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SYNOPSI S : Geosynt het i cs have exper i enced consi der abl e devel opment ,  f i rst  of  al l  i n ci vi l  engi neer i ng appl i cat i ons,  i n r oad and hydr aul i c i nf r ast r uct ur e 

and wor k s  and,  mor e  especi al l y over  t he past  t en year s,  i n envi r onment al  appl i cat i ons.

Thi s l ect ur e wi l l  at t empt  t o gi ve det ai l s of  t he var i ous f i el ds of  appl i cat i on r el at i ng t o what  we  shal l  cal l  “ Envi r onment al  Geot echni cs” :

- Pol l ut i on cont r ol

- Er osi on cont r ol

- Ar chi t ect ur al  r egar d

- Pr ot ect i on by  ener gy absor pt i on

- I mpr ov ement  of  t he domest i c  envi r onment .

We  shal l  end by  pl aci ng t he geosynt het i cs appl i cat i on i n r el at i on t o t he ecol ogi cal  awar eness t hat  i s bec omi ng i ncr easi ngl y st r onger  t hr oughout  t he 

wor l d.

Ré s u mé  : Les  géosynt hét i ques f ont  l ' obj et  d' un dév el oppement  consi dér abl e,  d' abor d en Géni e Ci vi l ,  dans l es t r avaux r out i er s et  hydr aul i ques,  et  pl us 

r ec emment  en Géni e de l ’Env i r onnement .

Cet t e Conf ér ence a pour  obj ect i f  de pr ésent er  l es di ver s c hamps  d' appl i cat i ons des géosynt hét i ques en " Géot echni que de l ' Envi r onnement " ,  cont r ol e del à 

pol l ut i on,  cont r ol e de l ' ér osi on,  i mpac t  ar chi t ect ur al ,  amél i or at i on du cadr e de vi e. . .  t out  en pr enant  en c ompt e l a sensi bi l i t é écol ogi st e.

I N T R OD U C T I ON

The  env i r onment  has b e c o me  a subj ect  of  gr eat  concer n as t hi s t went i et h 

cent ur y dr aws  t o a cl ose.  Env i r onment al  geot echni cs,  a n e w br anch of  

geot echni cs,  was  i n f act  b o m at  t he s ame  t i me as geot echni cs.  I t  has a 

gr eat  f ut ur e i n ci vi l  engi neer i ng appl i cat i ons on  condi t i on t hat  i t  can be 

adapt ed t o pr obl ems  wh i c h  of  necessi t y ar e i nt er di sci pl i nar y,  i nvol vi ng 

ci vi l  engi neer s,  chemi st s,  bi ol ogi st s,  doct or s and ot her s.

Th e  ma i n  subj ect s pr esent ed wi l l  be pol l ut i on cont r ol  and er osi on 

cont r ol ,  wh i c h  conc er n soi l  and r esour ce conser vat i on i n t he wi dest  

possi bl e sense,  ar chi t ect ur al  appear ance,  pr ot ect i on by  ener gy absor pt i on 

and i mpr ov ement  of  t he domes t i c  env i r onment ,  whi c h  c oncer n mo r e  

speci f i cal l y man' s  l i vi ng condi t i ons on  ear t h.  Fi nal l y,  i t  i s i mpor t ant  t o 

consi der  t he ecol ogi cal  aspect s of  t he use of  geosynt het i cs.  I t ' s obv i ous 

t oday t hat ,  i n ma n y  count r i es,  a ci vi l  engi neer i ng st r uct ur e,  what ev er  i t  

ma y  be,  can be bui l t  onl y  i f  i t  meet s  cer t ai n ecol ogi cal  cr i t er i a.

Th e  paper  f ocuses on  t he geot echni cal  and mechani cal  aspect s of  t he 

envi r onment al  pr obl ems  pr esent ed,  pr obl ems  wh i c h  t he ci vi l  engi neer  

mus t  over come.

P OL L U T I ON  C O N T R O L

Geosynt het i cs An d  Pol l ut i on Cont r ol

To  begi n wi t h,  i t  wou l d  s eem appr opr i at e t o pr esent  t he mai n  f ami l i es of  

geosynl het i cs t hat  c an be used i n t hi s f i el d.  Fi r st ,  t her e ar e t he " non-  

wov en"  and " wov en"  geot ext i l es,  one of  t he mai n f unct i ons of  whi c h i s t o 

separ at e soi l s of  di f f er ent  t ypes,  or  t o act  as a f i l t er .  Th e  r et ent i on 

capaci t y of  soi l  par t i cl es can be meas ur ed by  di f f er ent  t ypes of  t est s such 

as t hi s hy dr ody nami c  f i l t r at i on t est .

Geosynt het i c  st r uct ur es c an be c o mb i n e d  t o obt ai n compos i t es .  

Geot ext i l es c an be c omb i ned  t o dr ai n wat er  i n t he hor i zont al  pl ane 

( t hanks t o t he hi gh t r ansmi ssi vi t y of  t he non- wov en par t )  and t o r ei nf or ce 

t he soi l  ( t hanks t o t he t ensi l e st r engt h of  t he wo v e n  par t  of  a dual  

f unct i on geot ext i l e) .

Nex t  t her e ar e Geogr i ds,  whi c h ma y  be uni axi al l y or i ent ed or  bi axi al l y 

or i ent ed i n or der  t o obt ai n enhanc ed st r engt h i n one or  t wo di r ect i ons.  

They  ar e used ext ensi vel y f or  soi l  r ei nf or cement .

Geonet s  ar e ex t r uded po l y mer  mes hes  and l ook  l i ke gr i ds but  t hei r  

f unct i on i s hydr aul i c.  Th e y  ar e used t o dr ai n wat er  i n t he hor i zont al  

pl ane t hr ough t he t r ansmi ssi vi t y f unct i on descr i bed above.  Geonet s  

bel ong t o t he cat egor y of  " geospacer s" .  T o  pr event  t he geonet  f r om 

cl oggi ng i t  i s of t en used i n conj unct i on wi t h f i l t er  geot ext i l es.  Geonet s  

ar e al so used wi t h g eomembr anes  as pol l ut i on bar r i er s.  Ge o me mb r a n e s  

have a t i ght ness f unct i on.  A  geonet  pl aced bet ween t wo g eomembr anes  

can r ecover  any  possi bl e l eakage f r om ei t her  of  t he geomemb r a n e s  

( Phot o 1).

Fi nal l y,  t her e ar e t he bent oni t i c geocomposi t es ,  or  geosynt het i c cl ay 

l i ner s ( GCL) ,  whi c h consi st  of  geot ext i l es wi t h bent oni t e- f i l l ed por es.  I n 

t he pr esence of  wat er ,  t he bent oni t e causes t he por es t o swel l ,  t her eby 

f or mi ng a wat er t i ght  sheet  or  t i ght  pr ot ect i on f or  geomembr anes ,  and 

st oppi ng any  possi bl e l eaks ( t he sel f - heal i ng pr oper t y of  t he G L C  i n 

cer t ai n condi t i ons) .

Landfill Storage Of Solid Waste 

Development of the problem

Ca p  l i ner

Fi g.  1.

Sl ope

Li ner

Bo t t o m L i ner  

Di f f er ent  concept s of  l andf i l l  l i ner s
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I t  i s onl y r ecent l y t hat  t he pr obl em of  wast e di sposal  has ar oused publ i c 

concer n.  I n 1986, i t  was  est i mat ed t hat  on  a wor l d scal e each per son 

pr oduces  5.5 t onnes of  wast e per  year ,  gr oupi ng al l  t ypes of  wast e 

t oget her  I n t he case of  Fr ance,  t he est i mat ed f i gur e i s 101 per  i nhabi t ant  

per  year .  Th e  amount  of  wast e pr oduced var i es consi der abl y accor di ng 

t o geogr aphi cal  r egi on.  Th e  amount  of  domest i c  wast e pr oduced per  

year  per  i nhabi t ant  i s 864 k g  i n t he USA,  396 k g i n Japan,  305 k g  i n 

Eur ope and 62 k g  i n Af r i ca.

I n Fr ance,  t he 580 mi l l i on t onnes of  wast e of  al l  t ypes pr oduced each 

year  i ncl udes over  400 mi l l i on t onnes of  agr i cul t ur al  wast e,  100 mi l l i on 

t onnes of  i ner t  i ndust r i al  wast e,  32 mi l l i on t onnes of  i nnocuous i ndust r i al  

wast e ( packagi ng,  et c. ) ,  18 mi l l i on t onnes of  speci al  i ndust r i al  wast e 

( i ncl udi ng 15 t o 20% t oxi c wast e)  and 18 mi l l i on t onnes of  domest i c  

wast e.

Ev en i f  wast e i nci ner at i on,  used t o a var yi ng ext ent  i n di f f er ent  count r i es,  

can hel p r educe t he v o l ume and t oxi ci t y of  wast e,  t he need f or  wast e 

st or age cannot  be t ot al l y el i mi nat ed.  Was t e conf i nement  i n cel l s i s t he 

saf est  possi bl e met hod as f ar  as pol l ut i on r i sks out si de t he l andf i l l  ar e 

concer ned.  Th e  use of  a bot t om l i ner  and sl ope and cut - of f  l i ner s wi l l  

depend on t he geol ogi cal  condi t i ons of  t he l andf i l l  si t e,  but  a cap l i ner  

shoul d be used i n al l  cases ( Fi gur e 1),  t o mi ni mi se mi gr at i on of  wat er  and 

t her ef or e r educe t he y p l ume of  cont ami nat ed l eachat e.

Landf i l l s have bec ome  r eal  ci vi l  engi neer i ng st r uct ur es,  whi c h ar e hi ghl y 

t echni cal  i n desi gn and r equi r e t he exper t  ski l l s of  engi neer s.  I t  i s 

i mpor t ant  t o r eal i se t hat  conf i nement  assumes not  onl y pr oper  t i ght ness 

but  al so pr oper  dr ai nage,  whi c h i s j ust  as i mpor t ant ,  t o pr event  ext er nal  

wat er  f r om i r r i gat i ng t he was t e and l eachat es f r om t he l andf i l l  f r om 

pol l ut i ng t he sur r oundi ng ar ea.

Th e  r esul t  of  t hese r equi r ement s i s t he const r uct i on of  sophi st i cat ed 

st r uct ur es wher e t he l i ner  bar r i er s ma y  compr i se sever al  mi ner al  or  

geosynt het i c l ayer s,  as s hown  i n t hi s exampl e i n I t al y ( phot o 2).

Landf i l l s such as t he ex empl e ment i oned i n Tai pei  ( Cadwal l ader ,  1986) 

r equi r e a st r i ct  t echni cal  appr oach because of  geot echni cal  pr obl ems  

r el at ed t o t he si t es wher e t hey ar e est abl i shed and t he ver y l ar ge si ze of  

t he st r uct ur es.

Landf i l l  desi gn and r el at ed r egul at i ons hav e not  c hanged on  a r egul ar  

basi s i n t he i ndust r i al i sed wor l d,  but  r at her  i n f i t s and st ar t s,  gener al l y 

f ol l owi ng ecol ogi cal  di sast er s.  Changes  wer e i nt r oduced i n Fr ance 

f ol l owi ng t he const r uct i on of  t he so- cal l ed " model "  l andf i l l  i n 

Mont c hani n,  des i gned f or  st or i ng i ndust r i al  wast e.  Th e  si t e wa s  

consi der ed geol ogi cal l y i mper meabl e and no  l i ner  wa s  i nst al l ed.  

Subs equent  gr oundwat er  pol l ut i on and st r ong- smel l i ng gases,  whi c h 

cr eat ed a cr i t i cal  si t uat i on because of  t he pr oxi mi t y of  houses,  pr ovoked 

an out cr y f r om ecol ogi st s. . . .  whi c h hel ped hast en t he i nt r oduct i on of  

changes t o r egul at i ons i n Fr ance.

Si nce 1989, wast e st or age has been suspended at  t he Mont c hani n si t e and 

var i ous ex t r emel y  cost l y sol ut i ons ar e bei ng consi der ed t o seal  t he 

bot t om of  t he l andf i l l ,  i ncl udi ng c ement  gr out i ng and an i nspect i on 

gal l er y undf er  t he l andf i l l .  A  cut - of f  wal l  i s t o be bui l t  ar ound t he out si de 

of  t he l andf i l l  and a cap has r ecent l y been i nst al l ed wi t h a geocompos i t e 

cl ay l i ner  ( Phot o 3).

I n I t al y,  t he Seveso di sast er  wa s  r esponsi bl e f or  hei ght eni ng nat i onal  

awar eness.  I n Jul y 1976, ser i ous at mospher i c  pol l ut i on was  caused by  

di schar ges f r om a chemi cal  pl ant  i n Seveso.  So me  18 000 000 m 2 of  

l and wer e cont ami nat ed by  di oxi n.  The  veget at i on had t o be cr ushed and 

t he t op soi l  was  st r i pped of f . ( Pi epol i  et  al . ,  1984).  Fr o m 1981 t o 1983, 

t he pol l ut ed soi l  wa s  st or ed i n t wo pi t s,  wi t h r espect i ve capaci t i es of  

80 000 m 3 and 160 000 m 3. Th e  subst r at um pr ovi ded a good guar ant ee 

of  i mper meabi l i t y and an addi t i onal  bot t om bar r i er  was  i nst al l ed i n t he 

f or m of  a 0.20 met r e t hi ck l ayer  of  a sand/ bent oni t e mi xt ur e and a

2. 5 m m  t hi ck H D P E  g e o me mb r a n e .  A n  i nspect i on t unnel  wa s  

const r uct ed under  t he si t e f or  moni t or i ng l eachat e dr ai nage.

