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Theme lecture: Pollutants containment via passive barriers 

Exposé sur le thème: Confinement des polluants par barrières passives

M. M a n a s s e ro  -  Technical University of Torino, Italy

A BST R A C T: A fter a sho rt intro d uctio n o f  the main types o f  passive barriers to d ay used  fo r to p , bo tto m  and side landfill liners and polluted  

subso il co nfinem ent, the paper d escribes the main features and new  trend s o f  co m p acted  clay liners (C C L), geo synthetic clay liners (G C L) 

and cu to ff  slurry w alls (SW ) in relatio n to  the d esign, co nstructio n and quality  co ntro l in the sho rt and lo ng term. So m e to p ical pro blem s 

have then been d iscussed  w hile lo o king  at the main exp ected  features o f  a p assive barrier, such as low  hydraulic conductiv ity, compatibility, 

durability, attenuatio n cap acity  and lo w  d iffusio n-d ispersio n. These pro blem s in particular concern the co rrect and reliable executio n and 

interp retation o f  labo rato ry  tests, the relative im p o rtance o f  d ifferent p aram eters fo r the evaluation o f  the barrier p erfo rm ance and the 

theo retical mo delling o f  po llutant m igratio n at the interface betw een the small scale o f  the barrier and the large scale o f  the aquifer. Finally, 

a co m p ariso n betw een p rescriptive and p erfo rm ance design ap pro aches has been attempted  in o rd er to  try to  obtain so m e useful ind ications 

on p o ssible future d evelop m ents in the field  o f  regulations and reco m m end ations in the light o f  the d iscussed  modellings and param eters 

reliability.

R ESU M E: A p rès une brèv e intro d uctio n sur les principaux types de barrières p assives utilisées aujo urd ’ hui dans les systèm es d ’ ètanchéité 

des fo nd s, bo rd  et co uv ertures d es d écharges et dans le co nfinem ent des so ls co ntam inés, l’ article d écrit les principales caractéristiques et 

les no uvelles tend ances dans l’ utilisatio n de rev êtem ents tels que l ’ argile co m p acté, les géo synthetiques et les paro is m o ulées po ur ce qui 

co ncerne le p ro jet, la co nstructio n et le co ntrô le d e qualité à co urt et à lo ng  term e. Q uelques questio ns d ’ actualité sont traitées par la suite, 

se référant aux principales caractéristiques q u ’ une barrière passive doit gard er, telles que basse co nd uctiv ité hydraulique, co m patibilité, 

durabilité, cap acité d ’ atténuatio n et basses d ispersio n-d iffusio n. Ces pro blèm es co ncernent p articulièrem ent la co rrecte et fiable exécutio n et 

interp rétation des tests en labo rato ire, l ’ im p o rtance relativ e des d ifférent p aram ètres dans l’ évaluation d es p erfo rm ences de la barrière et la 

m o d élisation théo rique d e la migration des po lluants à l’ interface entre la barrière, qui est à petite échelle, et l’ aquifère, à grand e échelle. En 

co nclusio n, o n tente une com p araiso n entre les ap p ro aches d ’ un p ro jet qui donne des p rescrip tio ns et d ’ un pro jet qui gard e aux 

p erfo rm ances, dans le but d ’ essayer d ’ o btenir quelques ind icatio ns utiles sur les p o ssibles futurs d évelopp em ents dans le d omaine d es règles 

et reco m m and atio ns, à la lum ière de la fiabilté d es m o d élisations et des p aram ètres tratés dans l ’ article

1. IN TR O D U C TIO N

O ne o f  the main co ntributio ns o f  g eo technics to  to p ical 

env iro nm ental p ro blem s can be singled  o ut in the field  o f  the 

d esign and co nstructio n o f  p assive barriers fo r po llutant 

co ntainm ent.

Th e main ad vances in this field  o v er the last 10 years can be 

listed  as fo llo w s (M anassero  et al., 1996): (1)  setting  up and 

o p tim isation o f  em p lacem ent m etho ds fo r co m p acted  clay liners, 

lead ing on av erage to  a field  hyd raulic co nd uctiv ity  red uction o f  1 

o r 2 o rd ers o f  m agnitude in co m p ariso n to  o riginal co m p action 

p ro ced ures adapted  fro m  structural em bankm ents; (2)  setting  up 

and o p tim isation o f  executio n techniques and backfillling  mixtures 

fo r c u to ff  w alls; (3)  the use o f  co m p o site liners and co m p o site 

cu to ff  w alls that results in a further red uction o f  the field  hydraulic 

co nd uctiv ity  by abo ut 1 - 2 o rd ers o f  magnitude, at least in the 

sho rt to  medium term s (50 - 150 years) plus o ther significant 

ad vantages, in term s o f  landfill bo tto m  drainage efficiency  and 

im p ro vem ent o f  mineral liner co m p atibility ; (3)  setting  up and 

o p tim isation o f  suitability  investigations and quality co ntro l 

p ro ced ures, in term s o f  labo rato ry  and in situ tests and m o nito ring  

system s; (4 )  reco g nitio n o f  the im p o rtance o f  so rp tio n d ispersion 

and d iffusion pheno m ena in relatio n to  the g lo bal efficiency  o f  the 

mineral barriers; and (5)  the use o f  g eo synthetic p ro d ucts w ith 

d ifferent functio ns w ithin the d ifferent liners and barrier pro files.

The main typ es o f  passive barriers to d ay employed  fo r po llutant 

co ntainm ent can be listed  w ith reference to  the co v er, bo tto m  and 

sid e system s:

-  co v er barriers can includ e co m p acted  clay o r mineral liners

(C C L), g eo synthetic  clay liners (G C L), geo m em branes,

cap illary  barriers and co m p o site barriers that result fro m the

co m binatio n o f  the previously mentioned  d ifferent types;

-  the main types o f  bo tto m  barriers fo r new  landfills co nsist o f  

co m p acted  clay liners, g eo synthetic clay liners, geo m em branes 

and co m p o site barriers; w hereas ind igenous, gro uted  and je t 

gro uted  barriers are the m o st co m m o n types fo r abandoned  

landfills and po lluted  sites. Tunnelling and m icro tunnelling 

techniques have also  been pro po sed  in the case o f  the very 

p articular co nd itio ns o f  abando ned  landfills, but to  the au tho r’s 

kno w led ge real full scale ap p licatio ns have been very rare, if  

any, up to  d ate;

-  the main types o f  vertical side barriers o r cu to ff w alls co nsist o f  

slurry w alls (SW ), sheet and intersecting  pile w alls, co ncrete 

d iaphragm w alls; gro uted  and je t gro uted  curtains; so il-m ix 

curtains, freez ing  curtains, reactive w alls (w hich are so m ething 

p laced  betw een passive barriers and clean up system s fo r 

po lluted  sites) and co m p o site barriers made by co m bining  so m e 

o f  the prev io us types.

D ue to  sp ace co nstraints it has here been decided  to  

co ncentrate o n: (1)  C C L; (2)  G C L and, (3)  SW  This cho ice has 

been mad e because o f  bo th their present w o rldw id e d iffusion and 

the po tential o f  interesting  d evelopm ents in the future.

2. C O M PA C TED  C LA Y O R M IN ER A L LIN ER S

The vario us m aterials that can be used  fo r C C L’s are outlined  in 

tab. 1 (Shackelfo rd  &  N elso n, 1996). The first class o f  materials 

includes d ifferent co m binatio ns o f  naturally o ccurring  so ils, usually 

lo cated  in bo rro w  p its near the d ispo sal site.

