in -.p~tc o f )  a d h r k c e  to c o ~ f o m a n r r  requmments. reg 
&:~ons or publhrhcd , : l r . dxds .  a h a t  r r t l w  reponsnbht) of 
the - C o n d t a n t  inmtccmucal c n n n f f r ,  " T:le Pro\.ncc of .- - 
Ontario Bill 2?019. sometimes referred lo  as Ontario's a n r w r  

"Amended bx 0 .  Reg. li5/S3: 0. Reg. 574184; 0, Rcg. 
464165: 0. reg. 460fSS: and 0 .  Reg. i50/8S. 

"Ontario Ministry of the Environment. Policy So.  ISOS. The 
Incorpomlion of the Rcoronoblc Urc Concrpt into the Envnron- 
mcnt .  This policy became a formal Mnisrry policy in 1086. 
'oXiinisti.re de I'Environnement du QuCbec. Direction d n  sub- 
stances d a n g e r e m ,  janvier. 1088. 
"Subtitle C of RCRA l0 i6  provides the e uidalent format far 
HI\' management in the U.S. In the LX.BOE (I9S6) Wartr 
hianagement Paper So .  26. Lond,5lling Wmtc , ,  is gencrdly 
used a~ a code of practice for the 'Consultants" and PA. 
"Or even "permitting" mpirements.  and/or consultutions 
with the PA. 
'"Passed on June 28. 1030. Contaim teclinical amendments 



to the Superfund lawlo r a i m  several very interesting, albeit 
disturbing, i s u s  to the mtechnical engineering con~munity - 5 not the 1-1 of which is 1 c responsibility to 'properly" detect 
and arms environmentally unacceptable subsurface contami- 
m.tion. Technology, criteria, permissible levels, tcsts, toxicity 
and exposure w m e n t r  vis-a-vis "dmage" are some of the 
items that need v e v  serious study and understanding by the 
geo)echnical engineer participnIin in moniloriur, enrimnmen- 
tal impnct rswsruent (EIA), landRll disposal siting and implr- 
mentation. 

. . emrsstble Levels. Concent ra t ions  - "Tnreets" 

A-ment standarrL and criteria are central to  the whole 
issue of determination of acceptance (or denial) of a safe HW 
land6U facility. Without the publication or issuance of per- 
missible levels or concentrations. not only will handling and 
diapaal  technolou be dee ted .  hut also monitoring and assess- 
ment. Since d e s p  'standards" exist only in the form of perlor. 
m a n e  (short and longterm) requirements. and since these arc 
generally articulated in the form of permissible levek of pollu- 
tants detected at some point distant from thc landlill rite over 
a particular period. the importance of the "limiting concen- 
trations" specified cannot be overstated. Not only must these 
limits cover the spectrum of todc and health-threatening pol- 
lutants emanating from the waste ar  l d a t e s .  these (limits) 
must S o  encompm the likeijhmd of other toxic compounds 
formed uithin the substrate. The attendant requirenlent for 
da ign  performance predictions to properly model the inresac- 
tions and "predict* transport and attenuation of the pollutants 
in the substrate is critical. Contaminant transport 
modelling constitutes one of the most challenging issuer - if 
total account of the various complex interactions is to  occur - 
especially since acceptance of the capability and reliability of 
the p e r f o m n c e  of the completed disposal facility (landfill?) 
revolves, almost exclusively. around the 'accurac).' of the pre- 
dictions made by the model. 

hlonitoring of effcctireness of treatment prior to disposal. 
together with monitoring longterm effects of disposal technol- 
og); requires quantitntive acsesments and tnrgu limits. \\'bile 
permissible concentrations and limits (endpom'targets") for 
various types of waste substances" in water, groundwater and 
leachats  are available, the lists by wid large d o  not cover the 
complete spectrum of contaminants found in HI\' ~ ~ a t e r .  
The endpoint 'targets" refer otlly to concentntions in the fluid 
phare (water or groundumter). In groundwarcr a r sssnen t ,  ex- 
tractable pore water from the soil s u b s t i - n ~ e ~ ~  is used for chem- 
ical (contaminant) exmination. Since the "rules" and regula- 
tions d o  not pay any attention to pore water not "earily' ex- 
tractable from the soil, monitoring and arvssnent  procedures 
do not therefort account for the contaminants remainhg in the 

to  Ontario's Environmental Protection .4ct and the Water Rt 
a o w c s  Act. 
aoU.S. Comprehensive Environmental Raponse. Compensa- 
tion, and Liability .4ct (Superfund), 42 U.S.C. 50601 sUu~.. 
enacted by the U.S. Congress in lDSO, h s  often been referred 
to ac CERCLA or the 'Superfund Law". Significant revisions 
to CERCLA were enacted by the U.S. Congress on October 
17, 1966 through the Superfund Amendments and Reauthc- 
&ation Acl (SARA). Pub. L. No. 99.499. which essentially . . . - - . . . . \------,. 
made CERCLA bigger and m&e complex. The combination of 
CERCLA (Superfund) and SAR4 should strictly he referred 
to  rs CERCLA 

"e.g. Schedule 4. Regulation 309. Environmental Protection 
Act, Ontario; Wnter quality aud groundwter quality stan- 
dardr for the various provinces in Canada and s t a m  in the 
u s .  
"Since t h m  ere no standards governing extraction pro- 
d ~ ,  the amount of wntu  u t r a c t d  from roil varies between 
diffumt orgsnizatiom, groups, etc., dependent to a large ex- 
tent on the technical capability of the Lconsultanlm. 

non-extractsble pore water. Since the processes of contami- 
nant arcwulat ion in roils generally result in greater concen- 
trations (per unit pore water volume) of contamioam6 in the 
non-extractable pore water. awmness  of the 4 conccntra- 
tion of contaminants at any one point, using present accepted 
procedures, i s  denied Adsorbed contminant  ions in the inner 
Helmholtz layer are not casily Yemoved". It is also doubtful 
that all the admrbed contaminant ions in the outer Helmholtz 
layer areearily extractable using the techniques presently prac- 
tised in geotechnical cngineering2'. 

D I S P O S A L  O P T I O N S  A N D  S T R A T E G Y  

For the eotechnjcal engineer (consultant?), the 'rititq'of 
the disposal facility, and the design of t e c h t r o l q  for wrste con- 
tainment in the ound (gave)  must not only satisfy criteria 
developed from g e  "Regulations" or through s set of y i d c  
l ina ,  but also the scrutiny by the PA (Pemiitting Agency). 
The combination of these are (in theory) daigned toohtain the 
'most compatible site and the k t  technolo,$ which would 
protect l a t h  human health and the environment. The general 
specification of synthetic membranes, required as liners under- 
lvine the waste in landfills. to orovide imwmeable  harrierr . - 
to leachate transport rnto the gzound substrate, const i tuta  
the pnmary and stngle most mportant  tlcsrgn comrderstion in 
kodlill contarunent ol H\V1' Tbe varrous destgn ram~ficatu,m 
encountered deal with site specific issues, a d d o  not detract 
from the fundamental requirement - tbe need to  enswe that 

no luchotc rscapcr from thc contotncd w d c  material. The 
liferpan of the synthetic membrane liners is an issue that har 
y n  to be satisfactorily resolved. Since the need to  provide 
proper entombment of HW over the period required for it to 
h m e  "ncutmlircd" or "dcloriJicd" can be over a hundred 
yeam (depending on the nature of the rvarte and the envimn- 
mental factors), the integrity of the membrane liners n u s t  be 
a r s d  throughout this period. To date, ma~~ufar tu re r  p a r -  
an- and arsUrMW for s u n i \ a l  times for such lone time 
periods are not a\nilable. Test procedures for rimulatini l a t h  
time and chemical =ssult. on an accelerntcd scale. hnse not ~~~ ~ ~ - -  ~. ~ - ~ ~~-~ . ~- ~. ~~ - ~ 

provided the kinds of informat~on which would ~ m i t  one to 
coaIidentlg arswne sumi\abilily of the nwmbrane linen. 

Partly in recognitiou of the above, and pnrtly because 
of 'differences" in containment philosophy, the u r  of 'engi- 
n d  d a y  barriers" for landfills desi ed to contain HW is 
d m  in many countries. Un %" er such circumstancn. 
the regulations expect t h ~ t  some contamination of thc ground 
mill o c ~ u r ' ~ .  The belief is that when the c o n t a n h w t s  (in the 
leachate) reach the groundwater. the attenuating p m e s w s  in 
leachate contwninant-clay barrier internction. Lnrc rrduced thr  
concentration levels of tbe pollutanls to sufficiently low levels, 
and d not pose health threatenin risks. This is sometime 
r d m e d  to  ar DILUTION IS THE .!OLUTION. However, t m ,  
particular disturbing circumstances eds t :  

The capability of the gmtechnical engincer to understand 
and design the b d e r  system to provide full attenuation 
of the contaruinnnts in trunsport through the engineered 
day harrier is enerally less than adequate. Insufficient 
b d g r o u n d  w o i  in this difficult rubjcct prcvents one from 
dealing with all the various types of contnrminants and 
their interaction with the ground. 

" Published permissible limits (tnrgets) generally d o  not 

'lDetermination of contaminant species and concentrations in 
the soil solid phase provides n partial resolution to  the p r o b  
lem. However. this d m  not nccwarily relate to the published 
mdpoint "targets". 
"Ln one Province, the exclusive ure of the double-membrane 
liner is prohibited (i.e. reliance only on the liner without nec- 
~sa ry  added substrate protection via rnginecrerl clay b n r r i m  

IL.4s in the Rearonable Use Policy of the Ontario Ministry of 
the Enviroument (loolnotc No. IS). 
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SELECTION DES SITES ALTERNATIFS 
POUR L'ELIMINATION DES D&CHETS DE GRANDES MUNICIPALIT& 
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~ 4 a c  (..Ion 1. namla), 40. de  .It.* qu l  prdm.nt*nt un potentl.1 dr rlequs  6 1 . ~ 4  pour l'.nvlronn-nt a t  pour 1. .ant4 
plbllgu., appartlennent aux anclan. d6potolr. d.. dkh-tm. L l a  lumlbr. d.8 6tude. ghnrrlronn-nts1.s r4csnt.s. 11 . d l .  
n k e 9 a a l r e  d. changer 1s. .xlpenc.s courant.. contra l ' . n m d l .  d.. c r l t b r s s  b1.n d6t.mln6s.  Ceux-cl vent indlspnmabl.. 
pour s41.ctionn.r da. l l s u i  . l t srnat l fm pour 1 s  tral t -nt  dam d4eh.t. municlpaul, en nlnimleant l . impact  consld6rabl. 
."r l .mvlTom-nt .  L ' u t l c l .  d h n t r .  l a  m6lectlon dam cr1tbr.a convenablaa D u r  dlff6rentm sc6narios de tral t -nt  d.. 

Presentement, les n o m e s  environnementales 
devierient de plus en plus exiqeantes pour 
contrer la pollution. cependant, selon l'etude 
du ministere de llEnvironnement du Ou6bec. la 
Plupart des anciens sites d'enfouissement 
Pr6aentent actuellement un potentiel de risque 
Cleve pour la sante publique et/ou pour 
l'environnement (GERLD. 1986). Environ 40% de 
tous les lieux contamines, detect& au ou6bec. 
sont des sites d'enfouissement . Ouelles sont 
donc les raisons de cette situation? Sorte de 
ddchets enfouis? Localisation des sites? 
Probablement les deux. 

