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Multimineral multilayer clay liners for waste deposits 

Etanchements argileux multimineral a plusieurs couches pour les decharges

H. B. Bradl -B ilfin g e r+  Berge r Bauaktiengesellscha ft, M annheim, G erm any 

K. Kliesch -  Trischler und P artne r G mbH, D armstadt, G erm any

ABSTRACT: Clays are preferred as sealing materials for waste deposits because of their small permeability and ion sorption capacity. Yet 

different clays o f different mineralogical composition possess different properties in respect to their long-term stability under waste barrier 

conditions A sealing system which meets the requirements o f low long-term permeability, high ion sorption capacity and long-term 

chemical stability should therefore not consist o f only one kind of clay, but has to combine different minerals with different functions. In 

general, two different layers are necessary: an „active“ layer which has to extract as many pollutants from the leachate as possible, and an 

„inactive“ layer, which provides the long-term stability o f the system. Different configurations of the two layers are possible. The active 

layer can be upgraded by adding substances of high ion sorption capacity.

RESUME: Les argiles sont preferees comme materiaux d'etanchements a cause de leurs characteristiques specifiques (petite permeabilite, 

capacite de sorption). Pourtant des argiles differentes de composition mineralogique differente possedent des proprietes differentes au 

niveau de la stabilite de longue duree dans des conditions de depot de dechets Un systeme de I'etanchement qui satisfait a I'exigence de 

la permeabilite de longue duree, de la grande capacite de sorption et de la stabilite chimique doit etre compose d'argiles differentes avec 

des fonctions differentes En general, deux couches differentes s'imposent: une couche „active“ qui extrait les polluants de l eau 

d' infiltration, et une couche ..inactive" qui garantit la stabilite de longue duree du systeme. Des configurations differentes sont possibles 

pour les deux couches. La couche active peut etre amelioree par I'addition de substances de grande capacite de sorption.

1 INTRODUCTION

The deposition of waste requires an effective sealing system of 

the waste body to prevent the incorporation o f contaminants into 

the groundwater. In general the sealing system has to meet three 

requirements:

1. A very low long-term permeability to minimize the amount of 

leachate migrating through the barrier.

2. A high ion sorption capacity to remove contaminants from the 

leachate.

3. A long-term stability even in respect to geological time peri­

ods.

Clay liners are preferred as sealing materials as they possess 

both small permeability and ion sorption capacity. Conventional 

barriers consisting of PEHD (Polyethylene High Density) liners 

with underlying mineral liners have a very small permeability. Yet 

the long term stability o f the PEHD liner is uncertain. If  the 

PEHD liner becomes permeable, the mineral liner is the only bar­

rier left to retain contaminants from the groundwater.

As for the mineral liners, usually clays of the smectite group are 

used as they possess both high sorption capacities and low per­

meability. Additionally these clays (also known as montmorilloni- 

tes or bentonites) are highly swellable due to a double H2O layer 

in their interlayer space. High swelling capacity is usually identi­

fied with the self-healing ability o f the sealing system. Yet smecti- 

tic mineral phases are not stable thermodynamically and in case of 

chemical attack of leachate (Weiss 1988). They show dissolution 

processes when treated with acids, loss of swelling capacity and 

plasticity upon absorbing heavy metal ions (Wagner 1988) as well 

as significant volume changes in contact with organic substances. 

In practice clay mineral alterations have been observed in smecti- 

tic barriers (Echle et al. 1988). Finally, the long-term stability of 

smectites under waste barrier conditions is not given.

Therefore clay materials such as kaolinitic clays are used in­

creasingly. As clays o f the kaolinite group have no swelling ca­

pacity due to the lack of exchangeable cations in their interlayer 

space they are very stable when exposed to chemical attack by the 

leachate. Kaolinitic clays, however, possess only small ion sorpti­

on capacity and extract only a small amount of contaminants from

the leachate.

A sealing system which meets all the requirements mentioned 

above must therefore not consist of only one kind of clay, but has 

to combine different minerals with different functions.

In general two different layers are necessary: an "active" or 

..adsorption" layer consisting of highly reactive substances which 

has to extract as much pollutants as possible from the leachate, 

and second an "inactive" layer which does not react with leachate 

components and provides the long-term stability o f the sealing 

system. Two different arrangements of active and inactive layer 

are possible. The active layer can be orientated towards the waste 

followed by the inactive layer which provides a long-term low 

permeability. Yet it is also possible to place the inactive layer to­

wards the waste Each of the two possibilities has already been 

executed.

