GEOTECHNICAL
RESEARCH

—_| CENTRE

GRC STUDIES
on
ENVIRONMENTAL GEOTECHNICS

|

GECENVIRONMENTAL SERIES No. 91-6

August 1993

wn* L] L] L d
',,! ,&l , McGill University
W Montreal,Que Canada

ESE e

TD170,2
Gh & -
ne.5%1-6

ISSN 1183-9503




——— ——

The following selection of papers on Environmental Geotechnics
has been published in the Proceedings of the First cCanadian
Conference on Environmental Geotechnics held in Montreal, Quebec

1.

- May 1991.
Yong, R.N.
Landfilling Waste Management Compliance with Regulatory Policy
and Guidelines. Keynote Address. pPp.3-8.

Elektorowicz, M., Hadjinicolaou, J. and Yond, R.N,
Selection des sites alternatifs pour l’elimination des dechets
de grandes municipalites. PP-143-148.

Yong, R.N., Mohamed, A.M.0. and Elmonayeri, D.S.
A Multiphase Plow Model for Remediation of Subsurface
Contamination by Nonaqueous Phase Liquid. Pp.293-298.

Yong, R.N., Cabral, A. and Weber, L.M, N
Evaluation of Clay Compatibility to Heavy Metals Transport and
Containment; Permeability and Retention. pPp.-314-321.



Proceedings, First Canadian Conference on Environmental Geotechnics
Eds. R.P. Chapuis and M. Aubertin. Montreal, Quebec.

May 1991

KEYNOTE ADDRESS

LANDFILLING WASTE MANAGEMENT COMPLIANCE
WITH REGULATORY POLICY AND GUIDELINES

R.N. Yong

McGill University, Montréal, Québec

ABSTRACT

and “safe” disposal of hazardous solid and liquid wastes pose formidable problems and difficult issues which
need%el:em;:gle\?snilf “protection o}')?luman health and the environment” are to be obtained. This keynote address .focuss? oo
the prinecipal issues that appear to be at the centre of the sets of problems: (a) the need to obtain proper specification of “sefe
protection requirements” relative to the kind of waste being managed, (b) concerns regarding development and utilization of tl‘n’e
“best avatlable” disposal technology, and (¢) perception of governmental policy, regulations, and conformsance (and acceptance?)

requirernents.

INTRODUCTION, AND
PROBLEM DEVELOPMENT

The management of hazardous solid and liquid wastes
(HW)!, - i.e. generation, storage, transport, and disposal -
offers several challenging issues if the requirements for protec-
tion of human hea?tb and the environment are to be met.
The need for protection of human health and the environment
has been the subject of numerous discussions and debate, with
resulling cffects articulated in terms of minization of threats
to buman health and the environment. As will be seen later,
in the discussion of various aspects of the problem, articula-
tion of the need is indecd much easier than establishment of a
“cancrete” st of rules and standards. For the pu of this
keynote presentation, the aspects dealing with “safe™ disposal
in the ground will be addressed.

Three basic sets of issues can be identified: (o) What is
meant by “safe™ protection requiremients? - i.e. what are the
rules, standards and criteria governing SAFE protection? -
relative to the nature of the }?\\’ being managed? (b) What
is “best available” disposal technology, and how is this to be
Obt!ineajdccided upon) and evaluated? (c) Perception of gov-
ernmental policy, regulations, and conformance requirements.

It is difficult to maount separate discussions addressing each
of these issues without transgressing from one (issue) to the
other. For example, in determining the parameters that need
attention in the development of “What 11 safe profeclion”, it
will be immediately evident that the associate question should
be “Who is responsible for articulating the SAFE requirements
and standards#” If the response identifies the regulatory agen-
cies, it then needs to be asked whether the various sets of ¢ii-
teria used will indeed satisfy the requirements for protection

IThe abbreviation “HW™ (linzardous waste) is used to cover
harardous solid and liguid wastes.

of human health and the environment. The record shows thit
there is considerable rcluctanee in providing actual concrete
answers, bence ene “talks™ about minimization of thieats to
human bealtb and the environment. One therefore nnmedi-
ately asks “What 1 meant {guantitatively) by minimization?”

Whereas disposal of waste. in the general context used in
North America? refers to the discharge of waste forms into
the atmosphere, receiving waters and land. the subject of con-
cern lo the geotechnical engineering community is land dis-
posal of waste, with particular attention to HW. The imme-
diate and particular concerns regarding lendfilling technology
relate to the awaslability. or lack thereof. of proper specifica-
tions and technical information regarding disposal standards
and criteria, - critical in the establisimem of the basic land dis-
posal/containment design standords and technological require-
ments. Whilst direct questions (to control bodies) concerning
the details and specifications constituting safe protection re-
quirements do not, as yet, have specific or definitive answers,
assurances are nevertheless continually being sought by vurious
control bodies or sgencies for “sofe and secure”™ HW contain-
ment and final disposal. The conundrusu that is perceived as
“safe and secure” landfilling, requires vesolution to several very
difficult interactive issues - i.e. issues which require interac-
tion between, for example, epidemiologists, toxicologists, en-
vironmental scientists and engineers, Liologists, legal experts,
geotechnical engineers and technologists, ete.  Some specific
Issues or questions that necd to be addressed inelude:

® What is safe and sccure? Policies. rules, regulations, con-
trols, expectations, mensurement, ........

* What are the “controls” or targets for desipn and disposal
strategies?

® Assessment criteria for damage to human health and the

Directive 78/319, Article le, of the European Community al-
lows for transforinationnal operations necessary for recovery, re-
use and recyele in its definition of *disposal”.
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Fig. 1 - INTERACTIVE FACTORS IN WASTE MANAGEMENT

environment in relation to “safe and secure”f

* If disposal strategies and procotol are implemented in ac-
cord with the present policies and regulations, are we as-
sured that “safe and secure ™ landfilling to meet protection
of human health and the environment are met?

* What sre the technological requirements to meet “safe
and secure”....and protection of human health and the
enviropment?

* Accouptnbility? Who sets the rules? Culpability? Re-
spensibility?

* FAILURE? Measure of failure? Onset of irreversible dam-
age to human health and the environment?

The list of issues and questions can obviously be consid-
erably increased. However, for the ieotech.nical engineer, the
various interacting items that SHOULD pose direct concern to
the practice of safe geotechnical disposal technology can be di-
rectly deduced from the summary diagram presented in Fig. 1.
The various interactions occurring across the different interest-
groups is evident from the Figure.

“SAFE” DISPOSAL INTERACTIVE FACTORS

As noted from Fig. 1, landfilling waste disposal strategy
depends on several factors not directly within the control of
the geotechnical engineer. The implementntion of the “con-
straints” shown in the Figure generally take tlie form of pro-
curement of construction and operational permits. This pre-
sumes that tlie necessary requirements, canditions and guide-
lines far siting have been satisfied, and that permission to site
the disposal facility has been received. “Permits” for imple-
mentation of the disposal scheme issued to the geotechmeal
consultant by the “Permitting Agency (PA)™ occurs when (pre-
sumably) the PA is assured that the scheme and technology will
satisfy the requirements for safe and sccure dispoesal. This op-
erational procedure implicitly requires that the many aspects
of HW management - from HW health threatening issues to

technological solutions and risk assessment - have been fully
considered, evaluated, and thoughtfully analyzed. For this to
occur, a proper understanding of the details o{imcmctions and
consequences concerning waste type and chemistry, handling
procedures, permissible limits and threats to human health
and the environment, the scil buffering system and transport
prpccdsses, toxicology and ecotoxicology, etc. need to be ob-
tained.

Conventional wisdom expects that the PA members wil!
have the required expert knowledge or expertise in the various
individual disciplines - either personally or via consultative
advice, The preceding notwithstanding, experience shows that
the transdisciplinary interaction required to produce eflective
scrutiny of the disposal scheme is rarely achieved, Some of the
major factors that impact directly on the interactions between
!’.hel d‘iisciplimry groups in the consideration of disposal strategy
1oclude:

1. Industry: Composition and toxicity of waste dis-
charged, quantities, storage and handling.

2. Standards and criteria for waste discharge: Ac-
ceptable (permissible?) concentrations or lLimits, lethal
doses and}z:r concentrations, exposure indices, ete.

3. Disposal requirements and technology:  Short-

term and long-term performance expectations and require-

ments, risk, etc.

Monitoring: Strategy and technology.

Asgessment: Crnitena, pathways, fate, exposure.

o

The above factors are subordinate to one single over-riding
set of controls: i.e. governmental legislative policies regulating
total HW management - generation, re-use and recycle, treat-
ment, storage, transportation and disposal. The ideal set of
circumstances presumes that regulations and guidelines avail-
able from the regulatory agencies are properly developed and
“in-place™. Accordingly, the “DISCHARGE policy, require-
ments, standards” (Box 2) shown in the Figure, not only con-



trols (directly) the quality and nature of the waste discharged
by the “Generator” (Box 1), but also indirectly “dictates” the
disposal strategy.

By and large, “DISPOSAL regulations, policy and guide-
lines” (Box 4), which should deal directly with the DIS-
CRARGE POLICY will “indicate” the tcchnolo? require-
ments that would “safely” contain the waste - i.e. the Disposal
Technology (Box 3). We should note that short and longterm

crformance requirements for the completed i‘and operational)
andhll, genernﬂy set in terms of detection of control limits of
concentrations of in the liner and substrate at set time inter-
vals and distances, are in actual fact the sets of controls for
the design of the landfill, Interpretation of these performance
requirements is key to the successful compliance of the land-
fill capability and performance (to regulatory expectations).
Since longterm performance is to be “predicted” as part of the
compliance procedure, the importance of “MONITORING re-
quirements, policy, standards and guidelines” (Box 3), is self
evident,

As noted from Fig. 1, the sets of interactions necded for
proper and coherent ?-lw management to meet the require-
ments for protection of human health and the environment
can only occur if regulatory policies can reflect the “real” condi-
tions and constraints needed to provide for “safe” longterm dis-
posal. In short, di A wirements and itions, which
are directly associated with the nature {and quantities) of the
waste, (composition, chemistry, propertics, characteristies,
ete.), provide the first step in "safe™ disposal strategy. The
recommended levels or concentrations of pollutants allowed for
“safe” discharge are necded, failing which, the requirement for
safe disposal containment must ensure that no “unsafe” dis-
charge to the environment occurs. The lack of strict regula-
tions or conformance requirements, improper interpretation or
“prediction™ performance expectations of the completed land-
fll will lead to severe consequences.

The preceding notwithstanding, it is opparent that even
if all published standards and criteria are met, and if all regu-
latory requirements have been strictly adhered to, there is no
guarnntee that waste generntion ami disposal will still meet
tiie conditions designed to protect human health and the en-
vironment. The fundamental need to establish categorically
wha! conshitules a threat to human health and the environ.
ment, and what constlules “safe” disposal design/tecchnology,
is paramaount,

HW MANAGEMENT AND CONTROL

The U.S. Haczerdous and Solid Waste Amendments, 1984
{HSWA 1984*) which amended the U.5. Resource Conserva-
tron and Recovery Act. 1976 (RCRA 1976%) provides a good
exainple of “policy and general guidelines™ which impact di-
rectly on the practice of landfilling waste disposal. The “Na-
tional Policy™ articnlated in Sec. 1003 of RCRA 1976 states:
“The Congress hereby declares it 1o be a national policy of the
United States that, wherever feasible, the generation of Aar-
ardous wasle i to be reduced or eliminated as ezpeditiously as
possible, Waste thal is nevertheless generated should be treated.
stored, or disposed of, 50 as to minimire the present and future
threa! to human health and the environment ™.

In addition to the preceding. Section 224(a) of HS\VA 1954
requires waste generators to certify on the manifest accompa-
n¥ing every waste shipment that:

(1) the generator of the hazardous waste Aas & program in
place to reduce the volume or quantity and toncsty of such
wosrte to the degree determined by the generator to be eco-
nomically practicadle; and

*Pub.L. 98-616. Nov. 0, 1084,

42 U.5.C.A. 6901 et seq.. as amended by Pub. L. 96-182, Pub.
L. 96.510

{2} the proposed method of treatment, storage, or disposal i
that practicable method currently available o the generator
which minimizes the present and future threat (o Auman
health and the environment.”

The RCRA 1976 policy represents a market policy® ap-
Eroac.h which has been advocated by many other couatries (e.g.
EC) in regard to HW management and control. With this
type of market policy, the burden 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 regulatory agencies.
With enforcement of regulations and use of penalties, it is pre-
sumed that the market will salisfy compliance requirements.
However, the record shows that gross mismanagement and il-
legal practices® abound. Accordingly, it becomes difficult to
provide assurances that disposal technology practices required
to satisfy “safe disposal’” requirements can be met.

PROBLEMS FROM HW CLASSIFICATION

Handling and disposal requirements are generally differ-
ent between H\V containing toxic substances and HW without
taxics. The need for regulatory control of HVY is especially im-
portant ic transboundary shipments of HY, where control and
management of the manner in which HW is transported from
Generator to disposal facility are critical. For example, the
Committee on Transport of Dangerous Goods {(CTDG} within
the Economic and Social Council (ECOSOC) of the UN clas-
sifies HW (as Dangerous Goods) into nine hazard groups, re-
quiring labelling for each group, and conditions and critenia
for packaging in multi-modal transport?. Proper and contin-
uous trac 'ing of HW ensure accountability for safe handling
and disposal” - provided that the technology available for safe
handling and disposal is appliced (or exists?). Since there exists
considerable economic advantage for the Generator to have a
waste declared a non-HW - because of the less-than-stringent
handling and disposal requirements governing disposal of non-
HWY (e.g. little or no tracking requivcments, etc.) - the guide-
lines, criteria or standards used to define or characterize o HW
or toxic substance become very unportant.

The (Canadian) Federal Department of the Environment,
formed in June 1971 conferred upon the Minister the duties of
protection and enhancement of the natural environment, including
water, »r and soif quality. Since the "Government Organization
Act, 19707 limits the Mimster's responsibility to those areas
not by law assigned to any other depariment, branch or agency
of the Government of Canada, the role of the Provinces be-
comes important vis-a-vis waste regulation and control. This

%In some other countries, a State palicy approach has been
adopted. HW disposal facilities are owned and managed by
the State. and waste gencrators are required to transport their
waste to the State-owned or State-subsidized facilities.