Les grandes metropoles cmulent plusieurs 
millions de metres cubes de dechets municipaux 
chaque annee. La province du Quebec qbnere 
annuellement 5,6 millions de tomes de dechets 
solides dont 2.1 millions sont les dechets 
"micipaux composes des dechets residentiels, 
ubains et ceux de petits cormnerces. 

ConPosition des dechets varie en fonction du 
t m ~ 8 ,  du developpement de la villa et des 
bbitudes de sa population. Par exemple. au 
m6bec# la composition des dechets se Situe 
*ntre celle des ftats-unis et celle des pays de 
l'kope occidentale, et elle conticnt: 30.4% 
d* matiare Putrescible, m , 5 \  de papier 10.9\ 
da Plaatiqus. 10.9\ de verre, 6,8\ de metaux et 
13.4' d'sutres (HENVIQ, 1987). 

I1 est evident qu'une partie-importante des 
dechets est dissirnulee sous le nom "autres". 
Des etudes recentes approfondies, menees par le 
GRAIGE (1989). ont permis de diviser les 
dechets municipaux en 47 cateqories. Cette 
information semble etre primordiale au cours de 
1'6valuation du deqre d'influence de la 
composition des dechets sur les processus 
physico-chimiques et bioloqiques ayant lieu (a 
long et a court terrae) p a m i  les dechets 
diversifies et entre les dechets decomposes et 
l'environnement. 

La reqlementation concernant les dechets 
acceptables B enfouir sur un site a evolue, et 
est inclus dans les nornes canadiennes sous la 
forme actuelle. Pourtant, elle diverge toujours 
de celle developpee dans les autres pays (ex.: 
Allemaqne ou France, reliees aux nones de la 
Comunaut6 europeenne). Cependant, prenant en 
consideration la sorte des dechets presentement 
accept&, il faut etablir une nouvelle echelle 
de criteres, servant au choix des site pour les 
installations B traiter les dCchets. 

La politique vis-a-vis l'blimination des 
dechets evolue constamment. Le site, qui est 
pr6vue pour vinqt ans de l'enfouissement, ne 
cumule pas necessairement la m h e  sorte de 
dechets au cours de toute la periode de son 
fonctionnement. Par exemple, la polltique de 
la revalorisation des d6chets (surtout de la 
matiare orqanique) p u t  changer de facon 
diadtrale les processus physico-chimiques at 



biolmiouu5 a v a n t  lieu le site 

za nauvaise experience dca annee5 pd%3Cca a 
dtmntr4 la necrss~te d'etcbllr una politiqut 
plus cansciencieuse quant d la guntlon des 
difIlrentes sort+:s dc dtcFcts. L'environneEent 
err beaucoup plun sensible quc 1 'etrm huaaln na 
p u i ~ n c  lc croire. 

3onc. les sites de traitemant des dCchcts, 
s u ~ e t q  au princlp da la protcctlen dc 
1 'envlronnelent, deivent Ctre locbl lrCr et 
prepdrbs soigneuseacnt. La Ilxiviation A partir 
des altea d'cn?ouissemsnt. I'€misgian des qrr  
d pdrtir de l'incinersteur, la deposition d.5 
ccndccs volnntcs, le recucil des dbchcts 
cncaabrants. 1. dCpsition des d k n c t s  secs 
grownant de dtzo:ition s1n.l quc pluzieur5 
autrcs probl&xes conp lexcs rxigcnt unc 
attention prrticuliere. 

Oans ccs conditians, la vklticntion dca 
plunieurs p a r a d t r e ~  dr localisation ec des 
paraaetrcs qbuloqiqucs, hydrolqiquc., et 
seciolgiques eat indispensable pour c h o ~ s i r  un 
sLte en accord a v x  les cxigmces rles n o n e 5  
cont#!aporaine6. Ccz cxigencca E*  redulscnt A l a  
minimisation de i iQ,pact enviconnenental, d la 
aini=isbtxon du V O ~ U = C  d e ~  dechetz d t p o r l ~  aum 
sircs d'enfouisaemcnc. b l'optimisat~on de la 
rcvalorisacion des dCchats et la ninirisatlon 
dts coats d'opkation. 

Dan5 cc contextc, il y a pr4scnte~ent plusicura 
zysth~cs de trnitemcnt des dcchsts et dana 
cnhwe syrt&Ec plusieurs technolgifs de plus 
en plus 5ophistlwees. Erc-il nCcessalrt 
d'utrliser coujeurs la aene ndthoae paur 
cnaisir le site conucnablc paur cnaque sysc4me 
spdci:Ique do traitemenr? W e 1 6  sont les 
crithres nd4qurts pour eIicctucr ce choix? 

Jusqu'l present, lcs crittres precks, pour la 
c h r u  des sites. n r  sont pas disponlales. Par 
consequent, dans cct article, an preseotc 
l'cnsc~ble des crit*res clazsifies, nbzccsairer 
A verirler avant I'implantation d'unr 
Inrtallation quelconquo. La s4lcction de cea 
critercs est b a d e  rur lel diverse, 
r4qlemcncations (~anadiennrs. amPrlcaincs e t  
europbcnnesl ainri que lur len rtsultatx 
d'btudrs scientifiquea rdcentes dans ct 
domaine. Las etudes one 816 errectubes pour six 
types dc trditcmcnt dec dCchets, incluant les 
in=tsllations le plus souvent inplantees d a m  
lcs qrandes aqqlonbrat lons urbainas . Ias type. 
da traltraent pria en consideration sont lss 
sulvants: centre ds t r r  ct de rtcupcratlon, 
dbchctteric, uslne de co=postags, incin4rateur. 
c ~ n t r c  de transbordcment ct site 
d'entouiszcamt. 

A recuperation drs dechcts d etre recycl#s 
p u t  dtre rtaliree par le syst4mr dc trl d la 
source ou par 1c tri effectub dans une uainc 
upbfisl is@*. Ler rr.at&riaux s4l~ctionnf5 psuvant 
e t r e  rccycl8s pour narvir de matiere pr-ihro 
dana la fabrication do nouvcau* prduitm. t*r  
techniqu.r cle tri l a  developpent consla-nt. 

salr ils pcuvent etre rhpartles en deur 
qroupcs: : tri avec brayaqe pr6li=lnaira 
redli34 en silieu huzlda, en milieu semi-hua~de 
et en milieu ssc; 2 )  tr! en milieu 5cc sans 
broyaqc prelizinaire. 

P C Q s u u i f  
rl exlsrc toujours certainss quantites de 
decheta qu: ne pcuvcnc paa Ptre rama3ses de 
tacon convcntionnclle; ce aont les encotbranta. 
l e n  ddchets aeca, les produits dbngcreux 
domrsf iqucs, ley prodult:. u e r L s ,  rtc, ccs 
dCchetx pourraicnt ttrt geres par lcs 
rbs~dants, s ' i l  trouvaient dons leur Volvinaqe 
un endroit %@cia lencnt prdvu a cctta fin, Ces 
installationr nbcurltairen, oh chdque type de 
dechets ou intiere cst stock6 an un lieu 
distinct s'appcllc unc dccnetterie. 

Certblnca qurntitCs importantcs de dbchets 
organlqucl putrcscible5, ranassts et enleuis. 
peuv-nt C t r *  r e r y r I € ~ -  L ' U S I ~ C  de MmpOstage 
peut convartir C-5 dechets en axrnderent stable 
au noyen d'une activltk bacrCricnns aeroble. I1 
exiitc actuellescnt unc trcntaine d t  procddbs 
d@ compo5taqe qu1 5 0  bnacnt soit sur la 
rcrmrntation Lente soic aur la fermentation 
accbleree. 

+nur&mLc!! 
h e  autre m4thedc appliquhc I l'&liklnotion der 
dechets est lcur combustion. Pluaicurr types 
d'incinlrateurs sont construits a dcs volumss 
q u ~  varient d'une runiclpalitt l'outrc. La 
tendance actualle va ver5 la construction 
d'lncinbrateurn dc larqe capacice donc le coot 
dc EystEae d'hpuration +st aoins Clcvl quc 
c ~ l u l  des patltcv constructions. Lcs types 
d ' lncinbratsurs des dfchcts lc plus couraument 
insralles 50nt 1.5 5ui~ants: incinerateur h 
systbse modulaire, incinbratrur de dlchets non 
conditionn4s at incinlrateur b combustible 
derivb dcs ddchct. (CDPn) , Haintanant, I 'unitl 
a toebu5tion poshede un s y s t e m  qui pereel de 
rtcupCrer 1 'tncrqie dcgaq4e. 

at* d' C r L L U w T e G C  

Entre autrel, il existc toujours certaineo 
quantices dc d4chets qui doiuant etrc entouia 
avfc sbcuri t@. 2 s  trrroins recherchls pour 1- 
nlte d'cnfouisse~rnt devraient crrr dc taille 
d inclure dcs dechrts provmant d'une grand* 
agqlonPration, sur une perlade dm 2 0  an5. 

3n cDn.ldlrc quatrc procedev de decharqe sur lc 
a t !  11 dbcharge cantrdlCe d'ardures brutes 
[en vrac]; 2 )  dechrrqe concrbl&s d'ordurms 
alcnrquetcas; 3 1  dCchargc urrlisant la 
t t c M a l ~ l m  de pre-remenfat ion IchnrW 
auppl4mentaire de matlare organiquc tacil*Mnt 
d&qradable, e x . :  boues dec statl0nm 
d'&pucation> ; I ]  dbchargc dca dechet. c o ~ p a ~ ~  
provenant soit aes stations de c r a n s b r d m t  
roit dts installations implantles sur  lms r i t e  
(proauction des Mllotr) . 



~~n~ le cas d'implantation d'un site 
dnenfouissement Bloigne par rapport A la source 
productrice des dechets, il est necessaire de 
con~trulre une ou plusieurs centres de 
transbordement de dechets dans les milieux 
~rbains. Dans ces endroits, les dechets sont 
transferes des vehicules soit au lieu de 
reprise, soit aux containers prevus pour le 
transport .4 longue distance. Dans plusieurs 
centres, un compactage supplementaire est 
effectue avant le dep6t dans les containers. 

une gestion inadequate des installations 
susmentionnees apporte un risque potentiel pour 
la sante des residants avoisinants et pour 
lBenvironnenent. Donc, 1 est necessaire 
verifier les sites selon des criteres adequats 
pour elininer ce risque potentiel. 

~e choix du site adequat depend des criteres 
qui sont pris en consideration. Si les critbres 
sent incomplets, le site considere ne serait 
pas optimal. Par consequent, l'evaluation des 
crlteres pour chaque installation est un 
element primordial et doit etre developpee 
soiqneusement. On propose la methodologie qui 
suit le chemin critique (critical path) 
demontre aux figures 1 et 2. 11 est evident que 
le chemin critique doit &re utilise pour 
toutes les installations. Cependant, les 
extensions des criteres spkifiques peuvent 
differer d'une installation .4 lgautre. Le 
chemin critique prend en consideration les 
qroupes de criteres de localisation, les 
criteres geologiques, hydrologiques, 
sociologiques et autres. 