The sorption layer should consist of minerals such as smectites. 

Additionally these smectitic clays can be upgraded with reactive 

mineral phases which form stable compounds with the leachate 

components (e.g. heavy metals). The inactive layer should consist 

o f kaolinitic clays or clays that have been upgraded with kaolinite.

2 CLAY MINERALS IN MINERAL BARRIER SYSTEMS

Clay minerals like smectites and kaolinites are alumosilicates. 

Their properties are caused by their mineralogical structure and 

their small grain size. Generally they are characterized by their 

large specific surface, their ability to adsorb ions and their low 

permeability. The principal structural units of clay minerals are 

two-dimensional arrays of silicon-oxygen tetraedra and two- 

dimensional arrays o f aluminium- or magnesium-oxygen- 

hydroxyl octaedra. The succession of tetrahedral and octrahedral

Table 1. Material properties o f the layer types.________________

Layer________Dominant mineral type______ dominant properties

active smectite group highly swellable

high sorption capacity 

low permeability 

inactive kaolinite group long term stability

thermodynamically

resistant
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F ig u r e  1: T hr e e - dime ns iona l de s c r ipt ion  o f  the  s he e t s t r uc tur e  o f  

1:1 c la y  mine r a ls  (a ) and o f  2:1 c lay  mine r a ls  (b); T  =  te tr ahe dr ic  

s he e t , O  =  o c ta he dr ic  s he e t , dL =  bas al s pac ing . F r o m : Ja s m un d  

& L a g a ly  (1 9 9 3 )

s he e ts  de te r mine s  the  k ind  o f  c lay  mine r a ls . 1:1 laye r  mine r a ls  

a re  fo r m e d  by  a r e gula r  s ucce s s ion o f  te tr ahe dr a l (T ) and o c ta ­

he dr a l (O )  s he e ts  (T O T O T O .... ), w h ile  2:1 laye r  mine r a ls  are

cha r a c te r ize d  by s ilica te  s hee ts  o f  the  fo r m  T OT  T OT  T O T ....

(s ee  fig ur e  1)

P r o to ty p e s  o f  the  1:1 laye r  c lay mine r a ls  are  mine r a ls  o f  the  

ka o lin it e  g r o u p  and o f  the  2 : 1 laye r  c lay mine r a ls  are  the  m in e ­

r a ls  o f  the  s me c tite  (m o n tm o r illo n it e ) and illite  g r o ups . Be s ide s  

the s e  g r o up s  the re  a re  a ls o  mixe d- laye r  mine r a ls  o f  mo r e  c o m p li­

c a te d s tr uc tur e  w h ic h  a re  cha r ac te r ize d by a m o r e  or  less  r a nd o m  

s uc ce s s ion o f  the  te tr ahe dr a l and oc tahe dr a l s t r uc tur a l units .

3 T R A N S P O R T  A N D  R E T A R D A T IO N  P R O C E S S E S  IN  

C L A Y  B A R R IE R S

In  ge ne r a l the  c o n t a m in a n t  t r ans po r t  t h r o ug h  c lay  bar r ie rs  is 

c o nt r o lle d  by  thre e  pa r ame te rs : co nve c t io n , d iffu s io n  and sorpti-

Co n v e c t io n  is  cha r ac t e r ize d by hy dr a ulic  c o nd uc tiv ity  k and 

hy dr a u lic  g r a d ie n t  i. F o r  s ma ll va lue s  o f  i the  conve c t ive  par t  o f  

c o n t a m in a n t  t r ans po r t  is  ne a r  the  diffus ive  t r ans p or t  (Gr a y  & 

We b e r  1984).

Diffu s iv e  t r ans po r t  is bas e d up o n  a c o nc e ntr a t io n  gr ad ie n t . T he  

d iffu s io n  c oe ffic ie nt  de p e nds  on  the  m e d iu m  pr ope r t ie s  (cha r ge  

ca pac ity , c a t ion  e x c hange  ca pa c ity ) and the  pr ope r t ie s  o f  the  

d iffu s in g  par t ic le s  (io n  r adius , va le nce , s o lu t io n  p H ) (Czu r d a  

1994).