SU.S. Congress. Office of Technologicnl Assessment, {1984),
OTA Rewsew of Ezperience of the "Superfund™ Progrem, Wash-
ington, D.C.; Uk Hazardous Waste Inspectorate. (1085). Har-
ardous Waste Management: An Overview, London: HMSO.
First Report. DOE.

“WWe presume that eventually. a “set of rules”™ or ~whatever”
will be produced that would inferm one as to what “safe dis-
posal” requirements aze: or betler yet, a general Code of Prac-
tice will be produced which wnuld ensure that “safe disposal™

occurs.

*The comparable Canadian requirements in the Transportation
of Dangerous Goods Act (TDGA). benr considerable similarity

to the UN CTDG recommendations,

®As for example in the eradle to grave approach set forward in
RCRA 1976,



situation provides the scenario that now exists, i.e. varying
criteria, standards, conformance requirements, and even def-
initions or classification schemes for HW between the differ-
ent Provinces and the Federal government. The evolvement of
CCREM, the Canadian Council of Resources and FEnvironment
Ministers, and the recent development of the Canadian Envi-
ronmental Protection Act (CEPA) have addressed some of the
preceding shortcomings, However, a considercble effort and
commitment are needed to develop the fundamentals of HW
management and control, not the [:aast of which is a common
approach to waste management.

The differences in HW classification criteria between the
Provinces and the Federal government, together with differ-
ences in requircments for “safe disposal” as perceived by each
Province or the Federal government, make for possible varying
“standards” for disposal of the same hazardous waste or tozic
substance. What is classified as a HW in one region may not be
classified as such in another region, thus providing the oppor-
tunity for more or less stringent conformance requirements for
disposal. Whereas some control exists through the Transporta-
tion of Dangerous Goods Act {TDGA), the TDG regulations
(TDGR) which identify a host of “dangerous materials” in nine
classes, are not specifically designed to address permissible lev-
els and concentrations of contaminants or toxic substances,
These (levels or concentrations) are key elements in desi
and protection requirements for the geotechnical engineer in
formulating disposa] technology, and for the generator in the
discharge of H\V. The prionity substance list of CEPA which
deals with toxic substances considers only a small number of
the more than 70,000 chemicals presently listed. Thus, with
no published permissible levels. t?te problem of “safe dosage”
is left to standards established by “Drinking Water Standards”
or some such equivalent.

Various countries, and even various regions/cities in indi-
vidual countries have different definitions or criteria charncter-

izing or differentiating between hazardous'® and non-

hazardous waste, and even municipal solid waste. The Di-
rective on Tomic gnd Dangerous Waste! of the European Eco-
nomic Community establishes the Community Law for all the
twelve member states. However, only three member states have
adopted the Directive list of materials'? without modification.
Other member states have either modified the List or published
their own lists. In the U.S., the lists of hazardous wastes are
found in 40 CFR parts 261.31 through 261.33. The four lists
include “hazardous wastes from non-specific sources™ {261.31),
“hazardous wastes from specific sources” (261.32), “acute haz-
ardous” (261.3){e)), and “toxic™ (261.33(f}). It should also be
noted that as in the case of the TDGR. the Directive List and
the U.S. lists are oot specifically designed to establish target
levels (i.e. permissible concentrations or levels).

In some Provinces (in Canada). no exact definition of what
constitutes a HW exists {except as a “special waste” or per-
haps through special legislation by the Provincial Minister of
the Envircnment). Reliance on the TDGR for tracking and
overall management of hazardous goods constitutes a major
part of the HW handling procedures. Disposal requirements
and standards do pot fall within the junisdiction of the TDGR;
these are left to the individual Provincial and the Federal gov-
ernments for their respective junsdictions. The CCREM 3
year Action Plan for the Management of HW'? was injtiated
in 1987 in recognition of the fact that H\V was being managed
in Canada “in a manner that eould pose a significant danger to
public health and the environment”, - a conclusion which was
reached because of the realization of the inconsistencies in reg-

% g. the U.S. definition of hazardous wastes in RCRA 1976
"'Directive 78/319/EEC

12The list of materials attached to the Directive establishes
the identificd wastes as candidates for control according to the
provisions of the Directive.

13The Action Plan was approved in principle in October, 1986.

ulations and inadequacies of treatment and disposal facilities.

manner in which HW is finally disposed (grave). Because of
the dangers posed by disposal of potentially hazardous mate-
rials (waste) in the ground, initiatives taken by many coun-
tries — via legislation or recommended guidelines/standards -
presently require that some proper means for neutralization
and detoxification of the HW be implemented before discharge
{e.g. HSWA 1984 and RCRRA 1976). The lack of absolute pro-
cedures for neutralizing or detoxifying (“treating”) all of the
elements in HW require that the technology used for *safe dis-
posel” {grave) be most secure. Frequently this means using
procedures which provide for a form of encapsulation of the
“treated” HW.

Paramount in the problem of waste manaﬁemem 15 the

SAFE DISPOSAL TECHNOLOGY

The Perceived Role of Regulations, Guidelines

and “Permitting” Requi ents

As seen from the perspective of the geotechnical engi-
neer responsible for creating a safe “grave”, the role of regula-
tions, guidelines and/or “permitting” requirements is to pro-
vide the conformance requircments and aiteria - “targets” -
which if met, would ensure that the H\V Lias been safely “man-
aged”. Regulation 309 under the Ontario Environmental Pro-
tection Act!* provides comprehensive lists which deseribe HW
and general waste management disposal practice covering such
items as standards and siting for waste disposal sites, carrier
requirements, access roads, and supervision. The technical de-
tails concerning siting, design and operation of a landfill which

are embodied in the Reasonable Use Policy'3, advocates the
use of the natural atienuation concept as the most reasonable
concept for landfilling. By doing so, it is admitted that some
contaminant discharge (leachates) from the landfills will oe-
cur. In the Québec document Guide d'implantation et de geo-
tion de licuz d'enfouizsement de sols contaminés'®, the landfill
dispasal procedures and “rules” are given withoul necessar-
ily acceding to the natural attenuatian concept. The evident
“fuzziness" in many of the “signposts or rules” in both types
of documents has often been cited as being deliberate - to per-
mit “discussions” to occur between the “Consultants” and the
Permitting Agency (PA)!".

The concerns of the geotecbnical engineer in regard to re-
sponsibilities attendant with safe handling and disposal of HW
arise from conformance requirements ard guidelines, It is not
unusual for published guidelines'® for disposal to be inade-
quate, and misleading — based on outdated knowledge and in-
formation or even faulty knowledge. If “failure™ occurs because
of (or in spite of ) adherence to conformance requirements, reg-
ulations o published siandards, what is the responsibility of
the *Consultant (geotechnical engineer)” ? The Province of
Ontario Bill 220%°, sometimes referred to as Oneario’s answer

""Amended by O. Reg. 175/83: Q. Reg. 574/84; O. Rer.
464/85. O. reg. 460/68; and O. Reg. 750/88.

!30Ontario Ministry of the Environinent. Policy No. 15-08, The
Incorporation of the Reasonsble Use Concept into the Environ-
ment. This policy became a formal Ministry policy in 1986.

! \Ministere de I'Environnement du Québec, Direction des sub-
stances dangereuses, janvier, 1988.

""Subtitle C of RCRA 1976 provides the equivalent format for
HW management in the U.5. In the UK.(})OE (1956) Waste
Management Paper No. 26, Landfilling Wasles, is generally
used as a code of practice for the “Consultants™ and PA.
130r even “permitting” requirements, and/or consultations
with the PA,

"Passed on June 28, 1990. Contains teclinical amendmenty



to the Superfund law?? raises scvers) very interesting, albeit
disturbing, issues to the geotechnical engineering communty -
pot the lenst of which is the responsibility to “properly” detect
and nssess environmentally unacceptahle subsurface contami-
pation. Technology, criteria, permissible levels, tests, loxicity
and exposure pasessments vis-a-vis “damage” are some of the
itemns that need very serious study and understanding by the

technical engineer participating in monitoring, environmen-
fsfimpact ﬁmpmenl FEIA).p]andﬁU disposal siting and imple-
mentation.

Ere n

e ible Levels centrati = “Targels

Asscssment standards and criteria are central to the whole
issue of determination of acceptance (or denial) of a safe HW
landfill facility. Without the publication or issuance of per-
missible levels or concentrations, not only will handling and
disposa] technology be affected. but also monitoring and assess-
ment. Since design “standards” exist only in the form of perfor-
mance (short and longterm) requirements. and since these are
genernlly articulated in the form of permissible levels of pollu-
tants detected at some pomt distant from the landfill site over
a particular period, the importance of the “limiting concen-
trations” specified cannot be overstated. Not only must these

limits cover the spectrum of toxic and health-threatening pol-
lutants ernanating from the waste as leachates, these {(bhmits)
must also encompass the likelihood of other toxic cempounds
formed within the substrate. The attendant requirement for
design performance predictions to properly model the interac-
tions and “predict™ transport and attenuation of the pollutants
jo the substrate is critical. Contaminant {pollutant) transport
modelling constitutes one of the most challenging issues — if
total account of the various complex interactions is to occur -
especially since acceptance of the capability and reliability of
the performance of the completed disposal facility (landfill?)
revalves, almost exclusively, around the “accuracy™ of the pre-
dictions made bv the model,

Monitoring of effectiveness of treatment prior to disposal,
together with monitoring longterm effects of disposal technol-
ogy, requires quantitative assessments and target limits. While
pernissible concentrations and liinits (endpoint “targets”) for
vanious types of waste substances?! in water, groundwater and
leachates are available, the lists by aud large do not cover the
complete spectrum of contaminants found in HW leachates.
The endpoint “targets” refer only to concentrations in the fluid
phase (water or groundwater). In groundwater assessment, ex-
tractable pore water from the soil substrate?? is used for chem-
ical (contaminant) examination. Since the “rules” and regula-
tions do not pay any attention to pore watcr not “easily” ex-
tractable from the soil, monitoring and assessment procedures
do not therefore account for the contaminants remaining in the

to Ontario's Environmeatal Protection Act and the Water Re-
sources Act,

20(].§. Comprehensive Environmental Response, Compensa-
tion, and Liability Act (Superfund), 42 U.S.C. §9601 ¢ geq.,
enacted by the U8, Congress in 1950, has often been rei:ex_-red
to as CERCLA or the “Superfund Law"”. Significant revisions
to CERCLA were enacted by the U.S. Congress on October
17, 1986 through the Superfund Amendments and Reautho-
rization Act (SARA), Pub. L. No. 99-499, which e.ssen'ually
made CERCLA bigger and more complex. The combination of
CERCLA (Superfund} and SARA should strictly be referred

to as CERCLA.

e g Schedule 4, Regulation 309, Environmental Protection
Act, Ouatario; Water quality and groundweter quality stan-
dards for the various provinces in Canada and states in the

USs.

"Since there are no standards governing extraction proce-
dures, the amount of water extracted from 501l varies between
different organizations, groups, etc., dependent to a large ex-
tent on the technical capability of the “consultant™.

non-extractable pore water. Since the processes of contami-
pant accumulation in soils generally result in greater concen-
trations (per unit pore water volume) of contaminants in the
pon-extractable pore water, awareness of the ren] concentra-
tion of contaminants at any one point, using present accepted
procedures, is dented. Adsorbed contaminant jons in the inner
Helmbholtz layer are not ecasily “removed”. It is also doubtful
that all the adsorbed contaminant ions in the outer Helmholtz
lnyer are easily extractable using the techniques presently prac-
tised in geotechnical engineering?®.

DISPOSAL OPTIONS AND STRATEGY

For the geotechnical engineer {consultant?), the “siting ™ of
the disposal facility, and the design of technology for waste con-
tainment in the ground (grave) must not only satisfy criteria
developed {rom the “Regulations” or through a set of guide-
lines, but also the scrutiny by the PA (Permitting Ageney).
The combination of these are (in theory) designed to obtain the
“most compatible site and the best technology™ which would
protect both human health and the eavironment. The general
specification of synthetic membranes, required as liners under-
lying the waste in landfills, to provide impermeable barriers
to leachate transport into the ground substrate, constitutes
the primary and single most important design consideration in
landfill containment of HW?4. The various design ramifications
encountered deal with site specific issues, and do not detract
from the fundamental requireinent - the need to ensure that

no leachate escapes from the contained waste material The
life-span of the synthetic membrane liners is an issue that has
yet to be satisfactorily resolved. Since the need to provide
proper entombment of HW over the period required for it to
become “neutralized” or “detorified” can be over a hundred
years {depending on the nature of the waste and the environ-
mental factors}, the integrity of the meinbrane liners must be
assured throughout this period. To date, manufacturer guar-
antees and assurances for survival times for such long time
pentiods are not avnilable. Test procedures for simulating both
time and chemicai assault, on an acceleraled seale, have not
provided the kinds of information which would permit cne to
confidently assume survivability of the membrane liners.

Partly io recogniticu of the above, and partly because
of “differences” in containment philosophy, the use of “engi-
neered clay barrers” for landfills designed to contain HW s
also permitted in many countries. Under such circumstances,
the regulations expect thet some contamination of the ground
will cccur?®. The belief is that when the contaminants {in the
leachate) reach the groundwater, the attenuating processes in
teachate contaminant-clay barrier interaction, have reduced the
concentration levels of the pollutants to sufficiently low levels,
and will not pose heslth threutening risks. This is sometimes
referred to as DILUTION IS THE SCLUTION. However, two
particular disturbing circurnstances exist:

® The capability of the geotechnical engincer to understand

and design the buffer system to provide full attenuation

of the contaminants in transport through the engineered

clay barrier is generally less than adequate. Insufficient

background wo&: ia this difficult subject prevents one from

dealing with all the various types of contaminants and
their interaction with the ground.

** Published permissible limits {targets) generally do not

M Determination of contaminant species and concentrations in
the s0il solid phase provides n partial resolution to the prob-
lem, However, this does not necessarily relate to the published
endpoint “targets”.

M1n one Province, the exclusive use of the double-membrane
liner is prohibited (i.e. reliance only on the liner without nec-
essary added substrate protection via enginecred clay barriers.