A  m ixture o f  o ne o r m o re co nstituent so ils that are blend ed , o r 

mixed  to g ether to  fo rm  a new  soil w ith the desired  p ro p erties is 

referred  to  as a blended  soil.
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T a b le  ] . C o m p ac te d  c la y  (m in e ra l)  lin e rs  (ad ap ted  f ro m  Sh ac k e lf o rd  &  N e lso n , 1 9 9 6 )

M A T E R IA L S E X A M P L E S

N A T U R A L  SO IL S 

(Fro m  b o rro w  so u rc e )

S ilts  and  c lay

San d s w ith  s ig n if ic an t f in e  c o n ten t

B L E N D E D  SO IL S O R  SO IL

M IX T U R E S

(Fro m  q u arrie s)

San d / attap u lg ite  c laay  

San d / so d iu in b e n to n ite s 

Sand / calc iu m  b en to n ite s

A M EN D E D  O R  C H EM C A L L Y  

ST A B IL IZ E D  C L A Y  SO IL S

C la y  so il w ith  attap u lg ite  c lay

C la y  s o ilw ilh  b e n to n ite s

C lay  so il w ith  c e m en t

C lay  so il w ith  f ly  ash

C la y  so il w ith  lim e

C la y  s o il  w ith  o rg an ic  m o d if ie rs

C la y  so il w ith  p o ly m ers

M U L IT M IN ER A L - M U L 1 1 L A  Y E R  

C L A Y  L IN ER S

C la y  so il  co u p led  w ith z e o lith es 

C la y  so il  co u p led  w ith ac tiv ated  c arb o n  

C la y  so il c o u p led  w ith  in o rg an ic  o x id e s  

C la y  so il co u p led  w ith m ic ro b ac te ria  

c u ltiv atio n s

A m end ed  o r chem ically  stabilised  so ils may be required  w hen 

the o riginal fine grained  so il p resents an unaccep table large HC 

and/ or is no t co m p atible w ith the liquid w aste o r leachate that 

must be co ntained . A ttap ulgite and bento nite are usually employed  

fo r d ecreasing  hyd raulic co nd uctiv ity  (H C ). Cem ent, fly -ash and 

lime can be used  bo th to  d ecrease H C and to  increase strength; 

o ther p o sitive effects such as p recip itatio n o f  heavy m etals due to  

an alkaline env iro nm ent have also  been m entioned  in literature.

O rganically  mo dified  clays, o r o rgano p hilic-clays are natural 

clays w here the ino rganic interlayer exchangeable catio ns have 

been substituted  by  o rg anic catio ns such as quaternary  ammonium 

o rganic catio ns, benzyltriethyllam m o nium  (BT EA ) bro m id e o r 

d o d ecyltrim ethylam m o nium  (D D TM A ) brom id e. This substitutio n 

enhances the ability  o f  the clay  to  abso rb o rganic chem icals (e.g . 

benzene, d ichlo ro benzene, p erchlo ro ethy lene), as repo rted  by 

Shackelfo rd  &  N elso n (1996) . Synthetically  pro d uced  po lym ers 

(e.g . m etacrilates, p o lyacrylam m id e, e tc .)  can be added to  clay 

so ils to  d ecrease the H C via their d ispersive cap acity  on clay 

p articles.

In o rd er to  o p tim ise features such as lo ng  term  H C, high 

so rp tio n cap acity  and long  term  chem ical stability  o ne o f  the new  

trend s in mineral liner design co nsid ers the co m bination o f  

d ifferent mineral layers w ith d ifferent functions (Brad l &  Kliesh, 

1997; G o u v eno t &  Raillard , 1997). Kao linitic  clays are usually 

used  fo r inactiv e and low  perm eability  layers, w hile o rgano p hilic 

bento nites, zeo lithes, activated  carbo n, ino rganic o xid es and 

m icro bacteria cu ltivatio ns are employed  as active high so rp tio n o r 

d egrad ation layers.

3. G EO SY N T H ET IC  C LA Y LIN ER S

The use o f  G C L’s can, in so m e cases, be a valid alternative to  

C C Ls. H o w ever a series o f  d elicate asp ects must be carefully  

co nsid ered . These  include: (1 )  the co m p atibility  pro blem s o f  

sod ium bento nites that fo rm  m o st C C L's, (2)  p o ssible w etting  and 

drying sequences in the field , and (3)  so rp tio n cap acity  and 

sensitiv ity  to  p o tential m echanical d am ages due to  the limited 

thickness o f  this kind o f  barrier The pro blem s o f  the general 

stability  o f  the w aste bo d y must also  be carefully co nsid ered  in 

G C L ap p licatio ns (D aniel, 1997).

A  qualitative co m p ariso n o f  G C L's and C C L's, provided  by 

d ifferent autho rs referring  to  d ifferent criteria is p ro po sed  in 

tab. 2. Th e p erfo rm ance o f  a G C L, fo r m o st criteria, should be 

either equivalent to  o r exceed  that o f  a C C L. H o w ever, in term s o f  

liner ap p licatio ns, the co nsid eratio ns o f  so lute breakthro ugh time, 

co m patibility , and attenuatio n cap acity  fav o urs CC L's. So m e 

excep tio ns can be mad e fo r G C L's that use geo m em brane supp orts 

instead  o f  g eo textiles.

A n interesting  co m p ariso n betw een co m p o site co m p acted  so il 

barriers o f  d ifferent thicknesses and a typ ical co m p o site 

geo synthetic clay  barrier has been mad e (Fo o se et ah , 1996) in 

fig . 1. A ltho ugh the G C L  g iv es fully  accep tab le results, in term s

T a b le  2 . Po te n tia l e q u iv a le n c y  b e tw e e n  g e o sy n th e tic  c la y  lin e rs  ( G C L s )  and  c o m p ac ted  

c lay  lin e rs  ( C C L s )  ( a f te r Sh a c k e lf o rd  &  N e lso n , 1 9 9 6  and  D a n ie l, 1 9 9 5 ) _____________

C rite rio n Eq u iv a le n c y  o f  G C L  to  C C L

C ate g o ry fo r G C L G C L G C L Site  o r

Ev alu atio n Pro b ab ly

Su p e rio r

Pro b ab ly

Eq u iv ale n t

P ro b ab ly

In ferio r

Pro d u c t

D ep en d en t

E a s e  o f  P lac e m e n t X

M a te n a l A v ailab ility  

Pu n c tu re  R e s is ta n c e

X

X

C o n stru c tio n Q u ality  A ssu ran c e X

Issu e s Sp e e d  o f  C o n stru c tio n  

Su b g rad e  C o n d itio n  

W ate r R e q u ire m e n ts  

W e ath e r C o n stra in ts

X

X

X

X

Contaminant

Transport

Issues

Atténua iron Capacify 

G a s  P e rm e ab ility  

Solute Breakthrough 

Time

X<’ >

x m

X

X

X

H y d rau lic

Issu es

Compat ibili ty 

C o n so lid atio n  W ate r

X ®

X

X

Stead y  F lu x  o f  W ate r 

W ate r Break th ro u g h  

T im e

X

X

B e a rin g  C ap ac ity  

Ero sio n

X

X

Ph y sical/ Fre e z e -T h aw X

M e c h an ic a l Se ttle m e n t-T o ta l X

Issu es Se ttle m e n t-D iiT e re n tia l 

Slo p e  Sta b ility  

W e t-D ry

X

X

X

(,)  B a s e d  o n ly  o n to tal e x c h a n g e  c ap ac ity , T E C  

(2) O n ly  fo r G C L s  w ith  a g e o m e m b ran e

Illustrations o f  the Three Liner Systems 

Modeled.

Input Parameters fo r Models._____

P a ra m e te r V a lu e  o r  D e s c r ip tio n

T y p e  o f  

C on ta m in a n t

in o rg a n ic

D e p th  o f  Lea ch a te 3 0  cm

T h ic kn e ss  o f  

G e o m e m b ra n e

0 .1 5 2 4  cm

W id th  o f  D e fe c t 0 .4  cm

L e n g th  o f  D e fe c t 9 T  cm

F re q u e n c y  o f  

D e fe c ts

1 p e r H a

S o i 1 -G e o m e m b ra n e  

C on ta c t

P e rfe c t (F in ite  D i ff e re n c e  and  O g a ta - 

B a n k s )

G o o d  (P O L L U T E )

H y d ra u l ic  

C o n d u c tiv ity  o f  S o il 

L in e r

1 x  10‘7 cm /sec

H y d ra u l ic  

C o n d u c tiv ity  o f  

G C L

1 x  10'® cm /sec

H y d ra u l ic  

C o n d u c tiv ity  o f  

U n d e r ly in g  S oil

1 x  10-7 cm /sec

E ffe c ti v e  D i ff u s io n  

C o e ff ic ie n t o f  

C on ta m in a n t in  S oil 

and  G C L

4 .7 5  x  1 0 *  c m V y r

L o n g itu d in a l and

T ra n s v e rse

D is p e rs iv ity

0

R e ta rd a tio n  F a c to r 1

L e n g th  o f  

S im u la tio n

3  years

C lo s u re  C r ite r ia  fo r  

F in ite -D i ff e re n c e  

F lo w  M o d e l

1 x  10"5 cm

B o u n d a ry  

C o n d i tio n s  fo r  

C o n ta m in a n t 

T  ra n s p o n

c(z à0; t=0) = 0 

c (z £0;t>0) =  1 

c(z=<*>; t>0) = 0
w h e re  z  is  tr ie  ve rt ic a l d i re c t io n

Fig u re  1. Break th ro u g h  c u rv es o f  d if fe ren t ty p es o f  c o m p o site  lin e rs  ( a f te r  Fo o se  et 

a l . ,  1 9 9 6 )
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o f  H C, it is p o ssible to  o bserv e that, referring  to  all the ad opted  

m o d els (P O L L U T E; Finite -D ifference, FD ; O gata &  Banks, 

1961, O / B) the relativ e co ncentratio n versus tim e at the exit 

bo und ary  is much higher w hen a G C L  is used  instead  o f  the 

d ifferent C C Ls. Th is fact should  draw  attention to  the p ro p er use 

o f  thin liners in the case  o f  go verning  d iffusiv e transpo rt.