Ad s o r p t io n  take s  place  at the  ne ga t ive ly  cha r ge d s ilica te  s ur ­

fa ce s  o f  the  c lay  mine r a ls , the  ne ga t ive ly  char ge s  inte r laye r  s ur ­

fa ce s  and the  po s it ive ly  cha r ge d e dge s .

S o r p t io n  de pe nds  o f  the  a m o u n t  o f  the  ava ila ble  s ur face  and o f  

the  fo r m  o f  the  diffus ive  d o ub le  laye r  w h ic h  fo r m s  at the  ne g a t i­

ve ly  cha r ge d  c lay  s ur face  to  co mpe ns a te  cha r ge  As  the  s ur face  

o f  the  c lays  o f  the  s me c tite  g r o u p  is  ve ry high  (40 0  - 80 0  m 2/g), 

the ir  s o r pt io n  c apa c ity  in r e s pe ct  to  po la r  c o n ta m in a n ts  (e .g . 

he a vy  me ta ls ) is a ls o ve r y high. Ye t  the y are  not  able  to  r e te nt 

o r g a n ic  c o nt a m ina nts . T he  s ur face  cha r ge  can be  a ffe c te d by  the  

che mic a l r e ac t ions  o f  the  le achate  c o m po ne n t s  (Br a d l 1995).

4 A D M IX T U R E S  F O R  T H E  C L A Y  B A R R IE R

T o  inc r e as e  the  s or pt io n  c apa c ity  o f  the  ac t ive  laye r  the  c lay 

ma te r ia l can be  up g r a de d  w ith  diffe re nt  s ubs tance s  w h ic h  are  

de s c r ibe d in the  fo llo w in g

4.I Organophilic Bentonites

Or g a n o p h ilic  be n to n ite s  are  be nton ite s  whe r e  the  ino r g a n ic  inter-  

laye r  c a t ions  have  be e n s ubs t itute d by  o r g a nic  c a t ions  like  

D M D O  (d im e th y l- d io c ta de cy l- a mm onium) o r  O B D M  

(o c tad e c y l- be nzy l- dim e thy l- a mm onium). T he  dis tance  be twe e n 

the  laye rs  inc re as e s  by this  s ubs t it ut io n  and the  s ur face s  p r o pe r ­

t ie s  o f  the  c lay  mine r a ls  change  T he  o r ig ina lly  hy dr o ph ilic  s ur ­

fa ce  be c o m e s  hy d r o p h o b ic  and is able  to  a ds o r b o r g a nic  

co nt a m ina n ts . T he  me cha nis m  is  de s c r ibe d by Scha ll &  Simmle r -  

Hiib e n t h a l (1 9 9 4 )

F ig ur e  2: Mo le c u la r  s t r uc tur e  o f  a ze o lith e  (Klin o p t io lit h e ) afte r  

C zu r d a  (1 9 9 4 )

4.2 Zeolithes

Ze o lit h e s  a re  a lum o s ilic a te s  o f  the  ge ne r a l fo r m ula  M 2/2 ■ A ^ O ,  

x  S i0 2  ■ y H 2O, whe r e  M  is  a me ta l io n  o f  va le nce  z. T he  mine-  

r a lo g ic a l s t r uc tur e  is s ho w n  in fig ur e  2.

T he  cha r ac t e r is t ic  m o le c u la r  fe a tur e  o f  a ze olithe  is a three-  

d im e ns io na l channe l s ys te m. T he  s ie ving  e ffe ct  is c aus e d by the 

d iffe r e nt  por e  s ize .

4.3 Activated Carbon

Ac tiv a te d  ca r bo n  cons is ts  o f  ca r bo n  s tr uctur e s  o f  ve r y  s ma ll gr a ­

ph it e  c r ys ta lls  and a m o r p h o us  ca r b on  w ith  p o r o us  s tr uc tur e  

Ac tiv a te d  ca r bo n  has  a ve r y la rge  s pe c ific  s ur face  (5 0 0  - 1500 

m 2/ g ) and is  the r e for e  able  to  ads o r b e s pe cia lly o r g a nic  c o n ta m i­

nants  ve r y  e ffe c tive ly.