145 in the Reasonable Use Policy of the Ontario Ministry of
the Environrnent (foetnote No. 15).



caver the spectrum of ollutacty being transparted ia Lhe
ground, and geaerally refer only to the rontaminants in
the sxtpactable porc water {or grougdwater).

A weoessary functien of the grownd in rontaicmeot of
wrate moterial, and i oprotection of the goaliny of ground-
watar, i% Lo provide the enpabiuty 1 bulfer the waste leachntes
vl tiat the contamdneling constituents (substonces) we held
within the sedl matrie For proper desigu consideratons (or
acalysiv], it is orcsssary 1o study and ucderstazd the many
kinds of snleractions satalilished betwesp the various conlaim-
inants an soil constituents. Te do so there i a aerd 10 wne-
derstand whul constilotes the waste material being disposed,
wyg fandflling or jame other means of land condainmend, wnd
in turn understand whal the soil constituents are  siner io-
teractions estahished e direetly related 1o the chazaclers
Lies and propectiss of the intecarting partiners. Adlenuation af
comaminants (hopefilly to che permisaible targets) 1o traos-
part through the suhstrare, geceraly dererntined from labo-
ratory trsts and annlyses, do nat s a rule conaider longlerm
chemical, bioiogical and physical changrs in the various irer-
actions belwesn the contaminants aud the substrote. In con
sequencs, 14 i5 Aot clear whether poedichions made o regard
tey gontarmnant concealralious in the subsirate, al vafous pe
riods, [and distances pway Fom the waste site], are correct.
Venbralian proceducey are 1inadequate Lecause of the problem:
of time wmulation procedures

CONCLUDING REMARKS

Muck wark revains o the 3tody of contamimant huffee-
ing and transpart problems in the landfD (grave) saspeet of
HW rmanagemenn  Until proper information becoones avalable,
published pudelices coneeraing disnosal standards rannat pro-
vide the cecessary asyermnaces for HW contmneoent Lo sabishy
the heaith mnd environneent threat problems  Design proce-
dures for implemeniation of HW disposel teclinelogy cannat

be considered as “siandard”™, pot ounly beomoss the oature of
the waste matenal to be landBled carnat be fully categacized
not nsofar ms the contaminant load is cancsmed - but be
chuse of the vanous bems owhich deal Jireetly with regulatory
polioes, ute speaificines. and the vory large volnown “pack-
age” of safr dupers! requirements and mcmimaeaieon of thregl
to Awinan health and the envirenmenl. It 1 nevertheless clear
that the “safe” dismosal of HW rpppot awidt the autcome of
ell the deeailed scis of studies wnu delibepations st peed to
wecur between researhers, pracltiensrs and polic makers. For
the geotechnical engiaeering profesion. procedures for “safe”
design of disposal feciiities require “Lest™ Logwledge eapaky-
iy i undenstanding the many sets of interacuens ceourrng
betwesn the various polluylints i the wasie beachate and the
enginested clay bareier aad sl subntrate - particulasdy sinee
repulotory polcict Bppear o teiv on the “altenunting prop-
rrties of the bamer and substimte 1o peutraliee pollutam con-
erntrations to the paint where they pose ne thorat ta human
heaith and the sovironment.  Modelbog procedores, vital to
the surcess of predicted pefformnnes capakility and reliabiliay
af the rorstructed dispasal faciliny, need 10 be propedly nomre
of the longgerm imetaction effects. The burden af respooribil-
iy for “safe™ deign containnient ipn diapassl vechnology needs
1o be shared between the palicy orakersfimplementors aud the
ﬂa:miunm Accardingly, the sers of interactiony that oeed to
developed triween them should oceur Throughout the pro-
cras of disposid Archnology deveioprient and implementatioe.
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, SELECTION DES SITES ALTERNATIFS )
POUR L’ELIMINATION DES DECHETS DE GRANDES MUNICIPALITES

M. Elektorowicz, J. Hadjinicolaou, R.N. Yong
Université McGill, Montréal, Québec

RESUME

Au Québec (melon le MENVIQ), 40% da sites qui présentent un potentiel de risque élevé pour l'environnement at pour la eantéd
publique, appartliennent aux anclens dépotoire dea déchets. A la lumidre des 4tudas géosnvironnemantaies récentes, L1 semble
nécessaire de changer les exigences courantes contre )l'ansemble des critdres bien déterminée. Ceux-ci sont indispensablaes
pour sélectionner dee lisux siternatifs pour le traitement des déchetws municipaux, en minimisant 1'impact considérable
sur l'environnement. L'article dédmontre la sélaction des critéres convenablea pour différents Bcénarics da traitemsant des

déchets.

INTRODUCTION

Présentement, les normes environnementales
deviennent de plus en plus exigeantes pour
contrer la pollution. Cependant, selon 1'é&tude
du ministére de 1'Environnement du Québec, la
plupart des anciens sites d'enfouissement
présentent actuellement un potentiel de risque
élevé pour la santé publigque et/ou pour
l'environnement (GERLED, 1986). Environ 40% de
tous les lieux contaminés, détectés au Québec,
sont des sites d'enfouissement. Quelles sont
donc les raisons de cette situation? Sorte de
déchets enfouis? Localisation des sites?
Probablement les deux.

Las .grandes métropoles cumulent plusieurs
Billions de métres cubes de déchets municipaux
chaque année. La province du Québec génare
Annuellement 5,6 millions de tonnes de déchets
solides dont 2,1 millions sont les déchets
Bunicipaux composés des déchets résidentiels,
urbains et ceux de petits commerces.

t:nccnposition des déchets varie en fopction du
habf:' du développement de la ville et des
Québeudes de sa population. Par exemple, au
Tueb <, la composition des déchets se situe
I'Bu:ocelle des ftats-Unis et celle des pays de
do ‘.tfg occidentalg, et elle contient: 130,4%
i plantfe putrescible, 28,5% de papier 10,9%
13 505 que, 10.9% de verre, 6,8% de métaux et
4% d'autres (MENVIQ, 1587).

Il est évident gqu'une partie- importante des
déchets est dissimulée spus le nom "autres”.
Des études récentes approfondies, menées par le
GRAIGE (1989%), ont permis de diviser 1les
déchets municipaux en 47 catégories. Cette
information semble étre primordiale au cours de
1'évaluation du deqgré d'influence de la
composition des déchets sur 1les processus
physico-~chimiques et biologiques ayant lieu (&
long et A& court terme) parwi les déchets
diversifiés et entre les déchets décomposés et
l'environnenent.

Ia réglementation concernant les déchets
acceptables 3 enfouir sur un site a évolué&, et
est inclus dans les normes canadiennes sous la
forme actuelle. Pourtant, elle diverge toujours
de celle développée dans les autres pays {ex.:
Allemagne ou France, reliées aux normes de la
Communauté européenne). Cependant, prenant en
considération la sorte des déchets présentement
acceptés, il faut établir une nouvelle é&chelle
de critéres, servant au choix des site pour les
installations a traiter les déchets.

La politigque vis-3-vis 1'élimination des
déchets évolue constamment. Le site, qui est
prévue pour vingt ans de l'enfouissement, ne
cunule pas nécessairement la méme sorte de
déchets au cours de toute la périocde de son
fonctionnement. Par exemple, la politique de
la revalorisation des déchets {surtout de la
matidre organique) peut changer de fagon
diamétrale les processus physico-chimiques st



biologiquus ayant liecw dans la s5ite
d'enfogulssermant de wéme guoe la composlitign des
déchets brilés dans L'incinbérateur ou compactés
4 la aration de transbordement.

L4 mauvaise expirience de#s apnfes pausdes a
dénontré la néceasité drétablir une politigqgue
plus conzciencieuse gquant 4 la gestlen dJdes
différentes Zortes de décheta. L'environneEent
est keaucoup plus senaible que 1'2tre huzaln na
puleac le croire.

Jonc, les slites de trajteoment des déchets,
sujeta a4y princlpe doa la  protection  de
l1'gnvirgnnenent, daivent #tre localisdés et
prépards acigneusement. La liwxiviation & partir
des sites d'enfoujssement, 1'€risajen des gat
4 partir de l'incinérateur, la déposition des
cendres  volantes, le recueil des déchers
cncanbrants, la déposition des déchets secs
provenant de démglitian ainsi gque plusieurs
autres problemes conplexes exigent une
attention particulliare,

Uans <cz condirians, la wirlfication des
plusifeurs paramétres de localisation et des
paranagtres géulogigues, hydrologiques, at
soclologiques est tndispensable pour cholsic un
site en accord avec les <¢xigences des NorTes
contemporaines. Ces exigences se rédulsent 3 la
minlmigation de 1'irpact envircnnemental, & la
minimisataon du volune des déchets déposds aux
sites d'enfouisserent, & l'optimisation de la
revalorisation des dfchoats ot & la minizizatieon
des ooits d opération.

Dane ce cankexte, [l ¥y a présenteaent plusicura
cyatéees de tralitegent dez déechats ot dans
chague systéze plusigurs technologies de plus
en plus sgphistiquées. Est=il nécessalre
d'utiliser rcoujours la eéme pédbthode paur
¢heisir le Eite convenable pour chague systéme
gpécifique de fraitement? Quels sont les
critéres adadquatsz pour eflfectucr ce chaix?

Jusigu'd présent, les critéres précis, pour le
choly des sites, ne sont pas disponibles. Par
conséquent, dans c#t article, on présente
l'ensemble des critéres classifiés, nécessalres
A vErifior avant 1timplantatlion d'une
inztallation guelconque. La sélection de ces
cCritéares est baske Sur lesa diverzes
réglementations (ranadiennes, awéricaines wt
européennes) ainsi gue sur  les pé=zgultata
drétudes acientifigues récentes dans ce
dogaine. Las ftudes gnt étd effectudes pour six
types de traltement des diéchets, lncluant les
installatjons le plus souvent implantées dans
les grandes agglonérations urbhifés. Les typaa
de traitement pris en considération sont les
sulvants: centre de tri: ¢t de récupfration,
dichetterie, usine de Compostage, incinérateur,
centre de transpordement et slte
dentoujssenent,

SYSTEME CE TRAITEMENT OES DECHETS MUNICIPAUY

centre da fri of de réoupératioq

La récupéracion des déchets 4 étre recyclés
peut ftra réalilsée par le systhee de tri 4 la
scurce ou par le tri effectud dans une usine
uphcialisbe. Lexs matérisux sélectionnts pduvant
prpe recycléds pour oervir de matlére premidara
dana la fabrlcation de nouveaux produitm. Les
techniques de tri sa développent constamment,

raks ils peuvent eétre réparties en deux
groupes;: 1) Tri avec kroyage priélizmlpaire
réalisk en milieuw huzide, en milieu semi-huzide
et en millau sec; 23 tri en milieuw sec sans
broyage préliminaice.

Déchetteris

Il existe touwljours certainms guancites de
déchats gul ne pauevent pan dtre ramassés de
tagon conventionnelle; ce aont leés encorbrants,
lex déchets secs, les  prodults dangercux
domestigues, ley produjbs werks, etc. Cas
déchets pourraiont #tre gérés par les
résidants, s'i]l trouvaient dans leur ¥olainage
un endroit spéclalement prévu & cette fin, Cag
installations sécupltaires, ol chaque type de
déchets ou matlére eost atockd on yn lieuw
distinct s'appelle une déchetterie.

Uzipg de gonpratgas

Certalnes gQuanticés importantes de déchets
arganiques putrescibles, ramasses et enfouis,
peuvant &tra recyclés. L'usine de coopostane
peut convertir ces déchets en azendement stable
au eoyen d'une activite bactérienne agrobie. 1
exlate actuellement une trentaine dé procédés
de compostage gqui s5e bascont AaQit sur  la
fermentation lente Zolb Sur la fermentation
ACCRlérae,

ingin&rateyr

Une autre méchode appligqube § 1'é&liclnation des
dachets e£5t leur combusaticon, Plusieurs types
d'incindrateurs sont constrult=s 3 des volumes
qui warient d'une zuniclpalitée & 1'autre. La
tendance actuaslle va wers la ceonstructian
d'incintratevrs de large capacité donc le cot
de Bystéme d'dpuration est moins Glevé que
celu)y des pebtlbtes constructions. L& Cypes
drincipérateurs das déchets le g}ua COouranment
installés sont les suivants: jncinédrateur &
systéme modulajra, incindrateur de déchets non
conditionnés et incindrateur & combustible
dériva des déchets (CODMY, Maintenant, l'unitd
4 tombustlon possbéde un systéme Qul pervet do
récupitrer l'énergie Jdiqagde.

Eite Q'enfoulinserent

Entre autres, 11 existe tcocujours ceartaines
guantirtés de déchets qui doivent étre anfoulnm
Avegc ghcyrite, Les terrains recherchés pour 1=
site d'enfouisserent devraient érre des taille
A inclure des déchebs pravenant d'une grande
agglomération, sur une péricde de 20 ans.

on ¢onsldédre gquatre procédes de décharge sur ic
gite: 1] décharge contrflée d'ardures brutex
(en wvrac), ' décharge contr&lss d'ordures
AbChLquetbas; 3] décharge utili=ant la
technalogie de pré-fermentation gchnrvﬂ
supplémentaize de natidre organigue facilemant
dégradable, ex.: bouBss der statlions
d'épurationt; 4] décharge des déchats compactis
provenant soit das stations de transbordesant
soit des installations implantées sur lea sites
(praduction des ballotaj.,



centye de transhordement

pans le cas d'implantation dfun site
d'enfouissement éloigné par rapport & la source
productrice des déchets, il est nécessalire de
construire une ou plusieurs centres de
transbordement de déchets dans les milieux
urbains. Dans ces endroits, les déchets sont
transférés des véhiculgs soit au lieu de
reprise, soit aux containers prévus pour le
transport A longue distance. Dans plusieurs
centres, un compactage supplémentaire est
effectué avant le dépdt dans les containers.

CRITERES DE CHOIX DES SITES ADEQUATS

Une gestion inadéquate des installations
susmentionnées apporte un risque potentiel pour
la santé des résidants avoisinants et pour
1'environnement. Donc, il est nécessaire
vérifier les sites selon des critéres adéquats
pour &liminer ce risque potentiel.