4. SL U R R Y  C U TO FF W A LLS

The three basic backfilling  m ixtures fo r SW  include: (1)  cem ent- 

clay  (usually  bento nites) self-hard ening  slurries; (2 )  so il-clay  

m ixtures; and (3 )  p lastic co ncrete mixtures. The new  trend s and 

co m p o sitio n o f  backfilling  m ixtures, to gether w ith the 

co rresp o nd ing  literature references, are repo rted  in tab. 3. It is 

apparent that the main co ncerns in d evelo p ing  new  backfilling  

m ixtures are: their co m patibility  w ith the po llutants that must be 

co ntained , d iffusion p heno m ena minimisation, and so rp tio n 

cap acity  m axim isatio n.

If  o ne lo o ks, in particular, at cem ent-bento nite se lf hardening 

slurries, w hich are the m o st com m o n backfilling  m ixtures used  in 

W est Euro p e, it is w o rthw hile to  m ention the stud ies on the 

influence on H C o f  facto rs such as so lid  co ntents, curing  time, 

co nfining  stresses, stress-strain behav io ur and chem ical 

co m p o sitio n o f  the p erm eants (see M anassero  et al., 1995)

A  co m p rehensive exp erim ental study on H C versus time has 

been carried  o ut by Fratalo cchi et al. (1996) . The experimental 

results sho w  that the d ecrease o f  hydraulic co nd uctiv ity  w ith time 

can be fitted  by an expo nential equatio n, as repo rted  in fig. 2a. In 

the sam e figure exp erim ental d ata fro m  d ifferent m ixtures are 

p lo tted  w ith the lines that rep resent the fitting  curve pred ictio n and 

the range o f  p o ssible estim atio n erro rs. The assessed  H C's versus 

tim e have been based  on H C m easurem ents at 28 days. The 

param eters a  o f  the best fitting  functions have simply been related  

to  the cem ent to  w ater ratio  (fig . 2b ). A n independent 

d eterm inatio n o f  a  is reco m m end ed  (M anassero , 1996) fo r types 

o f  cem ent and/ or bento nite that are d ifferent fro m tho se used  in 

the research.

D etailed  info rm ation on p hysico -chem ical interactio ns betw een 

C B m ixtures and chem ical co m p o und s to  be co ntained  by SW  can 

be fo und  in the p apers o f  Z ieg ler et al. (1993) ; G o uv eno t and 

Bo u chelag hem  (1993) ; Finsterw ald er &  Sp irres (1990) ; M uller 

Kirchenbauer et al., (1991) , Jessberg er (1994) , M itchell (1996) , 

H erm anns-Stengele (1997) .

5. SO M E A SP EC T S O F BA R R IER  D ESIG N , C O N STR U C ­

TIO N  A N D  LO N G  T ER M  PERFO RM A N C ES

The main requirem ents and/ or features o f  p assive barriers are here 

listed  in a p ro p o sed  o rd er o f  im po rtance:

-  lo w  HC is the fund amental feature o f  passive barriers;

-  d urability and high co m p atibility  are the abilities to  maintain 

low  H C o v er the long  term  and w ith d ifferent permeant liquids;

-  after these p ro p erties related  to  H C, the attenuatio n and 

im m o bilisatio n cap acity  (i.e. so rp tio n, ion inclusion, 

p recip itatio n enhancem ent e tc .)  can be co nsid ered  as the seco nd  

basic feature in o rd er o f  im p o rtance, fo llo w ed  by;

-  the low  d iffusion-d ispersion param eter, w hich can go vern 

transp o rt p heno m ena only w ithin certain ranges o f  H C values 

The relativ e im p o rtance o f  H C and d iffusion param eters can be

ap p reciated  fro m  the grap hs o f  fig. 3. The range o f  d iffusion 

co effic ients o f  mineral barriers is show n versus their po ro sity  in 

fig. 3a; the upper asym p to tic trend  is, naturally, to w ard s the 

d iffusion co effic ient in free w ater; no  higher values are po ssible. 

The sam e range o f  d iffusion variatio ns is rep o rted , in term s o f  

co ntam inant flux, as a function o f  the D arcy  v elo city  (w hich is 

p ro p o rtio nal to  H C ) in fig. 3b. It is p o ssible to  clearly  o bserve that 

only by red ucing  H C to  belo w  10'9 cm/ s, can the d iffusion play a 

significant ro le in term s o f  co ntam inant flux. O ver this value the

A d d itiv e s an d  m ain  

co m p o u n d s

Im p ro v em en ts and  

ad v an tag es

R e fe re n c e s

So d iu m  m e tac rila te s , 

a lk a lin e  s ilic a to -a llu -  

m in ate s  an d  o th er 

d isp e rs iv e  c h e m ic a l 

ad d itiv es fo r C B  and  

p las tic  c o n c re te  m ix ­

tu res

D e c re ase d  h y d rau lic  c o n ­

d u c tiv ity , in c re ased  re s i ­

s tan c e  ag a in st ac id  c o m ­

p o u n d s

G an d ais  &  D e lm a s , 1 9 8 9 ; D e  

P ao li e t a l ., 1 9 9 1 ; Esn au lt,

1 9 9 2 ; G o u v en o t &  

Bo u c h e lag e m , 1 9 9 3 ; 

D av id o v its, 1 9 9 3 ;

G an d ais  e t a l., 199 4 ;

Brau n s e t a l . ,  1 9 97
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Fig u re  2. ( a )  H y d rau lic  c o n d u c tiv ity  v s. tim e  o f  so m e c e m en t-b en to n ite  m ix tu res  and  

( b )  a sse ssm e n t o f  e xp o n en t a  o n th e  b asis  o f  th e  c e m en t c o n te n t (a f te r Frata lo c c h i e t 

a l., 1 9 9 6 )

D if f u s io n  c o e f f i c ie n t ,  D *  (m * /s )
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D i f fu s io n  c o e f f i c ie n t ,  D ’  ( m * /y )  

D a r c y  v e lo c i ty .  V a  (m /s )
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D a r c y  v e lo c i t y ,  V a  (m /y )

Fig u re  3. ( a )  R an g e  o f  d if fu sio n  c o e f f ic ie n ts  fo r so ils  an d  m in eral b a rrie rs  an d  ( b )  

re lativ e  im p o rtan ce  o f  d if fu siv e  and  ad v ec tiv e  tran sp o rt thro u g h m in e ral b arrie rs 

(ad ap te d  fro m  M an h e im , 19 7 0 ; R o w e , 19 88 ; and  Je ssb e rg e r , 19 9 5 )
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w ho le co ntam inant flux is go verned  by ad vection, even in the 

w o rst case  o f  the highest d iffusion co efficient

The im p o rtance o f  the reactive nature o f  p assive barriers, in 

term s o f  attenuatio n cap acity  asso ciated  to  co m p atibility  

characteristics, is illustrated  in the paper by Shackelfo rd  (1997)  

that has been p resented  during the panel d iscussio n at this 

co nference.