4.4 Inorganic Oxides

Ox id e s  and hy dr o x ide s  o f  Alu m in iu m , ir o n  and mang ane s e  are 

a ls o able  to  ads o r b c o nta m ina n ts , e s pe cia lly he avy  me tals . E  g 

g o e th it e  (a - F e O O H ) and he m a t ite  (a - F e 20 ?) fo r m  ve ry small 

c rys ta lls  (10 - 100 nm ) and have  a ve ry la rge  s pe c ific  s ur face  o f 

30 0  - 500  m 3/g. As  ox ide s  and hydr ox ide s  pos s e s s  va r iable  s ur ­

fa ce  cha r ge s  only , the y  c o nt r ibu te  to  the  ca t ion  e x c hange  by 

p r o to n  dis s oc ia t io n  o f  M- OH  and M - OH 2 g r o ups

5 E XP E R IE N C E S  W IT H  M U L T IM IN E R A L  M U L T I­

L A Y E R  C L A Y  L IN E R S

As  a lr e ady  me ntio ne d  above , tw o  diffe r e nt  ph ilo s o ph ie s  can be 

d e ve lo pe d  in r e s pe ct  to  the  c o nc e pt  o f  the  m ult im in e r a l barr ie r  

Ko h le r  (1 9 9 0 ) r e c o mm e nds  to  plac e  the  up pe r , ka o lin it ic  layer 

ab ove  the  lo w e r  b e n to n it ic  laye r  to  pr o te c t  the  m o r e  s ens it ive  

b e n to n it e  by the  che mica lly  s table  ka olinit e  

In  co ntr a r y , Wa g n e r  (1 9 9 1 ) and Czu r d a (1 9 9 4 ) pr o po s e  a double  

mine r a l s e a ling , whe r e  the  up pe r  laye r  abs or bs  c o ntam ina nts  

fr o m  the  was te  bo d y  and the  lo w e r  line r  pr o vide s  the  long- te r m 

s tab ility  o f  the  s ys te m. T he  uppe r  „a c t ive “ laye r  is up g r a de d  by 

o r g a n o p h ilic  b e nto nit e s  or  o the r  s ubs tance s  w ith  inc re as e d s or p ­

t io n  capac ity .

E a c h  o f  the  tw o  s e a ling  s ys te ms  has  a lr e ady  be e n e xe cute d 

T he  indus t r ia l was te  d u m p  F lo tzg r iin  has  be e n e quip p e d  w ith  a 

m ult im in e r a l s e a ling  b e lo w  the  CON T RE P - s y s te m  (Ko c h  1995) 

F o u r  laye rs  w ith  0 ,25  m thickne s s  r e s pe c tive ly have  be e n e x e cu­

te d, whe r e by  the  uppe r  tw o  laye rs  cons is t  o f  ka o lin it ic  c lay and 

the  lo w e r  t w o  laye rs  cons is t  o f  s me c tit ic  clay.

T he  s e a ling  s ys te m o f  the  was te  de po s it  E r be ns c h w a ng , Ba v a ­

r ia, has  be e n de s igne d a c c o r d ing  to  the o r e t ica l co nta mina nt  

t r ans po r t  c a lc ula t io ns . As  re fe r e nce  s ubs tance s  c hlo r ide  and he a ­

vy  me ta ls  have  be e n take n in to  c o ns ide r a t ion . T he  s e a ling  sys tem 

cons is ts  o f  0 ,5  be n to n ite  dry  mix tur e , 0 ,5  m ka o lin it ic  c lay  whe r e  

the  po r e  v o lu m e  has  be e n s eale d by hy dr o s ilic a te  and 0 ,15  m 

p r o te c t ive  laye r  o f  ka o lin it ic  gr ave l s and (La n g h a g e n  1995). In 

1991 a b o u t  2 ,5  m s e a ling  o f  the  was te  de pos it  Wip p e r o d a , T h u ­

r ing ia  have  be e n e xe cute d as  m ult im ine r a l s e a ling  (Ko c h  1993) 

In  cont r a r y  to  the  tw o  e x am ple s  m e ntione d  ab ove  the  ads or pt ion  

laye r  o f  0 ,5  m b e n to n it ic  c lay is  or ie nta t e d to w a r ds  the  was te  

body .