Le choix du site adéquat dépend des critéres
qui sont pris en considération. Si les critéres
sont incomplets, le site considéré ne serait
pas optimal. Par conséquent, 1’évaluation des
critéres pour chaque installation est un
&lément primordial et doit &tre développée
soigneusement. On propose la méthodologie qui
suit 1le chemin critigue ({critical path)}
démontré aux figures 1 et 2. Il est évident gque
le chemin critigque doit étre utilisé pour
toutes les Installations. Cependant, les
extensions des critéres spécifiques peuvent
différer d’une installation & 1l'autre. Le
chemin critique prend en considération les
groupes de critdres de localisation, les
critéres géologigues, hydrologiques,
sociclogiques et autres.

Pour optimiser ces critéres, les auteurs ont
tenu compte des normes provinciales, des normes
et des lignes directrices fédérales ainsi que
des normes et des guides tant techniques
gu'environnementaux utilisés dans d'autres
pays, en plus, des plans directeurs des grandes
agglomérations ainsi gue des publications et
des travaux récents pertinents.

CRITERNS DE PREXRIXEE JENERATION
PRENIERE SRLEICTION
CRITIAXS DE DEUXIENE GENERATION
DEUXIFME JZLICTION
CRITEZRES DE TROISIENE GENERATION

TROISIEME AKLECTIONM
{vole critique)
premiére étape
deuxidma dtaps
troisidas écape
quatriime étape
cinquidime btape

Fig. 1. Systdoe de sélection des sitaa identifids

rFig.2. Héthologie de cholx des sites adéquats A&
1'implantation des installatlons pour traiter les
déchets munilelpaux

[————— ]

CRITRRES 0K L
COCALLEATION

o

~

it g iere &drati

Les critdres établis pour la premiére sélection
concernent la superficie approximative du
terrain nécessaire A l'implantation des
installations ainsi que la distance de 1la
source productrice.

Pour les six groupes d'installations pris en
considération {voir chapitre précedent), il est
€vident gque chacune de ces installations
représente des besoins d'airesa différentes.
Parmi ces groupes, la superficie de la
déchetterie est la plus petite. Elle doit quand
méme assurer l'espace nécessalre pour déposer
les déchets sélectionnés, donc les surfaces
inférieures 3 50 m x 80 m doivent &tre rejetés.
Tous les autres terrains identifiés peuvent
étre divisés en cing catégories: I - superficie
de moins de 5000 m’, II - entre 5000 et 10000
m!, III - entre 10000 et 100000 m!, IV - entre
100000 et SO00000 m et V - suparficie
supérieure A 500000 m?. Leur affectation est
examinée en fonction des besoins dea
installations particuliéres.

La superficie approximative du site
d'enfouissemant peut &tre évaluée A 1'aide
d'une formule empirique ou & 1'aide des donndes
particulidres disponibles.



la syptrficie de 17usina de cgonpostage peut
dtre &valuée s#lon les hypothdéses sulvantes: -
la [armentaticn lente exige dexs alres o0 les
andaing & sectlon triangle [6 3 % 100 B x 3 m)
correspondent généralement au trajtexent sur

une scaalne; - une program=ation  des
retpurnesenta nécessite au eclna quat e
geralnas de Eravail; - lh farmentaticn

accalécke oxige des alres suffisantes pour ia
copstruction d'installatipon= wutjlizant  les
procédés les plus sophistiqués; - tant la
ferzentation lente que la fermentation
accélérde exigent des aires pour les déchets
transporcés, pour la maturation et pour l=
stockage, [ex.: poul une unité de §T ES] de
déchetn, 1a superficis totals nacessaice est de

800G mfy.

Ure premitre sélection des sites potentielr ek
leur affactation e=st realisée en 5e basant sur
la superficie du terrain ¢t leur distance de la
sgurce productrice.

Crittres de deyxieéme génération

La deuxidme sélection dait £tre réalisée selon
les  exigences spécisles sSoulevéen par Les
services municipaux concernés et 1zpliquéd dans
la gestion des dbchets, Las  &léments  se
rapportent & la politiguye municipale, A la
vocakion de certaing terrains ainal gu'aux
pricorités des instaliatieons.

tes exigences dex agglooérations étendues agnt
beaucoup plug grandesz que felles des plus
petites ou des villages. Les terrlihs sont plus
chers, l¢s vocations scnt plus diversaifiés, ]a
politigue =uwnicipale est plus  gencible, la
circulatlon est plus fréguente, 1'habitatjion
plus dense, la monopolisation de la gestion des
déchets est problénatigue, & danger de 1'échec
est plus  Eleava, les  rebuts d'industries
secondaires plus diversifiés etc.

la politigue d'unc ville Joue un réle izportant
dans la sdlection de sites  canvelables &
1'implantation d'wnstallations &t une sélection
bagéde =ur les critéres de deuxiémoe géndration
dait #tre eflectude avant la vériflcation des
critéres plus précis.

Critéres de 12 Trodsiéme génération

Ay cours de  la  troisidme sélection,  des
critéres ploa précia doeivent £tre pris en
cansidération. L'ensenble des critéres
pokentials ¢ontient quaktre grandes groupes,
tels les gritéres de localisation, lef croitédres
géclogiques, l1es critéres hydrglogiques ot les
critares sgciclogiques. Ces groupes oht &bd
divistés en catégories plus précises. Ils sont
#tablis en fonction de six traitements divers
¢t en fonpction de Ja nature des déchets.

critores ¢ localisation

Los ¢laments qguil doavent dtre étuyd.ds dans le
groupe deéa critéres de localisatlon sont les
suivante: 1} distance minimale devant #tre
respoctée par rappart aux différents cours
deau; 2) sccessibllité au azbe; 3) utilisation
des sals, precant en consigératian la distance
qui les sépare des terrains résldentiels, das
parcs, dek terrains e vécoréation, des terrains
agricoleas, das pones praovégess (ex.: zone
d'inondation, réserve faunigue, etc},  Lilgnes

dlectriques dr  haute tension; Fy Espace
supplémontaire {ex.: parc Técdnldque, ftation de
lavage des véhicules, dulpenent anrgi-
incendie); 53 superficie du terraln nécessaire
4 ieplanter chagque installation selon le
procédd paIticulier Ainsl gque la hauteur des
constructions avaisinantes fex.: ftudes sur la
dyhazique de la dispersion des gat).

Sritéreg géploqiques

Les <critkres gfologiques coaprennent les
¢lémentas suivants: 1) stratiqraphie dy terrain
nécessaire pour &tudier la superposition des
couches géolegingues (barridreg naturellas): 2}
disponibilitd des matér:aux de recouvrement
[particul i4rement inportants lors de
i'enpfoyissenent des ddchetsl: 33 mineralagie du
terraar, pour donner Ja chapce A prévoir des
Praocessus interact:ls RRLre les caudx de
limiviation et les particules des sols; 43
tectonigque du terrain alin de dékecter la
[issuration des rocyg et les fracturea
ratura;les, les tailles, les terrains
adismigues, eLo; %) géoancrphologie du terrain
(inclinal=on du terrain, pente, talus,
affleurement deg rocs, glissements de Lterrains,
et &) comportecent des spls 4 long ter=e,
vis-4-vls de i3 qualité et de la concertration
du  lixiviat; 7] <critkras hydrogéoliogigques
COoTprenant: led paramét:es géntechnigques, les
paramttres physico-chioigques, la posnibilicd de
forper des parci#res gfologiques, la possi-
Bilité du conkrdle continu de L'impact, les
résuyltats des tests de corpatibilitéd des Agls
et du lixiviat nécossaires afin de prévoir les
processus complexes biochimigues ainsi que Ia
tranamissibllikd du ;ixiviat, la g:ffusign, la
absoTpticon, la désorption, la chélation, <te.

grittres hydrologigues

L'mnsenble des critéres hydroloagiques, pris ¢n
considération est déterminé par 1) la
varlation de la nappe d'eau, peormetbtant alnei
d'estirer la dynamique dis esaux sgulerraings
{influerngant la sojubt:on de la constructien
d'ingénierie, 1a possibilité A'inondation, la
migration du lixiviat, etc}; 2! ia distapce
d'up cours d'eav [centinuels ou temporalres),
peromattant d*évaiuer (e ruisselliepent dicect
wers les cours deau, la varlation du gradient
ded oaux soutérraintes (qui deit &tre vérifié en
aval <t en amont du site], l'inondation, le
draivage, etch: 3) la facilité d'infiltration
d*eau exprirzée par la corgductivitd hydrauligque
du Eerrain qui est testié 3 n sicw et ay labo-
ratoire; 47 Ia SRitudatien du sitf en Cappert
aves les prises d'eau axistantes et poten-
fielles qui £5f importants pour les raieons
sulvantes: - possibiiite d'influencer LA
qualité dfeau de surface captés; - poss;bil;té
de daiminuer la gualiké de l'eau dans las puits
avelislnants: - croussance du gradient d'eau
sfuterraine veErs Jles purts et ol pazsins
~aptants, dARORtrant la v:tesse T&elle de la
filtration; 5) la faci.ité dec capter des eaux
de lixiviation gui est en rapport avee l'¢rude
sur la draimage du lixiviat. des eaux d'infal-
tration et des eaux de rurssellement &ur 1
terrain & guestion et gui influence la [aima-
bilité des installatians particulidres; 6) la
qualité Jdes ecaux souterraines gui dout A ]
évalube non nculepent au cours de 1texploitd=
tion des installat:ons, mais aussi avant 1o
décision de les implanter la chizia de 1’8k
peut exclure la possibilité dripplantmtion
immediate des .nstallmtions et exiger de



nettoyer premiérement le terrain); 7) les
paramdtres climatiques tels les variations de
température, la force et la direction des
vents, le niveau de congélation des sols, etc,
(influengant le choix du procédé, la localisa-
tion des installations, l'extension de travaux
d'ingénierie, etc.)

¢ritéres sociolegigues

Les c¢ritédres soclologiques sont divisés en
plusieurs groupes. Cependant, il est é&vident
qu'ils ne couvrent pas toutes éventualités qui
peuvent apparaltre selon le caractére spéci-
fique de l'agglomération et les habitudes des
résidants. De manidre générale, les critéres
sociologiques sont groupés comme suit: 1) la
santé et la sécurité, exigeant d'attirer
l1*tattention sur la vermine, le transfert pa-
thogéne, la prolifération des espéces, l'accés
possible des animaux et des enfants, les dan-
gers de la circulation: 2) 1l'environnement,
prenant en considération la localisation du
site vis-A-vis des voisins, l'émission d‘o-
deurs, l'émission des gaz, 1l'émission de
poussiére, la contamination des eaux soute-
rraines et de surface, la contamination des
rues par les pneus des véhicules ou par les
rebuts répandus, le bruit; 3) 1'’'esthétique,
tenant compte de 1'impact visuel, de 1l'impact
commercial et de la possibilité de rebuts
répandus; 4) la communauté qui est assujettie
au décroissement de la valeur des propriétés,
au changement de la topographie du terrain, au
changement. de 1l'image historique du quartier,
au départ des compagnies, a la circulation
intensive, au soin continuel des espaces
fermés, & la création des nouveaux emplois, au
changement de la composition des habitants, aux
frais d'accessibilité et aux taxes imposés, a
la récupération de l'énergie (gaz et vapeur},
l1'usage du compost, l'impact sur les réserves
indiennes; 5) 1'impact sur les espéces sauvages
ou uniques; 6) la dégradation des voiries; 7)
l'exigences de maintenance et de sécurité; 8)
1'impact de l1'extension éventuelle du site; 9)
les exigences de la construction qui influen-
cent les critéres économiques.

La sélection des sites selon la troisidme
génération doit étre effectuée apréds avoir
vérifié les critéres susmentionnés. La troi-
sidme sélection exige d'dtre effectuée en
quelques &tapes successives.

La premidre &tape est un collecte des données,
et par conséquent, la premildre sélection des
s*tes est faite A la base des données déja
disponibles dans les rapports et publications
ultérieurement effectués, des visites des-
criptives sur place, des photographies, et des
tests macroscopiques des types de sols, de la
topographie ainsi que d'études sociologiques
générales.

La deuxi®me é&tape consiste en é&tudes géo-~
logiques, tectoniques, geomorphologiques des
terrains potentiels ainsi que en é&tudes hydro-
géologiques macroscopiques.

La troisiéme é&tape de sélection étudie les
critéres sociologiques qui doivent étre
vérifiés A plusieurs niveaux: la direction de
la _ville, gestionnaires du quartier, les
pabx;ants du gquartier, les assocliations
impliquées et les principales compagnies
installées dans le guartier. L'étude doit &tre

effectuée sous forme d'enquéte (mettant en
cause un nombre suffisant de répondants) et
sous forme d'études spéciales: écologiques,
sociologiques et techniques.

L'étape suivante est une évaluation plus
précise de tous les critdres hydrogéologiques
susmentionnés,

Cinquiéme étape est une estimation des colts
probables pour le nombre limité d'installations
‘alternatives.

CONCLUSICN

L'implantation d'installations servant A la
gestion optimale des déchets exige des &tudes
approfondies. Les réglementations actuelles ne
s'appliquent qu’'d certaines installations. Par
conséquent, elles ne couvrent pas toutes les
éventualités de la gestion des déchets muni-
clipaux {incluant la revalorisation des
matériaux et la récupération de l'énergie).
Dans ce contexte - la nature des déchets gérés
dans chaque cas n'est pas ressemble; les
processus physico-chimiques sont différents,
et par conséquent, les critéres d'évaluation
des sites convenables divergent.

Le réglement existant se rapporte A certaines
méthodes d'élimination des déchets; elle ne
contiennent pas tous les critéres nécessaires
4 la construction du site optimale et sur.

Selon les études menées, plusieurs paramdtres
ne sont pas pris en considération, en surplus,
il y a divergence entre les normes des
différents pays. En raison gque la science
géoenvironnementale est présentement capable de
répondre & plusieurs questions fondamentales
sur lesquelles, devraient é&tre basées les
normes et les guides techniques actuelle au
Canada.

Le choix d'un site convenable & }'implantation
des installations susmentionnées pourrait donc
étre fait A partir des critéres présentés dans
cet article.
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ABSTRACT

Groundwater contamination by nonagueous phase liquds {NAPL) such as organic solvents and petroleum hydrocarbons fre-
quently occurs as a result o.l' sprface spills, tank leaks, and improper dispasal practices. In this paper a multiphase flow model for
NAPL thmufh porous media is derived. The model takes into account the effect of volume change due to the surfactant injection

i .\..'\PLISni
menlls ix discussed.