The main g eo technical issues related  to  the basic requirem ents 

o f  the prev io usly  mentioned  passive barriers can be co nsid ered  by 

referring  to  the d esign and co nstructio n phases and to  the co ntro l 

o f  the long  term  behav io ur

The design p hase is characterised  by the cho ice o f  m aterials and 

co m p o nents o f  the barriers fo llo w ed  by suitability  testing  and 

transp o rt pheno m ena sim ulatio n. A s far as transp o rt phenom ena 

sim ulatio n using theo retical m o d els is co ncerned , many important 

to p ics are still under d iscussion to d ay such as stability  and 

reliability  o f  num erical m o d els and the sim p listic nature o f  

analytical and sem i-analytical m o d els w hich, in many cases, do  no t 

allo w  o ne to  take subso il hetero geneities and co m p lex bound ary 

co nd itio ns into  acco u nt (TC 5-Shackelfo rd  et al., 1997).

M o reo v er, the influence o f  co up led  flow  phenom ena, 

unsaturated  p o ro us media, effective po ro sity , anion exclusio n, 

m atrix d iffusion, no n-linear and rate d epend ent so rp tio n, 

co m p lexatio n and, bio d égrad atio n can play a significant ro le on the 

barrier effectiv eness even tho ugh they are neg lected  in m o st o f  the 

current m o d elling  ap p ro aches (TC 5-Shackelfo rd  et al., 1997) 

Finally, the need  o f  im plem entatio n o f  an “ asso ciated ” 

m o d elling  ap p ro ach in w hich a lo cal model (e.g . o ne-d im ensio nal) 

o f  the lo w  p erm eability  barrier system  w ould  be so lved  sep arately  

and co up led  w ith a fu ll-scale transp o rt co d e as a so u rce term  

(Rab id eau et al., 1996)  should  be mentioned

In the fo llo w ing  part o f  this paper, attention is fo cused  on the 

cho ice o f  app ro p riate bound ary co nd itio ns lo o king  in particular at 

the interp retation o f  labo rato ry  tests fo r the assessm ent o f  

ad vection d ispersio n reactio n equatio n (A D RE) input param eters. 

H o w ev er the im p o rtance o f  bound ary co nd itio ns also  reflects on 

the results o f  m o d elling  the barrier full scale behav io ur (Rabid eau 

et al., 1996).

Co nstructio n p ro ced ures, quality  co ntro l and final accep tance 

criteria deal w ith further im po rtant issues w ithin the g eo technical 

field , lo o king  in p articular at the pro blem o f  scale effect The 

singling o u t o f  index p ro p erties w hich play fundamental ro les in 

ad d ressing  quality  co ntro ls and final accep tance criteria is o ne o f  

the m o st im p o rtant g o als to  be pursued w ith further research

A s far as lo ng  term  p erfo rm ances are co ncerned , the durability 

o f  d ifferent m aterials and barrier co m p o nents, the "ev o lutio n" o f  

p o llutants that must be co ntained , and co ntro ls by m o nito ring 

system s are the key  issues.

5 1 Some consideration related to laboratory xuilability testing 

o f mineral barriers

The cho ice o f  ap p ro p riate bo und ary  co nd itions o ften rep resents a 

m ajo r so u rce o f  uncertainty  in p ractical ap p licatio ns involving 

co ntam inant transp o rt mo delling via the ad vective-d isp ersiv e- 

reactive-equ atio n (A D R E) e.g . the interp retatio n o f  labo rato ry  

tests o r the sim ulatio n o f  field  scenario s (TC 5-Sh ackelfo rd  et al., 

1997).

Fig . 4 sho w s an exam p le o f  a po ssible mislead ing interp retatio n 

o f  a rather sim ple d ecreasing  so u rce single reservo ir d iffusion test 

(D SSR D T ) carried  o ut in the labo rato ry , w hen the co rrect 

bound ary co nd itio ns are no t reco gnised  The experim ental and 

theo retical co ncentratio n p ro files in the reservo ir and in the soil 

sam ple at the end o f  the test are show n on the left, co nsid ering  

tw o  d ifferent bo und ary  co nd itio ns that are rep resented  by the 

co ntinuo us and dashed  lines. The co ncentratio n trend s versus time 

in the reserv o ir are rep o rted  on the right to gether w ith the same 

co ncentratio n p ro files on the left along the so il sample at the end 

o f  the test.

B o u n d a r y  c o n d i t io n  f o r  D  =  D 0 

B o u n d a r y  c o n d i t io n  f o r  D  =  «

n -D n  —  =  n s D* -
u d z c

i> z  = 0 

& z  =  0

a t  th e  

s o i l  - 

r e s e r v o i r  

in te r fa c e

Fig u re  4 . In f lu en c e  o f  b o u n d ary  c o n d itio n s o n th e  in te rp retatio n  o f  d e c re asin g  so u rc e  

s in g le  re se rv o ir d if fu sio n  le sts

In this p articular case the d iffusion co efficient in the free w ater 

o f  the reserv o ir D 0 is higher but still co m p arable w ith the effective 

d iffusion co efficient in the so il, D *, therefo re the boundary 

co nd itio n betw een the reservo ir and the so il sam ple canno t be 

simplified , as sho w n in the seco nd  equatio n (d ashed  line), w hich 

co uld  be co nsid ered  reliable only  in the case o f  the ratio  D 0 / D* 

go ing  to w ard s infinite values, as generally  o ccu rs only in the case 

o f  stirred  so lutions in the reservo ir.

On the basis o f  these co nsid eratio ns it is also  p o ssible to  o btain 

a sim ple and reliable exp lanation o f  the experim ental co ncentratio n 

gap w hich o ften ap pears acro ss the reservo ir-so il bo und ary in this 

kind o f  test. This gap , w hich w as o bserved  by several researchers 

(Ro w e et al., 1995; D o tt and Lo w , 1962; Kem p er and van Schaik, 

1966; C ro o ks and Quigley, 1984; Q uigley  and Ro w e, 1986, 

M anassero  et al. 1995), seem s to  be a functio n o f  the p o sition o f  

the reservo ir sampling valve, rather than to  be related  to  a 

lo calised  increase o f  so rp tio n cap acity  on the to p  surface o f  the 

so il sam ple at the bo und ary  w ith the reservo ir, as hypo thesized  by 

so m e o f  the afo rem entio ned  researchers.

The main co m p o nents o f  typical labo rato ry  equipm ent fo r 

co lum n tests are sketched  on the left o f  fig 5. A  transfo rm ed  

equivalent layered  system  is show n on the right o f  the sam e figure 

to g ether w ith the theo retical relatio nships that link the p aram eters 

o f  the actual and transfo rm ed  system s Reference has been made 

to  co nv entio nal o ne-d im ensio nal d ifferential A D RE N o  lo calised  

co ncentratio n d isco ntinuities have been co nsid ered  at the 

co nnectio ns betw een the d ifferent co m p o nents o f  the labo rato ry  

equipm ent, fo r the sake o f  simplicity.

The transfo rm atio n, w hich results in a equivalent layered  

co lum n w ith p o ro sity  n = l and retard ation facto r Rd = l, has been

A C T U A L  S Y S T E M  1

n  : p o r o s i t y

R  : r e t a r d a t i o n  f a c t o r

v  : s e e p a g e  v e l o c i t y

L  : l e n g t h  o f  t h e  l a y e r

D  : d i s p e r s i o n - d i f f u s i o n  c o e f f i c i e n t

S U B S C R I P T S :

A  : a c t u a l  

E  : e q u i v a l e n t  

i  c u r r e n t  l a y e r

Fig u re  5. L ab o rato ry  c o lu m n  le s t e q u ip m e n t and  e q u iv alen t lay ere d  p ro file

I  E Q U IV A L E N T  S Y S T E M  I
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p ro p o se d  in o rd e r to  b e  ab le  to  e v alu ate  th e  m o st ap p ro p riate  

b o u n d ary  c o n d itio n s  f o r th e  in te rp re tatio n  o f  a lab o rato ry  c o lu m n  

te st, c arrie d  o u t w ith  th is kind  o f  eq u ip m e n t,. U n d e r th e 

a f o re m e n tio n e d  assu m p tio n s th is tran sfo rm atio n  is fu lly  c o n siste n t, 

f ro m  a th e o re tic a l p o in t o f  v ie w  and  g iv e s  th e  o rig in al 

c o n c e n tra tio n  d istrib u tio n  w ith  tim e  and  a lo n g  th e  o rig in al c o lu m n  

le n g th , b y  sim p ly  c o n sid e rin g  th e  g e o m e try  sc a le  f a c to r 