Concept ual  desi gn of  was t e conf i nement  f aci l i t i es

Thr oughout  t he wor l d,  a n e w concept  has gr adual l y devel oped,  t hat  of  

t he mo d e m l andf i l l .  An d  geosynt het i cs hav e an i mpor t ant  r ol e t o pl ay i n 

t hi s concept .  Thi s dr ast i c sol ut i on f or  conf i ni ng ver y t oxi c wast e consi st s 

of  a basi n wi t h ver t i cal  concr et e wal l s pr ot ect ed by  a H D P E  

g e o me mb r a n e  and asphal t  at  t he bot t om ( Phot o 4).  Th e  st r uct ur e,  

si t uat ed near  Rot t er dam,  i s 310 met r es  l ong,  50 met r es  wi de and

11 met r es deep.  I n t he year  2000 i t  wi l l  be f ul l .  I t  wi l l  t hen be cover ed by  

a geomembr ane  and a sand dune.

A  wor d  shoul d be sai d about  t he t echni que of  usi ng a r emovabl e r oof  t o 

pr event  t he was t e f r om get t i ng d a mp  bef or e i t  i s cover ed by  t he 

geomembr ane.  Gener al i sed use of  t hi s ver y cost l y t echni que cannot  be 

envi saged at  t he mo me n t  Th e  f i rst  t hi ng t o bear  i n mi nd  i s t hat  l andf i l l s 

ar e gener al l y i nst al l ed on  si t es whi c h ar e unsui t abl e f or  ot her  t ypes of  

ci vi l  engi neer i ng st r uct ur es,  as i n t he case of  a quar r y.  The  geot echni cal  

char act er i st i cs of  such si t es ar e of t en poor ,  so t hat  geosynt het i cs,  whi c h 

can be used t o bui l d f l exi bl e st r uct ur es,  ar e par t i cul ar l y sui t abl e.

Phot o 1. Geonet  bet ween a s moot h and a r ough geomembr anes

Phot o 2. Landf i l l  of  Br esci a ( I t al i a)

Phot o 3. Cappi ng by  GC L  of  t he Mont c hani n l andf i l l  ( Fr ance)

Second,  a l i ner  not  onl y  has t he r ol e of  pr event i ng ext er nal  wat er  f r om 

penet r at i ng t he l andf i l l  and l eachat e f r om t he wast e f r om r eachi ng t he 

sur r oundi ng soi l ,  but  i t  al so has a dr ai nage f unct i on:  i t  col l ect s l eachat es 

and gases i n t he bot t om of  t he l andf i l l .  Mo r e  speci f i cal l y,  or gani c wast e 

pr oduces l ar ge amount s  of  bi ogas whi ch,  onc e r ecover ed,  can be r eused 

t o pr oduc e el ect r i cal  ener gy.  Th e  v o l ume  of  gas pr oduc ed f or  ever y 

t or ni e of  domest i c  wast e has been est i mat ed at  bet ween 100 and 150 m 3. 

Thi s  bi ogas i s c ompos ed  of  bet ween 55 and 80% met hane wi t h t he rest
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ma d e  up  of  car bon di oxi de.  Wh e n  pur i f i ed,  met hane can be used as f uel ,  

so t hat  10 t onnes of  househol d wast e i s t hen equi val ent  t o 1 t onne of  oi l .  

Howev er ,  t he degr adat i on pr ocess mus t  be cont r ol l ed so t hat  degassi ng 

can be accel er at ed ( t he nat ur al  pr ocess t akes 30 year s) .

Not e t hat  i f  t her e i s f aul t y dr ai nage under  t he geomc mbr ane  l i ner  bar r i er ,  

qui t e spect acul ar  si t uat i ons can ar i se,  as i n t he f r equent  case wher e t he 

geomembr ane  has r i sen.

Nowaday s ,  a wi de r ange of  t echni cal  sol ut i ons i s avai l abl e f or  l andf i l l  

l i ner s,  dependi ng o n  t he t ype of  wast e,  geot echni cal  condi t i ons,  

r egul at i ons,  and so on.  Fi gur e 2 compar es  a mi ner al  bot t om l i ner  wi t h a 

synt het i c one and cl ear l y s hows  t hat  by  r epl aci ng t he sand f i l t er  wi t h a 

geot ext i l e,  t he gr avel  l ayer  by  a geonet  and t he cl ay l i ner  by  a 

geomembr ane,  si gni f i cant  savi ngs ar e ma d e  on  mi ner al  mat er i al s t hat  ar e 

di f f i cul t  t o f i nd and pl ace,  and ext r a space i s ma d e  avai l abl e f or  wast e 

st or age ( see ar r ow on f i gur e) .

Al t er nat i ve s c hemes  ar e of t en desi gned,  wher e,  f or  exampl e,  a composi t e 

l i ner  i s obt ai ned by  usi ng a mi ner al  seal i ng l ayer  ( cl ay)  al ong wi t h a 

synt het i c l ayer  ( geomembr ane) .  As  r egar ds t he cap l i ner  whi c h cover s t he 

l andf i l l ,  t he use of  geosynt het i cs woul d agai n l eave mo r e  r oom f or  wast e 

t o be st or ed.

Men t i o n  shoul d be ma d e  of  t he doubl e g e o me mb r a n e  s y s t em 

r e c o mme n d e d  by  t he Amer i c an  Env i r onment al  Pr ot ect i on Ag e n c y  

( EPA) ,  a mo n g  ot her s.  Thi s sys t em wor k s  l i ke t he doubl e hul l  of  a shi p,  

wher e t he secondar y l i ner  l ayer  guar ds agai nst  l eakage f r om t he pr i mar y 

l i ner  l ayer  ( Feeney  and Max s on,  1993).

Al l  t he i ndust r i al i sed count r i es ar e wor k i ng t owar ds adopt i ng a mo d e m 

appr oach t o l andf i l l s.  F e w count r i es hav e r egul at i ons concer ni ng t he 

act ual  desi gn.  For  i nst ance,  accor di ng t o Pr of .  Fuk uok a,  t he Japanese 

Env i r onment  Ag e n c y  has not  i ssued any  r egul at i ons.  Th e  Japanese 

Mi ni st r y of  Heal t h,  however ,  has f i xed a mi n i mu m t hi ckness f or  t he 

g e o me mb r a n e  ( 1.5 mm) ,  t hough not  f or  t he cl ay l ayer  ( Feeney  and 

Max s on,  1993).

Fi gur e 3 c ompar es  Fr enc h ( 1992)  and Ge r ma n  ( 1986) desi gns f or  

bot t om l i ner s i n hazar dous wast e st or age.  Regul at i ons i n bot h count r i es 

r equi r e a compos i t e l i ner  bar r i er  of  mi ner al  and synt het i c mat er i al s,  but  

t he under l yi ng phi l osophy i s di f f er ent .  Accor di ng t o Fr ench r egul at i ons,  

t he r ol e of  t he g e omembr ane  i s t o col l ect  t he l eachat es,  whi l e t he Ge r ma n  

r egul at i ons c ombi ne t he c ompl ement ar y  seal i ng pr oper t i es of  mi ner al  

and synt het i c bar r i er s.  I n bot h cases,  t he geomembr ane  mus t  be pr ot ect ed 

agai nst  d a ma g e  f r om punct ur i ng by  a geot ext i l e,  but  t he Ge r ma n  

r egul at i ons ar e mu c h  mo r e  st r i ct  (2.5 m m  t hi ck H D P E  g e o me mb r a n e  

and a geot ext i l e of  1200 g / m2 mi n i mu m) .  A  n e w t est  has been 

r ec omme n d e d  by  t he B A M  i n Ber l i n ( 1992) t o check  t he qual i t y of  t he 

geosynt het i c mat er i al  pr ot ect i ng t he geomembr ane :  a gr avel  l ayer  

( 16/ 32mm)  i s l ai d over  t he ent i r e geomembr ane- geot ex t i l e pr ot ect i on 

sys t em whi c h i s pl aced on  an el ast omer  suppor t .  Th e  syst em i s subj ect ed 

t o a l oadi ng 1.5 t i mes t hat  of  t he wast e mat er i al  f or  a per i od of  1000 
hour s.  At  t he end of  t he t est ,  def or mat i on of  t he g e o me mb r a n e  by  

punchi ng mus t  not  be mor e  t han 0.25%  and mus t  be al most  ni l  24 hour s 

l at er .  Fr anc e pr oposes  t he t est  s h o wn  i n Fi gur e 4 f or  det er mi ni ng 

g e o me mb r a n e  damage:  a l eakage t est  f ol l ows t he punct ur e t est  o n  t he 

s ame sampl e i n t he s ame posi t i on.

I n t he U S A  ( Fi gur e 5),  t he Env i r onment al  Pr ot ect i on Agenc y  i nt r oduced 

geomembr anes  as bot t om l i ner s f or  hazar dous wast e st or age as ear l y as 

1982, and t he doubl e l i ner  i dea,  whe r e  eac h l i ner  i ncl udes a 

g eomembr ane  associ at ed i n s ome  cases wi t h a cl ay l ayer ,  i n 1987.

Anot her  ar ea wher e r egul at i ons mus t  be i mpr ov ed i s wast e cl assi f i cat i on,  

but  t hi s wi l l  not  be deal t  wi t h her e si nce t he di st i nct i on bet ween domest i c 

and i ndust r i al  wast e depends  on i t s or i gi n r at her  t han i t s t oxi ci t y.

N o w  l et  us t ur n t o t he di f f er ent  pr obl ems  encount er ed by  t he ci vi l  

engi neer  i n t he const r uct i on of  a l andf i l l  f or  sol i d wast e.

Landfill slopes

For  t he sl opi ng si des of  t he l andf dl ,  geosynt het i cs hav e a deci si ve 

advant age because t hey c an be pl aced on  mu c h  st eeper  sl opes t han 

mi ner al  l ayer s wi t hout  r i sk of  i nst abi l i t y.  Thi s  i s t he case f or  t he 

i mper meabl e l ayer  ( geomembr ane/ c l ay )  and t he dr ai nage and pr ot ect i on 

l ayer  ( geot ext i l e/ sand) .

An  ex ampl e of  t he doubl e l i ner  sys t em i s s ho wn  i n phot o 5, i n whi c h a 

c ombi ned l i ner  i s used f or  t he l ower  par t s,  pl aced on  ver y st eep sl opes.  

Thi s phot o s hows  Lopez  Cany o n  i n Cal i f or ni a ( Der i an et  al . ,  1993).  Th e  

wor k s  whi c h  began i n 1993 concer ned t he st or age of  muni c i pal  sol i d 

wast es.  Th e  sl opes of  t he di sposal  ar ea wer e  as st eep as 1:1 
( hor i zont al / ver t i cal  r at i o) .  Local  r egul at i ons r equi r ed a mi n i mu m of  

0.6 m  of  c ompac t ed soi l  wi t h per meabi l i t y l ess t han 10‘9 m/ s  over l ai n by  

an H D P E  g e omembr ane  wi t h a mi n i mu m t hi ckness of  1.5 mm.

Th e  desi gner s used a GC L  i n pl ace of  c ompac t ed soi l ,  as t he l at t er  woul d 

have been subj ect  t o st abi l i t y pr obl ems.  Th e  GC L  i s pl aced on  a veneer  

of  100 m m  t hi ck r ei nf or ced concr et e.  For  t he s a me  r easons,  t he gr anul ar  

dr ai nage mat er i al s us ed t o col l ect  t he l eachat es ar e r epl aced by  a 

geot ext i l e f i l t er  (410 g / m2) pl aced over  a geonet .

Phot o 4. Was t e  di sposal  ( t oxi c wast e)  wi t h concr et e wal l s,  l i ned wi t h 

H D P E  geomemb r a n e  - Rot t er dam ( Net her l ands)

Bottom Liners

Synthetic Liner Mineral Liner

GTX : Geotextile 
GN : Geonet
GM : Geomembrane (or Bentonitic Geocomposite + Geotextile) 

Fi g.  2. Compar i s on bet ween synt het i c and mi ner al  l i ner s

Second Step : Test of leakage detection

Fi g.  4. Fr ench punct ur i ng t est  f or  geomembr anes

Anot her  advant age of  usi ng geosynt het i cs i s t hat  t hey ar e easi er  t o i nst al l .  

The  use of  geosynt het i cs,  however ,  poses n e w st abi l i t y pr obl ems.  Wh e n  a 

sl i de occur r ed at  t he Ket t l eman l andf i l l  i n Cal i f or ni a,  Mi t chel l  ( 1990)  and 

Seed ( 1990) obser ved i nt er f ace- f r i ct i on angl es as l ow as 8° bet ween t he 

geonet  and t he geome mb r a n e  i n cer t ai n condi t i ons.  I t  has been suggest ed 

t hat  t hi s l ow i nt er f ace f r i ct i on val ue i s t he r eason f or  t he sl ope- st abi l i t y
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Fi g.  3. Bo t t om l i ner  sys t ems  f or  Fr enc h and Ge r ma n  l andf i l l s of  
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Fi g.  5. Bo t t om l i ner  sys t ems f or  Fr enc h and Amer i c an  l andf i l l s of  

hazar dous wast e

Th e  act ual  st abi l i t y of  t he gr anul ar  l ayer s can al so be st r engt hened 

i nt er nal l y by  a geot ext i l e or  a geogr i d ( Fi gur e 8)  ( Paul son and Par ker ,  

1993; Chouer y  and But cho,  1991). Anot her  t echni que i nvol ves usi ng 

geocel l s whi c h ar e t hr ee- di mensi onal  geot ext i l es wi t h hexagonal  cel l s.  