INTRODUCTION

In cecent years groundwater contamination by organic sol-
veats and other petroleum products has reached significant pro-
portions.  This contamination has occurted both at low level
contamination from sanitary landflls and as concentrated lig-
nitd «pills due to leakage fromn underground tanks, accidental
wirfnce spills, or disposal sites. This paper addresses the prob-
b of & unnngueous phase ligquid (NAPL) flow in porous media
Iuring sucfactant injection as a means of realedial action on the
wnatr dhisposal site.

The earlier literature on groundwater pollution by petroleum
bydrocarbons has generally recognized that when a NAPL is
sjrlled, the NAPL migrates through pore spaces and some liy-
uilic retained within the pores by capillary forces. The review
of ninltiphase flow theory by Van Dam &1967) is very perceptive
of dominant mechanisms and is very clear ahout uncertainties
which arise in real filed situations and which, of the most part,
n stil) unresolved 20 years latter.

Furthermare, during surfactant injection through porous
mnlin, ns a method for cleaning up. the mobile materials (NAPL.
:"' suspenided solids) are brought into contact with the fluid
lh"""l"l— The tate of flow of the mobile materials is dependent on
L wifactant flow rate. Two approaches have been proposed
“’:P’“llﬂloﬂ of surfactant flow rate. In the first approach. in-
u-_"ﬂl:)“?”rlla\'e used many methods to solve the problem of
11952 ™ ol suspension. In one method, the work by Argen

=1 "“!l Sterinerdin's suggestions {1962}, leads to a simpli-

TheT LY llm.!ance equation which lias been used with further
of ‘hr“ﬂ"l".lj W Leung and Wiles (1976) to caleulate the velocity

, foll" . l'loll'ltalmng suspended solids. Another metheod has
D{: ':"_"‘ by Mertes and Rhodes (19531 and Lapidus and
- l::rllllg‘“t)‘ based on the slip velocity of the particles. It leads

"het formula for the velocity of the Howing suspenarous.

& d.iﬂlmrn b l"d nﬁpw‘“h' the fluids hinve bern consicdered as
wnterial through the porous medium. The concentra-

tacy '
mr.::‘m(g::lgl:.df;?;?:ncd ¥ solving the classical diffusion

9 _ 3 20

mixtures, The model predicts the experimental data satisfactory. In addition. a comparison with some of the existing

where: 8 is the fluid volumetric content: t.time; 2 coordinate
axis: and D, the soil fluid diffusivity.

However, Eq. 1 does not represent the physical phenomenen
in the porous medium during surfactant injection. This is due
to the dispersion of hoth NAPL andl suspended solids and heuce
the Aow of Loth materials in the flow direction. It is also bhe-
lieved that during the flow there will be a time lag between the
surfactant front and the suspension solution front. This study is
intended to include the above mentioned effects in the diffusion
equation and hence predicts the surfactant flow through porous
medin during the cleaning up. Furthermore, a comparison he-
tween the proposed model and some existing work is discussed.

FORMULATION

By considering the mass balance equation for the injected
surfactant, the continuity equation can be written as follows:

o8
S+ dmid) =0 2 )
where: 4, = velocity vector of injected surfaciant; 8, = sur-
factant volnmetrie content; and ¢ = time. In order to evaluate
the soil-surfactant Aux, 4,. relative to a stationary co-ordiante
system, it is assmmed thiar j, is equal to the sum of twn vectors,
tie first. 4, is related o the movement of slug (NAPL and/or
cnspendden] anliels), carrying with it its surfactant content 8 and
the second. 7, it relatesd to the inovement of surfactant relative
to the moving particle: rhie

de = fes t 8.4, (3)
combining Egs 2 and J gives
L)
~ 0% = divgus + 0.divi, + dgeads, ()

In order to evaluate 4.. it is nsswned that it consisted of
two vectors: the frst, g, related to the suspenderd solid flux,
mnd the scronel, foe related to the movement of NAPL relative
to the suspended solid flux. Thus,



s = é‘ac + oaq-c (5)
where 8, is the NAPL volumetric content or:
divg, = div,. + Bodivd. + §.gradd,. {6)
Substituting Eq. 6 into Eq. 4 yields

a8, . . s _
= divg,, +8¢(d1UQcc+god1UQc+Qc573dev)+{ qw+9.§,)grad6.

o
. o D
Simplifying Eq. T by taking one-dimensional flow in the
horizontal direction only yields

84ac O _ 08, _ 06, . _ 9

=—="+4 4,8, — — + Goco— + oG
B = Br Tlegr TU0g, TG Tl tO %
The solution of the above equdtion is extremely difficult
even numerically Thus, another simplification may be intro-
duced by ignorin’% the second order terms, e.g., §,c grad &,; 8,§,;

98, _ 3.,

and §. grad 4,. Thus, Eq. 8 becomes:
39, . 'atf.. atioc aq‘c
T Bz +4. z + 8.0, ar (9)

In order to evalnate the NAPL flux, §,.. and the suspended
solid particles flux, §.. it is assuined that these fluxes are in cl-
rect proportion to the pore water pressure gradient as discussed
by Yong et al. (1990). By taking into account the effect of vol-
ume change in the continuity equation and using Darcy's law,
the suspended flux, §., and the NAPL Hux, g,., can be written
as:

ci
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Flg. 18 Gas chromatogruma of unwnatheresd dunhay fuel okl

MATERIAL AND METHODS
Materials

1.0 Bunker Fuel Qil

The samples of bunker fuel oil (6C) was supplied by Gulf
Oil Canada Limited, The gas chromatograms and Infrared spec-
tra are shown in Figs. In and 1b respectively. The bunker fuel
oil has the following properties : (1) flush {point) = 88°C; (2)
sulphur weight = 2.6%.

2.0 Surfactant

A ratic of nine between emulgin 05/emulgin 010 by weight
is taken after El Monnyeri, 1983.

e
or -D

e _ _p PVp

Br = Peezm (i

a?Vc-

¢ 9r?

(10}

where: D, is the suspended solid particles diffusivity: V",
change in volume of suspended solid particles for a detailed
deerivatiou of Eqs. 10 and 22, the reader should refer to Youg
et al. (1990} ; D,., NAPL diffusivity; V2, the change in NAPL
volunetric content.

Combining Eqys. 9, 10, 11 yield the following:

B, Ve oy e
o = e e 0y
& 88, . oVe vy
T oty b~y )

Eq. 12 represents the classical diffusion equation with twoe
additional terms which accounts for the volume change due to
NAPL and suspended salid moveinents. It sliould be noted here,
that the additional terms in Eq. 12 jmply that the case of flow
described by any negative valuc 8, is a physical impossibility. If
in the course of coniputation, §, hecottes negative at some value
of the injection length, this should be taken as an indication
that the injection process should be stopped at, or before, this
time. [u addition, the caleulations should be inade at small time
intervals, siuce any error involved in determining the surfactant
profile will be magnified at targer time values.

—try mil. ® Say

Transmisgion

Wavenimbar, om i

Fig. 1hb Tufrornd mpectra of unweatbered bunker fuel oil

3.0 Solvent

A triple mixture, cousisting of carbon disulfide, acetont
and methanol in the ratio of 70:15:15 by volume, was used to
extract the oil from the substrate. This mixture has been known
to remave four to five times more oil than petroleum ether {Yong
andd Sethi; 1975).

.0 Soils

The soils used in this study were montinorillonite a\n:;l !%ll;l.
aud their x-ray diffraction patterns are shown in FI%. oo 1 €
chemieal analysis of the montmorillonte is given i 1abie &



gample Preparation

To a known weight of bunker oil, a dry mixture of sand anel

clay (moutmorillonite) was added and mixed thoroughly with
tula. The bunker oil was preheated Lo obtain better mixing
conditions. The ratios of clay to sand (W, /W,) were 0,0.05.
0.15, and 0.25, while the ratio of the 0il to sand (W, /HW',) was

fixed at 0.15.

J3 [}

The oil/soil mixture was placed in a 100.0 mm long and
50.0 mun inside diameter lucite cvlinder. Equal amounts of the
mixture were compacted to a length of = 30.0 mm. The poros-
ity of the mixture was controlled by the clay/sand ratio. The
cylinder was then placed in a hot-water path adjusted to the
desired temperature, The samples were ready for testing when
temnperature equilibrium was attained. The surfactanl solution
was heated to the same temperature as that of the soil sample.
It was then injected through a constant head device at one end
of the cylinder. The surfactant supply system consisted of two
separate units: the surfactant supply tank, and the constant
temperature tank. This arrangement allowed for a continuous
supply of heated surfactant.

urfactant Conpteypt Measu

After injecting the surfactant through the oil /soil mixtnre
for a specified period of time, samples of the oil/soil mixture
were taken from the inlet and outlet positions. The samples
were ovell dried, and the surfactant content was determined as
the ratio of the difference hetween the sample weight before and
after the drying process, to the dry weight of solids.

Qil teipt Measureiments

The oven dried soil samples were crushed and then place
in thimbles, where they were washed with a triple mixture sol-
vent {carhon disulfide, acetone and ncthano! in the ratio of
70:15:15 by voluine)}. This inixture has been known to remove
four to five times more oil than petroleuin ether {Yong ancl
Sethi, 1975). The soil samnples were washed with the solvent
until no further color developed in the solvent, The qil content,
then, was determined as the ratio of the difference between the
weight of the sample before and after washing to the weight of
the sand.

Clay Content Measurements

After washing out the soil, the samples were air dried. They
were then mixed in a sodium bicarbonale solution to disperse
the montmeriilonite. The supernatant liguid was removed, aud
the procedure wos repeated until, practically, no more clay was
cbserved in the supernatnnt. The ratio of the clay to sand by
weight was then determiued.

It should be mentioned liere that these procedures some-
times yielded erroneous clay contents due to tge fact that soue
of the clay particles could be lost during the oil washing pro-

cess. These errors could be observed from the fnct that {7: +
%;‘_- + 7‘;’;_- + -:—;_- was not equal to unity as it should be. This er-
ror could not be avoided, and it did contribute to the observed

deviation between the experimental results ands the proposed
annalytical solution.

CALCULATION OF DIFFUSIVITY COEFFICIENTS

The present methods for ealculating the surfactant, NAPL
and suspended solid particle diffusivity sre the saine as those
given by Yong and Wong (1973). There are basically two meth-
ods: the first one caleulates surfactant diffusivity, and the sec-
ond calculates NAPL or suspended solid particies diffusivity.
The procedures are illustrated below,

Table 1 Chemical Analyses of Moutmorillonite
A L.
510, 19 4 Cuo 180
Ala Oy .10 Na:0 Q43
T10, 04 k3O 1.12
Fia(h 37 HO moisture $.00
FeQ nd H:O lm_g at 1513
MgQO 2.33 »00°C
Noatmorillooite

2318 %
2.6 %

(

Sand

d=2.4616 R
a-1.2908 R

L : L A X H 1

54 446 38 39 22 14 §

rig. 1 Typical X-ray diffractiop pattern
of montmroillonite and sand
{oriented particles uaing CuKg
radiation)

+ .

ion cta v

The method of caleulation of surfactant diffusivity is the
same as that proposed by Yong and Wong (1973), which in
turn is » sitnplified version of that proposed by Bruce and Khute
(1956). The principle of this method it ignore the additional
tenins in the diffusion B 12, i, thine tepresmting the effect
of ol sayel 2uspuandesd m]itl moveent, This vienps that the nennl
ditfusion eqpuntiont is used. The endrulntion procedun, then, ane
as follinvs,



£

. the best fitted snrfactant saturation ratio 7'.*'- ,or s, distance

(%) curve at a certain given time should be constructed. In
the present study a linear relationship was assumed be-
tween two points due to the fact the measurements have
been carried out at these points;

. the interval (S, — 5.) is divided in equal intervals n, thus

obtaining the values,
So = S,

n

AS =
and

S, = (n -r)AS.

. the values of n-r in column 1 of Table 2, and the values of

S, in column 3, are calculated according to step 2,

the values of X (S, ) can be read {rom the experimental data
and are entered in column 3,

. column 4 in Table 2 is the value of X(5.4,) - X(S,);

. column 5 is column 4 divided by the value of AS;
7. column 6§ can then be oblained by multiplying AS by the

corresponding value in column 3;

8. The first row in column 7 is equal to the value of X(Si)(s__i -

5;). The second row is equal to the sum of the Brsl row
in column 6 and the first row in coluran 7; the third row is
equal to the sum of its second row and the second row in
column 6§, and

9. the values of D(S,.H) in coluran B are calculated by mul-

lt)ipl{ing column 7 and column 5 and dividing the produet
y 2L

An example of calculation is given in Table 2 for 5% clay

content samples at time intervals of 40 min.

TABLE 2 Example Calculation of Surfactant Diffusivity

1 2 3 4
n-—r S, X{(S,)

o

0.977

0.9793
0.9816
0.9839
0.9862
0.98835
0.9908
0.9931
0.9954
0.9977

e DO =N IO
O OB AT = 00w =
Pt Bt et et Bt bk et Bt P e

The NAPL diffusivity, D,., (or suspended solid diffusivity,

D.) Caleulation procedures are as follows:

L

o

As explained before, the sample is divided into n divisions.
These values of V7 {or V,'} are calculated from the exper-
imentally obtained values of the oil {or suspended solid)
volumetric contents 8,(ord,);

For each value of V', there will be & correspanding value

ofV)'“;

. The value of D, (or D,) ¢an, then, be ohtained by solving

Eq. 11 (or 10) respectively, and

the entire procedure i3 then repeated for the next itecation,

An cxample of ealenlation is given in Table 3.