Pour optimiser ces criteres, les auteurs ont 
tenu compte des normes provinciales, des normes 
et des liqnes directrices federales ainsi que 
des normes et des guides tant techniques 
qu'environnementaux utilises dans d'autres 
pays, en plus, des plans directeurs des qrandes 
agglomerations ainsi que des publications et 
des travsux recents oertinents. 

Les criteres etablis pour la premiere selection 
concernent la superficie approximative du 
terrain necessaire A l'implantation das 
installations ainsi que la distance de la 
source productrice. 

Pour les six qroupes d' installations pris en 
consid4ration (voir chapitre precedent), il est 
evident que chacune de ces installations 
represente des besoins d'aires diffbrentes. 
Parmi ces groupes, la superficie de la 
dechetterie est la plus petite. Elle doit quand 
meme assurer l'espace necessaire pour deposer 
les dechets selectionnes, donc les surfaces 
inferieures 50 m x 80 m doivent etre rejetes. 
Tous les autres terrains identifies peuvent 
etre divises en cin? catbgories: I - superficie 
de moins de 5000 m ,  I1 - entre 5000 et 10000 
in2, I - entre 10000 et 100000 m2, I V  - entre 
100000 et 500000 m2 et V - superficie 
supbrieure .4 500000 m2. Leur affectation ast 
examinee en fonction des bosoins das 
installations particuli8res. 

La su~erficie approximative du sita 
d'enfouissement peut etre evalu4e A l'aida 
d'une formule empirique ou .4 l'aide des donn4ea 
particulieres disponibles. 



t. suparficie ds 1'Usina de co~postaqe peut 
8trr evaluee salon lcr hypotheses sulvantrs: - 
la lamentation lente exigs des s i r e o  oh lc3 
a d d i n n  3 scction triangle [6 a x 100 m x 3 0) 
correspondent q&nerelemcnt au trai tcsent sur 
une scaaina: - une prDgran=atian drr 
retownemcnta n 8 c m n l t e  au eoins quatrc 
merainas d @  travail: - In ?erncntntian 
..xelCree exiqe dca aires sulliiantes pour 1 a  
construction d' installations utilisant les 
proc4d4s les plus aophiatiqu6s; - tant l a  
fermentation lance qyr la termentation 
nccCldrbe cxlqent des alrca pour lCs dechctl 
tranrporths, pour la maturation et pour 1 4  
stockage, l u x . :  paur unc l l n r t e  dc 6 0  t l j  dr 
dechetn. ;a sup~riicic rota:e nacessdlrr est de 
8 0 0 0  dl. 

une prcni&rP sC lcct ion dcs 51tea potsr.tiels @t 
leur affectation rat rcaliskc cn 5 e  basa-t sur 
la supsrficic du terrain rt leur distonce d t  la 
source productrite. 

La dcuxi&nc z&lc.ction doit 4tre rhaliufe 5c:Qn 
lcs rxlgenccl s p k i a l e s  soulev&cn par ies 
s e r v l ~ e s  municipaux conccrnbs ct i=plique dara 
la qcsrion des dbchet.. Ias bldmcnts sc 
rapportcr.t d la politique municipale, A la 
vocakio- de certain3 terrains a i n s l  qu'aux 
priorIt6s dc3 insta1:atians. 

k s  ewigrnces dcn aqglcmerations btcndues aont 
k n u c o u p  plus qrande!: qutl ccllee des plus 
petitcs ou dcs villages. M s  terrains sont plus 
c h s r s ,  les vocations sont plus diucraifi4a, la 
pol itique nun icipale *st plus scnsible. la 
circularlor. ezt plus Irhqucnte. I'habltatinn 
plua dense, la 3onopol isacion dc la qestion dcs 
d4chrts e5t problCnatiquf, 1e dangar dc 1 'echtc 
csr plua flave, les rebuts d'industries 
sccondaires plua divcrsitifs etc. 

Im politiquc d'unc villc joue un rble iwortant 
danr la SClectiOn de site. convenanlar 1 
1' lmplancatron d' rnstallatians at une sblection 
banec sur  lcs crrt4res de deuxiana qtnlratian 
doit etrc cflcctuee avant la v&cirication des 
criteres plus p r k i s .  

Au c o ~ r 5  de :a troi5il.e SPLecfion, des 
crit4r-r pllj? p r k i s  doivent 4tre prls m 
consideration. r.'cr.s@mble das critbrcs 
potsntieln Conticnt quatrc qrdr.des qroupes. 
tels :cs crirerss dc local~ration. :rs crrtCrcs 
qboloqiques, lrs critdzas hydrologiquts @t les 
crithres socioloqiques. Cc5 qroupes Ont et6 
divlsCs en cateqorics plus pr6circs. 11s sont 
btablis en ionction dc s i x  traitcme:ts divers 
ct cn Conctlor. U e  Ia naturc des dbchets- 

ME eleoentr qul dolvent Ctre etudrbs dans :e 
group* dea crrtbres dc 1oca:isatlon sont lcs 
suivante: 1) distance mhnimalc davant &tre 
respocrle par rhpparc aur difl6rcnts cour5 
d'cau: 2) accesribilita nu site: 1 )  utilisatior. 
ac. sols. pre-anc cr. considerarton la dlatarcc 
qur les sapere dcs terrains rksldentiels, des 
pdrcs, deh t e r r n ~ n b  dc recrlation, d r 5  terrains 
aqricolrs, do8 zones prorbgbes (ex. : ran@ 
d'lnondatlan. rhservs i4uniquc. etc). iiqnea 

blectriques dr hautc teaslo:: 4 :  tspace 
supplbmcntairc ( e x . :  parc  t4cnnlquc, station dr 
lavage dra udhiculaa, Cquipe~ent anti- 
Inccndie) ; 5) auperCicie d- terrain neeessaire 
a implanter chaque i~stallation scion ic 
procede particulirr alnsi quv la hsuteur d e r  
constructions avoisloantea ( e x :  4tud-s sur la 
dynasique de 14 dispersion den q a t ) .  

Les crifCres q6olwiques culprennent ir. 
elkncnta suivnntr: 11 stratigr~#phic du terrain 
nfccssnire pour 4tudler la :iuprpocition den 
ceuchos geoloqlques (bnrriC:cs :afurclles): 1, 
dispenlb; 1 l t b  de5 3atlir:aUx de recouvresent 
(particulidrP~ent inportant. lor, dc 
I'cnIouiiserocr?t dcc dechets: : I )  >iner,lloqre du 
terrakr., pwur dvnecr la cheecc d c  p r h o i r  dus 
prni.essus Interast;Ir entrc ~ E S  C ~ I I X  de 
lixivisrion et lea partlcules dea 9915: d) 
tectoniquc du terrain a!in de dbtcctcr la  
Ciscuration des roc. et les fractures 
natura:les, las inllles, les terrains 
sbismiques, ctc; 5 )  q6otorpholoqic du tcrrnln 
[inclinalnon du terrain, pelte, talus, 
aCFleurcxent dc5 roc%, q l i ~ s c m ~ r t s  dl! terrains. 
ctcl: 61 compartcscnt aca 501s d long terse, 
vis-a-vis dc ;a qualltf et PC la concentrar~on 
du 1 lxiviat; 1 I crit&re4 nydr0Wn;ogique~ 
cozprvnant: lea paraaet: e 5  qlnteuhnrq'des, lex 
paramfitrcs physico-chimiquce, la P D ~ ! : I b i ~ i ~ ~  de 
former dra MrriPrcs q~oloqiqucs, la possi- 
ailit4 au contralc continu dc l'rrpact, les 
resultats dca teat5 dc coc,pat:billtb dcs m l s  
ct du lixivirt nbccnanires atin de pr6voir les 
processus c o ~ p l c x e s  biochi%iqucs ainri qus la 
tran~sisslbilit@ du :ixivlat, la d:Ifur;on, la 
absorption. l a  dP=otption, la cnelation, ctc. 

L'cnscsblc dcs critCraa hydrologrqurs, pris cn 
consideration est d6rarmink par : 1 1  la 
vari.rtion d !  la nappc d'eau. pc-rsr:ttar~t alnsi 
d'rstimr la dynanique dca eaux rou:errainer 
tintluenjant la so;ut:on de :a construction 
d'ing&nisr~r. :a possibillte d'inonaation, la 
~ i q r a t i o n  d u  lixiviat, etc): 2: :a distance 
d'un cours d'cau (continuels ou temporalres), 
prrmettant d'bvalucr ic ruissc1:cment direct 
v s r s  les ceurs d'cau, la varlatien du gradicnc 
dea asux souterrainas (qui dolt etrc verliib ca 
avnl ct en amont du site], l'rnondation. Ic 
drarr.agc, ctcl: I I  la ia,-ilitC dhlntiltration 
d'eau r x p r i d c  par la conQuctiv~tC hydraullque 
du terrain qui sst tcstb i n  s i r "  et nu l a b -  
ratoirc: 4: :a situation clu sitc cn rapport 
av@c les prlre5 d8t.ru ~xistqntcs et poten- 
tiellcs qui cst inportanti. p a r  lcs r4ibonS 
sulvantcs: - possib~ilre d m  ~nflutncer :a 
quelrtr d'rru de surface captee; - posrlbilit~ 
de di;r:nuer la qudlitP de l'rau dnns In5 pUic5 
avoislnants: - croissance du gradient d ' e w  
sourerrainc ver. les purts c:,mu Mssi-S 
.:aptanta, dCnonrrdnt la v:crsse ree:ie de 11 
filtration; 5) la faci.it6 dc captrr des eaux 
dc lixiviation qux *st en rapport avcc l'erude 
5 u r  la drhinage du lixiv~at. des eaux d'lnfil- 
tratlon et dcs edux do ru~ssc:icaent sur le 
terrai- en question et qui influence la Io isa-  
bi:Itf des installat~ona p.kr~~cuii6rE5: 6 )  14 
qualit4 des caux souterraines qui dOit etre 
Cvalu@r non 2culenent au cours ds 1'exPloita- 
tlon dss ;n~tallarxons. mais aussi avant la 
dhcision dc les inplanter (1. chimia d@ 1 ' O a u  
peut exciure 1 possibi:ite d'i~plant.tio~ 
imediatr acs rnstallations c r  eYIq*r d' 



nettoyer premierement le terrain) ; 7) les 
parametres climatiques tels les variations de 
temperature, la force et la direction des 
vents, le niveau de congelation des sols, etc, 
(influenpant le choix du procede, la localisa- 
tion des installations, l'extension de travaux 
d'ingenierie, etc.) 