Th e  ai m of  t he geosynt het i cs i s t o absor b par t  of  t he st r ess,  t her eby 

l eavi ng l ess st r ess t o be absor bed by  t he geomembr ane.

Thi s  t echni que wa s  used i n a f ul l - scal e exper i ment al  st udy on  t he 

pr ot ot ype l andf i l l  at  Mont r eui l / Bar se ( Phot o 8),  on  a 1:1 sl ope.  The  cel l s 

wer e f i l l ed wi t h sand and t he mov emen t s  of  t he l ayer  wer e cont i nuousl y 

moni t or ed ( Ber nhar d et  al „  1994).

A  s i mpl er  t echni que,  t hough s omewhat  si mi l ar  i n desi gn,  i nvol ves usi ng 

t yr es.

A  mor e  cost l y t echni que,  whi c h has been used i n Ger many ,  i nvol ves 

pr ovi di ng a pr ot ect i ve l ayer  f or  t he g e o me mb r a n e  i n t he f or m of  a 

concr et e mat t r ess ma d e  up  of  geot ext i l e sheet s s ewn t oget her  and i nj ect ed 

wi t h cement .

Whe r e  a cl ay mi ner al  l i ner  i s used on  t he sl opes,  t he aver age sl ope angl e 

of  t he l i ner  c an be i ncr eased i f  geosynt het i cs ar e used.  I n t hi s f i rst

Phot o S.  Muni c i pal  l andf i l l  of  L o pez  Ca n y o n  

G  CL  l i ner

st eep sl opes wi t h a

f ai l ur e whi c h l ed t o t he sl i de i n t he wast e f i l l .  Th e  sl i di ng mov ement ,  

measur i ng s o me  4 m  ( ver t i cal )  by  10 m  ( hor i zont al ) ,  was  bel i eved t o have 

occur ed al ong t he geonel / geomembr ane i nt er f ace of  t he l i ner .

Sl i des hav e al so been obser ved i n t he sur f ace gr anul ar  l ayer ,  as i n a 

pr oj ect  i n Fut t on Count y ,  N e w  Yo r k  ( ex ampl e r epor t ed by  Gi r oud,  

1993),  bef or e wast e wa s  deposi t ed ( Phot o 6) : at  t he t op of  t he sl ope,  a 

r upt ur e can be seen i n t he geot ext i l e,  r esul t i ng f r om t ensi l e st ress.

Fosse Mar mi t ai ne was  t he f i rst  Fr ench l andf i l l  t o use a geosynt het i c l i ner  : 

t he g e o me mbr ane  i s bi t umi nous and i t s pr ot ect i on on  t he dr y concr et e 

sl ope has sl i pped,  r esul t i ng i n r upt ur e of  t he geosynt het i c l ayer  at  t he t op 

of  t he sl ope ( Phot o 7)  -  ( Gosset  et  al . ,  1993) -  ( Gosset  et  al . ,  1989).

The  st abi l i t y of  t he geosynt het i c l i ner  and t he gr anul ar  l ayer  has been t he 

subj ect  of  a n u mb e r  of  di f f er ent  st udi es ( Gi r oud and Beech,  1989 and 

Koemer ,  1991, i n t he USA,  Soy ez  i n Fr ance wi t h t he Et age sof t war e 

pr ogr am) . Thi s i s a t ypi cal  soi l  mechani cs  pr obl em.  An  i mpor t ant  poi nt  i s 

t he est i mat i on of  t he t ensi l e st ress,  T,  i n t he geosynt het i c at  t he t op of  t he 

sl ope ( Fi gur e 6).  Th e  geosynt het i c has t o be anchor ed i n t he gr ound t o 

absor b t hi s t ensi l e st ress.

Th e  di agr am ( Fi gur e 7),  pr epar ed by  Bour deau ( 1993) s hows  t he st r ess 

i n t he anchor ed geosynt het i c l ayer  and t he saf et y coef f i ci ent  f or  t he soi l  

cover i ng as a f unct i on of  t he angl e of  sl ope.

T o  i ncr ease i nt er f ace f r i ct i on,  r ougher ,  so cal l ed " t ext ur ed"  

g eomembr anes  ma y  be used on  t he sl opes.  For  t he T o wn  of  Baby l on 

l andf i l l ,  a s moot h geomembr ane  has been used f or  t he bot t om l i ner  and a 

r ough g e o me mbr ane  f or  t hf .  sl opes (J.  Beech) .

Thi s  pr obl em mus t  al so be st udi ed f or  l andf i l l  caps.  Gi r oud ( 1990) 

conduct ed a f ul l - scal e st udy of  t he st abi l i t y of  t he composi t e ma d e  up  as 

f ol l ows,  f r om t op t o bot t om : cover i ng soi l ,  geot ext i l e,  geonet ,  s moot h or  

r ough geomembr ane.  He  obser ved sl i di ng bet ween t he g e o me mb r a n e  

and t he geonet .  I t  has al so been f ound t hat  t ext ur ed geomembr anes ,  

whi c h per f or m wel l  i n cont act  wi t h t he soi l ,  exhi bi t  l ess f r i ct i on t han 

s moot h geomembr anes  wh e n  i n cont act  wi t h a geonet .  On  t he ot her  hand,  

t ext ur ed geomembr anes  i n cont act  wi t h cohesi ve soi l s al ways  exhi bi t  

gr eat er  shear  st r engt h at  t he i nt er f ace t han s moo t h  geo me mb r a n e s  

( Ri vet t e et  al . ,  1993; Fi s hman and Pal ,  1994).

Th e  pr obl em i s t hus compl i cat ed i n t hat  i t  i s necessar y t o st udy t he 

st abi l i t y of  each of  t he di f f er ent  l ayer s of  t he l i ner  i n r el at i on t o t he 

ot her s.

Phot o 6. Sl i di ng of  t he 

count r y ( Gi r ou

mi ar  soi l  o n  t he l i ner  

1993)

l andf i l l  of  Fut t on

Phot o 7. Sl i di ng of  t he concr et e pr ot ect i on - L a  Fosse Mar mi t ai ne 

( Fr ance)
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exampl e,  at  t he si t e of  a f or mer  quar r y i n Br adl ey,  USA,  a 4. 5 m  t hi ck 

l ayer  of  cl ay wa s  pl aced on a sl ope of  1:1 t hanks t o geogr i d 

r ei nf or cement  ( Fi gur e 9, Phot o 9).

I n anot her  or i gi nal  ex ampl e i n Fr ance,  at  Ber ghei m,  geocel l s wer e pl aced 

i n hor i zont al  sheet s,  t o obt ai n a cl ay l ayer  wi t h a ver t i cal  f ace ( Phot o 10). 

I n t he pr esent  case,  t he r ei nf or ced ( and dr ai ned)  cl ay massi f  pl aced at  t he 

si t e was  i nt ended as a suppor t  massi f ,  but  t he s ame t echni que coul d be 

used t o cr eat e a ver t i cal  l i ner .

Landf i l l  caps

Let  us  n o w l ook at  t he speci f i c pr obl ems  r el at ed t o t he cover i ng of  

l andf i l l s,  asi de f r om t he quest i on of  sl i di ng r esi st ance al r eady di scussed 

above.  Th e  behav i our  of  t he cap i s condi t i oned by  t he geomechani cal  

pr oper t i es of  t he wast e whi c h i t  cover s.  Gi v en t he het er ogenei t y of  t hi s 

mat er i al ,  i t  i s di f f i cul t  t o pr opose a geot echni cal  cl assi f i cat i on of  wast e.

Fi g.  6. Tensi l e f or ce i n a l andf i l l  sl ope l i ner

Stability and Tension in Geomembrane

T„

T  =  ( y  ) •  i
fs sinp

( > =  0 )

Sl ope angl e (3

C„  =  2 k Pa  <1> „ = 15° Cl  =  2 k Pa  4> i. = 5°

Fi g.  7. Tensi l e f or ce and st abi l i t y saf et y f act or  f or  a l andf i l l  sl ope 

l i ner  ( Bour deau,  1993)

^ C o v e r  Soi l  

l &»« - G' e° gr * d or  

Ge o  t ext i l e

\
Geomembrane

Wa s t e

Wa s t e

Co v e r  Soi l  

\ Ge o g r i d  or  Geot ex t i l e 

or  Geoc el l  

Ge o me mb r a n e

Fig. 8. Rei nf orcement  of  the granul ar l ayer, to i ncrease the stabi l i ty

I n t he case of  domest i c  was t e ( Cancel l i ,  1989),  speci f i c wei ght  ma y  var y 

bet ween 3.5 and 5.5 k N/ m3 f or  non- consol i dat ed mat er i al  and f r om 8 t o 

10k N/ m3 f or  consol i dat ed wast e.  Si nce ver y  l i t t l e dat a i s cur r ent l y 

avai l abl e,  a f r i ct i on angl e of  0 =  25° and cohesi on of  0 t o 30 k Pa  ma y  be 

as s umed f or  r out i ne desi gn,  but  r esear ch shoul d r eal l y be conduct ed t o 

obt ai n i n- si t u meas ur ement s  of  t he mechani cal  char act er i st i cs of  wast e 

mat er i al .

Def or mat i on of  t he c ap wi l l  depend on set t l ement  of  t he under l y i ng 

wast e.  Th e  set t l ement  i t sel f  wi l l  depend on t he compr essi bi l i t y of  t he 

wast e and i t s t hi ckness.  A  di st i nct i on wi l l  be ma d e  ( Sower s,  1968 - Wat t s  

and Char l es,  1990) bet ween pr i mar y  consol i dat i on r el at ed t o mechani cal  

pr ocesses ( r eor i ent at i on,  cr ushi ng,  el ast i ci t y of  const i t uent  mat er i al s)  and 

secondar y consol i dat i on due t o bi odégr adat i on and cr eep.  Howev er ,  t he 

quant i t at i ve appr oach,  whi c h has i t s or i gi ns i n soi l  mechani cs,  i s st i l l  i n i ts 

i ni t i al  phase.

Av er age set t l ement  of  up  t o 20%  has been obser ved i n t he case of  wast e 

20 met r es t hi ck.  Thi s bei ng t he case,  di f f er ent i al  set t l ement  i s obvi ousl y 

mor e  cr i t i cal  f or  t he c ap l i ner .  Suc h set t l ement  i s due t o t he di f f er ent  

t hi ckness of  t he wast e at  t he cent r e of  t he l andf i l l  and ar ound t he edges,  

and at  speci f i c pl aces wher e cavi t i es hav e appear ed.  I n t he USA,  r out i ne 

des i gn f r equent l y as s umes  a ci r cul ar  col l apse of  bet ween 1.8 and

2. 4 met r es i n di amet er  cor r espondi ng t o t he cr ushi ng of  t wo adj acent  

househol d appl i ances.

Day ,  whi c h i s t he t r adi t i onal  mat er i al  used f or  cap l i ner s,  i s suscept i bl e t o 

cr acki ng under  t he ef f ect s of  dr yi ng,  and al so under  t he ef f ect s of  t ensi l e 

bendi ng of  t he cl ay l ayer .  Suc h  cr acki ng r ui ns t he seal i ng capaci t i es of  

t he mi ner al  l i ner .  Mu r p h y  and Gi l ber t  ( 1987),  Jessber ger  ( 1991, 1993) 

and Ler ouei l  ( 1992) have st udi ed t he t ensi l e st r engt h of  cl ay,  whi c h i s t he 

mai n f act or  i n det er mi ni ng bendi ng of  cap l i ner s.  Ver y  pl ast i c cl ays have 

t ended t o be char act er i sed by  l ower  st i f f ness and hi gher  duct i l i t y,  i n ot her  

wor ds,  t hey ar e abl e t o wi t hst and hi gher  st r ai ns wi t hout  cr acki ng.  

Jessber ger  car r i ed out  cent r i f uge exper i ment s t o s h o w t hat ,  i n a bendi ng 

t est ,  t he def or mat i on necessar y t o i nduce t ensi l e cr acki ng i ncr eases wi t h 

t he pl ast i ci t y of  t he cl ay.  He  al so s howed  t hat  t he pr esence of  an 

over bur den at  t he sur f ace el i mi nat ed t ensi on cr acki ng but  r esul t ed i n 

shear  r upt ur es,  whi c h const i t ut e pr ef er ent i al  f l ow pat hs ( Fi gur e 10).  I t  

shoul d be not ed t hat  t he cl ay mus t  be c ompac t ed on t he wet  si de of  t he 

l i ne of  opt i ma,  at  wat er  cont ent s bet ween t he st andar d Pr oct or  op t i mum 

and t he l i mi t  of  t r af f i cabi l i t y.

A  bendi ng exper i ment  wi t h l eakage det ect i on wa s  car r i ed out  at  t he 

I RI GM,  Gr enobl e ( Phot o 11).  Not e  t he cr acks wh i c h  appear ed at  t he 

bot t om of  t he cl ay l ayer .  Cr acks  i n t he cl ay appear  f or  def or mat i ons of  

t he or der  of  0.80%.