Lei/ La i=Raj v a j. In  th is  w ay  a  u n ifo rm  se e p ag e  v e lo c ity  o f  th e  

p e rm e an t so lu tio n  a lo n g  th e  w h o le  c o lu m n  c an  b e  sim u lated  and , 

th e re fo re , i f  o n e  im ag in e s it m o v in g  at th e  sam e  se e p a g e  v e lo c ity  

o f  th e  so lu tio n , it is p o ss ib le  to  sim p lify  th e  p ro b le m  b y  d ealin g  

w ith  a sim p le  d if fu sio n  sc e n ario , w ith  m o v in g  b o u n d arie s b e tw e e n  

d if fe re n t lay e rs th u s te m p o rarily  av o id in g  o th e r c o n sid e ratio n s  o n 

so rp tio n  and  ad v e c tio n  p h en o m en a

I f  o n e  th en  c o m p are s  th e  d if fu sio n  p aram e te rs o f  th e  lay ers th at 

san d w ic h  th e  so il sam p le  o f  th e  tran sfo rm e d  c o lu m n  w ith  th e  

e x p e c te d  v a lu e s o f  th e  so il sam p le  d if fu sio n  c o e f f ic ie n t, it is 

p o ss ib le  to  e v a lu ate  th e  m o st ap p ro p riate  fro m  am o n g  th o se  

b o u n d ary  c o n d itio n s  liste d  in tab . 4 . So m e  o f  th e se  b o u n d ary  

c o n d itio n s  c an  b e  im p o sed  b y  sim p ly  u sin g  th e  c u rre n t c lo se d  fo rm  

so lu tio n s  o f  A D R E  to d ay  av ailab le  in lite ratu re  (v an  G e n u c h te n  

an d  A lv e s , 1 9 8 2 ) .

Fo r  e x am p le , in th e  c a se  o f  v e ry  th in  and  rath e r lo n g  c o n n e c tin g  

lin es, th e ir tran sfo rm e d  d if fu sio n  c o e f f ic ie n t are  u su ally  v ery  lo w  

( D e = > 0 ) ; in th is  c a s e  it is p o ss ib le  to  th e o re tic a lly  d e m o n strate  th at 

th e  tre n d  is to w ard s  th e  3rd  ty p e  b o u n d ary  c o n d itio n  ( Sh a c k e lf o rd  

e t a l., 1 9 9 7 )  at th e  e n tran c e  (v c -D -3c/ <3z =v co ) and  th e  se c o n d  ty p e  

at th e  e x it ( o c / o z = 0 )

I f  th e  tran sfo rm e d  c o lu m n  te st eq u ip m e n t re su lts  in d if fe ren t 

d if fu sio n  p aram e te rs  and  g e o m e trie s  fo r th e  d if fe re n t lay e rs b u t 

still ran g in g  w ith in  th e  sam e  o rd e r o f  m ag n itu d e , a n u m erical 

so lu tio n  th at c o n s id e rs  m ix in g  z o n e s  and / o r m o v in g  b o u n d arie s 

c o u ld  b e  re q u ire d  in o rd e r to  o b ta in  re liab le  in te rp re tatio n  o f  th e  

te s t re su lts , o th e rw ise  d if fe re n t b o u n d ary  c o n d itio n s o f  th e  

av ailab le  c lo se d  f ro m  so lu tio n s  m u st b e  u sed  fo r se n sitiv ity  stu d ies 

in o rd e r to  in v e stig ate  th e  u p p er and  lo w e r b o u n d s o f  th e  p o ssib le  

re su lts  o f  th e  te s t in te rp re tatio n .

A f te r  c h o o s in g  th e  ap p ro p riate  b o u n d ary  c o n d itio n s  f o r  th e  

c o n sid e re d  c o lu m n  te st, it is still im p o rtan t to  c arry  o u t th e  

ap p ro p riate  c o rre c tio n s  to  th e  o u tp u t c o n c e n tra tio n s  in o rd e r to  

ta k e  in to  a c c o u n t th e  ap p are n t re tard atio n , d u e  to  th e  trav e llin g  

tim e  o f  th e  so lu tio n  w ith in  th e  c o n n e c tin g  lin es and  th e  d ilu tio n  

e f f e c t d u e  to  th e  in itial am o u n t o f  p u re  w ate r p re se n t in th e  ex it 

p ip in g  sy ste m  and  re se rv o ir. T h e  sam p lin g  f re q u e n c y  can  also  h av e  

a c e rta in  im p o rtan c e , as sh o w n  in f ig . 6 , w h e re  th e  th e o re tic a l 

g ap s, in te rm s o f  b re ak th ro u g h  c u rv e s  b e tw e e n  tw o  d if fe ren t 

b o u n d ary  c o n d itio n s , and  th e  e f f e c ts  o f  th e  e q u ip m en t g e o m e try  

are  sh o w n  f o r  ty p ic al tran sp o rt p aram e te rs o f  a m in eral b arrie r 

m aterial.

A s alre ad y  m e n tio n e d , th e  assu m p tio n s o n  b o u n d ary  c o n d itio n s 

a lso  p lay  a fu n d am en tal ro le  w h en  A D R E  is u sed  f o r  m o d e llin g  th e  

m in eral b arrie r in th e  fie ld  sc a le  ( f ig . 7 ) . In  th e  c a se  o f  d if fu sio n  

and  p o sitiv e  a d v e c tio n , it is p o ssib le  to  o b se rv e  th at e x it b o u n d ary  

c o n d itio n s  o f  th e  se c o n d  ty p e , at X = L  o r o f  th e  f irst ty p e , at X= o o , 

s ig n if ic an tly  u n d e re stim ate  th e  p o llu tan t f lo w  w ith  re sp e c t to  th e

T a b le  4 . L ab o rato ry  c o lu m n  te sts  and  ap p ro p riate  b o u nd ary  c o n d itio n s

E N T R A N C E E X IT

D E  =  GO => C  =  Co D E  =  co  =>  c  @  z  =  L  is a  fu n c tio n  o f  

re se rv o ir g eo m etry  an d  

sam p lin g  p ro c ed u re

D E  =  0  =>  v c  -D -d c /d z  =  v c 0 D e  =  0  => d c /d z  =  0  ( 3 )  z  =  L

D e  =  D  => -o o < z <+ o o

c  =  C o  - O O < Z < 0  

@  t =  0

g e o m etry  o f  so u rc e  re se rv o ir is 

im p o rtan t in  th is  c a se

D e  =  D  => c  =  0  @ z  =  oo 

g eo m etry  o f  so u rc e  re se rv o ir is 

im p o rtan t in  th is  c ase

it is  im p o rtan t to  k ee p  c  =  c 0 in  th e 

so u rc e  re se rv o ir su p p ly in g  so lu te  an d  

o r so lu tio n

it is c o n v e n ie n t to  re fe r to  th e 

e f f lu en t so lu te  m ass

Fig u re  6 . Im p o rtan c e  o f  bo u nd ary  c o n d itio n s, ap p aren t reLard atio n and  d ilu tio n  e f f e c t 

o n  co lu m n  le s t in te rp retatio n

f irst ty p e  e x it b o u n d ary  c o n d itio n  at X = L  w h ich  is in fac t c lo s e r  to  

th e  ac tu al c o n d itio n s  o f  m o st lan d fill sites.

T h e  o p p o s ite  c an  b e  o b se rv e d  i f  o n e  lo o k s  at th e  g rap h  o n  th e  

le ft, in te rm s o f  c o n c e n tra tio n s . T h e  m o st re liab le  re su lts c an  

u su ally  b e  o b ta in e d  b y  re fe rrin g  to  n u m eric al so lu tio n s th at are  

ab le  to  ta k e  th e  m ix in g  z o n e  at th e  e x it b o u n d arie s and  th e  f in ite  

m ass at th e  e n tran c e  b o u n d ary  in to  a c c o u n t ( R o w e  at al., 1 9 9 5 ) .