Les criteres sociologiques sont divises en 
plusieurs groupes. Cependant, il est evident 
qu'ils ne couvrent pas toutes eventualites qui 
peuvent apparaltre selon le caractere speci- 
fique de l'agglom6ration et les habitudes des 
residants. De maniere generale, les criteres 
sociologiques sont groupes c o m e  suit: 1 la 
sante et la securite, exigeant d'attirer 
l'attention sur la vermine, le transfert pa- 
thogene, la proliferation des especes, l'acces 
possible des animaux et des enfants, les dan- 
gers de la circulation: 2) l'environnement, 
prenant en consideration la localisation du 
site vis-A-vis des voisins, l'emission d'o- 
deurs, l'emission des gar, llemission de 
poussiere, la contaminatlon des eaux soute- 
rraines et de surface, la contamination des 
rues par les pneus des vehicules ou par les 
rebuts repandus, le bruit; 3) l'esthetique, 
tenant compte de 1 'impact visuel, de l'impact 
commercial et de la possibilite de rebuts 
repandus; 4) la communaute qui est assujettie 
au decroissement de la valeur des proprietes, 
au changement de la topographie du terrain, au 
changement de l'image historique du quartier, 
au depart des compagnies, A la circulation 
intensive, au soln continue1 des espaces 
fern&, b la creation des nouveaux emplois, au 
changement de la composition des habitants, aux 
frais d'accessibilite et aux taxes imposes, I 
la recuperation de l'energie (gaz et vapeur), 
l'usage du compost, 1' impact sur les reserves 
indiennes; 5) l'impact sur les especes sauvages 
ou unique%; 6) la degradation des voiries; 7) 
l'exigencas de maintenance et de securite; 8) 
l'impact de l'extension eventuelle du site; 9) 
les exigences de la construction qui influen- 
cent les criteres economiques. 

La selection des sites selon la troisieme 
generation doit etre effectuee apres avoir 
verifie las criteres susmentionnes. La troi- 
sieme selection exige d'etre effectuee en 
quelques etapes successives. 

La premiere &ape est un collecte des donnees, 
et par consequent, la premiere selection des 
Sites est faite b la base des donnees dejb 
disponibles dans les rapports et publications 
ulterieurement effectues, des visites des- 
criptive~ sur place, des photographies, et des 
tests macroscopiques des types de sols, de la 
topographie ainsi que d'etudes sociologiques 
generales. 

La deuxieme &ape consiste en etudes 960- 
logiques, tectoniques, geomorphologiques des 
terrains potentiels ainsi que en etudes hydro- 
96ologiques macroscopiques. 

La troisih,e &tape de selection etudie les 
criteres sociologiques qui doivent etre 
verifies A plusieurs niveaux: la direction de 
la ville, gestionnaires du quartier. les 
habitants du quartier, les associations 
impliquees et les principales compagnies 
installees dans le quartier. L'etude doit etre 

effectuee sous forme d'enquete (mettant en 
cause un nombre suffisant de repondants) et 
sous forme d'etudes speciales: ecologiques, 
sociologiques et techniques. 

L'etape suivante est une evaluation plus 
precise de tous les criteres hydrogeologiques 
susmentionn6s. 

Cinquieme &ape est une estimation des coats 
probables pour le nombre limit6 d'installations 
alternatives. 

CONCLUSION 

L'implantation d'installations servant A la 
gestion optimale des dechets exige des etudes 
approfondies. Les reglementations actuelles ne 
s'appliquent qu'A certaines installations. Par 
consequent, elles ne couvrent pas toutes les 
eventualites de la gestion des dechets muni- 
cipaux (incluant la revalorisation des 
materiaux et la recuperation de l'energie). 
Dans ce contexte - la nature des dechets geres 
dans chaque cas n'est pas ressemble; les 
processus physico-chimiques sont differents, 
et par cons6quent. les criteres doevaluation 
des sites convenables divergent. 

Le reglement existant se rapporte I certaines 
methodes d'elimination des dechets; elle ne 
contiennent pas tous les criteres necessaires 
b la construction du site optimale et sor. 

Selon les etudes menees, plusieurs parametres 
ne sont pas pris en consideration, en surplus, 
il y a divergence entre les normes des 
differents pays. En raison que la science 
geoenvironnementale est presentementcapable de 
repondre A plusieurs questions fondamentales 
sur lesquelles, devraient etre basees les 
normes et les guides techniques actuelle au 
Canada. 

Le choix d'un site convenable b )'implantation 
des installations susmentionnees pourrait donc 
etre fait b partir des criteres present& dans 
cet article. 
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A MULTIPHASE FLOW MODEL FOR REMEDIATION OF SUBSURFACE CONTAMINATION 
BY NONAQUEOUS PHASE LIQUID 
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Gmnnclaater contnmination hy nonqurous  phmc liquids (NAPL) such ns organic rolwnts and p t ro leum hydrocarbons kr  
.I,I,.~,vIy t ~ c u r s  as a result of wrface spills. tank l eds .  and improper disposnl practices. In this paper a multiph- flow model for 
\ \ P L  tlwott h porous nmedia is derived. The ntodel t a k e  into account the &I of volume change due to the surfactant injection 
Y +PL/roifmistures. The model predicts the experimental data ratidartory. In addition. s compuiron with some of the existins 

I I I ~ I I . . I S  i. dircuzred. 

III rrren! years growduatcr  cont~mit~at ion by organic -1- 
\ w ~ r  mid u ~ l i r r  products ha, reached significant prc- 
t i  This rontsmination I I R ~  occurred both at low level 
nmntninatio~t from $anitiu). Inndfills and L* concentrated 11q. 
uia l  .pills due ur i r h g e  from underground tanks, accidental 
wrbw spills. or disposal sites. This paper ~ d d m r e s  the p r o b  
L-IIB 1 4 a  wnnqttmus phaw liquid (X.APL) flow in pornus media 
h i n r  rwfactnnt injectiou RS a nwans of rmwdid nctioo on the 
mmlr tlisposnl site. 

Thvmrlier l i t e rn tn rco~~ g r o t m h m c r  pollution by troleum 
Iwlts~nrhonr  l ~ a s  generally recognized that when a ~ A P L  is 
q , t l ld ,  the NAPL migrates through pore spaces and some liq- 
u14 i. rrtained within the pores by capillary f o r m .  The renew 
d n ~ d t i p l a h u  flmv throry by Van Darn 1960)  3s v c v  prcept ivr  
d dwninant mechanism and is very c \ ear - '  ahout uncertainties 
- h i d  wise in real filed situations and which. of the most part. 

still unrnolred 20 years latter. 

Furthcrmnre. d u h g  surfactant injection through porous 
- d i n .  n n method for clcaning up. the mobile materinls (NAPL 
."'I ru.lr.~~drd solids] Me brought into contact with the fluid 
' ~ ~ U L I .  Thr rntc offlow of the n~obile materials is dependent on 
'h- wrhrtattt  flow rate. Two approaches have been propxed 
Lw prdiction of surfactant f l a y  rate. In the first approach. in. 
m l m l o r s  haw usrd many methods to solve the problem of 
IL. of sus~xnsion. In one method, the work by Argon 
l1X?l mi111 Stennerdin'r sttgbestions (1962). lends to a sirnpli- 

*C h h c e  equation which 11- k n  wed with further 
-11s I,? Lcung and Wiles (1976) to calculnte thr relocity 

Ihr fluill ronlaiuing surpcnded solids. Another method 11- 
fdlmwl I,? hlertes nnd Rhcdpr (19551 and Lapid~ts nnrl 

h U n  (19571. h w d  on the slip velocity of the particles. It-leads 
ur*lm furnlula for the velocity of the flowing %uspcnaious. 

a h r r r :  B is t l ~ r  fluid vnlmwtric content: t.time; ~ s o o r d i n n t c  
%xis: and D. t h r  soil fluid rlitlusivity. 

Hoarver. FAl. 1 d w s  not rcprescnt the physical phenomenon 
in the porous nwdium duri surfactant injection. This is due 
t o  the dispersion of hot11 N ~ L  and suspendrd solids and h e l m  
the flow of lmth materials in t l a  flow diret ion.  It ia dsa hc 
lieved illat during tllc flow there will be s tiute 1.8 betwcm t l y  
swfac tm~t  front and thr  wpenr ion  solutiou [ronl. This study IS 
intendcd t o  include the above mentioned eKects in the di t lusio~~ 
equntion nnd h n ~ c e  predicts the surfactant flow through porotm 
~ t ~ e d i a  during the cleanill up Furthermore, a comparison hr- 
t m n  thr  tnodef and some exi~t ing work is disc&. 

FORMULATION 

By rousidcring the m c s ~  balance untion for the injected 
surfacmnt. the continuity eqmtion ran% written ar follows: 

to t h r  srlyxnded mlid flux. Tbua. 



where 8. is the NAPL volumetric content or: 

divq, = divq*, + B.div& + &grad&. ( 6 )  

Substituting Eg. 6 into Eq.  4 yields 

Simplifying Eg. 7 by taking one-dirnensiond flow in the 
horizontal direction only yields 

\-, 
The solution of the above cqudtion is extremely di5cult  

even numericdly Thus, another simplification may be i n t m  
duced by ignolin the second order terms, e.g.. qo, grad 8.; 8.q.; 
and & grad 8.. 'fhus. Eq. 8 becomes: 

In order to e\duate the NAPL flux. &. nnd the suspended 
solid particles flux. 0,. i t  is assumed that these fluxes lue i n  di. 
rcet proportion to the pore rater  pressure gradient as discusrd 
by Yong et al. (1990). By taking into account the eKccr of vol- 
ume change i u  the continuity equation and using Darey's law. 
the suspended flux. q?, and the NAPL flux. qo,, can be written 
r.5 : 

CI. 

b.. I,.. 
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M A T E N A L  A N D  M E T H O D S  

Mater ia ls  

1.0 Bunke r  Fuel  O i l  

The samples of bunker fuel oi l  (6C) was su plied by Gulf B Oi l  C N ~ R  Limited, The gas clvomatograms an Infrared r p -  
tra are shown i n  Figs lrr and i b  rmpectively. The bunker fuel 
oi l  hap the following ropert ia : (1) flush (point) = 88'C; 12) 
sulphur weight = ?.6&. 

2.0 Surfnetant  

A ratio of nine between enlulgin OS/emulgin 010 by weigllt 
is t a k a  after El Monayeri. 1983. 

where: D, is the sur)xnded solid particles diKusirity: V;, 
change i n  volume o f  suspended solid particles for a detailed 
dcmivatiou of Egs. 10 mid 1'2, the reader should refer to Yotag 
e l  d. (1990) ; D.,. NAPL diKusivit).; V L ,  the c lm~ge ill NAPL  
volwnelrie cu~rteut. 

Combinin& E r p  9. LO. I 1  yield thc following: 

Eq. I ?  reprrrents the classical diKusion equation with 111n 
addirional terms which accounts for the volume change due to 
NAPL and suspended .solid nlovements. I t  should be n o t 4  here, 
that the additional terms in F&. 11 imply that the m e  of flow 
described hy any negative value 8. is n phpical impauibility. I f  
i n  the course of contput~l ion. 8. hecwtes negative at some d u e  
of the injection length. this slrould h taken as an indication 
i l lat the injrction procerr should lx stopped at, or before, this 
tinre. l u  uldit iou, the czlcnlations should be made at smdl  time 
in te rds .  S~IICF any errnr ~~YIIIYPII in  determiuing the surfactmt 
profilr w i l l  k magnified at larger time \.alum. 

3.0 Solvent 

A triple nk rn re ,  rons~st~ng carbon disulfide. srelonc 
and n l e l l ~mo l  i n  t h ~  ratio of i0:15:15 hv volume. war used 10 
extract the oil fmn, the substrate. This mixture has b o w l  
to remwe four to five rim- more oil than petroleum ether (Yon8 
~ t l  Sethi; I9iS). 