T he  e x e c ut io n  o f  thos e  s e a lings  is  us ua lly  a c c om plis he d  by the 

us e  o f  mixe d- in- plant pr o ce dur e s  in a m o b ile  or  s e mi- mobile  

m ix in g  plan t . T he  c lay ma te r ia l is up g r a de d  w ith  the  addit ive s .
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Figur e  3: T w o  m o d e ls  fo r  the  s tr uc tur e  o f  s ymple x e s : 3a: 

Scr amble d e gg  s tr uc tur e  a c c o r d ing  to  Mic h a e ls  (1 9 6 5 ); 3b: L a d ­

der m o d e l a c c o r d ing  to  P h ilip p  et al. (1982)]

ho m o g e n ize d  and the n us e d. T he  r e quir e me nts  in r e s pe c t to 

thicknes s , c o m p a c t io n  and w a te r  co nte n t  can be  me t  e as ily w ith 

this  pr oce dur e .

6 E X E C U T IO N  A N D  Q U A L IT Y A S S U R A N C E

At the  p la n n in g  s tate  de s ign pa r ame te r s  have  to  be  de ve lope d. 

P lanning  s tanda r ds  have  to  be  de fine d and che cke d d ur ing  

e xe cution und e r  w o r k in g  co nd it io ns .

Be s ide s  t r a d it io na l s oil me c han ica l te s t ing  me thod s  the r e  are  

only fe w  m e th o d s  for  te s t ing  the  phys ico che mica l b e h a vio r  o f  

clays. A  ne w  m e th o d  w h ic h  has  be e n int r o duc e d  in to  g e o te c h n i­

cal w o r k  by  Klie s c h (1 9 8 9 ) is  s ugge s te d he re : the  s oca lle d P E T  

(P o lye le c tr o ly te  T it r a t io n ) T he  in te r a c t ion  be tw e e n  c lay  mine r a ls  

and fluid  phas e  can be  de t e r mine d by this  m e thod . T he  pr inc ip le  

o f P ET  is  e x p la ine d s hor t ly  in 6.1

6.1 Polyelectrolyte Titration (PET)

P ET  is  a  te s t ing  me th o d  to  qua nt ify  the  r e ac t ion  o f  a c laye y s us ­

pe ns ion w ith  a de fine d a m o u n t  o f  k n o w n  po lye le c tr o ly te s . Polye -  

le ctrolyte s  a re  ma c r o m o le c u le s  w ith  d is s oc ia t ive  g r o up s  like  e .g. 

- C OOH  and - SO:,H (a n io n ic ) or  - NH2, - N(R:,)* X '  (c a t io n ic ) 

(Kr aus e  e t al 1984). T he  polye le c tr o ly te s  w h ic h  can be  us e d are  

the c a t io n ic  p o ly d im e th y ld ia lly la m m o nium c h lo r id e  (C A T F L O C )  

or  the  a n io n ic  p o ta s s ium po ly v iny lpho s ph a te  (K P V S ).

T he  pr inc ip le  o f  polye le c tr o ly te  t it r a t io n  is bas e d u p o n  the  re ­

ac tion o f  a la rge  num be r  o f  ion ic  polyme r s  o f  o ppo s it e  char ge  

(po ly ca t ions  re s p po ly a n io ns ) w h ile  fo r m in g  co mple x e s  

(s ocalle d s ymple x e s ), w h ic h  have  a mo la r  r a t io  o f  a lmo s t  unity . 

Figure s  3a  and 3b s h o w  tw o  pos s ible  mo de ls  for  the  s tr uc tur e  o f  

such s ymple x e s

T he  qua s i s to e c h io me tr ic  r e ac t ion o f  num e r o us  s olve d ion ic  

polyme rs  a llo w s  the  t it r a t io n  o f  the  tu r n ing  po in t . T he  c o llo ida l 

par ticle s  in the  s us pe ns ion are  par t ly  ads or be d at the  pis to n and 

cylinde r  wa ll o f  the  s oca lle d s tr e am ing  cur re nt  de te c tor  (S C D )  