-t(sr+l)
-X(S,)

] 6 T 8
X(Si41) X(snas  rEttxds s +h
-X($5,)
434.78 0.23 0.0115 0.062%
434.78 0.0207 0.0345 0.1875
434.78 0.184 0.0552 0.2999
434.78 0.0161 0.0736 0.400
434.78 0.138 0.0897 0.4875
434.78 0.0115 0.103% 0.5625
434.78 0.0092 0.11%5 0.625
434.78 0.0069 0.1242 0.675
434.78 0.0046 0.1311 0.7124
434.78 0.0023 0.1357 0.7375
0 0.1380 . 0.7500

TABLE 3 Sample Calculation of Qil (or Clay)
Diffusion CoeMcients

n v vt D x 107}
em? fsec

1 0.0071 0.0143

2 0.0063 0.0138 0.85

3 0.0066 0.01333  0.852

4 0.0063 0.0129 0.889

3 0.00612  0.0124 0.854

G 0.00588  0.0119 0.871

7 0.0054 0.01034  0.836

8 0.00517  0.01046  0.858

9 0.0049 000998  0.858

10 0.0047 0.0095

Dav = 0.858 x 107 2cm?/sec



PREDICTION AND COMPARISON WITH EXIST-
ING WORK

In this section, the wnalytical model used in this study will
be compared with the existing theorics. Three sets of measure-
ments will be used as the hasis for the coinparison. These sets
refer to three samples containing different amounts of clay und
sand. The clay/sand rations were 5, 15 and 25% (W, /1V,). The
injection pressure head in all cases were kept constant during
the injection period,

The study of multiphase flow can be approached by two
methods which will be referred to as the first approach and the

second approach.

In the first approach the flow quantities are defined by the
following three conditions:
{1} Darcy’s Law

i, .. .
G, = —u;}'\(gradp, -4p)) (13)

{?) Continnity equation

285 i) 14)

{3) Relationship between pressure p and density of fluid p'

P, =pip) 115)

where 1{= 1.2} refers to fluid 1 and fluid 2, e.g.. waler and
otl, respectively. In addition, it is assumed that the following
conditions are satisfied:

5, +85 =1 (16)

P2 o= ped5)) {17)

where: p, = rapillary pressure; § = fluid velocity; A = total in-
trinsic penineability: and K, = relative permeability (a fraction
of the total intrinsic permeability}.

Iu the second approach, the problem of the surfactant-oil-
fisie mixture is treated as a fluid-solid sturry passing througl a
packed beet. A sumunary of the equations proposed in the field
of slurry flow is given in Table 4. Most of these equations yield
the velocity of the flowing finid. Thus, in order to carry out
the comparison between the proposed analysis and the existing
theuries, the velocity of the carrier fluid must he calculated. A
schematic representation for the calculation methods, for both
the existing and the propesed models, is given in Table 5.

In order to decide which approach is more suitable for the
present work. the following points were taken into consideration.

1. in the firas approach.. it is requived that the saturations
be tune-independent, in order to obtain meaningful val-
ues of relative permeability. Also, the velocity vectors of
the continuous nnmiscible flowing fluids ure required to be
colfinear. Furthermore, the momentuin transfer at the fluid
interface (Rose. 1969) is ignured. In other words, the first

approach is hased on the assumption that injected fluid
pushed out and replaces the stutionary fluid in the pore
skeletan. This hnposes certain imitations which canniot be
ensily et in the conditions chosen for the present experi:
ments,

2. on the other hand, tie How of a surfaetnait-oil-rlay mixture
can be, practically speaking, described by the flow of a
shurry through n porous median, This problem has been
thoroughty investigated in the second approach. o

,—\rmrdinfl_\" the present study adopts the second approach
as a basis for the comparison with the proposed analytical model ]

The results abtained from the vwnous models, as well as
those obtained from the proposed model, are compared to the

experimentnl results in Figs. 3 to 5. It can br scen from these
figures that:

1. Mode} No. 1 deviates considerably in terms of both the
rate of change of 8, and its values (Figs. 4 and 5), i.e., this
methad is ant capable of predicling the rate of surfactant
volumietric content change under the present conditions.

2. Model No. 1 is strongly dependent on curve accuracy,
which is the first step in this approach (see Table 5). Thus
the initial value of the volwnetric surfactant content, and
hence the subsequent (cslculated) value, are d dent on
the accuracy. In this case, a lower value of surfactant vol-
umetric content than the experimental initial values was
calculated, This resulted in generally Jower values of the
surfactant volumetric content, at all tested time intervals,
especially in the first set of experinients (Figs. 3a and 3b).
The discrepancy was less considerable for the second set of
results (Figs. 4a and 4b). However, in the third set of re-
sults, this model couid not predict the surfactant content,
due ta the lower accuracy of the curve fitting procedure. It
was coucluded from these results that mode] No.3 was not
sufficiently reliable rs a predictive tool since some of the
assinptions on which it is based cannot always be fulfilled
in practice,

3. Model No. 2 yields results that are in {sir agreement with
the present theoretical model, as well as with most experi-
mental recults (Figs. 3 to 5).

TABLE 4 A SUMMARY TABLE FOR MODELS
#1,2and 3

Model
1. Yoon & Knnii {1970}

150 Lp ¥V,
=] — 2 o), = —"—¢) e (] —
Ap (R~+1 5)oD’¢, (Vo= 0 (1~ o)

2, Stermercling (1962)

‘I
8p= 7% +4rL/D,

+
Lemng & Wiles {1976)
AL _ JLVE L LLaVED,

D, - 2¢.D, 1~-¢
0.005(1 — ¢
fo= _t—)
]

3. Ergun (1952)

vauw v?
t= —o——o | — 3 BV
gAY -Ap) ( 2 t )

where:

Ap = presswre drop; Ry = Reynolds no..,; L = sample
length; p = finid density; D, = pore diameter; ¢ = porosity; V,
= Huid average velocity: l{ = solid particle average velocity;
£, = solid particles density; f, f, = fuid and  solid fnction
factors; r = shear stress at the wall; Vie =V, el —¢); Ve e =
particle velority in a fluid-solid system of porosity; V,¢ = slip
velocity of particles in a fluid-s0lid system; u = Buid viscosity;
V = permeate volune; ¢ = time.



TABLE 5 Calculation Procedures for Models # 1, 2 and 3

The proposed model

1. Calculate the volumetric

Surfactant content rB.lal. Al

different times.

2. the porosity, ¢,= 8,
volume _of awrfaciant
Tatal woluma

Models # 1 and 2

1. Calculate V, as
{ad)eTotal wolume

Model # 3

1. Plot reciprocal flter rate i‘—;;
vs, volume of filtrate collected (V).

2. The slope yields the value ~22%=

2. Calculate the surfactant
fluid velocity, V, from
models 1, 2 or 3.

3. The intercept = slope x B. thus
calculate the value B.

3. Calculate the surfactant

volumetric content as

(8) = (o), + (Vee)At

where
Ht=!-1,

V, = V. Calculated from
molds 1, 2 or 3.

4. Compare with the sur-
tant volumetric content

calculated from
the proposed model

CONCLUSIONS

A study of the cxisting theories in related fields shows that
the various methods of sclution of the problem of multiphase
flow through packed heds needs refinement. In spite of the dif-
ficulties encountered in solving this problem. the proposed ana-
Ivtical model, as we)) as the methods presented by Stermerding
(1962) and modified by Leung and Wiles (1976), are in fair
agreement with the actual test results. On the other hand, the
results from the method developed by Yoon and Kunii (1970}
deviated consideralbly from the present data. In addition, the
first approach is difficult to apply in such flow problem. Its is
due o the fact that their model required s knowledge of the
permeability values of the involved fluids: this is difficult, if not
impassible, task to achieve at such low oil loads and experunen-
tal conditions.
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4. Al any time, t, calculate the total
voiume of filtrate (= the volume of
surfactant, oil and clay)

5. Caleularce the volume of surfactant by
substracting the oil and clay volumes
from step #4.

6. Compare with the volume of the sur-

factant as calculated from the present
model.
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EVALUATION OF CLAY COMPATIBILITY TO HEAVY METALS TRANSPORT AND
CONTAINMENT: PERMEABILITY AND RETENTION

R.N. Yong, A. Cabral, L.M. Weber
McGill University, Montréal, Québec

ABSTRACT

The study coafirms previous experience with kaolinite in regard to the relative insensitivity of the clay to pore-water chemistry
changes. This can be explained in terms of the buffering capability of the material. The Iaboratory tests for permeability, using
flexible and rigid wall test devices, indicate that little difference in k volues exist between tests determined with either device in
the case of tests with kaolinite. This is not the case for tests with a sand-bentonite {S/B) mixture. The amounts of Ph adsorbed/g
of soil for both the kaoclinite and 5/B samples were greater as a result of permeability tests with the triaxial cell - in contrast to
permeability tests with the consolidation cell. Partitioning modelling must respect the difference between the compact soil system
and the soil suspension. The non-linear Freundlich model was used with success for both soil suspensions and compacted kaolinite
samples. For the 5/B test series, this model needs to be further investigated.

INTRODUCTION

The relatively low hydraulic conductivity and high adsorp-
tion capacity of clay soils make them prime candidates for con-
structed or engineered clay barriers in waste disposal landfills
- a3 a means for control of migration of waste leachate to the
groundwater. By and large, the compatibility of clay barriers
with leachates is generally evoluated only in respect to changes
in the coefficient of hydraulic permeability (k) of the clay bar-
rier material, on the assumption that this reflects changes in
the index properties and/or in the internal structure of the soil
{Eklund 1085; Bowders et al. 1986). If little or no change is
observed during permeability testing of the clav liner material,
the liner may be considered satisfactory.

Common regulatory requirements generally establish an
upper limiting value of k for enginecred clay liners, with little
or no attention for the many mechanisms of contaminant-cloy
interaction which produce attenuation of contmninunts (ions)
- particularly in regard to how the k volue will respond to the
interaction and accumulation processes, One can only con-
clude that if longterm considerations insofar as survivability
and effectiveness of the engineered liner are important, then
the parameter k must indeed accurntely reflect the resubt of
tlie various transport and accumulation processes ocouring in
the liner barrier.

Evidence from many studies show that fiydraulic conduc.
tivity is one of the most difficult soil properties to measure ae-
curately because of the numerous variables influencing it je.g.
Lambe 1038; Mitchell et al. 1963; Dunn and Mitchell, 1984}
Its measurement in the laboratory can be very mislending if
proper care is not taken. A review of the many experimental
methods available can be found in Qlson and Danicl i1981}).
Because of the need to ohtain more precise and yrepresentative
values for parameter k, greater empﬁnsis on the type [systein
and method) of permeability testing is require - not only for

the immediate assessment of k, but also for determination of
the longterm leachnte exposure effects on survivubility and in-
tegrity of the test samples. Chemical assault of test samples
can create conditions in the samples which would uot be rep-
resentative of actual field conditions - e.g. cracking, shrinkage,
etc. Accordingly, the ability of the test system to anticipate
and avoid such occurrences would constitute a prime refuire
ment in the choice of system to be used.

This study presents the results of compatibility tests per-
formed with two soils : a kaolinite clay and a mixture of sand
and bentonite (90% sand/10% Na-bentonite). Two different
types of permeameters - rigid wall and Rexible wall - were used
with initial test conditions [except for sample size) mninlained
as similar as possible between the two types of test appars-
tus. Following leaching (pcrmeation) of contaminant solutions
under several contaminant cohcentrations, and under a range
of gradients, cach sample was analyzed 10 deterutine contam-
inant retention. The quantities of conraminants adsorbed by
the compacted sample were compated to the results obtained
from adsorption tests conducted on soil suspensions of the same
clay soil material.

MATERIALS AND TEST METHODS

Soils

A kaolinitic clay, Hydrite PX, (Georgia Naolin Co.) and @
mixeure of 90% fine to medium sand (Sifica 40) and 10% N
bentonite were tested. Typienl sand/bentonite linersia Qu
have bentonite contents iu the 5-15% range {Chapuis, 1090).
The geotechnical properties of hoth soils are presented in la-
ble 1 and their chemical properties are shown in Table 11. X-
ray diffraction results indicated very little amorphous maten
and no qquartz, smectites or organics in the knolinitic soil. Trace
amounts of feldspar and inica wers present in the bentoails
obtained from Avoulea Minernls Ind. Ltd. of Saskatchewas-



) caite in environmental geotechnology
whohmtc lz:z:lti::le,dt:nhﬂ been studied and reported
. cm;'v:]l{:fﬂmby permitting one todcompintre results ol;-
v s} 1is study with other reported resulis.
2 taimod from this
geaAr. ity (CEC) for both materials
Cf# Tbﬂ o rﬁc&nﬁ%ﬁc&aﬁ;gﬁé in Chhabra et al.. 1375)
wedl 'u:;i“::hc range of reported values {Gnm, 190§: Yong
"dl'l Exchangeable H? was determined following the
mssm). bed by Jackson (1967). The CEC of kaolinite is
~ndent: in the acidic range the amounts of exchangealle
gt and Al are cxtremely important (Grim, 19G6: Boland et

i 1980; Duquette and ﬁmdcrshot..‘mS?). as can be1sef2'n ;3
S 3,30 11, The concentration of the various cations was obtaine

“Atomie Absorption Spectrometry (AAS).

B permeants were used: distilled water and Pb so-
%T::* dzﬂ'czc'::t concentrations. Thc_dist:llled ]w_mcr '}\}'.:.:
Y aned samples prior to contaminaat Jeaching.
g'anh:-iﬂs:i‘:r:;fulion?oblglned by mixing distilled water and
,LPKNO,},, maintained its solution pH of 3.6 by the addition
x“.!d itric add — thereby avoiding the occurrence of significant
Secinitation. The adsorption isotherms. (Figs. 9 and 11) were
rabtained using batch equilibrium tests on soil suspensions of
E¥ka two matenals, (i.e. equilibrium tests using different con-
mtrations of lead in the suspensions). In the isotherm plots,
mass of lead adsorbed per gram of soil (q) at each equi-
1 concentration (C), is obtained as an average of three

¥ values (triplicates).

The three concentrations of contaminant solution used are
ted in the experimental scheine in Figure 1. The values
of C1, C2 and C3, which depend on the nature of the material,
" were chosen to cover a wide range of concentrations,

Permeameters

The rigid woll permeameter used for the laboratory pro-

was & modified consolidation cell, as shown in Fig. 2.

e outer ring was made of stainless steel, with a Delrin inner

ing and a Teﬁon top cap. All fittings were stainless steel. The

fleable wall permeameter (Fig. 3), used a standard triaxial

cell with a Teflon base snd top cap and stainless steel fittings.