4.0 Soils 

The v,ils usrd i n  this study were montmorillonilr and m ~ d ~ .  
NXI thrir  x-ray diffraction patterns are show11 i n  
c l rn i i rn l  andysis of the montmorillonite i s  given 



To a known weight of bunker oil, a dry  mixture of rand iuvl 
clay (mo~rtmorillo~iite),m~ar added and mixed thoroughly witli a 

The bunkcr 011 war preheated to obtain better lnixillg 
conditions The ratios of clay to sand (W,/H',) were 0.005, 
0.15, and 0.25, while the ratio of the oil to sand (H,/H',)  w.u 
fired 0.15. 

 st P r o c e d u r e s  

The oil/mil mixture war plwed in s 100.0 mm long aud 
50.0 nun inside diameter lucitr cylinder. Equal smoulnts uf the 
mixture were compacted to s h g t h  of s 30.0 mm. The  par-- 
ity of the mixture war controlled by the clsy/smd ratio. Thc 
cylinder war thcn placed in a hot.water path adjuskd to thr  
desired temperature The sampkr w e n  ready for testing whelk 
t n n p r s t u r e  equilibrium rvss a t t a i u d .  The surfactant mlulion 
w s  heated to the same temperature as that of the mil sample. 
It w w  t h m  injected through a canrtmt head device at onr  end 
of the cylinder. The  surfactant supply system consisted of two 
scpcplustr units: the surfactant supply tank, and thc constant 
temperature tank. This arrangement allowed for s continuous 
supply of heated sudactsnt.  

Sur fac tan t  C o ~ ~ t e a t  Measurw.w& 

After injecting the surfnctant through the oil/mil mixtnrc 
for a specified period of time. samples of the oil/wil mixtutr 
were taken from the inlet and outlet positions. The rnnr lcr 
wem oven drird, and the sorfactant content ww d e t e r m i d  as 
the ratio of lh r  difference he twen  the sample weight beforr mtd 
d t e r  the drjing process. to the dry weight of solids 

Oil Conten t  M e a s u r e ~ n e n t s  

Thr  oven dried soil samples were crushed ,and thrn plsred 
in) t l~inhles ,  wlwrr thcy were W I W ~ ~  with F, triple n~ixture  so -  
vent (~nrhOn disdfide. acetone and l~~etlm.nol in the r a ~ i o  of 
iO:I5:15 I,? volu~ne). This mixture 1r.u l x n t  ktmwn to remow 
four to five timrs more oil than pctroleu~n ether (Yong nnrl 
Sethi. 1075). The  mil sn~nples were warhed with the solrrnt 
until nu furtl~er color developed in the s o l \ ~ n t .  The oil content. 
then, wns dcter1nin.4 n* thr  ratio of the difference b e t w e n  the 
weight of the snn~ple before and after warl~ing to the weight of 
the sand. 

m v  C o n t e n t  M e a a u r e ~ n e n t s  

Afler wmhing out the soil, the rnmples were air dried. Thry 
were theti mixed in a sodium b ica rbon~t r  solution to disperse 
thr  monlmorillnnite. The  rupernratnnt liqnid \VM renimed. rind 
the procedure wn~ repeated until, practically, no niore rlny \IT.; 

obserwd in tile supernatnnt T h r  mtio of the rlny to rmd 1,y 
weigh! was then de le rmi~~ed .  

It should be mentioned Inem thnt t h e  rocedurrs sonle- 
timez yielded crroueous clay c o n t a t s  due IO tRe fact that some 
of t l r  clay particles could be lost daring the oil wnrhing p r o  
cess. Tlim errors could be observed from the fncl that fi: + 
% + % + was not q u d  to unity as it should be. This n- 
ror could not be avoided, nnd it did contribute t o  the observed 

dwiatiou between the experimental results ands the pmpas.4 
midytical mlution. 

C A L C U L A T I O N  O F  D l F F U S l V l T Y  C O E F F l C l E N T S  

The p r a e n t  methods for cdcdat ing the surfact&, NAPL 
and suspended solid panicle diffiuivity are the WNnr rs t h e  
given by Yong ,and Wong (1973). T h e  are b ~ l i ~ d l y  two meth- 
odr the first one cdeu la ta  surfactant diffusivity. and thr  xc. 
ond calculates NAPL or 811s nded solid p ~ t i c k  dihsivity. 
The  procedures N e  i l lustratJbelaw.  

.Is. 1 Typical X-ray dif fraet ioo p t t a  
of ~ ~ ~ ~ o i l l o ~ i t .  and -d 
(oriented part ic les  using CuKa 
r a d i s t i m )  



I. thr &st fitled snrfactanl saturntion ratio e;:. or s, distmce 
( x )  curvc at R certain given time should be constructed. In 
the present study a Itnear relationship wa, wurned be- 
t e n  tam points due to the fact the mmurements have 
brm carried out at these points; 

2. the interval (S. - S.) is divided in q u d  intends n. t h u  
obtaining the d u e s ;  

3. the d u e s  of n-r in rolu~nn 1 of Table 2, and the d u e s  of 
S. in column 3. Ne calculakd nccording to step 2; 

5. columu 4 in Tnble 2 is the d u e  of .Y(S,+t) - X(S,); 

6. column 5 is column 4 divided by the value of AS; 

7. column 6 c~ then he obtained by multiplying A S  by the 
corresponding d u e  in column 3; 

8. Thc6nt  row incolvmn 7 is q u d  to the d u e o f  X(S,)(S,-t - 
Si). The aecond row is q u d  to the rum of the &-st mu 
in column 6 and the h t  row iu column 7; the third row is 
q u d  to the sum of i b  aecond row and the -nd row in 
column 6. and 

9. the valun of D(S,+ 1) in column 8 are calculated by mul- 
tipi ins column 7 and column 5 and dividing the 
by $1. 

An example of cdculntion is given in Table 2 for 5% clay 
content samples at time intervals of 40 min. 

4. the valucs of .Y(S,) CM be read horn the exprimentd data 
and are entered in column 3; 

TABLE 2 Example Calculation of S u r b c t s n t  DilTusivity 

The N A P L  diflusivity. Do,. (or suspended solid diflusivity. 
D.) Calcul~tion procedures a, follows: 

1. AS eplained before. the sample is divided into n divisions. 
T h m  vducr of V,' (or V,') arc ralculated h the exper. 
imentallv obtained v d u n  of thc oil (or s u p n d e d  solid) 
vdumet;ic contents #.(or#.); 

2. For each d u e  of V;. there will be a corraponding d u e  
0' v;+I; 

3. The valur of Do. (or D.) cmt, thrn. be o h t ~ n e d  by solving 
Eq. 11 (or 10) rmpclwely. and 

4. the entire procedure i. then repcared lor the next iterstion. 

TABLE 3 Sample Calculation of Oil (or Clqy) 
DiKusion CoelRcienta 

D.. - 0.858 x lO"m'/rcc 



p R E D I C - I I O N  A h U  C O M P A R I S O K  W I T H  t.XI5'T- 
ING W O R K  

1 , )  t l k  section. t l t r  m~ly l ica l  model uwd in this stud? will 
be colllv~rcl will, thr  i&ti~tg tlmxin. Thrm rctr of nwarum. 
mcnts \ d l  k uwd as tlw harjs for the comparison. These sets 

to threc s a m p l s  rontaimng diRercnl amounts of cia: wtd 
shnd. The clny/urtd rations wcrr 5. I5 and 25% (It;/lV,). Tlw 
injection pressure lwad in dl cases were kept constant during 
the injection period. 

Thc study of multiphare flaw can k approached by t u n  
methods which r i l l  be referred to ar thc first approach and the 
mend ayyrclarh. 

111 the first npl,roach the flow qunn~ities are defined by the 
following thrvc r o n d i t ~ o w  
( 1) D0rcy.s La$< 

li, . 4, = - -h(grndp. - yp:) 
U P  

(131 

( 2 )  C'wttim!ity c.qunli~ll 

Dp' S ,,-c 
a, = d,l.(,(,j,) 114) 

( 3 )  l irlatio~~sllip IXIWWI presnlrc p a d  drnsit,v of fluid p' 

P: = P:IP,) (151 

w h r ~ t  I[ = I . ? )  rcfcrs tu fluid 1 and fluid?, c.g.. u.atcr and 
oil, respectirely. In addition. i t  is w u m c d  that the following 
r o n d i t i o ~  R ~ P  s ~ t i s f i d :  

Iu tlae s r m ~ i d  npprond~, the prahlem of the surlactnnt.oil- 
f i t w  rnist,~rr is rrratcd a. 8 fluid.oolid slurry perdng thrnu 1, a R packed k l .  A rununary of the uations proposed in the eld 
of slurti flow is ircn in Table 4?4at of these cquntions yield 
the velocity of t%c flowing fluid. T h u ,  in order t o  carry out 
the rornpnrison between the pmpased mdpsis  and the cxisting 
theories. the vclocity of the carrier fluid must Ix cdculnted. .4 
schemntir reprwntnt ion for the calculation methods, for both 
thc existinp. nnd the p r o w  models, is giwn in Tnblc 5. 

In o d o r  to decide which approach is more s u i t ~ h l e  for the 
I3resmt work. I he following points r e =  taken into con side ratio^^. 

I. iu the fir,! npprwdt.. it is rqtaiml tlmt the s n l n r a l i o l ~ ~  
k t i t~~e-i!~dv~xatdcz~t.  in order to o h i n  mmniugful \=I. 
u e  of re l~t ivc permeability. Alsa, the v e l c d y  vectors of 
the continum>r imnmuihlc flowing fluids are required to be 
rollinenr. Ftartl~rrnmorr, the momentum transfer at the fluid 
intrrfaro (Rose. 19159) is ignored. In other words. the fin1 

n l q m m d ~  is Imwd OII the a s s u n ~ ~ t i o u  that injected fluid 
pushed out anal rcplitces t h ~  s t ~ t ~ n n a r y  fluid in the pore 
rkrlrton. T l i s  imposes c c r l a i ~ ~  linlitations a l ~ i d ~  cnnnot be 
msil? tnrt in thr conditions choren for the prcsml expe~.i. 
111c11ts. 

2. ou vl~r inrl~l.r Imd. tIw Rcnv uf n s~trfnrtna~t.oil.rl~y mixtun- 
ran l r .  prnclirdly rlraking, dncribrd hy the flow of a 
shwry  t lmugh  8 ,  l~ t ruus  nmdium. This prohlcm h w  k n  
tlwrougl~ly i ~ ~ ~ e s t i ~ n t ~ l  in the r c o n d  a p p r w h .  :I 

T h r  rmnlts d,tninrd froln tllc mrious models, M well n< 
lllnw i~l,lnil~lil fr'm tlw p r q d  I ~ ~ F I .  NC m w p r r d  10 thc 

r x i n ~ ~ ~ t d  I t  I F i g .  3 t o  5. It cant br rcen fronu t l l m  
figures that: 

I. Model No. 1 deviates considerably in terms of both the 
rate of chmgr  of 8. ~d its d u e s  (Figs. 4 and 5). i.e., this 
met l ta l  is nnl capnlAc of predictinz the rate of sudactnnt 
volun~etric contcnt change under t h ;  prncnt  conditio~ts. 