Ge o me mb r a n e s  s h o w si gni f i cant  t ensi l e st r engt h and a t endency  t o 

suppor t  si gni f i cant  st r ai n ( of  t he or der  of  13% up t o t he yi el d poi nt  f or  

an HDPE,  bey ond  600%  f or  t he f ai l ur e poi nt ) .  Howev er ,  i t  ma y  be 

suggest ed t hat  t he behav i our  of  geomembr anes  shoul d be st udi ed under  

r eal  bi axi al  st r ess condi t i ons ( Soder man and Gi r oud,  1994),  usi ng devi ces 

such as t hat  used at  t he I NSA- I TF,  L y o n  ( Jar r i geaud and Sot t on,  1995),  

si nce t he ax i symmet r i c  bur st  t est  i s not  suf f i ci ent .

I n a si t uat i on wher e t her e ma y  be a si nk hol e under  t he cap l i ner ,  t he use 

of  a synt het i c l i ner  r ei nf or ced by  a geogr i d or  geot ext i l e pr ovi des an

Photo 8. Experimental landfill of Montreuil/Barse : reinforcement of 
the sand protection by geocells

Co v e r  Soi l

Ge o me mb r a n e
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i nt er est i ng t echni cal  sol ut i on ( Fox,  1993).

An  ex ampl e i n Connect i cut ,  ( Car r ol l  and Chouer y ,  1991),  t he r ei nf or ci ng 

geogr i d i s pl aced on t he P V C  g e o me mb r a n e  ( Phot o 12). Cal cul at i on of  

t he r ei nf or cement  of  t he c ap l i ner  i s not  s i mpl e si nce i t  i nvol ves l ar ge 

def or mat i on val ues ( Jang and Mont er o,  1993).  Th e  cal cul at i on f or  

kar st i c f oundat i ons coul d be used as a gui de ( Gour c  et  al . ,  1982, Per r i er ,

1982) ( Fi gur e 11).  A  numer i cal  appr oach has al so been suggest ed ( Br ay 

et  al . ,  1993),  s howi ng t he di st or t i on gai n obt ai ned by  usi ng t wo geogr i ds 

t o r ei nf or ce i nsi de t he l ayer .

Fi nal l y,  geocompos i t e cl ay l ayer s,  whi ch,  l i ke t he wo v e n  and non- wov en 

geot ext i l es of  whi c h t hey ar e compos ed,  can wi t hst and si gni f i cant  t ensi l e 

st r ai n,  mi ght  al so be a ser i ous al t er nat i ve onc e t hei r  per f or mance has 

been bet t er  doc ument ed ( Ko e me r  and Dani el ,  1993).

A  f ul l - scal e exper i ment  i n Mi chel shOne,  Ge r ma n y  ( Al exi ew,  1994 i nt er n 

r epor t ) . used a GC L  as a cap l i ner  wi t h an ai r - bag si mul at i ng a si nk hol e.

Landfill foundations

Ar eas  desi gnat ed f or  l andf i l l s ar e ver y of t en char act er i sed by  ver y poor  

geot echni cal  pr oper t i es and ar e unsui t abl e f or  const r uct i on.  For  r easons 

of  scal e,  l andf i l l s oc c upy  ext ensi ve ar eas,  and f or  ec onomi c  r easons,  

t r adi t i onal  soi l  t r eat ment  met hods  ( dr ai nage,  dy nami c  compact i on,  et c. )  

ar e r ar el y used.

Soi l s wi t h cr i t i cal  bear i ng condi t i ons i ncl ude kai st i c soi l s ( Bor i e et  al . ,

1993),  whi c h r equi r e t he t ype of  sol ut i on al r eady di scussed f or  si nk hol es 

under  t he c ap l i ner ,  t hat  i s r ei nf or cement  of  t he bot t om l i ner  usi ng 

geosynt het i cs.  A n  ex ampl e i s gi ven by  Paul son and Par ker  ( 1993). 

Anot her  cr i t i cal  case i s t hat  of  ver y compr essi bl e soi l s.  Ruef f  and St of f er s

( 1994) descr i be a l andf i l l  i n Be r gk amen bui l t  over  a l agoon i n ver y we a k  

soi l .  Th e  bot t om par t  of  t he l andf i l l  i s r i gi di f i ed by  a h o n e y c o mb  

mat t r ess of  geogr i ds f i l l ed wi t h cohesi onl ess soi l .  Th e  s ame  t echni que i s 

used t o gi ve bendi ng r i gi di t y t o embank ment s  bui l t  on  we a k  soi l  ( Gour c,

1992).

Fi g.  9. Rei nf or ced mi ner al  l i ner  on  st eep sl ope ( Br adl ey,  USA)  

Hent i i ng. s Cent r i f ugal  Te s t :

Ov e r b u r d e n

(Jessberger, 1993)

Ma x .  Tensi l e St r ai n v er sus  Pl ast i ci t y I nd e x

ma x  £ 9c

(Gilbe rt  &  M urphy, 1987)

Fig. 10. Sensibi l i ty of  cl ay to cracki ng

Phot o 9. Compac t i on of  t he cl ay r ei nf or ced l ayer  ( Br adl ey,  USA)

Fig. 11. Tensi l e force i nduced by a si nk hol e (Gourc - Perrier, 1992)

T h e  p r ob l em of  def or mat i on of  t he bo t t om l i ner  of  l andf i l l s 

syst emat i cal l y ar i ses i n t he case of  ver t i cal  and l at er al  expans i on of  a 

l andf i l l .  Suc h cases ar e bec omi ng i ncr easi ngl y f r equent  owi ng  t o t he f act  

t hat  i t  i s mu c h  easi er  t o obt ai n aut hor i sat i on t o ex pand a l andf i l l  t han t o 

bui l d a n e w one at  anot her  si t e.

On e  of  t he f i rst  cases of  ver t i cal  expans i on t ook pl ace i n I sl i p,  Ne w Yor k  

( Fi gur e 12) ( Ti eman et  al . ,  1990).  Th e  f or mer  l andf i l l  has a ma x i mu m 

t hi ckness of  58 m  and i t s cap l i ner  i s c ompos ed  of  a P V C  geomembr ane  

and 0. 15 m  of  sand.  I t  was  pr oposed t o i ncr ease t he hei ght  of  t he wast e 

mat er i al  by  15 m,  whi ch,  accor di ng t o cal cul at i ons,  wou l d  r esul t  i n 

addi t i onal  set t l ement  of  3.9 m  of  t he under l y i ng wast e.  T o  t ake i nt o 

account  di f f er ences i n set t l ement ,  a l ayer  of  f i l l  r ei nf or ced by  geogr i d 

was  pl aced as a c ov er  over  t he or i gi nal  l andf i l l  and a n e w H D P E  

geomembr ane  was  pl aced on  t op of  i t.

Ma k i n g  al l owance f or  set t l ement  can cr eat e di f f i cul t  t echni cal  pr obl ems 

concer ni ng dr ai nage pi pes f or  wat er ,  l eachat es and gas,  si nce t he pi pes 

mus t  not  r upt ur e but  mus t  adapt  t o t he set t l ement  Th e  phot o of  t he 

ex panded l andf i l l  i n Lasal l e Mont r eal ,  Canada ( Phot o 13),  s hows  t he gas 

dr ai nage st ack of  t he or i gi nal  under l y i ng l andf i l l  cr ossi ng t he bot t om 

l i ner  of  t he n e w l andf i l l .

Ar t i &r es et  al .  ( 1994)  sugges t ed an or i gi nal  sol ut i on f or  ver t i cal  

expans i on i n Vi l l epar i si s,  Fr ance ( Fi gur e 13).  Th e  sol ut i on i nvol ved 

st or i ng t oxi c i ndust r i al  wast e on  t op of  an ol d domest i c  wast e l andf i l l .  I n 

accor dance wi t h n e w Fr enc h r egul at i ons,  t he bot t om l i ner  of  t he n e w 

l andf i l l  i s a 5- met r e t hi ck l ayer  of  cl ay.  Ov e r  t hi s cl ay l i ner ,  t her e i s t he 

dr ai nage syst em,  i ncl udi ng one geonet  and t wo  geot ext i l e f i l t ers.  

Set t l ement  of  t he muni c i pal  was t e coul d cr eat e cr i t i cal  st r esses i n t he 

dr ai nage syst em.  A  s moot h  geomembr ane,  pl aced be l ow t he dr ai nage
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Fi gur e 13 : Ver t i cal  expansi on,  of  a
l andf i l l  - geomembr ane  as 

sl i di ng sur f ace ( Tor cy - Fr ance)  

syst em,  act s as a l ow- f r i ct i on i nt er f ace ( and not  as a l i ner )  t o al l ow t he 

geosynt het i cs t o sl i de as a r esul t  of  set t l ement .

Th e  use of  soi l  r ei nf or cement  t echni ques based on geosynt het i cs enabl es 

t he st or age capaci t y of  l andf i l l s t o be i ncr eased.  I n t he exampl e i n Pi st oi a,  

I t al y ( Cazzuf f i  et  al . ,  1989),  t he l andf i l l  i s ex panded by  usi ng r ei nf or ced 

ear t h embank ment s  t o r ai se t he l at er al  di kes.  Thi s t echni que gi ves a ver y 

st eep sl ope,  and t hus pr ovi des mor e  st or age space,  and al so mak es  i t  

possi bl e t o const r uct  di kes on  compr essi bl e f oundat i ons such as ol d wast e 

mat er i al .
Anot her  i nt er est i ng devel opment  i nvol ves r ei nf or ci ng t he wast e i t sel f  so 

as t o i ncr ease t he sl ope of  t he st or ed wast e and possi bl y f aci l i t at e 

ar chi t ect ur al  wor k s  onc e t he l andf i l l  i s cl osed ( Fi gur e 14).  Thi s  concept  

was  used at  t he Tor c y  domest i c  wast e l andf i l l  ( Ar t i èr es et  al . ,  1994). 

Was t e i s r ei nf or ced by  means  of  non- wov en geot ext i l es,  whi c h c ombi ne 

t ensi l e st r engt h and t r ansmi ssi vi t y t o dr ai n t he l eachat es.  On  t hi s l andf i l l ,  

t he ext er nal  di kes ar e al so c ompos ed  of  r ei nf or ced soi l  wi t h a f aci ng of  

ol d t yr es.

Fig. 14. Appl i cat i on of  rei nforcement  techni cs to dykes and waste

I ..
//

■ / •

. _____ _ ^

i  '

Phot o 13. Ver t i cal  expans i on of  a l andf i l l  : bi ogaz  dr ai nage of  t he 

l ower  l andf i l l  t hr ough t he bot t om l i ner  of  t he n e w one 

( Lasal l e,  Mont r eal ,  Canada)

Geogr i ds

Phot o 10. Cl ay  l ayer  wi t h ver t i cal  f aci ng 

( Fr ance)

l a n d f i l l  o f  B

Phot o 11. Bend i ng t est  on  a cl ay l ayer  - l ower  par t  of  t he l ayer  

( I r i gm - Uni ver si t y of  Gr enobl e)

Phot o 12. Ca p  l i ner  : geogr i d on  geomembr ane  ( Pl ai nvi l l e - USA)
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Th e  t r end t owar ds  pr ovi di ng ma x i mu m saf et y has l ed t o exchanges  

bet ween nucl ear  wast e and non- nucl ear  wast e st or age t echni ques.

L a  Hag u e  i s h o me  t o t he f i rst  Fr ench st or age f aci l i t y f or  l ow- act i vi t y 

nucl ear  wast e.  Th e  wast e mat er i al ,  i n t he f or m of  bl ocks,  i s pl aced i n a 

mat r i x of  sand or  concr et e ( Ossena et  al . ,  1994). Th e  cap l i ner  of  t hi s 

st or age s y s t em i ncl udes a bi t umi nous  g e o me mb r a n e  ( Phot o 14). I n 

Fr ance,  t he l aw of  13 Jul y 1992 st i pul at es t hat  by  t he year  2002 onl y 

ul t i mat e wast es,  t hat  i s wast e f r om wast e,  consi der ed t o be i ner t ,  can be 

st or ed af t er  i nci ner at i on.  St or age condi t i ons ar c f i xed by  t he 

depar t ment al  or der  of  18 De c e mb e r  1992. Thi s  n e w r egul at i on has 

enhanced t he popul ar i t y of  i nci ner at i on and pr ocessi ng,  or  " i ncr t age" .  

Ther e ar e t wo mai n  t ypes of  i ner t age:  " col d i ncr t age" ,  wher e t he r esi dues 

f r om t he i nci ner at i on pr ocess ar e coat ed i n mat t er  compr i s i ng bi t umen,  

cement ,  pl ast i c,  et c. .  and " hot  i ner t age" ,  wher e t he wast e i s vi t r i f i ed al  hi gh 

t emper at ur e.  Thes e  t echni ques ar e cost l y and t her e i s not  yet  any  

guar ant ee t hat  t oxi c l eachat es wi l l  not  occur  wh e n  t he bl ocks ar e bur i ed 

i n t he gr ound ( Bama,  1994).  Phot o 15 s hows  bl ocks of  wast e whi c h have 

been sol i di f i ed by  addi ng c ement  at  a r at e of  300 k g / m3. Th e  bl ocks ar e 

manuf act ur ed at  t he wast e di sposal  si t e near  l ake Genev a  i n Swi t zer l and 

( 1991).