5 .2  M odelling the Interface Between Barriers and Surrounding 

Environment

T h e  risk  an aly sis f o r  a lan d fill o r p o llu ted  site , in te rm s o f  aq u ife r 

p o te n tial p o llu tio n , in v o lv e  th e  in te rfa c e  b e tw e e n  th e  b arrie r and  

th e  aq u ife r. G e n e rally  sp e ak in g  b arrie r sy ste m s are  d esig n ed  sim p ly  

b y  f o llo w in g  p re sc rip tiv e  in d ic atio n s o f  d if fe re n t re g u latio n s, 

w h e re as  th e  p o llu tan t im p ac t o n  th e  aq u ife r is ev alu ate d  u sin g  

tran sp o rt m o d e ls  w ith  sim p lif ied  b o u n d ary  c o n d itio n s , as sh o w n  in 

f ig . 8 . In  th is  f ra m e w o rk  th e  d ilu tio n -a tte n u a tio n - fa c to r ( D A F)  

w ith in  a g iv e n  aq u ife r h as b e e n  e stim ate d  re fe rrin g  to  a c o n stan t 

p o llu tan t re c h a rg e  w ith  tim e , w h ic h  m ean s th at an in f in ite  m ass o f  

th e  p o llu tan t is av ailab le  at c o n stan t c o n c e n tratio n . In  th is sp e c if ic  

c a se , it w as  fo u n d  th at th e  p h e n o ls c o n c e n tra tio n  e x c e e d e d  th e  

lim it c o n c e n tra tio n  b y  th re e  tim e s at 2 0 0 m  fro m  th e  lan d fill, a f te r a 

c e rta in  tim e , as e stab lish e d  by  a re g io n al Italian  reg u latio n .

A  m o re  re liab le  m o d e llin g  sh o u ld  tak e  in to  a c c o u n t: ( 1 ) :  th e  

f in ite  m ass o f  th e  p o llu tan t in th e  lan d fill, ( 2 )  th e  ac tu al re le ase  

c ap ac ity  o f  p o llu tan ts in so lu tio n , ( 3 )  th e  d ilu tio n  e f f e c t o f  rain  

w ate r, ( 4 )  th e  le a c h a te  e x tra c tio n  by  th e  le ac h ate  c o lle c tio n  and  

re m o v al sy ste m  an d , ( 5 )  th e  so rp tio n  c ap ac ity  o f  th e  m in eral lin er.

Fig . 9 a  sh o w s th e  c o n c e n tra tio n  d e c re a se  o f  p h en o ls in th e  

le a c h a te  o f  th e  c o n sid e re d  lan d fill in te rm s o f  th e  th e o re tic a l tren d  

and  e x p e rim e n tal re su lts. Fig . 9 b  sh o w s th e  p h en o l c o n c e n tratio n  

and  f lu x  tre n d s v e rsu s tim e  in th e  aq u ife r ju s t b e lo w  th e  

d o w n stre am  e d g e  o f  th e  land fill g iv e n  by  tak in g  th e  p re v io u sly  

m e n tio n e d  ad d itio n al fa c to rs  in to  ac c o u n t. It is p o ssib le  to  o b se rv e  

th at th e  re g u latio n  re q u ire m e n ts, in te rm s o f  p h en o ls 

c o n c e n tra tio n s , a re  c o m p lie d  ju s t b e lo w  th e  d o w n stre am  e d g e  o f  

th e  lan d fill w ith  a f a c to r  o f  sa fe ty  eq u al to  2 .5 . T h is  c o n c e n tratio n  

tren d  sh o u ld  b e  u sed  as th e  inp u t d ata f o r  m o d e llin g  th e  

c o n c e n tra tio n  d istrib u tio n  in th e  aq u ife r th at, in th is c a se , w ill b e

Fig u re  7. In f lu e n c e  o f  e x it b o u nd ary  co n d itio n s o n c o n tam in an t c o n c en tratio n  and  

flu x

B O U N D A R Y  C O N D IT IO N S  

O F  B R E N N E R  ( 1 9 6 2 )  M O D E L

t (days)

@ sam ple base

tiprtus & Amundsen (1952)
@  sam ple base

Brenner (1962)
@ end of 

connection  line 

concentration  in the

äz  =  v c °  

@ z  =  0

> z  =  L=  0

v  =  7 - 1 0 " 7 cm / s L =  3  c m

4-1 O'* cm2/s n = 0.43
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Figu re 8. D istributio n o f  D ilutio n-A ttenu atio n-Facto r (D A F) afte r 90 d ays o btained  

w ith the M T3D  m od el

fu rth e r re d u c e d  b y  se v e ral o rd e rs o f  m ag n itu d e  at 2 0 0 m o f  

d istan c e .

5 .3  Key  Parameters in Construction Q uality Control

C o n stru c tio n  q u ality  c o n tro l ( Q C )  te stin g  is c ru c ia l f o r  th e  

su c c e ss fu l p e rfo rm a n c e  o f  c o m p ac te d  so il lin ers and  c o v e rs  

(D an ie l, 1 9 9 0 ) . C o n s tru c tio n  Q C  is d esig n ed  to  v e rify  th at ( 1 )  th e  

m ate ria ls  u sed  in c o n stru c tio n  are  ad e q u ate , ( 2 ) th e  c o n stru c tio n  

m e th o d s are  a c c e p ta b le ; and  ( 3 )  th e  lin ers and  c o v e rs  are  

ad e q u ate ly  p ro te c te d  d u rin g  and  a f te r c o n stru c tio n .

A s d isc u sse d  b e fo re , th e re  are  se v e ral k ey  fa c to rs  w h ic h  g o v e rn  

th e  fie ld  p e rfo rm an c e s  o f  m in eral sealin g  lay ers. So m e  o f  th e se , 

su ch  as d if fu sio n  and  so rp tio n  p aram e te rs, c an  b e  a sse sse d  sim p ly  

th ro u g h  lab o rato ry  te sts . T h e s e  k in d s o f  f a c to rs  are  m ain ly  

d ep e n d e n t o n  th e  b as ic  f e a tu re s  o f  a so il ( e . g . g rad atio n , 

m in eralo g y , o rg a n ic  c a rb o n  c o n te n t, e tc .)  and  are  g e n e rally  n o t 

in f lu en c ed  b y  th e  sc a le  e f f e c t as  H C  is (D an ie l, 1 9 9 0 ) .

A  p o ssib ility  o f  e v alu atin g  th e  c o n trib u tio n  o f  ad v e c tiv e  and  

d if fu siv e -d isp e rsiv e  tran sp o rt to  th e  c o n tam in an t f lu x  and  

c o n c e n tra tio n , in th e  c a s e  o f  p o o r q u ality  m aterial e m p lac e m e n t is 

g iv e n  in f ig . 10. It is p o ssib le  to  o b se rv e , w h ile  also  c o n sid e rin g  

th e  in c re a se  o f  d isp e rsio n  w ith  se e p ag e  v e lo c ity  ( D d= o cV / n) w ith in 

th e  ran g e  o f  c o m m o n  tran sp o rt p aram e te rs f o r  m in eral b arrie rs,

th at th e  m ain  c o n trib u tio n  to  p o llu tan t e sc ap in g  is d u e  to  th e  

a d v e c tiv e  f lo w  i.e . th e  H C  c an  b e  c o n sid e re d  as th e  m o st 

im p o rtan t p aram e te r f o r  c o n stru c tio n  q u ality  c o n tro l.

It is th e re fo re  stra ig h tfo rw ard  to  c h e c k , w ith  fast c lass if ic a tio n  

te s ts , th at th e  m aterial d e liv ered  to  th e  site  is th e  sam e  as th at 

a c c e p te d  v ia  th e  la b o ra to ry  in v e stig atio n  d u rin g  th e  su itab ility  

p h ase . T h e re a f te r  th e  m ain e f fo rts  to  assu re  th e  e f fe c tiv e n e ss  o f  

f ie ld  b arrie rs  sh o u ld  b e  d e v o te d  to  th e  c o n tro l o f  larg e  sc a le  H C .

I f  o n e , in p artic u lar, re fe rs  to  m in eral b arrie rs m ad e  o f  

c o m p a c te d  so il lay e rs, w h ic h , at th e  m o m e n t, c an  b e  c o n sid e re d  as 

th e  m o st re liab le  p art o f  a c o n tain m e n t lay e r o f  n ew  lan d fills in th e  

lo n g  an d  v e ry  lo n g  te rm , it is p o ssib le  to  d e fin e , as in th e  

f o llo w in g , th e  m o st im p o rtan t p o in ts in o rd e r to  ac h ie v e  lo w  H C  in 

th e  fie ld  (D an ie l 1 9 9 0 ) :

1. U sin g  su itab le  m ate rials.

2 . P la c in g  th e  so il at th e  c o rre c t w a te r c o n te n t.

3 . P ro p e rly  p re p arin g  th e  su rfac e  to  re c e iv e  a lif t o f  so il.