(figur e  4). A  la m ina r  cur r e nt  is  ind uc e d  by the  pis ton m o ve m e nt 

which caus e s  a s he a r ing  for c e  o f  the  diffus e  d o ub le  laye r  o f  the  

clay mine r a ls . T he  s he a r ing  o f  the  diffus e  d o ub le  laye rs  induc e s  

an e le c tr ic  flux , w h ic h  can be  pr o be d  by the  e le c tr ode s , r e c tifie d 

and r ead at an mic r o a mp e r e m e te r . T he  kind  o f  s ur face  cha r ge  is 

s hown by  the  lig h tn in g  o f  a red o r  gre e n light . T he  amp e r a ge  is  a 

cha racte r is t ic  me a s ur e  fo r  the  cha r ge  de ns ity . By  a d d in g  the  r e ­

s pe ctive  polye le c tr o ly te  (a n io n ic  or  c a t io n ic ) the  in d uc e d  cur r e nt 

is co mpe ns a te d . T he  a m o u n t  o f  po lye le c tr o ly te  c o ns um e d  is  the  

me as ure d pa r a me te r  for  the  cha r ge  de ns ity  o f  the  c lay  s us pe ns i­

on. I f  th e  s pe c ific  s ur face  o f  the  c lay is  k n o w n , the  ac t ive  ne t 

cha rge  o f  the  c lay can be  ca lc ula te d  (Br a d l 1995). P E T  is  ve r y 

sens itive  to w a r d s  change s  o f  the  inp ut  da ta  by p r o d u c in g  qu ic k  

and r e liable  r es ults . Mo r e o v e r , ha nd lin g  is e as y and can be  

e xe cuted w ith o u t  pr o ble m s  on site.

(.2 Application

Firs t o f  all P E T  can be  us e d for  de fin ing  de s ign pa r ame te r s  ac ­

cor ding  to  the  s e le c t ion o f  c lay ma te r ia ls , c o n ta m in a n ts  and a d ­

F ig u r e  4: P r inc ip le  o f  the  S C D  appa r a tus

mix tur e s . W it h  the  he lp o f  th e r m o d y na m ic a l c a lc ula t io ns  (Klie s c h 

1990 , 1994) and tr a dit iona l s oil me chan ica l te s t ing  m e thod s  

p la n n in g  s tanda r ds  can be  de ve lo pe d  in or de r  to  set up  the  q u a li­

ty  a s s ur ance  plan Und e r  mixe d- in- plant c o nd it io n s  P E T  can be  

int e gr a t e d in the  a u to m a t ic a lly  te s t ing  pr o ce dur e  d u r in g  e x e cut i­

o n  und e r  w o r k  c o nd it io ns  (qua lity  a s s ur ance ). I f  une x pe c te d 

c o n ta m in a n ts  b e c o me  e vide nt  P E T  can be  e as ily us e d to  find  o ut  

the  pos s ib le  da ng e r  o f  a  po te nt ia l s e a ling  dam age .

7 C O N C L U S IO N S

T he  a d d it io n  o f  mine r a l phas e s  w ith  a la rge  s ur face  and high  io n  

s o r p t io n  c apa c it y  s uch as  s me c tite  mine r a ls  can be  r e c o mm e nde d  

to  inc r e as e  the  s o r pt io n  c apa c ity  o f  the  s o r pt io n  laye r . T he  t h ic k ­

ne s s  o f  the  s o r p t io n  laye r  s ho uld  be  de s igne d in s uch a w a y  tha t  

its  s o r p t io n  po te n t ia l is highe r  than the  e lut io n  po te n t ia l o f  the  

w as te  body . Ac c o r d in g  to  Ge r m a n  s tanda r ds  (T A Ab fa ll), the  

thic kne s s  o f  the  mine r a l laye r  mus t  not  r e ma in und e r  1.5 m. T he  

c o nc e p t  o f  the  m ult im ine r a l mu lt ila ye r  c lay line r  a llo w s  the  re ­

d u c t io n  o f  the  thickne s s  and the r e for e  o f  cos ts  w ith o u t  r e d uc ing  

t h e  r e te nt ion  c a pac ity  and the  im pe r m e ab ility  o f  the  s ys te m Wit h  

the  he lp o f  P E T  de s ign par ame te r s , p la nning  s tanda r ds  and the  

q u a lity  a s s ur ance  d ur ing  e x e cut ion  o f  c lay line rs  can be  eas ily 

a c c om plis he d .
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