I n l i ne wi t h changi ng r egul at i ons,  t he Champt eus s i / Bac onne l andf i l l  i n 

Fr ance accept s i nci ner at i on r esi dues i n l ar ge bags.  Th e  bot t om I j ner  

consi st s of  t wo g e o me mb r a n e s  separ at ed by  a geonet .  N e w  st or age 

concept s c an t hus be i magi ned wher e geosynt heucs wi l l  cont i nue t o pl ay 

a maj or  r ol e ( Fi gur e 15):

- st or age si t es wi t h pi l e suppor t ed Door s,  wi t h t he possi bi l i t y of  i nspect i ng 

t he under si de of  t he f l oor ,

- st or age i n bl ocks wi t h l at er al  r ei nf or ced ear t h e mb a n k me n t s  and 

i nt er nal  and ext er nal  i nspect i on gal l er i es ( Gi sber t  et  al . ,  1994).

Thi s  gal l er y c onc ept  wa s  us ed i n t he n e w Fr enc h l andf i l l  at  

Champt eus s l / Bac onne.  Th e  gal l er y i s l ocat ed at  t he bot t om l evel .  

Leachat e col l ect or s pass under  t he f i rst  and second ge o me mb r a n e  l i ner s 

and l ead i nt o t he i nspect i on gal l er y.

Wh e n  geosynt hel i cs ar e used,  t he l andf i l l  moni t or i ng sys t em i s mu c h  

easi er  t o i nt egr at e.  Th e  l andf i l l  t hus bec o me s  a ver y saf e and wel l -  

moni t or ed st or age pl ace.  I n such condi t i ons,  t her e i s no  r eason wh y  si t es 

shoul d not  be gi ven a l ei sur e f unct i on,  as i n t he case of  a gol f  cour se -i n 

Set t er ' s Hi l l ,  near  Chi cago,  whi c h wa s  devel oped on an act i ve l andf i l l .  

Bec aus e t he f ut ur e t r end wi l l  be t o ma k e  st or age si t es bl end i n wi t h t he 

l ocal  l andscape;  i t  i s wor t h r ecal l i ng t hat ,  at  t he pr esent  t i me,  t he 

pr oxi mi t y  of  a l andf i l l  c an me a n  a r educt i on of  20% i n hous e pr i ces 

c ompar ed t o onl y  10% f or  an ai r por t .

Fut ure landfi l l s

Mineral and synthetic liners

Suc h l i ner s ar e of t en pr oposed as t wo di f f er ent  al t er nat i ves,  but  i n f act  

t hey shoul d r eal l y be t hought  of  as c ompl ement ar y .  Th e  behav i our  of  

cl ay and geomembr anes  under  t ensi l e st r ess has al r eady been di scussed 

i n §2.2.4 above:  i t  i s t he g e o me mb r a n e  whi c h i s bet t er  abl e t o wi t hst and 

si gni f i cant  st r ai ns wi t hout  dest r uct i on of  t he desi gn pr oper t i es.  Th e  

ans wer  f or  l ayer s of  cl ay i s t o r ei nf or ce t hem wi t h a geosynt het i c 

mat er i al .

Cl ay  can al so cr ack as a r esul t  of  dr yi ng.  Ther ef or e,  pl aci ng a l ayer  of  

cl ay b e t we e n  t wo  g e o me mb r a n e s  c oul d pos e pr ob l ems  si nce 

condensat i on coul d occur  at  t he c l ay - geomembr ane i nt er f ace,  conf i ni ng 

t he cl ay and depr i vi ng i t  of  wat er  ( Basnet t  and Br uner ,  1993)  -  ( Mel chi or  

et  al . ,  1993).

Storage of Ult imate Waste

Phot o 15. Bl ocks  of  sol i di f i ed i nci t ed wast e ( Swi t zer l and)

On  anot her  l evel ,  t he g e o me mb r a n e  i s not  i nsensi t i ve t o t her mal  st r ess 

( Pel t e et  al . ,  1994):  t he g e o me mb r a n e  can wr i nkl e under  t he ef f ect s of  

t he sun and r esul t  i n excessi ve st r ess and wr ongl y  posi t i oned l i ner s.  

Ex per i ment s  c onduc t ed at  t he I RI GM,  Gr enobl e,  hav e s h o wn  t he 

advant ages of  geome mb r a n e s  wi t h a whi t e r ef l ect i ng sur f ace and t he 

i nadequacy of  a geol exl i l e t her mal  cover .

Bec aus e t hey ar e not  ver y  t hi ck,  g e o me mb r a n e s  wi l l  be especi al l y 

suscept i bl e t o mec hani c al  and dy na mi c  punct ur i ng r esul t i ng,  f or  

ex ampl e,  f r om t he const r uct i on oper at i ons or  was t e t r anspor t at i on 

act i vi t i es,  or  st at i c punct ur i ng caused by  t he wei ght  of  t he wast e on  t op of  

t he geomembr ane.  Si mpl e but  r i gor ous punct ur e t est s,  such as pl aci ng 

t he g eome mb r a n e  under  pr essur e f r om a bed of  st ones,  have exi st ed f or  

s ome consi der abl e t i me ( Rol l i n and Ri go,  1991 and Fi gur e 4). As  a r esul t  

of  such t est s,  geomembr anes  ar e n o w pr ot ect ed by  a t hi ck geot ext i l e.  

Ge r ma n y  was  t he f i rst  count r y t o c any  out  ev en mor e  r i gor ous d ama g e  

t est i ng ( B A M t est ,  §2.2.2) and t hi s l ed t o t he use of  a pr ot ect i ve l i ner  

such as a t hi ck non- wov en or  a geonet  i nj ect ed wi t h sand,  f or  i nst ance.

I t  i s mu c h  si mpl er  t o l ocat e hol es i n a synt het i c l i ner  t han i t i s t o i dent i f y 

cr acks i n a cl ay l ayer ,  ev en t hough t her e i s st i l l  pr ogr ess t o be ma d e  i n 

t he det ect i on t echni ques used.  Th e  basi c pr i nci pl e i nvol ves measur i ng 

el ect r i cal  r esi st i vi t y,  si nce a g e o me mb r a n e  wi t h no  punct ur es i s an 

el ect r i cal  i nsul at or .  I n t he case of  a punct ur e i n t he geomembr ane ,  

conduct i ve f l ui d f l ow t hr ough t he l eak est abl i shes an el ect r i cal  shunt  

t hr ough t he l i ner .  Thi s  l ow el ect r i cal  r esi st ance i s det ect abl e ( Nosko,  
1993, Dar i l ek et  al . ,  1989, Peggs,  1993).

I t  i s wor t h not i ng t he met hod r e c o mme n d e d  by  t he US  Env i r onment al  

Agen c y  ( EPA)  t o t ake i nt o account ,  i n t he gl obal  l i ner  desi gn,  exi st i ng 

hol es i n t he geomembr ane.  Th e  basi c wor k  i s due t o Gi r oud and al .  The  

aut hor s ( Gi r oud and al ,  1989) pr opose a t heor et i cal  eval uat i on of  t he r at e 

of  l eakage t hr ough a c ompos i t e l i ner ,  due t o a def ect ,  and separ at el y 

( Gi r oud and Bonapar t e,  1989),  f r om an ext ensi ve r ev i ew of  dat a on 

def ect s of  act ual  l andf i l l s,  pr opose t o t ake a f r equency of  2 t o 5 hol es per  

hect ar e (2 m m  di amet er ) .  Thi s  met hod  i s used i n U S A  t o desi gn t he 

dr ai nage l ayer  of  a doubl e l i ner  syst em,  i n char ge of  t he col l ect i on of  t he 

l i qui d t hat  has l eaked t hr ough t he pr i mar y l i ner .

Th e  pr obl em of  geomemb r a n e  s eams  can be deal t  wi t h separ at el y usi ng a 

r out i ne t est :  a v a c u u m bel l  j ar  i s used t o meas ur e a l eak by  i dent i f yi ng a 

r i se i n pr essur e over  t i me i nsi de t he devi ce.  I n t he case of  a doubl e- wel d 

seam,  t he channel  bet ween t he t wo wel ds i s put  under  pr essur e.  A  dr op i n 

pr essur e i s an i ndi cat i on of  a l eak.

Fig. 15. Future landfi l l  : Storage of  bl ocks of  ul t i mate wast e

Rei nf or c ed 

soi l
Ul t i mat e 

was t e  bl oc k

Phot o 14. St or age of  l ow act i vi t y nucl ear  wast e ( La Hague  - Fr ance)
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Fi g.  17. Compar i s on bet ween g e o me mb r a n e  and geomembr ai i e +  cl ay 

l i ner s

Th e  per meabi l i t y of  a cl ay l ayer  can be meas ur ed usi ng t he doubl e r i ng 

t echni que,  a t echni que wh i c h  has been used on  a smal l  scal e f or  

geoc ompos i t e cl ay l i ner s.  Mi ner al  l i ner s and synt het i c l i ner s di f f er  

essent i al l y wi t h r espect  t o t hei r  f unct i on as a bar r i er :  i t  i s Dar cy' s l aw 

whi c h st at es t he f l ow r at e of  wat er  t hr ough a l ayer  of  cl ay ( f l ow r at e 

pr opor t i onal  t o t he pr essur e gr adi ent  causi ng t he f l ow)  whi l e f l ow 

t hr ough a non- por ous  med i um,  such as a geomembr ane,  i s gover ned by  

Fi ck' s l aw.  I t  i s essent i al l y a quest i on of  advect i on f or  t he cl ay and 

di f f usi on f or  t he geome mb r a n e  ( Shackel f or d,  1992).

Th e  f l ow of  pur e wat er  i s a p h e n o me n o n  whi c h i s wel l  document ed,  ' out  

t he s ame  i s not  t r ue of  pol l ut ant s:  i t  i s k n o wn  t hat  cl ay has l ow 

per meabi l i t y  t o " unpol ar "  f l ui ds and g e o me mb r a n e s  hav e l o w 

per meabi l i t y t o " pol ar "  f l ui ds ( Qui gl ey  et  al . ,  1987 -  Mi t chel l  and 

Mads en,  1987).  Th e  l ow conduct i vi t y of  cl ay t o unpol ar  f l ui ds i s cl ear l y 

i l l ust r at ed by  t he f l ow of  benzene,  ( Fi gur e 16) but  i t  has been obser ved 

t hat  t he pr i or  per col at i on of  et hanol ,  a pol ar  f l ui d,  dest r oyed t he 

i mper v i ousness t o benzene.  Gi v en  t he pr esence of  l andf i l l  l eachat es,  

whi c h ar e mi x t ur es of  hi ghl y var i abl e c omponent s ,  t her e can be no 

guar ant ee t hat  t he cl ay l ayer  wi l l  be as i mper vi ous t o l eachat es as i t  i s t o 

wat er  ( Monj oi e et  al . ,  1992)

Fi gur e 17 s hows  t he compl ement ar i t y  of  cl ay and geomembr anes :  t he 

g eomembr ane  i s i mper v i ous t o pol ar  f l ui ds,  whi l e t he cl ay i s i mper v i ous 

t o unpol ar  f l ui ds.  Today' s  t r end i s t her ef or e t owar ds t he c ombi ned use of  

cl ay and geomembr anes .

Th e  ver t i cal  scr een i s of t en a t r ench f i l l ed wi t h bent oni t e ( a cut - of f  wal l ) .  

Howev er ,  on  numer ous  occasi ons,  a composi t e seal i ng sol ut i on i s adopt ed 

usi ng cl ay pl us a geosynt het i c scr een i n HDPE,  whi c h has t he advant age 

of  pr ovi di ng t he compl ement ar y  i mper meabi l i t y of  t he t wo mat er i al s.  I n 

addi t i on,  t he geosynl hct i c scr een wi l l  t ol er at e desi ccat i on and l at er al  

mov ement s  wi t hout  cr acki ng.

Al so wor t h not i ng i s t he Fr enc h sys t em ( Phot o 16) ( Vi ol as,  1993) f or  

mak i ng  cont i nuous cut - of f  wal l s t o a dept h of  6 met r es,  and usi ng a 

seal i ng+dr ai nage compos i t e u p  t o 15 c m t hi ck.  For  exampl e,  t he out er  

sheet ,  a geomembr ane,  i s associ at ed t o a gr anul ar  l ayer  +  geot ext i l e,  t he 

pol l ut ed wat er  i s dr ai ned and,  at  t he s ame t i me,  t he cont ami nat ed soi l  i s 

i sol at ed.  The  syst em i nst al l ed i n t hi s case i s a geomembr ane,  wi t h a gr avel  

l ayer  f or  dr ai nage and a geot ext i l e f i l t er.

Anot her  pot ent i al  sour ce f or  concer n i s al l  t he di sposal  si t es f or  i ndust r i al  

r esi dues whi c h ar e subj ect ed t o const ant  per col at i on by  r ai n wat er .  T wo  

ex ampl es  i n Fr ance wi l l  be ex ami ned wher e sur f ace l i ner s hav e been 

i nst al l ed on  s uch deposi t s:  t he f i rst  ex ampl e concer ns a mi ni ng t i p i n 

nor t her n Fr ance ( Phot o 17).  Ther e was  a r i sk t hat  t he sol ubl e sal t s i n 

t hese mi ner al  pr ocessi ng r esi dues wou l d  be l eached by  r ai n wat er .  To  

avoi d such pol l ut i on,  t he t op par t  of  t he d u mp  was  f l at t ened i n 1986 and 

t he si t e wa s  cover ed by  a 3.9 m m  t hi ck bi t umi nous geomembr ane.  Th e  

g e o me mb r a n e  i s anchor ed by  mea n s  of  wel ded geot ext i l e sheet s i n 

r egul ar l y spaced l ongi t udi nal  t r enches on t he t op par t  of  t he d u mp  t o 

ma k e  i t  r esi st ant  t o wi nds  (160 km/ h) .  Th e  sl opes have been l i ned i n t he 

s ame wa y  and t ur f ed usi ng 0.10 met r e- t hi ck mat t r ess- gabi ons pl aced on 

a geot ext i l e.