2. Model No. 3 is strongly dependent on curw accuracy. 
which is the first step in this approach (see Table 5). Thru 
the ini t id  of the vohunctric surfactant content, mid 
hence the subrqucn t  (calculated) \due, s rc  d dent on 
the accuracy. In this care, n lower d u e  of a%%t vol- 
umetric content than the experimcntd initial valucs war 
c d c u l ~ t c d .  This rnul tcd in generally lourr vducr of the 
r u d w t a n t  volumetric content, nt d l  !-red time intcrvds, 
esprcidly iu the first set of experin~ents (Figs. 3a and 3b). 
The  discrepnncy urns less considerable for the second set of 
results (Figs. 4a and 4b). However, in the third set of re- 
sults. this mwlcl rould not redict the surfactaut contcnt. 
due to t l t r  i w r r  RCCUrRCy of the  C I I T V C  fillin prmedurc. 11 
was ~ n u c l l l d d  from ~ I I I T C  r s ~ d t s  th l t  nlcdef No.3 ra, not 
sufficiently reliahlr ns a predictive tool since same of the 
I C U I I I I I ~ I ~ I ~ S  on whirl, i t  is h a 4  cnnuot d v a y s  be fulfilled 
in praclirc. 

TABLE 4 A SUMMARY TABLE FOR MODELS 
#I .  2 and 3 

+ 
L e ~ ~ n g  k Wiles ( lOi6)  

3. Ergun (1952) 

\\.Iderr: 
Ap = Im-s%nrr drop; RF = Re olds no..; L = -pic 

~ y t ! ~ ;  p = h i d  density; ; .,r pr: C m e t e r ;  r = p r a i t y ;  V, 
= w d  average velocity; , - mhd psr t idc a v c r y  v e l + t y ;  
p. = solirl p w t i r l a  density; J.J. = fluid md . m r d  f n c t ~ o n  
factors; r = sllrsr s t r e s  at the wdl; V,, = V,.r(I - r); V,.r I 
psrt ide v d a i t y  in n fluid.solid system of pormity; V,, = slip 
velocity of pnrticler in a f luid-did system; u = fluid vi-ity; 
v = permeate volrun;  I = time. 



T A B L E  5 Ca lcu la t ion  P r o c e d u r e s  for Mode l s  # 1, 2 

The proposed model hfcdels # l and ? 

1. Cdculate  the volumetric 1. Cdculate  L', a 

Surfactant cootent re, at  'a'"'To'm' 
,.Ar.a.Al 

different times. 

2. the mrositv. r .  = 8, 2. Cdculate the surfactant 
.ol.n. of ..rf.ct.n, 

I rd . rnr  fluid velocity. V. from 
models 1, 2 or 3. 

3. Cdculate the surfactant 

Slcdel # 3 

1. Plot reciprocal filter rate 8 
vs. volume of filtrate collected (V). 

2. The slope yields the d u e  % 

3. The intercept = slope x 8.  thus 
cdculate the "due 8. 

4.  A1 any time. 1, cdculate the t o l d  
volume of filtrate (=  the volume of 
surfaclant, oil and clay) 

vo~umelric content as 
(8.h = (&)t. + (&r)At 

5. Cdcularc the aolumr of surfactmt by 
substracting the oil u d  clay volumes 
from step #4. 

4.  Compare with the sur- 
tan1 m h n c l r i c  content 
cdculated from 
the proposed model 

6. Complve with the r.olumc of the sur. 
factant as calculated from the present 
model. 

C O N C L U S I O N S  

A study of th r  cxistin theories in related fields shows that 
the wrious methods of rofution of the problem of mul t iph~se  
flow tl~rough ~mcked M s  needs refinement. Itr spite of the dif- 
ficulties enrountrred in wnlring this problem. the prupo~ed mm. 
lyticd n~odel.  M r r l l  as the methods prrwnted by Stermerdiig 
(1962) and n~odifierl by k t m g  and \\'iles (1076), are in fair 
agreement with the actual test results. On  the other hand, the 

: results from the method developed by Yoon and K I I I I ~ ~  (I9iO) 
deviated considmblg from the prescnt data.  In ~dd i t ion .  the 
first apprrnch is difficult to npply in such flow problem. Its is 
due to t h r  fnct thnt their model required n knowkdgc of the 
permeability values of the involved fluids: this is difficult, if not 
impossible, t w k  to achieve a t  m c h  low oil lcads and expcrimen- 
t d  conditions. 
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R.N.  Yong, A. Cabral, L.M. Weber 
McGill University, Montrhl, Qukbec 

A B S T R A C T  

The study co&s previous experience with b l i n i t e  i n  regard to the relative insensitivity of the clay to pore.water chouistry 
changn. This can be explained in terms of the buffering capability of the material. The laborator). Lets for permeability, using 
flexible and r igid dl t u t  devices, indicate that l i t t le difference i n  k w l u u  exist b e t w m  t u t s  determined with either device in 
the case of tests witb bol ini te. This is not the c a u  for t a t s  with a sand-bentonite (SIB) mixture. The antounrr of Pb  admrbedlg 
of soil for both the b l i n i t e  m d  $10 ramp lu  were greater a, a result of permeability t u t s  witb the t r i a u d  ell - i n  contrast to 
permeability t e t s  with the consolidation cell. Partitioning modelling must mpect  the dilfcrence between the compact mil system 
m d  the mil supension. The non-linear Freundlich model rw u e d  with succcu for both mil suspensions and compacted ko l i n i t e  
r a m p l n  For the S IB  t u t  wries. tbir model nceds to be further investigated. 

I N T R O D U C T I O N  

The relatively low hydraulic conductivity and high ndrorp 
tion capacity of clay mils ms le  them prime caodidatu for con- 
structed or en 'neered clay b h r s  in waste disposal landf i l l  
- a, a m e u s  fr control of m i p t i o n  of wu te  leachate to the 
groundwater. By  and large. the compatibility of clay barriers 
wi th leachstes is generdly eroluntcd onl: in rapect to changes 
in the ca6c ien t  o f  hydraulic permeability (k) of the clay har- 
rier material, on  the a u m p t l o n  that this reflects changes i n  
the index properties and/or in the in tmd structureof the soil 
(Eklund 1365; Bowders e l  al. 1966). I f  l i t t le or no change is 
observed during permeability t n t i ng  of the clqv liner material. 
the liner mny be considered satisfactory. 

Common r cy l n to r y  requi~cmmts generally ntahl ish an 
upper l imi t ing value of L for rngincercd cl;,y liners. with litt le 
or no attention fur the mnn? rn r c l~~n i sna  of catllnminnnl.c~a~ 
interactiot~ which pralucc n~tmunt iot t  of rontmnin;mts lionsj 
- particularly in regard to how the k \due  will rrspond to the 
interaction and accumulation p r a m s u .  One c.ur only can- 
dude that i f  longterm coaridcraiions insofar as sunimbi l i ty  
m d  effcctivenus of the engineered liner are important. then 
the parmeter  k must i n d m l  accurntely reflect the result of 
the various transport and accumulation p r a n r r r  occuring in 
the liner barrier. 

Evidence from Inmy studirs -how tliat Iiydraulic canduc. 
t iwty is one of the most difficult soil properties to rnenrure ac- 
curately because of the numerou rar iahln i~lfluenciu i t  ie.5. 
Lambe lo&% Mitchell e l  nl. 1365: Dunn find .\litchclf I9S4,. 
Its measurement i n  the laboratory CM Lr very tnislrnrling i f  
proper care is not taken. A re\ncw of the mall? esperimen~al 
methods a ~ 4 I n b l e  cnu he found i n  Olmn ~d Daniel il9S1). 
Dccause of the need to ohtaio more reciw and rrprcsentative 
value for p u m e t c r  k. greater empRais on  ihr type (system 
md method) o f  permeability t n t i ng  is requirccl - not only for 

the immediate m u m c n t  of k, bat  d r o  for determinntion d 
the longtcrm leachntr e p x u r e  e k t s  on mn.i\ubility and in- 
tegi ty  of the t n t  s m p l n .  Chmical  assault of test sampln 
can create conditions i n  the sample which would ,101 be r e p  
resentatire of actual held conditions - e.g. cracking. shrinkge. 
etc. .4ccordingly. the ability of the t a t  system to anticipate 
and avoid such occurrences would constinrte a p r i n~c  rcquirb 
ment in the choicc of system to be used. 

This study presents the results of con1 at ibi l i t r  t u t s  p 
formed with two soils : a h o l i n i t ~  clay m B a  mix(;re o! w d  
and bentonite (90% sand/lO% Sn-bentonite). Tno different 
types of permezxneterr - rigid rdl and Aesihle \dl - were u x d  
with ini t ial  t u t  couditions lcscrpt for sarnplr size) mn in ta ind  
a similar .w possible b e t \ m n  the two t y p e  of tcst appara- 
tus. Following lcnching (pcrmention) of contnminnnt m l u l i o ~ u  
under several contaminnnt cottcrntrationr. and under a range 
of gradients. c x h  mtaple wrrr annlyznl to determine contiun- 
inant retention The quantities of con~nnlinnnts a d m r e  by 
the compncted sample were conlp;wd to the resdts ob ta tnd  
from adsorption tcrts condurtrd an so i l sus~~nr ions  of the s u e  
clay soil nlatcrial. 

h I A T E R I A L S  A N D  T E S T  M E T H O D S  

Soils 

A L ~ r l i n i t ~ c  clay. Hgdritr PS, [Cror in I i w l i n  Co.) and 
mixture of 30% fin* to medium sand ~ ~ i f c o  40) and 10% N* 
bentonite wcrr tesrcd. Ty1,irnl snttd/kntonite liners i n  Q u h k  
hnve bentonite contents i t t  the 5.15% range (Chnpuu. 1830). 
Thr geotechnicd pralxrlier of hot11 soils nre presented In T* 
ble I and their chemicrd properties are shown in Tnble II.,X- 
my diffrnctian r n u l t r  indicated very litt le amorplmus maten& 
a t d  no quartz. s~nrc t i tm or orgnnics it) the knolittitic mil. nt" 
amounts of fcldspor and mica wrr present it, the b a t m u  
ohtainrd from Avoulea hfinernls Ind. Ltd. of Sdatche- 



w L O ~ t c j s m r e ] y  USHI in environmental gmtechmlag\ 
m a  barn- materid, it har been studied and rcportcd 'e .d , thereby p d t t i n g  One to c o m p m  results ob. 

~d"" DJlod 
study w t h  other reported results. 

- determined following the 

distilled water a i d  Pb so. 
s. The distilled r a t e r  nu 
coutaminmt leaching The 
n h i n  distilled water and 

n pH o f 3 6  by the addition 
he occurrence of significnnt 

herms. (Figs. 9 and 11) were 
tests on soil suspensions of 

r i m  t a t s  using different con- 
pnrions).  In the isatherm plots. 

per gram of sail (q) at each equi- 
ation (C). is obrained an average of three 

The three concentratiousof contaminant solution used N e  
-ted in the experimental scheme in Figurc 1. The  v d u a  
d C 1 ,  CZ and C3, which d e p n d  on the nature of the materid. 

CbDM to cover a wid" range of roncentmtions. 

The rigid rvnll prmeameter  u u d  for the laborntor). pro- 
aar a modified conrolidntiou cell, ar shown in Fie. ?. 

riu war made of stainless steel, with a Delrin Inner 
and a  don top cap. All fittings were stainless steel. The 

B c ~ b l c  wall permean~cter (Fig. 3). used a standard trisdnl 
cell with a Teflon b a u  and to cap and stainless steel fittings. 
The tw,  membranes surroun& the sample were tertcd in a 
highly mnceutrstcd lead solution (5000 ppm). and found to be 
mn-rcxtive. 