The two membranes surrounding the sample were tested in a

highly concentrated lead solution {5000 ppm), and found to be
non-reactive.

The initisl testing conditions were as similar as possible
for both permeameters. These included: (1) type of soil; _(2)
type of contaminant; (3) initial water content; (4) dry density,
and (5) the method and energy of compaction.

Experimental Procedures

To obtain better dispersivity of the soi) particles, samples
were statically compacted on the wet side of the Proctor curve,
i.e. optimum maisture content (OMC) + 2 to 3% for Laolinite,
and OMC + 2% for the sand-bentonite {(S/B). The maximum
dry densities and OMC of the materials are shown in Table I.
Samples tested in the rigid-wall permeameter were compacted
directly in the cell, whereas an §0 cm® compaction mold was
used to prepare samples for the triaxial cell. The kaolinite
samples were trimmed to a final beight of 7 em. whereas S/B
samples were trimmed to 4 cm in order to decrense the long
time test requirement.

Samples tested in the consolidation cell were saturated by
flushing with 2 pore volumes of distilled water. Measurements
taken during this procedure provided a reference permeability
value of the soil to water. Kaolinite samples tested in the
triaxial cell were saturated by the same procedure, except for
one which wns saturated using the back pressure technique.

Sand-bentonite (S5/D) samples wested in the triaxial cell woers
saturated Ly application of Lnck pressure, except for one est
sample which was used for comparative purpuses.

After saturation, permeation from the bottom of the sam-
ple began under a constant pressure head (see test scheme in
Figure 1). The hydraulic gradients used were : 25, 50 and 100.
The two burettes "in" and "out™ were monitored Lo cnsure that
the inflow and outflow rates were equal. Swelliug of the §/B
samplesin the consolidution cell was prevented through the use
of an appled vertical pressure of 13.6 KPa. Preliininary exper-
iments showed that at lower upplied pressures, some swelling
occurred. The same pressure was applied {as a chamber pres-
sure) to the triaxial test samples,

After completion of the permeability test, each test sample
was sliced into sections for chemical analysis. Triplicate sam-
ples were obtained from each slice. Each sample was washed
two times with distilled water in order to recover the lead in
the pore solution. The cations adsorbed on the clay surface
(Pb, Na, Ca, Mg. I\, and Al) were recovered by mixing the soi}
with a concentrated solution of amimonium acetate, and by
exchange, these cations were released into solution and their
concentrations were measured by the 445,

RESULTS AND DISCUSSIONS

Permeability Tests

From the results of the kaolinite permeability tests shown
in Table 111, it is seen that the range of k values for all tests
is between 1.3 x 10™* and 6.5 x 10™" cm/s, i.e. the k value of
the material was not substantially affected by the introduction
of the lead permeant. The same can also be said for virtu-
ally all the variations used - c.g. sample compaction energy,
samples prepared with 1700 ppni lead solution instead of dis-
tilled water, backpressure am? sample prepamation by slurry
consolidation. In addition. there appears o be no apprecia-
ble difference between the k values nreasured in the triaxial
cell and the consolidation cell. This (lack of differcnce) is
in agreement with obscrvations made by other authors (e.g.
Daniel et al. 1985. Bowders and Danicl, 1956, Peirce et nﬁ.
1986). Any variation between the actual values obtained in
this study and those reported by other researchers may be at-
tributed to several factors, including: type of kaolinite, the use
of 0.01NCaSQ, or tap water, instead of distilled water. as per-
meant; type of compaction; sample water content and density:
and applied hydraulic gradient,

In the permeability test results for the S/B triaxial cell
sampjes, shown in Figure 4, similar test conditions were used
for for all four tests, i.¢. the sanples were saturated by appli-
cation of back pressure in steps of 34 KPa (except T BSZIR'B
wbich was saturated by flushing 2 pore volumes of distilled
whater). The concentration of iead in the permennt was ap-
proximately 2500 ppm, and the density of the samples varied
between 19.2 - 10.5 KN /m?. The effective confinin pressure
used for all tests was 13.6 KPa. Note that the position of the
hydraulic Eradiem arrows shown i the Figure udicntes the
stage at which the gradient was applied. The initial gradient
for the top two curves was 25, wliereas the initial gradient for
the bottom two curves was 100.

Sample TSB13(3), which was compacted in 3 lifts rather
than the standard 5, as is the case for sample TSB13{3}, pro-
duced an equilibriwn perineability at 1 = 100, five to six times
greater than one compacted with § lifts. Since the initial wa-
ter contents of both samples are ahnost the same (17.3% and
18.1%), a seductive argument would be that the better oriented
fabric obtained with the 5 compaction lifts was responsible for
the lower k value. Whereas this reasoning might be sustainedin
a complete clay system, the mixture of sand and clay however
preseats complications in clay distribution that would need fur-
tl&er fabric study before final definitive arguments can really be
offered.
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Table [11 - Hydrauhe Canducionn Resuits fo: Kaaliniee

Seznple Y (Wm’) (gh(l:l 1) , |I::P'°l :r'?u*'ilﬁm thlul’O‘P'bmmj
T®I1 168 33 50 250 )8 32
T 173 320 100 239 3 b
K 172 334 00 500 ) 13
™ 173 33 3 e .2 *n
™= 174 Hu b 1HD ] 1.
T 172 il w0l  Ton 12 1y
TGAMA 178 1.2 00 10 6.t Lo
TGAMB 16.2 1.0 o 1700 2 pA |
™ 173 53 100 700 . in
{prepared

wyh P

;I::.:;'RR 168 A3 A ig) ;;

comol }

TKBP 173 324 100 o py s
(b

prespure)

[9.%4] 17 - 50 pLi7 1] 3.7
(=57} 172 * 100 kL] 1 "
[= ¥a) 175 - %0 500 17 29
(=57 173 - 100 800 13 by
CX1} 17.4 ny k4] 1700 L 3.2
[m 4] 173 - 3 1o 33 32
[w &) 174 . 100 1700 19 -4
K" 17.4 .- 100 0 - 14
(prepared

with Pb}

** \q mexuremcnl was (aken. Auumed to be 12 %

Fig. 4 shows tbar the equilibrium permenbilities of the
other two samples {TSB33BP and TSB3INB}, which had ini-
tial gradieots four times higher { { = 100) than the other two
samples described heretolore, were two orders of magnitude
lower {than the other two samples). Two possible reasons ex-
ist for this significant reduction in permeability: (1) partial
pore blockage rSpore constriction) due to seepage forces that
displaces particles and/or fmup of particles, and (2) precip-
itation of lead as oxides due to the high pH of the mixture
{pH between 5.6 and 8.8). The results indicate that the drop
in k values occurred very rapidly over the first pore volume of
Pb-sclution, with a less rapid but albeit fast drop in k values
over the next 3 pore-volume permeation. This contrasts quite
dramatically with the results demonstrated by the two tests
with initial gradients of 25. From these initial obsenvations,
one can be persuaded that detachment of particles could occur
under the initjally “high™ gradient of 100, lesding thereby to
pore constriction (partial blockage). Observations of effluent
discharge showed that the effluent from sample TSB33BP (low-
est curve in Fig.4) became cloudy as the permeability dropped
from 4.0 x 10~7 to the equilibrium value of about 1 x 10~?
em/s. It is useful to note that an increase in the hvdraulic
E'ad.iem once the coeflicient of hydraulic permeability had sta-

ilized did not lead to a significant change in the k values of
test samples TSB13(3) and TSBI3(5) {two upper curves) .

. The effect of possible detachment of particles under ini-
tial higb gradients raises some very intetesting questions con-
cerning the application of high hydraulic ents to acceler-
ate required-time procedures in permeability tests (with clay
soils). The implications arising from the results shown in Fig.4
are very severe. Judgements based solely on the coefficient of
bydraulic permeability k obtained with samples TSB33BP or
TSB33NB where high initial gradients were used (bottom two
curves, k = apprax. 1 x:10~* cm/s), would indicatethat the
S/B mixture teated ensily qualifies as an engineered barrier ma-
terial. However, if the res&ts obtained with samples TSB13(3)
and TSB1¥5) where low initial gradients were used (top two

curves in Fig4, k = 1to G x 1077 em/s} are considered, the
judgement would be highly tempered, and wouid perhaps lead
to rejection of the material for use as an engineered barrier
matenal.

Limited tests on the influence of a lower concentration
of Pb (500 ppm Pb in the permeant instesd of 2500ppm) on
the coefficient of hydraulic permeability k, using the low hy-
draulic gradient of 25, produced k values in the order of 10~*
cm/s, - at least one order or magnitude lower than the k val-
ues obtained in the test series reported in Fig. 4 for the same
initial gradient of 25. The lower k value obtained with the
lower Pb concentration is not unexpected in light of the diffuse
double-layer (DDL) model, The mode! calculations (Yong and
Warkentin, 1975; Greenland and Hayes, 1975) show that the
DDL thickness is inversely proportional to the valence and to
the square root of the concentration (of the participating ions).
The schematic diagram in Fig. 5 shows the reduction in the
DDL due to the replacement of Na by Pb. Interpenetration of
the DDL, shown in the lower disgram will&roduce greater or
lesser midplane (electric) poteatials, depending on the species
of dissolved solute (Pb, in this casc) and concentration of the
dissolved solutes. The magnitude of the midplane potential
is indicative of the resistance to flow through the pore space
established between the two interacting particies (and DDL).
A description of the transport process through this type of
system can be found in Yong mg Samani, {1958).

Fig. 6 presents the results of permenbility tests performed
with the consolidation cell, All samples were compacted to the
“same” density (between 19.65 and 19.85 ' ¥/m?} and satu-
rated by fushing with a minimum of 2 pore volumes of distilled
water. The effect of Pb concentration can be evaluated by ex-
amining the results obtained for samples CSB33 and C5B31
where the Pb concentrations were 2500 ppm and 500 pprn re-
spectively for the two samples - with same inijtial hygrnulic
gradient of 100. Whereas the sample with the lower Pb con-
centration {CSB31) started with an initial k value about one
order of magnitude higher than the sample with the higher Pb
concentration, it is noted that both samples virtually devel-
oped the same k value after permeation with 3 pore volumes
of their own respective Pb permmeant.

-

To further explore the “same k value” phenomenon de-
monstrated by the two samples, the 5radient for the sample
with the higher Pb concentration (C5B33) was increased from
100 to 400 after permeation with 5 pore volumes of its Pb
permeant, and (the gradient) subsequently decreased from 400
to 200 after about 6.5 pore-volume permeation. In concert
with this, the sample with the lower Pb concentraton (CSB31)
stayed with its common initial gradient of 100 until after 8.5
pore-volume permeation, at which time, the gradient was also
raised to 200, to match thefld.icnt of the higher Pb concen-
tration sample test. The end result of this somewhat tortuous
gradient change procedure is to determine whether hydraulic

adient path dependency is a sufficiently important facter in
gevelopmcnt of the k value. As can be seen from the graphical
results shown in Fig. 6, the two curves remain virtually coin-
cident - except for the higher Pb concentration sample after 7
pore volumes of permeation when an apparent leak occured in
the s0il system.

To provide more information, a sample with the same high
Pb concentration of 2500 ppm was tested in the consolidation
cell under a lower hydraulic gradient (sample C§B13, i = 25).
As seen in Fig. 6, the initial k value of the sample lay inbetween
the previous two samples. However, 23 wns the case of the
previous two samples, the k value of the low gradient sample
dropped to a k value alightly lower than (or nearly equal to)
the equilibrium k value obtained by the other two m;?u after
eation by 3 pore volumes of its own Pb permeant. To
er complicate the problem of test results evaluation, the
ﬁmﬁcgmdjent of this sample was increased from 25 to 100
the 3 pore-volume permesation.
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i ible to provide a conclusive sct of arguments

mlt l‘smno:h?:c’;selrbformnﬁcz of the sand-bentonite mlsxlurc in
on nsol?dation cell - for determination of the “permeabil':ty':
tl;emog sample. Since the tests were designed as “exploratory’
fuu as opposed to prope:ty-determ?nation tests, replicate and
tematic p-arametric variation testing was not cond_uctcd. All
can be said about the test results at this stage is that the
uilibrium value for the sand-bentonite mixture tested appear
:oq asymptote to an equilibrium k value of between 2 x 1077
and 6 x 10-? cm/s — within the runge found for the tests with
the fexible wall test system for the high hydraulic gradien

tests.

The effect of precontamination was also evajuated and the
results of two tests are presented in Figure 7. Rather than mix-
ing dry material with distilled water, a Pb solution (2500 ppm
was utilized. Samples were compacted to virtually the same
density and initisl water content as the “non-precontaminatid
samples, and a hydraulic gradient of 160 was applied to the
Pb concentrated permeant (Pb concentration of 2300 ppm).
The results (Fig. 7) show that the L vlaues of the precon-
taminated samples may be several orders of mag;n;tude &‘realcr
than all other tests conducted on “non-precontaminated” sand
beutonite mixtures. The apparent difference o‘l' less than one
order of magnitude in k values between the triaxial and con-
salidation test results after 2 pore-vlume permeation for the
precontaminaated samples shown in Fig., 7 is not considered
significant - ecusidering the size and sample preparation (Pb
contamination) and saturation procedure differences between
the two types of test systein.

Chemical Analyses

The adsorption isotherm curves for the kaolinite, together
with the Pb adsorption results for both the triaxisl and consol-
idation permeability tests, shown in Figs. § and 0 respectively,
can be “fitted” by power curve fitting using the Freundlich
model (Greenland and Hayes, 1978). As noted on the dia-
grams, the Pb adsorption results for the triaxial permeability
tests are gbtained from the respective slices of the samples as
designated (top. middle and bottom). In the case of the consol-
idation (permeability) tests, only the top and bottorn slices are
obtained - in view of the initial small sample thickness. The
relatively high correlation coefficients {(fi?) obtained indicate
the capability of the Freundlich model to model the adsorp-
tion characteristics of the kaolinite used in this study.