Th e  second ex ampl e concer ns a sect i on of  t he A 22 mo t o r way  bet ween 

Li l l e and Gent .  I n 1990, t went y  year s af t er  i t  wa s  const r uct ed,  t hi s 

mo t o r way  bec ame  a t al ki ng poi nt  wh e n  t r aces of  hexaval ent  c h r omi um 

appear ed at  t he bot t om of  t he embank ment .  Thi s c h r omi um const i t ut ed a 

sl i ght  heal t h hazar d i f  i t  c a me  i nt o di r ect  cont act  wi t h t he ski n.  Th e  

cont ani nat ed f i l l  used f or  t he e mb a n k me n t  had been c hos en because 

nor t her n Fr anc e does  not  hav e r i ch r esour ces of  f i l l  mat er i al .  I t  was  

deci ded t o l i ne t he sl opes of  t he embank ment s  and t he cent r al  r eser vat i on 

wi t h a bi t umi nous  geomembr ane.  On  t he sl opes,  t he g e o me mb r a n e  i s 

cover ed wi t h a dr ai ni ng geot ext i l e (750g / m2) and a mat t r ess- gabi on.

Section II

Geocomparite 
Bentonitique Liner 
(GCU

Section III

Bentonldque Liner 
(GCU

Fi g.  19. Pr ot ect i on of  t he gr ound wat er  under  t he A  96 h i ghway  

e mb a n k me n t  by  a geocompos i t e cl ay l i ner  ( Ger many )

Remediation Of Polluted Sites

Let  us n o w di scuss t he r emedi at i on of  pol l ut ed si t es.  Whi l e l andf i l l s wer e 

or i gi nal l y t he mai n  concer n,  r emedi at i on of  pol l ut ed si t es i s dest i ned t o 

bec ome  t he next  maj or  concer n because of  t he pr obl ems t hey cr eat e and 

t he sheer  si ze of  t he si t es i nvol ved.  Th e  t r adi t i onal  pr obl em i s t hat  of  

abandoned i ndust r i al  si t es wher e t he subsoi l  has been pol l ut ed dur i ng 

i ndust r i al  act i vi t y.  Th e  r emov al  of  s uch l ar ge amount s  of  pol l ut ed 

f oundat i on soi l  i s not  gener al l y consi der ed t o be a vi abl e opt i on f or  

ec onomi c  r easons.

The  ans wer  t hen consi st s i n i sol at i ng t he ar ea by  means  of  a wat er t i ght  

scr een ( Bar ker  and Esnaul t ,  1992).  Thi s  scr een,  as s ho wn  i n t he exampl e,  

mus t  be suf f i ci ent l y t hi ck t o be consi der ed i mper meabl e.

An  opt i on whi c h mi ght  be pr oposed f or  r emedi at i on of  a f or mer  l andf i l l  

s howi ng si gns of  subsoi l  pol l ut i on i s conf i nement :  l at er al  i sol at i on by

mea n s  of  wat er t i ght  scr eens and bot t om i sol at i on t hr ough c ement  „ •  , o „  ■ • . . . .  
gr out i ng and dr ai nage vi a deep t r enches ( Fi gur e 18).  Remedi at i on of  a si t e by  ver t i cal  scr eens

Trench

Subsoi l
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Storage O r Liquids

A third application o f pollution control is the storage o f liquids.

D rinking w ater storage

Let us first look at the case o f storing unpolluted water. There is a 
considerable market for man-made lakes for leisure activities, such as at 
the Poiiieis Fuloroscope or the Marrakesh golf coursc in Morocco. In

Photo 16. System for vertical sealing + drainage (Violas, 1993)

Photo 18. Large R eservoir o f w ater with a geom em brane liner 
(Barlovento, Canarias)

some cases, technical problems are more difficult to solve, such as in the 
case o f the S ite  canal, where it was decided to build a car park 
underneath the canal. The car park and the floor o f the canal were 
therefore sealed with a geomembrane.
Another major application o f a similar type is drinking water reservoirs, 
first with rigid structures like the one in Meylan, near Grenoble, France. 
The main technical problem with such projects, where the geomembrane 
is used to seal a concrete surface, is the multiple weld connections and the 
method of fastening the sheets to the concrete or other support, which is 
subject to expansion-contraction cycles. Because o f these fluctuations, a 
continuous bonding system cannot be used.
In the case of drinking water reservoirs, the geomembrane must be given 

a certificate o f  approval for contact with drinking water. The test involves 
several analytical experiments (there must be no loss o f plasticizers or 
antioxidants) and the dreaded taste-test carried out by professional 
tasters. Not all polymère are suitable. There are PVCs and polyethylenes 
which are o f "food-quality".
A question which is currently being asked is whether the certificate 
should be required for all water storage facilities (upstream liner o f  a 
storage reservoir) or simply where the area o f polymer in contact with the 
water is large in relation to the amount o f water stored. Canals are also 
concerned. There is a wide variety o f applications, with flexible reservoirs 
(40 000 litre  capacity for rem ote areas) (Nalpas, 1993), o r large 
reservoirs placed in earth excavations. In this case, some o f the problems 
are the same as those encountered for landfills: the bottom geomembrane 
m ust be able to w ithstand deform ation caused by the supporting 
medium. Proper drainage must also be incorporated to avoid problems 
of rapid emptying linked to the frequent variations in water level.
The Barlovento reservoir in the Canary Islands (Photo 18) is quite a good 
exam ple (Fayoux, 1993). This reservoir, w ith a surface area o f 
80 000 m2 and slopes totalling 170 000 m2 was completed in 1975, with 
a liner barrier o f compacted clay. However, the number of leaks quickly 
became unacceptably high and it was decided to install a geomembrane 
liner. Work commenced in 1991. Taking into account the nature o f the 
supporting m edium  and its heterogeneity , the geom em brane was 
required to be able to withstand settlement o f 1 metre and significant 
differential settlement (water depth 27 m). The material selected was 
PVC, in particular because of it ductility (§2.2.4). Starting from the clay 
bottom, the sealing structure was made up of a non-woven geotextile 
(500g/m 2), a drainage layer (8/100) 0.40 m thick, a non-w oven 
geotextile (500g/m2), a 0.10 metre-thick layer o f sand , a non-woven 
geotextile (280g/m2) and a geomembrane (1.5 mm).

For the slopes, with a gradient o f 2.75H:1V, the cohesionless layers were 
not used for reasons o f stability. The drainage layer is of foam mortar 
and the geomembrane is o f  reinforced PVC (1.5 mm) anchored at 4 
intermediate levels.
The applications in this field are numerous and extremely varied and the 
areas concerned are often very large like the huge aquaculture reserve in 
Dipasena, Indonesia, devoted to shrimp fanning.

Storage of polluted w ater and  o ther liquids

A first m ajor application concerns stormwater basins or retention basins, 
which are now often constructed at the same time as multi-lane highways. 
They are designed to collect rainwater running off the road pavements. 
This is necessary because vehicle exhaust fumes contain a variety o f toxic 
products. For example, for 1 km of road and 10 000 vehicles per day, it 
is estimated that in one year one tonne o f material is deposited, including 

300 kg of COD, 2.5 kg o f zinc, 1 kg o f lead and 5 kg o f hydrocarbons. 
The solution most generally adopted in France at present is a VLDPE 
(very low density polyethylene) geomembrane with 10 cm of gravel 
protection. One problem posed by such structures is maintenance. The 
geomembrane has to be protected even though plans would have to be 
made for its replacement after a reasonable period of time (10 years, for 
example). The hydrocarbon resistance test, not yet standardised, is 
difficult to adm inister in that it is not yet known what concentration 
should be used: should the most critical case o f a tanker overturning on 
the motorway be used?
Because o f the problem of hydrocarbon pollution o f  the motorway 
environment, it has also become increasingly common to directly protect 
the groundwater table when a motorway passes through a sensitive area. 
An example o f such protection in the form of a geocomposite clay liner 
under the A96 m otorw ay, em bankm ent near M unich is show n in 
Figure 19 -  (Schmidt). In France, the mineral water companies (Vittel, 
Evian) have also invested heavily in order to protect their springs by 
sealing, in particular, the foundations o f motorways and vehicle parking 

areas in the areas concerned.
Industrial installations also frequently use geomembrane liners. In this 
type o f application, the compatibility o f the geomembrane with the fluid 
to be stored must be tested in each individual ease. At present, HDPE has 
proved to be the best multi-purpose material.

Photo 17. Liner for a mining lip in the North of France
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Retention basins are used for all chcmical industry sites. In France, these 
basins are called Scvcso basins in memory o f  the Italian chcmical 
disaster. They must be capable o f  storing all the liquid effluent from the 
plant plus any water or oihcr fluids used in the event o f a fire. A certain 
number of countries also recommend lining the foundations o f reservoirs 
used for storing chemicals. GCLs are often used in such cases.
In all the applications mentioned above, the liner has an often incidental 
protective role. There are also applications where the liner will be in 
almost perm anent contact with the stored liquid. As in the case of 
drinking water reservoirs, such basins can be either rigid or flexible.
As an example o f a gcomembrane on a rigid structure, let us look at an 
application in Shanghai, China. The Shidongkou Power Plant requires a 

large supply o f water for periodic cleaning of the facility. The waste 
water is treated in retention basins before being released back into the 
Yangtze river. Each o f  the basins is protected by an HDPE liner. The 
problem o f welding, particularly in the comers, was examined (Neal,

1993).
Among the flexible structures, m ention should be made o f  waste 
stabilisation ponds, used for aerobic treatm ent o f  waste water. Such 
installations have become increasingly popular in recent years, with a 
total o f  1800 in France in 1986 (Bernhard and Kirchgessner, 1987). 
These structures are modest in size, each treating waste water for an 

average o f 500 inhabitants. The facility generally comprises two lagoons 
in series, one microphytic and the other macrophytic. The discharge rate 
for a population o f 500 is 50 m3/day. If  the foundation soil is not 

sufficiently im pervious (perm eability K <10"® m /s) a geom em brane 
(bituminous HDPE, PVC) on a protective geotextile with a drainage 
function is recommended.
A lot of industrial facilities also use this waste stabilisation technique to 
treat effluent, generally with an aeration tank and a sedimentation tank.

Filtering B arrier

Alongside these developments, applications using geomembrane floating 
covers have also developed, with two main types of use:

- protection o f  w ater resources in reservoirs from evaporation, 
contamination and algal growth (Hollander and Neilson, 1993),
- waste water treatment in anaerobic digesters (fermentation by m icro­
organisms) (Taylor and Schader, 1993). This method is an alternative to 
more expensive reinforced concrete digesters.
Since the cover comcs under a great deal o f  strain it has to be 
meticulously designed. The geomembrane must meet certain qualitative 
requirem ents: floatability , high flexib ility , chem ical resistance or 
com patibility w ith drinking w ater storage, w arranty for extended 
weathering, low coefficient o f  expansion-contraction. Thermal protection 
can be integrated in the design in the form of polystyrene boards 
(Bogaard, 1994).
To conclude this list, mention should be made of large-scale dredging 
and reclamation operations in coastal waters, which lead to the dispersion 
of a tremendous amount o f mud and silt, constituting a danger for the 
maritime ecological system. Geosynthetics can be extremely effective in 

such situations.
Floating sill curtains (Photo 19) are used to control the area o f turbidity, 
preventing the suspended solids from spreading over the sea. The curtain 
is a filter barrier. The curtain should be sufficiently permeable to allow 
water to flow through the barrier while at the same time trapping the 
particlcs of soil. A laboratory study in an open channel is presented by 
Kano cl al. (1987) (Figure 20). The mechanical properties o f the curtain 
arc also important. The main components o f the curtain are the floats, a 

gcolcxtile sheet acting as a filter and reinforced, for instance, by geogrids 
to provide tensile strength and bending stiffness (Kano et al., 1987), 
(Houki).
Dredged soils are very often used for hydraulic backfill, especially in 
South-East Asia. Land reclam ation  works o f this type require 
embankments to mark the limits o f  the fill area. Such embankments are 
provided with geotextile filters. If the dredged material is very polluted, it 
can be purified in iso lation  and the em bankm ents lined with 
gcomcmbranes.

EROSION C O N TR O L

We shall now examine the next main subject after pollution control, 
which is that o f erosion control. Erosion problems can be classified 
according to conditions:
- rain erosion for slopes,
- torrential erosion and river erosion,
- sea erosion for all sea shores, and
- wind erosion, mainly for dunal or desert areas.

v / . l a

Fig. 20. M odélisation o f the behaviour o f a floating silt curtain (Kan et 
al.. 1993)

‘I!