The initid testing conditions were LS similar ar possible 
far bath permcamctcrs. These included: (1) type of roil; (2) 
type of contaminant; (3  ln~tml r a t e r  content: ( 4 )  dry density. 
m d  (5) the method a n  d '  energ). " of compaction. 

Exper imenta l  P r o c e d u r e s  

To obtain better dispers idy of the soil particles. samples 
rere statically compacted on the wet side of the Proctor curve, 
i.e. o timum moisture content (OMC) + 2 to 3% for h l i n i w .  
and ~ M C  + 2% for the sand.bentoniu (SIB). The  maximum 
dry densities and OMC of the materids AR shown in Table I. 
Sampla  tested in the rigid-wall permemeter  were compacted 
directly in thc cell. wherear an  SO m' conlpaction mold was 
d to preparc swnples for the t r i a d  cell. The  laolinite 
rampla  were trimmed t o  a h d  high1  of 7 cm. wherear S/B 
bampla w r c  trimmed to 4 cm in order to decreast the long 
Lime t a t  Rquiremwl. 

Sampla  t u t c d  in the conmlidation cell were saturated by 
Bushi with 2 pore volumes of distilled water. Meruurcments 
Ia.km%ring this procedure pmvided a reference permeability 

' d u e  of the aoil t o  water. Ksoliojte -$er t a t e d  in the 
I triadal cell w a r  ~ t u r a t e d  by the aame procedure, except for 

one which was d u r a r e d  using the b a d  p r ruurc  technique. 

Sand-kutonlre  lS/Dl ,~rnlJrs  tested 11, tlw triarii4 rcll w.ra 
saturated by application of l m d  pessurc,  excrpt brr on,- tr:st 
.ample which war usrd for cornpant i re  purpses.  

After saturation, pern~eation from the hottom of the sam- 
ple Legan under a ronstaut p lnsure  head (see test scheme in 
Figure 1). The  hydruulic gmdirnts uwd were : 2 5 .  50 and 100. 
The rum burcttes *in" and "out" were monitored to ensum that 
the inflow and outflow rat- w r c  equal Swelling of tlw S I B  
samples in the consolidstion d l  w a r  prcsentcd through the uw 
of m applied rercical pressure of 13.G KPa. Prelizninary expet. 
imentr showed that at lowcr upplied pressures, some swelling 
ocrurred. TIK. same prcrrulr war npplicd (as a clmmbrr pres- 
sure) to the t r i m i d  tcst samplcr. 

After complrtion of tbc permeabilily test, each t r r t  sample 
war sliced into sections for chemical analysis. Triplicate ram- 
ples were obtained from each slice. Each sample r-x w m h d  
tun times with distilled water in ordrr t o  rccowr the lend in 
the pore solution. The cations adsorbed on the clay surface 
(Pb ,  h'a. Ca. Xfg. I i ,  and AI) wwe rccowrnl by mixing the soil 
a i t b  a concentrated solution of ammonium ncetste, and by 
exchange, thcw cations wcm released into solution and their 
concentrations wert measured hv the .4.4S. 

RESULTS Ah7D DlSCUSSlOSS 

Permeabi l i ty  T e s t s  

From the results of tLc Laolinitc p m c a b i l i v  t a t s  shewn 
in Table 111, it is Hen that the rnnhc of k \ d u e s  for all t a t s  
is between 1.3 x lo-' and G.5 x lo-' cm/s, i.e. the k value of 
the materid uaq not substantinll.v aRwted by the introduction 
of the l e d  permcant. Thc  same c m  nix, Le snid for virtu- 
ally all the \nriations used - e.g. sample compaction energ\.. 
samples prepared with 1700 p m lcnd solution instead of dis- 
tilled water, backprebsum ug swnple preparation by s l u q  
consalidation. In addition. there n p p e m  to be no  nppmia-  
ble difference b e t w e n  the k d u e s  mearured in the t r isdal  
cell and the consolidation cell. This (lark of difference) is 
in agreement with obscr,ations made by other nu thon  (e. 
Daniel ct d. 1065. Bowdcn and Dauiel. 19S6. Peircc et 9; 
1986). Any \ariation between the actual \slues obtained in 
this study m d  those rcportcd by other r c u u c h m  mny Lr at- 
tributed to u r e r d  fnclors, including: type of h l i n i t e ,  the u u  
of O.Ol.TCaS0, or  t ap  natcr.  instead of distilled rater .  M per- 
meant; t ) ~  of com nction; sample water contcnt and densi t5  
and applied hydrautc gradient. 

In the permeability test rnu l r s  fur the S I B  triarial cell 
samples, sbown in Figure 4, similar test conditions u . m  used 
for for all four teats, i.e. the samples were saturated b a p  li 
cntion of bad; p r a s u m  in steps of 31 IiPn (except ~ 2 ~ 3 3 R . d  
wbich war saturated by flushing ? pore volumes of distilled 
water). T h e  concentration of lead in the permcnnt \ras s p  
proximately 2500 ppm, and the density of the samples n r i e d  
between 19.2 - 10.5 liA'/rnl. The  effective coufrniug p r a m  
used for dl tests was 13.6 I i P n  Sole  that the position of the 
hydraulic adient arrows shoun in the F i y r ~  /~!dirntes the 
stage at uEch the gradient w u  applied. T i e  I I I I ~ I ~ ~  
for the top t an  curves was 2.5, wl~ercar the initid 68%$7d: 
the bottom t u n  curves war  1W. 

Sample TSB13(3). w h i d ~  u a r  compacted in 3 lifts rather 
than the standard 5, ar is thc C R K  for snmple TSB13(5), pr* 
duced nn equilibrium permeability a t  i = 100, fivc to six t i m n  
greater than one  con~pncted with 5 lifts. Since the initial w- 
ter contents of both samples nre n l ~ n m t  the same (17.310 and 
lS.l%), a scductivc ar umcnt would be that the beti- orienred 
fabric obtained with t !I c 5 compaction lifts responsible for 
the l o a u  L: d u e .  H'herear this resronirq might be sustained in 
a complete d a y  system. thc  mixture of sand and cla barvwm 
p-ts complications in clay distribution that aould;lad fur- 
ther fabric study Lefore final definitive arguments can r e d l r  be 
offered. 





Fig. 4 shorn tbst the equilibrium pamealditms of the 
other two Sam la (TSB33BP and TSB3321B). wluch had ini- 
tid d e n k  Pour tun- hrxher I I = 100) than the other tao  ~ 

&I& dacribed heretofok. &re tao b rdm of magnitude 
lower (than the other t m  sampla). Two possible reasons ex- 
ist for this significant reduction in permesbility: (1) partid 
pore blockgc pore constriction) due to seepage forca that 
pirqhca parti 6 a and/or up of part ida,  and (2) p ~ m p  
Itahon of lead = o l j d a  to the hi@ pH of the m u t u r c  
(pH between 6.6 and 8.8). The results lndicatc that the drop 
in k v d u a  occurred ray rapidly o v a  the 6rst pore volume of 
Pt-solution, with s lcu r sp~d  but d b d t  b t  drop in k v d u a  
over the next 3 pore-volume permeation. This contrarts quite 
d ramat idy  mth the results demonstrated by the tau t a t s  
with initid gradients of 25. From t h e  initial ohxnations. 
one can be p e ~ a d e d  that detachment of partidea a d d  occur 
unda the initially 'high" gradient of 100, leading (hereby to 
pore w~rtriction (partid blockge). O b m t i o n s  of effluent 
discharge showed that tbe dilucnt from sample TSB33BP (Ion- 
a t  m e  in Fig.4) became cloudy = the permeability dropped 
fmm 4.0 x lo-' to the equilibrium vdue of about 1 x 
un/s. It is we ld  to note that an increase in the hvdraulic 
fadia once the c&cient of hydraulic permeability had sta- 
rlized did not lead to a significant chaagc in the k v d u a  of 

t a t  samples TSBl3(3) and TSBl3(5) (two upper curves) . 
The effect of pouible detachment of particla under ini. 

I d  high gradients rakes some very intereating quasiam con- 
cuning the application of high hydraulic ents to acceler. 
ate rejui@.ttme proccdura in permeabi fY' ty wu (with clay 
wib) e unplc~ttorm arising from the rcnrlts s h m  in Fig4 
u e  v e r ~  revm Judgements baKd wlely on the coefficient of 
hpdra c permeability k obtained with rampla TSB33BP or 
TSB33NB where high initid gradients a t r e  used (bottom tun 
-. k s apprm. 1 x lo-* cm/8), rouldhdicatethst the 
SIB mrxture Luted eardy u d i 6 a  u Men  -red b a m u  ms- 
(end. H o r m r .  i! the ca&s obtained r i ~ a r n p l a  TSB13(3) 
and TSB13(5) whue lo- initid grdients werr wed (top t a o  

curves in Fig 4.  1 = 1 to G x lo-' cmls) are coaridered, the 
judgement would Lx highly tempered, and would pe rhag  1e.d 
to rejection of the materid for lue = an ensnrrred amer  
materid. 

Limited t a t s  on the Muence of a lo- concentration 
of Pb (500 ppm Pb in the permcant instead of 2 W p p m )  on 
the &dent of hydnulic permeability k. using the low hy 
draulic gradienc of 25, produced k v d u a  in the order of lo-' 
cmls. - at least one order or magnitude lower than the k vd- 
u a  obtained in the t a t  seria reported in Fig 4 for the same 
initial gradient of 25. The lower k vdue obtained with the 
lower Pb concentration is not unexpected in light of the diffw 
double-kyer (DDL model. The model cdculations (Yong and 
Warkentin. 1975; recnland and Hqm. 1976) show that the 
DDL t h i c h e s  is invervly pmportiond to the vdence and to 
the square rmt of the concentration (of the participating ions). 
The schematic diagram in Fig. 5 s h w s  the reduction in the 
DDL due to the rcplacrment of Na by Pb. Interpmetration of 
the DDL. s h m  in the lower diagram d mduce pcater  or 
I-r midplane (electric) potentiah depenlng on the specin 
of dissolved solute (Pb, in this case) and concentrrrion of the 
d i w l n d  soluta. The magnitude of the midplane potentid 
is indicative of the raistance to Bow th~ougb the pore space 
atablished b e t a m  the t a ,  interacting pa r t ida  (and DDL). 
.4 dewription of the tramport rocus throu h this type of 
system can be found in Yong anXSamani. (19f8). 

Fig. 6 prnents the raul ts  of permesbility t a t s  p e r f o d  
with the cornlidation c.4. .U sampler w u e  compacted to the 
'same" density (betwen 19.65 and 19.85 Ii:V/m') and satu- 
rated by Bushing with a minimum 012 p r e  voluma ofdislilled 
water. The diect of Ph concentration can be evdusted h a 
aminin the results obtained for samples CSB33 and c Z B ~ ;  
where &e Pb concentrations were 2500 ppm and 500 p m r c  
~pectively for the two ,am l a  with same initial hy&aulic 
wadiat  of IM). Wlerear t i e  sample with the l w e r  P b  con- 
centration (CSB31) started with an initid k vdue about one 
order of magnitude higher than the sample with the higher P b  
concentration, it is noted that both sampla virtually denl-  
oped the same k vduc dta permeation with 3 porn volumes 
of their osm rapcctive Pb permeant. 