4 . C o m p a c tin g  th e  so il w ith  ad e q u ate  p assin g  u sin g  a p ro p e r ty p e  

o f  c o m p ac to r.

5. P ro te c tin g  e a c h  c o m p ac te d  lif t f ro m  d am ag e .

F o r  m o re  d e ta ils  o n  te s ts  and  p ro c e d u re s  fo r Q C  o f  C C L ’ s se e  

D an ie l ( 1 9 9 3 ) ,  E T C 8  ( 1 9 9 3 ) ,  D an ie l &  T rau tw e in  ( 1 9 9 4 ) ,  T C 5  

R e p o rt ( 1 9 9 7 ) .

5 .4  Long term performances

T h e  m ain  issu e s as f a r as th e  lo n g  te rm  p e rfo rm an c e s  o f  b arrie rs  

are  c o n c e rn e d  are : ( 1 ) th e  d u rab ility  o f  d if fe re n t m ate ria ls ; ( 2 )  th e 

“ e v o lu tio n ”  o f  th e  p o llu tan t to  b e  c o n ta in e d , and  ( 3 )  th e 

e f fe c tiv e n e ss  o f  m o n ito rin g  sy stem s.

A s f a r as th e  d u rab ility  o f  b arrie r m ate ria ls  is c o n c e rn e d , 

m in eral b arrie rs, in g e n e ra l, and  n atu ral c lay  b arrie rs in p artic u lar 

c an  b e  c o n sid e re d  th e  m o st re liab le  i f  c o m p are d , f o r  ex am p le , w ith  

p o ly m e ric  p ro d u c ts.

O n e  p o ss ib le  p ro b le m , in th e  lo n g  te rm , f o r  th ic k  c o m p ac te d  

c lay  lin e rs is th at o f  c ra c k in g  d u e  to  d if fe re n tial se ttle m e n ts  o f  

w a ste s  and / o r th e  n atu ral su b so il ( Je s s b e rg e r  e t a l., 1 9 9 3 ) .

In  o rd e r to  e v a lu ate  th e  lo n g  te rm  p e rfo rm an c e s  o f  th e  b arrie r 

sy ste m s tak in g  th is  o r  o th e r p o ssib le  p ro b le m s in to  a c c o u n t, so m e  

a u th o rs  ( e .g . R ab id e au  e t a l., 1 9 9 6 )  h av e  p ro p o se d  th e  u se  o f  a 

d e g rad atio n  f a c to r  o f  th e  lin er in th e  m o d e llin g  ap p ro ac h . A  

p ro b le m  h o w e v e r arise s  in th e  e v alu atio n  o f  th is f a c to r  v e rsu s th e  

se v e ra l k in d s o f  p o ssib le  u n k n o w n  d e g rad atio n  c a u se s  in th e  lo n g  

te rm . E f f e c tiv e  m o n ito rin g  sy ste m s c o u ld  he lp  an sw e r th is p ro b lem  

in th e  fu tu re .

T h is  p ap e r is n o t c o n c e rn e d  w ith  lo n g  te rm  p o llu tan t 

d e g rad atio n  e v e n  th o u g h  it can  p lay  a v e ry  im p o rtan t ro le  in so m e  

c a se s , n e v e r th e le s s . th is  is a n o th e r sp e c if ic  fie ld  w e re  fu tu re  

re se arc h  c o u ld  lead  to  v e ry  u se fu l re su lts  fo r p rac tic a l ap p lic atio n s.

1 2 0  

1 1 0  

100 

^  9 0  

J  8 0  

S  70

4  6  

TIME (y e o rs )

0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 00  

TIME (y e o rs )

4 0 0  6 0 0  

TIME (y e a rs )

J— i .  !
P h e n o ls  l im i t  

c o n c e n tr a t io n  

( 0 . 5 / j g / l )  f o r  

d r in k in g  w a te r

Fig u re 9. a) Exp erim ental d ata and  sim ulatio n m o d el results o f  p heno ls co ncentratio n in the leachate versus tim e; b )  p heno ls co ncentratio n versus tim e in the aq u ifer belo w  the 

land fill bo tto m  barrier, c )  cu m u lativ e flu x versus tim e o f  p heno ls leakin g  fro m  the to p  and  the base o f  the bo tto m  lining  system
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IN P U T  D A T A

m in e r a l  la y e r  r e f e r e n c e  p e r m e a b i l i t y  

m in e r a l  la y e r  h y d r a u l i c  g r a d ie n t  

m in e r a l  la y e r  p o r o s i t y  

m in e r a l  la y e r  t h i c k n e s s  

m in e r a l  la y e r  p u r e  d i f f u s io n  

m in e r a l  la y e r  d i f f u s io n - d is p e r s i o n  

m in e r a l  la y e r  s e e p a g e  v e lo c i t y

K o  = 1 0 ”  m / s

i = 1 . 3

n  = 0 . 5

L  =  1 m

D *  = 4 . 0 - 1 0 ' 1 0 m 2/ s  f o r  V S 4 .0  1 0 8 m /e

D  = 0 . 0 1  v  m 2/s  f o r  v > 4 . 0 - 1 0 ’8 m /e

v  =  k i / n

a q u i f e r  D a r c y  v e lo c i t y

a q u i fe r  t h i c k n e s s  

a q u i fe r  p o r o s i t y  

l a n d f i l l  l e n g th  

b o u n d a r y  c o n d i t i o n s

V  = 4 . 7 6 - 1 0 ’ m / s  ( p lu s  t h e  c o n t r i b u ­

t i o n  f r o m  t h e  la n d f i l l )  

h  = 3 . 0  m  

n  = 0 . 3  

I = 1 0 0  m

c  =  c o n s t a n t  @  t h e  t o p  a n d  m ix in g  

a q u i f e r  @  t h e  b o t t o m

Permeability ratio K/K0 Permeability ratio K/K„

Fig u re  10. C o n trib u tio n  o f  ad v e ctio n / d iffu sio n/ d isp ersio n to  c o n tam in an t m ig ratio n  in  te rm s o f  c o n c en tratio n  and  flu x

6 . P R E S C R IP T IV E  V E R S U S  P E R F O R M A N C E  D E S IG N

A  rath e r c o m p re h e n siv e  o v e rv ie w  o f  m in im u m  lin er sy ste m s fro m  

th e  re g u la tio n s  and  te c h n ic a l re c o m m e n d atio n s  o f  d if fe ren t 

c o u n trie s  is  re p o rte d  in f ig . 11. In  sp ite  o f  in c e n tiv e s to  u n ite  th e se  

re g u la tio n s  and  re c o m m e n d atio n s , d if fe re n t ap p ro ac h e s  are  still 

ap p are n t. T h is  k in d  o f  g u id e lin e  c an  b e  d e fin ed  as p re sc rip tiv e  

stan d ard s b e c a u se  it g iv e s  p re c ise  in d ic atio n s o n  th e  g e o m e try , 

m ate ria ls  and  p ro f ile s  o f  b arrie rs  f o r  p o llu tan t c o n tro l.

P e rf o rm a n c e  stan d ard s h av e  h o w e v e r re c e n tly  b e e n  p ro p o se d  

ev en  th o u g h  th e y  are  u su ally  c o u p le d  w ith  p re sc rip tiv e  re g u latio n s 

and  are  th e re fo re  n o t a real a lte rn ativ e . P e rfo rm a n c e  stan d ard s o r 

re g u la tio n s  d o  n o t d e f in e  in d e tail th e  m ate rials and  c o n stru c tio n  

p ro c e d u re s  to  b e  u sed  f o r  th e  b arrie r sy stem  b u t th ey  re q u ire  o n ly  

th at c e rta in  lim it v a lu e s m u st b e  c o m p lie d  w ith  in te rm s o f  

c o n c e n tra tio n  an d  o r  c o n tam in an t f lu x . T h e  c o m p lian c e  w ith  

re q u ire m e n ts m u st b e  d e m o n strate d  th ro u g h  th e  c h arac te risa tio n  

o f  tran sp o rt p aram e te rs  o f  lin er m ate ria ls  and  th e  m o d e llin g  o f  th e  

b arrie r sy ste m  and  u n d erly in g  aq u ifer.