As is obvious from Figs. § and 0, the quantities of Pb
adsorbed by tbe compacted kaolinite samples at various Pb
input permeant concentrations are much less than quantities
which characterize the adsorption isotherm (Pl adsorbed by
the corresponding kaolinite soil suspensions), even in the case
where almost total breakthrough (C/Co =~ 0.0} was reached
after several pore volumes bad leached through a sample. The
differences in Pb adsorption which are more significant at lower
concentrations are due primarily to availability of exposed clay
particle surfaces. This reasoning argues that with soil suspen-
sions, where all dispersed clay particles can contact the dis-
solved contaminant, accumulation processes are at their opti-
mum. In the case of compacted clays however, uggregate and
cluster formation will considerably decrease effective specific
surface area and will also severely hamper cation exchange, be-
cause the permeant fluid will {preferably) fiow around rather
then through these clay structures (Qlsen, 1062). The greater
flow length, represented hy the triaxial samples, appears to be
responsible for the higher degree of Pb adsorbed by the sam-
ples tested in the flexible wall permeameter (in g 4. /g40ir) than
those tested in the rigid wall (consolidation) cell.

Whereas Figs. 8 and 9 show that the amounts adsorbed hy
each section do not vary mppreciahly between samples, in spite
of differences in efflucnt concentration at termination of test,
hydraulic gradient, density and other parameters investigated,
it is noted that the differences between Pb adsorbed in the top
and bottom sections are significant, - reflective of the accumu-

lution processes occurnng within the sample and the depen-
dency on Aow path. Whilst the buHering capacity of kuolinite
is relatively low {see Yung et al, 1991), l%le present test results
show that Pb retention by the kaolinite samyples does occur ~ as
witness the observations showing that the nmietal was identified
in the effluent only after 2 to 3 pore volumes had been collected
during tests using the highest concentratiou permieant. From
the chetnical analyses. a simple set of calculstions indicnte that
the retardation factor for the samples ranged from 4 1o 3,

The ion mass balances calculated after ecach test for the
kuolinite sampies (ainount of Pb introduced in the system coni-
pared to the sum of amounts found in the adsorbed form, in the
pore fluid, and in the leachate collected) show at least a 90%
accountability (of the ions). The differences in cutput/input
can be attributed to experimental errors.

The Freundlich model was also found to fit the adsorp-
tion isotherm for the sand-bentonite (S/B) mixture - (Fig.
10). With the limited results available to-date. it is seen from
the Figure that at low input Pb concentrations, very Little Pb
adsorption occurs. This contrasts dramatically with Pb od-
sorbed at the high input concentrations, The similar sets of
reasoning can be postulated for $/B samnples (as i the case
of the kaalinite) for the differences between the quantities of
Pb adsorbed in the samples and the soil suspension. Further
investigation would be necessary to establish a correlation be-
tween the amonnts of lead adsorbed by compacted samples and
soil suspensions using the "effective” exposed surface ares as
input.

Since, in general, adsorption by compact clays will prob-
ably never equal the total adsorption by the same soil suspen-
sions, the specification of an appropriate equation to represent
the partitioning of (the amounts of) contaminant associated
with the solid and liquid phases becomes particularly impor-
tant. The uninformed use of the adsorption isotherm in all
cases inny lead Lo an improper evaluation of the adsorption ca-
pahility of the compact soil, particularly when only the linear
portion sometimes observed in the lower concentration range is
considered, The anppropriate model to describe the adsorption
curve is also of considerable concern. In this study, the non-
linear Freundlich model was used with success for both sail
suspensions and compacted knolinite samples, However, the
indications in regard to the compact sand-bentonite mixtures
suggest that considerably more testing i3 needed to support
the use of this model.

The breakthrough results shown in Fig. 11! indicate the
high retention capability, e.g. detection of PL in the efluent
occurred only after 4 to 5 pore volumes had been collected.
Tl.ie breakthrough point (C/Cy = 0.5) occurred at 7 to § pore
volumes.

CONCLUDING REMARKS

The results from the study agree with previous experi-
ence with Lkaolinite in regard to the relative inseasitivity of
the clay to pore-water chemistry changes. This is not totally
unexpected, and cen be explained in terms of the buffering
capability of the material (Yong et al, 1301). As seen in the
laboratory tests for permeability, using flexible and rigid wall
test devices, little differences exist between the k values deter-
mined with either device. This has been confirmed by other
researchers, and testifies to the relatively “inactive™ nature of
the material - i.e. “cracking” is not as severe a problem as in
other clays with more pronounced surface active forces.

In Pb retention analyses, it is seen that the amounts of Pb
adsorbed/g of soil for both the kaolipite and S/B samples were
greater as a result of tests with the triaxial cell ~ in contrast to
permeshility tests with the consolidation cell, It would appear
that path length and exposure tinie would have some decided
effect on adsorption efficiency. This would need to Le confirmed



toldWES §/C OML YIIM 81801 OMm) JOj BBAIND YBNOIYINESIG - |} einby 4
[poyic|d |OU SBN|BA)
1818m DRI }O Ad Z Bujysn)) Ag peIvinI®e £CESD sidweg -
sinneesd-yawq JO uopEdidde Aq pesuniee (E)E19SL edweg -
(wdd 009Z) weewied Byl Y qd }O UC|IRIJUESUGD JSH |V BYL 8] 0D - TeqD
(00Z+] 103 b/wD §-3 0% = N
(0OL=) 104 W;mD §-3 0') « W) [o/mpn 2-2 D°¥ - N)
CEBSD 4 [(€)E18S) ——

D#1281 |03 FBwWN|ox 8100
02 ai gt Pl 2l o] B 8 4 [ 0

T T T T T ¥

=}

[{(EIFIABL)
L LA

(ecaaa) .A <0
Qai-l

80

02 7 (D] wenyie 1uedue)H

190 UC[IEP|IOILOD BY| Uy PEININXT BIASL ‘eljujjouy Aq pweq Jo uojidicepy - 8 snbid

sen[ua eeuy] |0 9BRI0AR Syl SjUPYeIde) jujod yoswe -
BRAIND |18 JOJ PUAN WBM JBPOW YDIpUnelg 8y} - F0q0

uon09g 4ol x uopoag woley 4 vofsuadang (108 .

[wdd) uonmuesLeD wiHgN PR

0092 0002 00S1L 000t 009 0
T T T v \\Mhtv.\u\u\ o
\
e “ \\ {001

=
~AF
-3 * 4002

< 00

‘. / - {oor

l\\\‘\\\ .
(68°0 = W Y et e £L000°0<0 :Bujii() 9AIND Jemod)
. wiey|oe| uaiidiospy
- ———— 009
(119 jo Bpeqiaupe q4 10 0) g-at « b

B804 O -~

a/s 4q pee jo uopdiospy - Of emndid

uvew iad 91} U) fid JO UCHIBIIVSDUOD [B{||U] B} 8] 0D -

(I£)C1881 91d9 JO N |dedxe) seniss £ O Bas e1]) sjuessIdal jujod yoee -
-JoR] “ApY B} JO| pEBN BeM |SpOW YIIPUNSI S BY] - ¥9Q0

‘mnsse ¢ ad §A1 ‘wnns8 A g CMAIDE S A8 § wAdDE 0.4d B
10 = 83/ OO ODID T0D - BD/D 10« 01D
wdd 0DgZ » 0D mdd ppdf + 05 Wwdd ppy » 0D wIO DOJT - °D
‘ 9% = o0l * ) oD} =} o0 ¢}
{(€)IE1831 N d8EELABL x 1€88D = £C88D +
8
{wda) uojiRijusduoD wmayIQaby
000E 0092 0002 oos oool D09 ]
'} x L A 1 ! ] o
1 a8
{(0=]adl) Lpue W - 0oz
b T1ied wolioq « g - 00F
(ywn _.m 11ed pp|w - |
sdwan (o j18d doj - | - 008
1 e
1
a'"8 - 008

\\.\\\\.\\\\\\\) ) N . 0001

{998'0 -.: “...A.U 92100070 = & BUjlll) 84N Jemod)
w9 on) no|1dJoepy

0o0Z1

{ilos j@ B ; peagqioepw q4 1P 8) g-01 « b

189 18[XR[IL Y] Uj PRINIEXT BIREL “9IUILO8) Aq pweq jo uojidiospy - @ by

SON|EA 901y) O sBeseaR Byl piusassdes jurod yaee -
294 IND ||k 1O] PRAN BEM [DPOW NINIPUNSIS BY] - req0
uonseyg doxy < uoi2e8s PP 1N

yojlaes WOl x 82|15 woned | uojsusdeng |08 .

(Wdd) UGIIBIIUEDUOD wNIgH NI

0092 0002 [s]a1:]1 000} 009 0
e Bt eI e o

001
002
400¢
J1Q0r

(680 « H _-.- -D £41000°0=0 GuULil) eaIn3 1emod)

‘' wieyloey voiidIovpy
; e - [ —  , T |-

{nas jo ?.u.n.a.u.. qd jo 8) g-0L -+ B



i i he effective
:th supporting calculations and measurements of t flect]
with PP.:;HME areas between the triaxial and consolidation

samples.

The selection of the relationship “needed™ to represent the
artitioning of the amounts of contaminants associated with
the solid and liquid pheses at various contaniinant concentra-
tions appears to be particularly inportant. Partitioning med-
elling must respect the difference between the compact soil sys-
tem and the soil suspension. The unenlightened use of “text-
book" values or models for all cases may lead to an improper
evaluation of the adsorption capability of the compact soil. per-
ticularly when only the linear portion, somctimes observed in
the lower concentration range, is cpns:dcred. In a‘ddmon, thp
choice of a proper model 1o describe the adsorption curve is
also of considerable concern. In this tudy, the non-linear Fre-
undlich model was used with success for bath soil suspensions
and compacted kaolinite samples. In regard to the compact
sand-bentonite mixtures, more results are needed to test use
of this model.

ACKNOWLEDGEMENTS

This study was conducted under a Grant in aid of research
from the Natural Sciences and Engineering Council (NSERC),
Grant No. A-B82.

BIBLIOGRAPHY

Bolland, M.D.A., Posner, A.M., and Quirk, J.P., 1050; “pH-
Independent and pH-Dependent Surface Charges on Kaolin-
ite", Clays and Clay Minerais, Vol. 28, No. 6. pp. 412-418.

Bowders, J.J., Daniel, D.E., 1987; “Hydrauloc Conductivity of
Compacted Clay to Dilute Organic Chemicals™, J. Geot. Eng.,
Vol. 113, No. 12,

Bowders, 1.J., Daniel, D.E., Broderick, G.P., and Liljestrand,
H.AL., 1956; “Methods for Testing the Compatibility of Clay
Liners with Landfill Leachate™, Hazardous and Industrial Solid
Waste Testing: Fourth Symposium, ASTM STP 8§56, pp. 223-
250.

Chapuis, R. P., 1990: “Sand-bentonite liners: Field Control
Methods™, Can. Geot. Journal, Vol, 27, No. 2.

Chhahra, R., Plevsier, J., and Cremers, A., 1975; “The Mesn-
surement of the Cation Exchonge Capacity and Exchangeable
Cations in Soils: A New Method™, Proc. of the lnt. Clay
Conf., Applied Publ. Ltd.. Wilmette, Ili., pp. 439-449.

Daniel, D.E.. Anderson, D.C., and Boynton, $.5., 1985,
“Fixed-Wall Versus Flexible-Wall Permeameters”, Hvdraulic
Barriers in Soil and Rock, ASTM STP §74, pp. 107-126.

Dunn, R.J., and Mitchell, J.K., 1984: “Fluid Conductivity
Testing of Fine Grained Soils”, J. Geot. Eng., ASCE, Yol.
110, No. 11, pp. 164S-1665.

Duquette, M., and Hendershot, W.H., 1987; “Contribution of
Exchangeable Aluminum to Cation Exchange Capacity at Low
pH". Can. J. Soil Sci., No. 7, pp. 175-185.

Eklund, A.G., 1985: A Laboratory Comparison of the Effects
of Water and VWaste Leachate on the Performance of Soil Lin-
ers”, Hydraulic Barniers in Soil and Rock, ASTM STP 8§74, pp.
188-202,

Greenland, D. 1., Hayes, M.H.D., 1978: “The Chemistry of Sail
Constituents”, Wiley, London.

Grim, R.E.. 1968; “Clay Mineralogy™, McGraw-Hill, N.Y.
Jackson, M.L., 1067; “Soil Chemistry Analysis”, Preatice Hall,
New Delhi.

Jackson, M. L., “Soil Chemical Analysis - Advanced Course”,
2nd. Edition, Published by the author, Department of Soil
Sciences, University of Wisconsin, 1967,

Lambe, T.W, 1958, “The E.ngine-erins Behavior of Compacted

Clay™, J. Soil Mcch. and Found. Div., ASCE, Vol. 84, No.
SM 2, paper 1655.

Mitcheil, J.K., Hooper, D.R., Campanella, R.G., 1665, “Per-
meability of Compacted Clays”, J. Seil Mech. and Found.
Div., ASCE, Vol. 91, No. SM4.

Olsen, H.W., 1962; “Hydraulic Flow Through Saturated
Claye™, Clays and Clay Minemls, Vol. 9.

Olson, R.E., and Daniel, D E., 198); “Measurement of the Hy-
draulic Conductivity of Fine-Grained Soils”, Permeability and
Groundwater Coataminant Transport, ASTM STP 746, pp.
18-64.

Peirce, J.J., and Witter, K.A., 1986; “Termipation Criteria
for Clay Permeability Testing”, J. Geotech. Eng., ASCE, Vol
112, No. 9, pp. 841.854,

Yong, R.N. and Warkentin, B.P., 1975; “Soil Properties and
Behaviour”, Elsevier, N.Y.

Yong, R-N., Warith, M.A., Doonsinsuk, P., 1986; “ Attenua-
tion of Landfill Leachate by Clay Soil: a Comparative Labo-
ratory and Field Study™, Proc. Int. Conf on Environmental
Geotechnology, Vol. I, Pennsylvania.

Yong, R.N., and Samani, HM.V., 1988; “Effect of Adsorption
on Prediction of Pollutant Migration in a Clay Soil®, Proe.
of Joint CSCE-ASCE National Conference on Environmental
Engineering, Vancouver,

Yong, R.N., Warkentin, B.P., Phadungchewit, Y., and Galvez,
R, 1991; “Buffer capacity and lead retention in some clay ma-
terials”, Jour. Water, Air and Soil Pollution, Vol. 53.