To further explore the 'same k d u e "  phenomenon dr 
monrtrated by the t a o  samples. the adient for the sample 
with the higher Ph wncentration (CS& war i n m d  from 
100 to 400 dter  permeation with 5 pore voluma of i u  P b  
pameant, and (the gradient) ~bscqucnt ly  d d  6om 400 
to 200 dter about 6.5 rcvolume rmeation. In concert 
with t h i ,  the sample wi t r the  l w e r  ~%conccntraton (CSB31) 
stayed with its common initid gradient of 100 until dm 6.5 
pqrcvolum permeation, ~t which time, the p d i m t  was aLo 
r ~ a e d  to 200. to match the en1 of the lugha P h  concar- P tration sample t a t .  The en raul t  of this wmewhsl tortuoru 
gradient change procedure is to determine whetha d r d c  

dency is a sdc ien t ly  i m p o r t a n t k t m  in 
~elopment  of e k vduc As can he sen from the gaphicd Pent der . 

results rhourn in Fig. 6, the t m  w a  tannin virtually coin- 
cident - except for the higher P b  concentration sample dlcr 7 
pore volumca of penneation when an apparent leak occured in 
the wil system. 

To provide more information. arcunple with the aame high 
Ph conccntrstion of 2500 ppm was t a t cd  in the mnullidation 
cell under a lower hydraulic gadient (onmple CSBl3, i = 25). 
As secn in Fig. 6, the initid k vdue of the sample hy inbetween 





~t is not possible to provide e conclu+x set of ilrgurnents 
tbF pedormanct of tI,= rand.bentanite mixturr in 

he eomhdat~on ccU - for detcrmxnation of the "perme~hility" 
of the Since the t a t s  we= desigoed ar "exploratory" - ar opposed to property-detcrmination tests, replicate and 

-icpsrpmetric variation testing was not conducted. All 
can be about the test results at this stage is that thv 

-..;tihri- value for the rand.bentonite mixture tested appew 
----.- 

-ptote to an equilibrium I. t d u e  of betwcen ? x LO-' 
and 6 x lo-# m / s  - uithin the runge found for the tests witlr 
he fl&ble wall test system for the high hydraulic gradienr 
Lots. 

The e5-t of precontamination u,as d s o  evaluated and thr 
4 w o f  t w  tests are presented in Figure i .  Rather than mix. 
a drgmaterid uith distilled water, a P b  solution (2500 ppm I - ~ t r l u e d ,  Samples were compacted to r i r tudl?  the same 
d-ty andinitid uater cootent as the "non-precontaniiiiill d" 

and a hydraulic gradient of 100 war applied to tlw 
p b  mncentratcd permeant ( P b  concentration of 2500 ppm). 
~h~ results (Fi 7) s h w  that the k h u e s  of the prtcan. 
-nated ramJes may be several o rdus  of magnitude greater 
&an all other t s t r  conducted on 'non-precontaminated sand 
bentonite mixtures. The apparent difference of less than one 

of magnitude in i values heturen the t r i a d  and con- 
d ida t ion  t a t  results after 2 porr\ ' lume penneation for tlw 
p-ntamioanted samples shorn  in Fig., 7 is not considered 
ip6cant - cousidering the size and suriplc prcpararioii ( P b  
-ramination) and saturation procedure differences Lrte.cen 
the tan types of t a t  system. 

Chemical Analyses 

The ~dsorption isotherm curves fot the Laolit~ite, together 
with the P b  adsorption results lo, both the t r i u i d  and consol- 
idation permeability tests. shown in Figs. 6 and 9 respectirel?. 
can be % t t e d  by power curve fitting using the Freundlich 
model (Greenland and Hayes, 19iS). Ali noted on thc dia- 

the P b  adsorption rrsults for the triaxial permeability 
vs t s  m obtained from the respective s l ica of tbe samples as 
designated (top, middle and bottom). In the case of the consol- 
idation (permeability) t a t s ,  only the top and bottom slices are 
obtained - in view of the initial small sample thickness. The 
d a t i w l y  high correlation coefficients (R') obtained indicate 
the capability of the Freundlich model to model the adsorp 
tion chmcteristics of the b l i n i t e  used in this study. 

As it, obvious from Figs. 6 and 9. the quantities of P b  
adsorbed bj. the compacted L-aolinite ran~ples at var iau P b  
input permeant concentrations are niuch less thnn qnant i t ia  
which charactelize the adsorption isotherm (Ph adsorbed by 
the cor rqonding  laolinitc soil suspensions). even in the case 
w h m  almost total h r e a k t h u g h  (C/Co ? 0.9) was reached 
after several pore volumes had leached through a sample. The 
differences in P b  adsorption which are more signi6cant a t  lower 
mncentratians are due primarily to availability of exposed clay 
particle d a c a .  This reasoning srgues that with soil suspen- 
sions, where all dispersed clay partides m contact the dir- 
solved contaminant, accumulation prccsses are nt their opti- 
mum. In the care of compacted clays however, qgregate  and 
duster formation will considerably decr- effective rpeci6c 
surface area and will also severely ham r cation exchange, be- 
cause the permeant fluid will (prderaEY) flow around rather 
than thmugb t h e  clay s tmcturr j  (Oken. 1962). The greater 
flow leu h, represented hy the triaxid samples, appears to be .I! rsponri  le for the higher degree of P b  sdrarbed b the sam- 
ples t a t e d  in the flexible d perrneameter in .r./g,.i,) than 
thosc tested in the r i e d  wdl (consolidation? CAI. 

Whereas Figs. 8 snd 9 sbow that the m o u n t s  adsorbed hy 
each section do not vary appreciably betwan s a m p b ,  in spite 
of diffmncm in effluent conrmtration at termiuetion of test. 
hydraulic gradient, dnvsity and o t h a  parameters inveatignted. 
it  u noted that the differen- between P b  adsorbed in the top 
and bottom sections are si&cant, - rc8cctiveof the sccumu- 

liltion processes occurring within the s m p l c  nnd the dcpen- 
dency on Row path. \\'hilst the hufierin c.apacity ol h.nlmitr 
is relatively l o r  (we lfong rt d ,  1991). tReprescnt test results 
slmw that P b  retention b) the kaoliwte snml,lo d m  occur - m 
witness the o b w r ~ l i o n r  sllon,ing t h n ~  thc n w t d  was identifird 
in the effluent only d t e r  ? to 3 pore volumh lmd l r e n  collected 
during tests using the highrst conccntratiou pernwant. Flom 
the c h e r ~ c a l  analyses. a simple srt  of calculations indicntr that 
the retardat,on factor for rlrr sarnplrs ran& frorn 4 to  5. 

T h r  ion rnw hdances rdculatcd after cads test for the 
kaolmite snmplcs [amount of P b  introduced in the system con,- 
p u r d  to the sum of amounts found in the adborbed form, in the 
pore fluid, and in the l cacha t~  collected) show at leart e 9 0 2  
accountability (of thr ions). The differences in output/mput 
can bc attributed to experimental erron.  

The Frcundhch model war alw, found to fit the adsorp  
tion isotherm for thr  sand-bentonite (SIB) mixture - (Fig. 
10). IVitb the limited results available tc-date. it is seen from 
the Figure that nt low input P b  conrentmtionr. wry little P b  
adsorption occurs. This contrh-rts drmnatically with P b  od- 
sorbed a t  the high input conccntrationr. Thc similar sets of 
reasoning can be postulated for S/B samples (as ill the c a u  
of the kaolinitel for the differences between thc quantities of 
P b  adsorbed in the snmples and the soil suspension. Further 
investigation would be necessary to establish a correlation be- 
tween the amounts of lead adsorbed by compacted samples and 
soil suspensions using the "effective" exposed surface area as 
Input. 

Since, in general, adsorption by compact clays will p r o b  
ably never equal the total adsorption by the same sail suspen- 
sions, the specification of an  appropriate q u a t i o n  to  represent 
the partitioning of ( the a~nounts  of) contarrunant arsoeiatcd 
with the solid and liquid phases becomes particularly inrpor- 
tant. The uninformed u x  ol the adsorption isotherm in d l  
cases may lead to an improper evaluation of the adso tlon ca- 
pahility of the compact soil, particulnrly when only x e  linear 
portion sometimes observed in the lower concentration rangc is 
considered. The appropriate model to describe the adsorption 
curve is d s o  of considerable concern. In this study. the non- 
linear Freundlich model war used with success for both soil 
surwnrions and cornoacted b l i n i t c  ramnls .  Hnwevrr the , ~~~~~~ ~ r.... ..- . .., ~... 
indkatians in regard to the compact sand-bentonite mixtures 
suggest t l ~ a t  considerably more testi~ig iS needed to support 
the use of this model. 

The b r d t h r o u g h  results shown in Fig. I1 indicate the 
high retention capability, e . g  detection of P b  in the effluent 
occurred only after 4 to 5 ore \olumes had been collmted. 
The breakthrough point (cI)c. = b.5) occurred at i to 6 porn 
volumes. 

C O N C L U D I N G  R E M A R K S  

The rerults from the study a ee with previous expeli- 
ence with laolinite in regwd lo t K  relative inwrlsitivity of 
the clay to pore-water chemistq chirnges. This is not totally 
U ~ ~ C I C ~ ,  and can be explained in terms of the buffering 
cnpa h t y  of the matrrial (Song et al, 1991). As e n  in the 
laboratory tests for permeability, using flexible and rigid wdl  
test devices, little differences exist between the I; d u e s  deter- 
mined with either device. This har been confirmed by other 
researchers, and testifies to the relatiwly "inactiue" nature of 
the material - i.e. "cmd;ingn is not as severe a problem as in 
other clays with more pronounced surfacc nctive forces. 

In P h  retention anal?-, it is been that the amounts of P b  
adsorbedjg of soil for both the bol ini teand S I B  m p l a  were 
nea te r  ar a r e d  of v s t s  with the triaxial cell - in contrart to - 
permeability tests with the consolidation ceU. It would appear 
that path length and exposure time would h a w  some decided 
effect on adsorption efficiency. This unuld need to k confirmed 





4 t h  supporting calculations and mcarumments of the eflectivc 
surface a r c s  between the lriaxial t ad  consolidation 

sample, 

~h~ of the relationship "needed" to rcprmnt the 
partitioning of the amounts of contnminnntr associirted with 
the =lid and liquid at vnrious contsminmt conccntra- 
tioor appears to be particukrly irnportnnt. Partitioning mod- 
ellj,,g must respect the difference lxtumn the cornpact soil rys- 

sod the roil suspension. Thr unenlightened uce of 'text- 
b k "  \dues or models for all c a w s  may lead to an impmper 
,,daluation of the odsorptipn capability of the compact soil. per. 
titularly when o d y  the lmcar p n i o n ,  romctimes obsemed in 
the lower concentration range, is considered. In oddition, the 
&~ioe  of a proper model to describe the adsorptio,: curve is 
&a of considerable concern. In this study, the non-line- Fre- 
undticb model uns used with success for bath mil suspensions 
and compacted kmlinite sampln. In regard to the compact 
rand-bentonite mistwer. more rerultr are necdcd to test use 
of this model. 
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