In  p rin c ip le , p e rfo rm an c e  stan d ard s w o u ld  b e  th e  b e tte r o p tio n , 

at le ast f ro m  an e n g in e e rin g  p o in t o f  v iew , h o w e v e r th e  b as ic  

p ro b le m s are  th e se  o f  th e  re liab ility  o f  e ac h  inp u t p aram e te r f o r th e  

m o d e llin g  o f  th e  b e h av io u r o f  th e  lan d fill lin in g  p e rfo rm an c e  and  

th e  tim e  and  sp a c e  v ariab ility  o f  th e  p o llu tan t targ e ts  g iv e n  by  

re g u latio n s. A  te n tativ e  list o f  a  g ro u p  o f  p aram e te rs th at sh o u ld  

b e  c o n sid e re d  in o rd e r to  re liab ly  m o d e l th e  b arrie r b e h av io u r is 

sh o w n  in tab . 5. A p art f ro m  th e  w ell k n o w n  p aram e te rs re lated  to

m in eral b arrie rs, a g re a t d eal o f  o th e r p aram e te rs su ch  as c lim ate  

c o n d itio n s, m an ag e m e n t and  m ain te n an c e  p ro g ram , ch e m ic al 

f e a tu re s  o f  th e  p o llu tan ts , e tc  . c an  in f lu e n c e  th e  p e rfo rm an c e  o f  a 

b arrier.

P e rf o rm a n c e  v e rsu s p re sc rip tiv e  stan d ard s n e v e rth e le ss c an  b e  

c o n sid e re d  to  b e  an in te re stin g  fie ld  o f  ev o lu tio n  in o rd e r to  o f f e r  a 

c o n trib u tio n  to w ard s im p ro v in g  p re se n t re g u latio n s and  

re c o m m e n d atio n s  f o r  a m o re  ratio n al and  c o n siste n t ap p ro ac h .

7 . C O N C L U S IO N S

W h e n  re fe rrin g  to  th e  p re se n t Sta te  o f  th e  A rt, th e  k ey  issu es 

re lated  to  th e  g e o te c h n ic a l a sp e c ts  o f  d esig n , c o n stru c tio n  and  

lo n g  te rm  p e rfo rm a n c e  o f  p ass iv e  b arrie rs f o r  p o llu tan t 

c o n ta in m e n t c an  b e  su m m ariz ed  as f o llo w s:

-  a  c o m p re h e n siv e  and  re liab le  in v e stig atio n  d u rin g  th e  d esig n  

p h ase  o f  m in eral b arrie rs sh o u ld  in c lu d e  lab o rato ry  te s ts  th at are  

ab le  to  d e fin e  b a s ic  p aram e te rs su c h  as H C , d if fu sio n -  

d isp e rsio n , so rp tio n  c ap ac ity  and  co m p atib ility . Fo r  th is kind  o f  

te s t, to p ic s  su c h  as th e  in f lu e n c e  o f  c o u p le d  f lo w  p h en o m en a, 

e f f e c tiv e  p o ro sity , satu ratio n  d e g re e , an io n  e x c lu sio n , m atrix  

d if fu sio n , n o n  lin ear and  rate  d ep en d en t so rp tio n , ch e m ic al 

in te rac tio n  b e tw e e n  d if fe re n t c o m p o u n d s, b o u n d ary  c o n d itio n s 

im p o sed  b y  th e  d if fe ren t lab o rato ry  eq u ip m en t and  re lated  

th e o re tic a l in te rp re tatio n  ap p ro ac h e s  still re m ain  a m atte r o f  

d isc u ssio n  and  p o ssib le  im p ro v e m e n t;

AUSTRIA BELGIUM EUR0PE(ETC8) RIANCE GERMANY HUNGARY ITALY PORTUGAL SWITCH LAND U.K. USA(BPA)
N ew  re com m endation s Inc inerated w aste o nly

LEGEND:
Waste 

; Mineral barrier

£| Drainage layer 

In situ clay

—  HDPE geomembrane

-------Geotextile

O Leachate collection pipe

Fig u re  11. Bo tto m  lin in g  sy ste m s fo r m u n ic ip al w aste  lan d f ills  f ro m  d if fe re n t re g u latio n s and  re c o m m en d atio n s
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T a b le  5. In p u t p aram ete rs  fo r th e  ev o lu tio n  o f  c o n f in em e n t b arrie rs  e f f e c tiv e n e ss

SU BJEC T S PA R A M ET ER S

M IN ER A L

BA R R IER S

hy d raulic co nd uctiv ity , 

field  cap acity , 

d isp ersio n-d ifTusio n, 

so rp tion cap acity , 

m echanical behav io u r, 

co m p atib ility

C O LLEC T IO N  D RA IN A G E 

L A Y ER S

hy d rau lic co nd uctiv ity , 

d urab ility  

(c lo g g ing )

G EO M EM BR A N ES

hyd raulic co nd uctiv ity , 

d iffu sio n, 

so rp tio n cap acity , 

d u rability

W A ST E

LEA C H A T E

C O N TA M IN A N TS

to tal m ass, 

d ensity , 

w ater co ntent, 

hyd raulic co nductiv ity , 

field  cap acity , 

so lu b le fractio n, 

actu al release, 

d ecay , 

d ilutio n, 

attenuatio n

N A TU RA L

SU BSO IL

p resent hy d ro g eo lo g ical co nd itio ns and  

p o ssib le future changes, 

hy d rau lic co nd uctiv ity , 

trasm issiv ily , 

sto rag e co eff ic ien t, 

so rp tio n cap acity , 

d isp ersiv ity , 

m echanical behav io ur

C LIM A TE

C O N D ITIO N S

p recip itatio n,

évap o transp iratio n

M A N A G EM EN T

M A IN TEN A N C E

A FTER C A R E

d ispo sal tim e histo ry , 

leachate co llectio n rale  histo ry , 

cap p ing  lim e histo ry

T A R G ETS

O BJEC T IV ES

lim it p o llu tant co ncentratio ns, 

site  v u lnerab ilities

-  d u rin g  th e  c o n stru c tio n  p h ase , H C  b e c o m e s  th e  k e y  p aram e te r 

o f  th e  m in eral b arrie r q u ality  c o n tro l s in c e  it is p rac tic a lly  th e  

o n ly  o n e  th at c an  b e  sig n if ic an tly  in f lu en c ed  b y  th e  lab o rato ry  to  

f ie ld  c h a n g e  o f  sc a le . T h e  se n sitiv ity  o f  H C  o f  c o m p ac te d  c lay  

lin ers and  c u to f f  slu rry  w alls to  th e  q u ality  o f  th e  e m p lac e m e n t 

p ro c e d u re s  is w ell k n o w n , as can  b e  se e n  in th e  p ertin en t 

lite ratu re ;

-  th e  ap p ro p riate  b o u n d ary  c o n d itio n s and  c o n s is te n c y  at th e  

in te rf a c e  o f  th e  b arrie r and  aq u ife r th e o re tic a l m o d e ls  sh o u ld  b e  

im p o se d  in o rd e r to  o b ta in  re liab le  risk  an aly se s and  a  c o rre c t 

e v alu atio n  o f  b arrie r e f fe c tiv e n e ss . M o re o v e r, so m e  au th o rs 

su g g e st th e  u se  o f  a  d e g rad atio n  f a c to r  fo r th e  sim u latio n  o f  th e  

lo n g  te rm  b arrie r b e h av io u r. O n ly  re liab le  m o n ito rin g  sy ste m s 

c o u ld  h e lp  in th e  d e fin itio n  o f  th is kind  o f  f a c to r  and  c o u ld  also  

p o in t o u t any  p o ssib le  u n k n o w n  asp e c ts  o f  b arrie r b e h av io u r in 

th e  lo n g  te rm ;

-  p e rfo rm an c e  d esig n  ( Estrin  &  R o w e , 1 9 9 5 )  tailo re d  to  lo c al and  

sp e c if ic  p e c u liaritie s  o f  th e  c o n sid e re d  e n v iro n m e n t c o u ld  

b e c o m e  th e  n e w  tre n d  f o r a m o d ern  ap p ro ac h  to  th e  lan d fill 

d esig n . W ith in  th is  p e rsp e c tiv e , fu rth e r e f fo rts  m u st b e  m ad e  in 

o rd e r to  o b ta in  re liab le  inp u t p aram e te rs f o r m o d e llig  th e  field  

sc a le  b e h av io u r o f  th e  d if fe re n t lan d fill c o m p o n e n ts .
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