Photo 19. Floating silt curtain in a dredging work 

Rain E rosion C ontrol

Erosion m echanism s

Erosion problems represent an economically very important factor in all 
agricultural countries since erosion carries away rich top soil containing 
the organic com pounds needed for crop growth. The problem also 
includes that o f slope stability, since an eroded slope is more susceptible 
to instability. This is also an aesthetic problem: erosion is more likely to 
attack cut-and-fill works and can often disfigure the countryside. The 
design o f any civil engineering works must take into account erosion 
risks in order to m eet the approval o f the ecologist lobby.
Soil m echanics engineers are often not at all fam iliar w ith the 
mechanisms of erosion. A brief review of the basic principles is given 
below in order to better demonstrate the advantages o f geosynthetics.
The universal equation o f rain erosion (USLE) is presented here (Figure 
21): the "erosivity" relates to the action o f water, while "erodability" 
relates to the susceptibility o f a type o f  soil to erosion. Although it has 
been contested, this form ula does indicate general tendencies. The 
parameters are determined by referring to standard test parameters. The 
soil loss by erosion, Me, is determined (Henensal, 1987).
The first action o f water - and often the main action - is the splash effect 
of a water drop on the ground surface. This impact detaches the grain of 
soil. By absorbing most o f the impacts, the vegetation o f a slope forms 
the best possible protection against this type o f  rain erosion, by 
comparison with bare soil. When a drop o f water arrives on the ground, it 
releases kinetic energy proportional to the mass o f the drop (constant 

free fall velocity). As a result, the soil particles on the slope are detached 
and projected over a certain distance and the soil is also compacted on 
the surface. A crust, less permeable than the soil, forms and the presence 
of this crust will increase runoff (Zaslavsky, 1981).
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E q u a t i o n  o f  t h e  s o i l  l o s s  M e :

(W ish m eier - Israe lse n )

[~M. = S . D . T .~C

S  eroS iv ity  : sp la sh  + ru n -o ff

D  ero D ab ility  : sen sib ility  o f  th e  so il to e ro sio n , g ra n u lo m e try , 

d ensity , cohesion  

T  T alus geo m etry  : ang le  a n d  len g th  o f  th e  slope  

C  vegetal C over

- and it helps increase water infiltration, with a resulting decrease in 
runoff.
This last point concerning water retention by the earth is important, as 
shown by N assif et al.. 1975 in their laboratory experiments: infiltration 
decreases with rainfall duration, but it does not stop completely as in the 
case o f bare soil covered by an impermeable crust (figure 24).
The problem as far as vegetation is concerned is that a critical period is 
necessary initially for plant growth. This will obviously vary from one

S h e a r  S t r e s s  To

a t the in te rfa ce  g rou n d -w a te r

Q

D, T, C  in re fe ren ce  to  s ta n d a rd  te s t co n d itio n s

Figure 21 : U n iversa l S o il L oss E q u a tio n  fo r 
erosion

Moreover, as the gradient o f the slope increases, there is a reduction in 
the normal component o f  impact force and thus a reduction in particle 
detachment by splash effect.
The other destabilising agent for grains o f soil is runoff. Flowing water 
essentially carries the particles detached by splash effect, if one excludes 
the case o f concentrated flows causing rill and gully erosion, where flow 
velocity can be very high. Such concentrated flows form at the same time 
as the appearance o f turbulence.
HjulstrOm (1935) correlated detachment o f  soil particles with the speed 
of runoff: the minimum speed necessary is very high for clays, because 
o f their cohesion, while it is at its lowest for silts (200 pm ) and then 

increases with the size o f the particles (Figure 22).
Few geotechnicians have investigated this subject. Thus, as far as the 
erosion mechanism is concerned, the parameter o f runoff speed is most 
often used rather than the shear stress at the interface. Consider the 
problem of a sheet o f water (flow rate Q) on a slope with an angle 6, as 
shown in figure 23. The shear stress at the interface To is determined. 

Nascimento (1981) shows that the critical shear stress t c is much less than 

that given in Coulomb's law. It also decreases with the duration o f the 
flow, in other words as the soil becomes more saturated (Sanders et al.,
1989).
The geometry o f  the slope, as shown in the universal formula USLE, also 
has a major influence: the longer the slope, the greater the soil loss for a 
given slope. But topographical influences are complex since, as discussed 
above, the splash effect decreases as the gradient o f the slope increases. 
Rowlison (1971) used a diagram to show the variation in the surface area 
affected by grain detachment through splash effect as a function o f  the 
slope and the height o f  the sheet o f water running off the surface: splash 
erosion becomes negligible when the thickness o f the sheet o f water is 
greater than three times the diam eter o f the raindrop.In the USLE 
formula, the last parameter C relates to the cover o f the slope. It is known 
that vegetation has a positive role in preventing erosion:

- it reduces the erosive velocity at the soil surface by interfering with 
flow,

- it protects soil against the impact o f rainfall,
- where root structure is concerned, it stabilises soil particles close to the 
soil surface.

W  . s i n 0  +  (P ,  - P 2) - T o . L  =  

p w  . Q 2 . ( 1 /d i  - 1 /cL )

Detachm ent of the ground particle

To > =  T c

Correlation with the soil strength

w ith  T c «  T  lim. Coulomb

Influence of the flow duration

T c

F low  d u ra tio n

Fig. 23. Shear stresses related to the flow rate in an erosion process 

R a i n f a l l  =  I n f i l t r a t i o n  +  R u n - o f f

Figure 22 : Hjulstrfim  form ula concerning the 

s e n s ib i l i ty  o f  p a r t i c le s  to  
transport

Fi g.  24.  I nf l uence of  t he veget at i on on  t he er osi on pr ocess
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Photo 20. Geomat for erosion control

Fig. 25. Rain erosion simulation

Photo 21. Run-off underneath the geosynthetic structure

place to another, but il has been estimated at two years. During this time, 
the plant cover is not only unable to fulfil its erosion control function, 
but its development can be compromised by climatic events. To improve 
stability during the germ ination period, surface materials are made 
coherent by means o f emulsions, such as bituminous emulsions (Colas et 
al„ 1976).

The use o f geosynthetics

The aim o f solutions involving the use o f man-made solutions is to 
compensate for the inadequacy o f  the vegetation during the period of 
transition, estim ated at two years. A certain number o f geosynthetic 
structures have been suggested for this purpose.
• A geomat (Photo 20) is a non-woven, loosely structured geosynthetic 
material with large fibres. Geomats can be reinforced at their base by 
geogrids in order to improve their tensile strength. The pores o f the 
geomat can be filled with seeds (hydroseeding, etc.). A geomat acts in the 
same way as a natural root system: the soil is partially trapped in the 
geomat structure. The geomat also protects against splash erosion.
However, the geomat must be properly nailed to the slope in order to 

minimise the tensile load in the upper part o f the geomat through a 
friction effect. Nailing also helps to make full use o f the drapability of 
the geomat, i.e., its capacity to fit the slope so that there is close contact 
between the geomat and the soil. This limits run-off under the geomat 
and thus helps prevent the formation o f rills.
Examples o f applications on slopes above 45° can be found in the 

literature.
Following the same concept o f using geosynthetics as a substitute for 

root networks, Japan has carried out experiments on a large scale: a 
mixture o f continuous fibres, soil and seeds is nailed to a slope, as in the 
French process for reinforcing sand.

• Geogrids are designed for confinement and resistance to slip. However, 
their 'tensile strength may be lower than that o f geogrids used for 
pollution control.
• Biomats are mats (or sometimes grids) consisting o f  natural fibres (jute, 
coir, etc.). They are often used in conjunction with synthetic woven 
materials in order to improve their tensile strength (Ranganathan, 1994). 
Natural fibres are composed o f cellulose and lignin. The large amounts 
of water and moisture absorbed by the natural fibres during rainfall are 
slowly released into the soil and to the plants to promote plant growth 
(cellulose is hydrophilous whereas lignin is not; but contrary to jute, coir 
is very ligneous). The natural fibres are biodegradable over time and the 
product o f the degradation provides a supplementary food source for 
plants.
The problem lies in the need to obtain stable vegetation before the 
geomat degrades, which happens after a maximum of two years (Gunkel, 
1990).

• Geocells are designed to confine the surface layer o f soil but they do 
not protect against splash effect. It is preferable to use them in 

conjunction with a geomat. Photo 21 shows that there may also be a risk 
o f  erosion  under the geocell. The geocells w ere used on the 
embankments o f a new railway in Gabon. Before vegetation had time to 
take root, heavy storms ravaged the slope: the mistake here was to place 
the geocells on gullied ground where the runoff reactivated these 

preferred flow channels.
This geo cell technique has often been used to cover geosynthetics on 

steep slopes, that is where there are low friction conditions at the interface 
(basins with geomembrane liners, soil-reinforced retaining structures with 
geotextile facing) (Puig et al„ 1986 - Brouard et al., 1993).
Few comparative studies have been conducted on the different methods 
used. An experiment documented in the literature involves a number of 
different methods used on a slope. The effectiveness o f  each method is 
evaluated according to soil mass loss resulting from splash effect and 
runoff (Cancelli et al., 1990) (Figure 25). A slope subjected to direct 
rainfall (splash effect) or runoff is modelled and the eroded soil mass is 
compared for each geosynthetic technique used. In these test conditions, 
splash erosion is less significant than runoff erosion, although th is 'is  
generally true only at the bottom of a long slope. Obviously the test is 
carried out on bare soil before any vegetation has taken root. In such 
conditions, the biom at covering the surface is found to be the m ost 
effective solution for combating splash effect.
In these test, geocells with small honeycombs proved to be more effective 
than geomats.
It is not possible to draw definite conclusions from these experiments, but 
the concept o f the experiment itself is interesting. A fairly comprehensive 
review o f available literature on this use o f geosynthetics has led to the 
following provisional conclusions: geosynthetics have illustrated their 
efficiency but the conditions o f application are extremely variable and, in 
preparing the dimensional design of an erosion control system, it would 
still seem Impossible to use a more "universal" formula than the false 
universal formula presented earlier for slope erosion.

In f i l tr a t io n

Slope 2/1 

L = IS m

Rainfall = 75 nun/h 

Run-off : 44 %
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Photo 22. Les Arcs, ski resort : unvegetaliscd ski runs (France)

Photo 23. H istorical dam o f Valcros : experim entation o f different 
erosion control systems

Photo 24. Geomattress for canal protection

Thanks to the variety o f  their structures, geosynthetics can be adapted to 
all problems. It is the job  o f the civil engineer to take more of an interest 
in this most promising application area.
E stablishing vegetation  on slopes falls w ithin the realm o f b io ­
engineering. The term biotechnical engineering could be used, with joint 
contributions from the civil engineer and the botanist. An alternative to 
shotcreting or wattling might then be easier to find. This latter technique 
is often used for steep slopes and can make use o f geotextiles instead o f 
branches and other vegetation. However, it has been shown that for 
embankments m ore than 20 m high, wattling is not effective against

runoff.
The field o f application is huge and goes well beyond the traditional 
problem of road embankments. It includes, for example, former quarries, 
open-cut m ines and, in mountainous regions such as the Alps near 
Grenoble, ski-runs. A ski run is in fact a series o f cut and fill sections. 
The first problem concerns aesthetics: once the snow melts in spring, the 
bare ski runs are an eyesore for the many hikers, as shown on the photo 
of Les Arcs ski resort (Photo 22). Moreover, a ski run without any plant 
cover is susceptible to erosion and will not therefore achieve a natural 
plant cover. It has been proved that a grassed and planted ski run 
supports the first layer of snow much better and, what is more, this snow 

will last longer.
Experiments with a thick plant cover, with a m ixture o f mud, straw, 
fertiliser and seeds, are currently in progress, but geosynthetics can be an 

interesting alternative (Dinger, 1987).

T o rren tia l, R iver A nd Sea E rosion C ontrol 

T orren tial erosion

A torrent is generally distinguished from a river by its steep slope, its 
frequently high solid load and the nature o f its bed, which is coarse­
grained and spread over a wide area.
Torrent erosion control implies not only dealing with the problem o f 
erosion in the catchment basin which feeds the torrent, but also fixing the 
stream bed and reducing the velocity o f flow (Borges, 1993). Different 
geosynthetic solutions have been tried out in the Alps: installing 
geosynthetic gabions to protect the bed, nailing a geosynthetic mat to the 
bed, structures to correct the torrent (small dams in geotextile containers) 
designed to check the flow velocity (Jacotot, 1994 - Faure, 1988).

R iver erosion

Numerous studies and experiments on the protection o f  canal and river 
banks, and even sea shores, have been conducted, especially in Germany, 

the Netherlands, France and Great Britain. The mechanisms involved can 
be considered to be som ew hat sim ilar in each case, but there are 

differences in the level o f stress:
a) Tangential stress in the direction o f  the current: the mechanism is 
similar to that described above, due to torrent flow, but flow velocity is 
lower and there is less turbulence.
b) Stress due to variations in w ater level (lapping): essentially this 
involves the quasi-static or dynamic effect o f  waves at different points. 
On one hand, perpendicularly to the bank, the result is a differential 
pressure mechanism between the bottom and top o f  the surface layer of 
the bank, while on the other hand, along the slope, the result is a run­
down mechanism.
The historic Valcros dam (Giroud et al., 1977), which was the first large 
earth dam to incorporate geotextiles, can be used to illustrate the wave 
lapping mechanism (b). It should be remembered that large reservoirs 
can be subjected to waves o f significant size. The wave height depends on 
the length o f the body of water (in metres, about 0.7 times the width o f 
the basin in kilometres).
The traditional system for protecting banks involves placing a layer o f 
rip-rap on a granular filter layer. A two-fold experiment was conducted 
at Valcros: a geotextile filter, with o r without rip-rap on top o f it, was 
substituted for the filtering layer. The geotextile filter was effective in 
performing its function. On the other hand, the elimination o f  the rip-rap 
layer in one o f  the two zones proved a failure. Simply fastening the 
geotextile to the slope was not sufficient to confine the underlying soil in 
Die same way as the rip-rap carries out this function by compression. 
Photo 23 shows step type erosion of the bank in the zone subjected to 
wave lapping effects.
During this experiment, it was observed that if  the geotextile did not "fit" 
properly to the slope, because o f  stretching or for other reasons, once the 
rip-rap was placed erosion occurred under the geotextile as a result o f 
runoff.
The effect o f  waves can also be illustrated by the Ospidale dam in 
Corsica, which was built in 1978. The upstream wall o f this earth dam has 
a bituminous geomembrane facing protected by a non-woven geotextile 
o f 400 g/m2 and a layer o f  self-locking blocks. During a violent storm, 
over 1000 m2 o f  blocks broke loose (Girard and Loudiire, 1984, Alonso 
et al., 1993).
It can be seen, therefore, that the surface layer o f  blocks should be 
designed to fulfil not only an energy absorption role but also one o f 
confinem ent (V oskam p, 1992). System s com prising m attresses o f 
geotextile tubes injected w ith cem ent grout are also used instead of 
blocks (Photo 24).

Laboratory experiments carried out by Delft Hydraulics in a wave flume 
(Bezuijen et al., 1986 - B reteler and Verhey, 1990) confirm ed the 
m echanisms involved: the uplift pressure is determined experimentally
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Fig. 26. W ave effect on the bank protection : uplift pressure induced 
(Breteler an al, 1990)

through the difference between wave pressure on the upper side o f the 

concrete blocks and the pore pressure in the subsoil. If the uplift pressure 
is not balanced by the weight o f the blocks, the blocks are potentially 
unstable. As far as the geotextile is concerned, research is currently being 
carried out on the opening size, thickness, transmissivity and permittivity 
(Figure 26).
In the case o f  small canals and other waterways, mechanism (a) above, 
linked to flow, is predominant compared with mechanism (b), linked to 
lapping waves. The techniques using geomats, as discussed earlier with 
regard to slope protection from rainwater (Ciria, 1987) can thus be tried 
out successfully, even if  the problem  o f strong flows, capable o f 
dam aging the geom at du ring  the in itia l phase preced ing  the 
establishment o f vegetation, still remains to be solved.
On the banks o f the Gerlon in the Alps (Dubemard, 1991), the geomat 
stood up well to a flood where flow rates reached 2.4 m/s (Photo 25). It 
only became detached in one or two places.

Sea erosion

In this case, it is wave action which is responsible for erosion problems. 
The energy level o f the waves is very high. In France, experiments using 
geom at protection have not proved conclusive, even in relatively 
unexposed areas (A rcachon experim ent - G irard, 1992). However 
positive results have been obtained from experiments using geotextile 
filters in association with protective blocks.
But geosynthetics have many other uses in the control o f  sea erosion. 
One example is the works carried out in Camargue, France, to halt the 
regressive erosion o f the sand spit (5 to 15 m etres per year). The 
traditional technique involves installing groynes at regular intervals, 
perpendicular to the coast. But these structures have a lifespan o f  no 
more than three years, by which time they are completely scoured away 
at the bottom. When a woven polypropylene geotextile is installed at the 
bottom of the breakwater, the weight o f the breakwater can be better 
distributed on the sandy foundation and the lifetime of the breakwater is 
thus increased.
An experiment was also conducted to test synthetic algae fields made up 
of strips o f polypropylene attached to a geotextile. The algae were spread 
out in front o f  the groynes. The idea was to reduce the speed o f the 
current so that the grains o f  suspended sand would settle. A fter 
18 months, a covering o f  sand between 5 and 50 cm had formed and the 
algae had been colonised by crustaceans and fish (Gieulles, 1990). An 
another experimental use o f geotextile was recently proposed by French 
Institute o f  Textile (Chatelin, 1995) : to stop the catastrophic growing of 
a tropical algae (Caulerpa T axifolia) in the M editerranean sea, a 
geotextile sheet with polyacrylate copper included is unrolled on the sea 
buttom.

Photo 25. Good efficiency o f  the unvegetalised geom at protection, 
after a strong flood

C ontainer concept.

A technique often used in coastal defence schemes and other erosion 
control applications is the container technique. The first industrial use of 
textile containers can be traced back to the time o f  the catastrophic 
floods in the Netherlands in 1955 (Photo 26). They were used both for 

the banks and on the sea bed.
Research carried out at the IRIGM, University of Grenoble (Ratel, 1987) 
on the crushing of containers with an initial circular cross-section showed 

them to be very resistant.

The experim ents described here were on containers o f  diam eter 
Ho = 0.20 m, made of woven geotextile and filled with fine sand. The 
crushing force F  increases very quickly with crushing AH. This variation 
can be partially explained by the increase measured in the perimeter p, as 
shown in the simulation in figure 27: assuming a constant volume for the 
confined sand, which is an extreme case since the volume decreases when 
the sand is confined, forced elongation e = 8% under ellipse deformation 
is obtained fo r the geo tex tile  fo r crushing AH/Ho = 25% . The 
confinement obtained by stretching the geotextile cover gives the sand 
artificial cohesion. When the container technique is used, it is therefore 
possible for earthworks to be carried out in places with only fine, non- 
cohesive soil. It is simply a question o f using stiff geotextiles, which are 
resistant to puncturing and abrasion, to obtain adequate confinement, and 
checking the filter retention criterion to ensure that "washing" o f  the 
geotextile does not occur. The container technique, which is economical 
and easy to implement, can be used to obtain flexible structures, a

D e t a i l  o f  t h e  

S u r f a c e  C o n t a c t

Top

Flow

G eotextile

Subso il
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Photo 26. historical use o f  geocontainers in Netherlands (Voskamp, 
1992)

Photo 27. Sri-Lanka - Protection o f  the coast by sand-bags in place of 
rocks

particularly useful attribute where coastal works are concerned. A great 
many examples can be mentioned where this technique has been used:
- a very long breakwater formed by piling three geotextile cylinders on 
lop o f each o th e r the cylinders were filled with sand from the site and 
the structure was installed parallel to the beach to be stabilised (Gieulles, 
1990);
- near Le Havre in Franc-:, cube-shaped containers filled with sand from 
the Channel (Perrier, 1986);
- in Sri Lanka, sandbags were used to replace a rabble coastal breakwater 
which was ineffective because o f  its sandy foundations (Von Maubeuge, 
intern report) (Photo 27);
- in Poland, coastal defence works using transverse containers which 
resisted a very violent storm in 1992 (Niespodzinka and Dembicki,
1993);
- in the Netherlands, containers were deposited in the Eider river from a 
special barge to create uniform bed protection for the river lock (Von 
M aubeuge, internal report, 1993);
- in the Camargue, France, during the catastrophic floods o f  1993/early
1994 which buret the Figards dam and flooded 13 000 ha o f  land, 
containers used to stop the gaps were taken to the site by helicopter.
- containers can also have the parallelepiped shape o f  gabions, as used 
for the quays in Nantes, or in this structure to correct a torrent in the Alps 
(Faure, 1988) w hich uses woven geotextile containers filled with 

compacted silL

W ind E rosion C ontrol.

Huge quantities o f  sand can be transported along beaches simply by the 
action o f  the wind (IS  m3/m o f coast/year in the Landes, France, but 
values o f  160 m3/m o f coast/year have been m easured in M orocco) 

(M igniot, 1978). For dry sand, it is estimated that the minimum wind 
speed needed, at a height above ground z (m), for a panicle of diameter 
D(m) to be transported is:

V(m/s) = 82.2 V D  log (30 z/D)
Air and ground humidity restrains this transport, as does vegetation, by 
increasing the surface roughness and the apparent cohesion o f  the 
ground.

Fig. 27. Com pression tests on containers (initial diam eter : 0,20 m) - 

I r i gm

The two main types o f wind erosion control involve measures which:
- reduce surface wind velocity
- affect soil surface characteristics (Baver et al., 1972).
The windbreak is a solution for reducing wind velocity. Figure 28 shows 
the range o f  speeds behind a windbreak with a 50% opening density, 
measured 40 cm from the ground (Bates, 1944). Geosynthetics could be 
used in such applications, though their structure m ust be optim ised 
(Baudonnel, 1993).

In the same area, tests were conducted on a procedure to influence soil 
surface characteristics. A m esh o f  non-woven biodegradable strips, 
twisted to create a three-dimensional geotextile, was rolled out on the 
ground.

A R C H ITEC TU R A L REG A RD

The architecture o f  civil works is an important part o f  the environm ent 
G eosynthetics provide new  m eans to enhance the appearance o f 
structures.

The artist Cristo led the way by showing how geosynthetics could be used 
to change natural structures, as in the Bahamas, o r man-made Structures, 
such as the Pont N euf in Paris. Another artist, the American Robert 
Smithson, considered to be one o f  the leading members o f  the "Land 
Art" group and who has also worked on large-scale earthworks projects 
(the 500 metre-long "spiral jetty" which runs out into the Great Salt Lake, 
Utah), has also demonstrated that civil engineering and earthworks are 
not incompatible with the notion o f  A rt
G eosynthetics have already dem onstrated their role in architectural 
innovation: the geomat covered with vegetation in die big concert hall at

D ista n ce  ( x h e ig h t fence)

Fig. 28. Wind-break - distribution o f the wind velocity (Bates, 1944)
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Bercy is one example. But the aesthetic qualities o f earthworks, where the 
first and m ajor role o f  gegsynthetics is functional, can also be 
appreciated. Care m ust be taken, however, to avoid the effects o f 
weathering, which can lead to serious degradation o f  geosynthetics 
exposed to sunlight
It is in the field o f retaining structures in reinforced soil that architectural 
possibilities seem to be greatest (Gourc and Matichard, 1994). Using a 
combination o f concrete cells for facing (segmental walls) and horizontal 
sheets o f geosynthetics for reinforcement, earth structures with a variable 
slope, even with vertical facings, can be obtained (the architect is no 
longer limited by the angle o f  the natural slope). The aesthetic value of 
these structures is not negligible (photo 28: Brides-les-Bains in the 
French Alps). Another possibility is to reinforce an earth structure with 
an old-style wall as facing (photo 29: example from the U.K. by C. Jones 

- 1993) o r to combine soil reinforced by geosynthetics with a plant 
covered facing (Smoltczyk, 1985): fixing o f  a geomat with plant cover 
on a slope o f  complex shape (EuroDisney in Paris), plant-covered 
geomat placed behind a wire netting facing (Gripond, 1993).
Figure 29 illustrates, by means o f two alternative techniques, how the 
plant cover concept can be integrated into the structure o f a reinforced 
earth structure: above, using metal facing components (Herisau, 1992), 
below, using geogrid sections. In the latter technique, the facing is 
watered by a system o f small horizontal pipes fixed to the wall (Thielen 
and Collin, 1993 - Ratel, Intern Report). Increased ecological awareness 
over recent years has opened up a considerable market for the use o f this 
type o f  structure as a noise protection wall: a facing with plant cover is 
always preferable to a concrete facing. From the point o f  view of 
efficiency as a sound insulator, the facing will have no effect on the 
transmission o f  sounds, as this depends on the mass o f the earth structure 
(figure 30), but may have an effect on the absorption/reflection 
proportions, a porous facing being more absorbent (Cetur, 1987). 
R esearch should perhaps be undertaken to exploit the structural 
versatility o f  geosynthetics and determine the most absorbent types o f 
facing.
A sand wall reinforced with continuous filaments may also be used as a 
substitute for concrete facing (Blivet, 1993). In Normandy, for example, 
the foundations o f  a charming church were threatened with damage from 
a landslide. Protection for the foundations was then provided not by a 
concrete wall but by a wall o f  sand reinforced with continuous polyester 
threads.

PR O TEC TIO N  BY ENERGY ABSORPTION

The capacity o f  a soil-geosynthetic composite to absorb energy has been 
rarely used to date. W orthy o f mention are the protective barriers used 
for reserves o f  explosives o r the rock barriers in mountainous terrain 
where rockfalls are a constant danger to motorists and highway facilities. 
Thus, at Aigue Blanche in the Alps, the laboratory o f the French

Photo 28. with a cellular

Photo 29. "Old" facing for a new reinforced soil structure (C. Jones)

Brides-les-Bains (France) : Reinforced soil 
concrete facing
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Fig. 30. Protection against the car traffic noise
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No n - wo v e n  Geot ext i l e n f l uent

0.15 m 1.82 m 0.15 m

(Burroughs, 1993)

Fig. 31. Barrier against rockfaU (Burroughs, 1993)

Highways Department (Pont s et  Chaussées ) has conducted experiments 
with this technique by building a protective earth barrier, 7 m high and 
1000 m long, with geotextile reinforcement and with a facing o f truck 
tyres on the side exposed to rockfalls. The height o f the protective 

barrier was determined following studies on the trajectories o f  falling 
rocks (Rochet, 1987). G iven the lack o f  valid methods for sizing 
protective structures, the laboratory (LCPC) at Nantes (Lepert and Corté, 
19S8) conducted a study in a centrifuge on the effect o f  impact. An 
experim ental full-size rock barrier wall was also tested in Colorado 
(Burroughs e t al., 1993). Rocks varying in size from 0.6 m to 1.8 m 
diam eter and weighing up to 80 kN were rolled down a 180 m high 
incline into the barrier which was 1.82 m thick, 3.0S m high and made of 
reinforced soil. Figure 31 shows the deformation measured on the front 
and back faces for the various rock energy levels. For high energy levels 
there is a dram atic increase in deform ation with a small increase in 
energy.

IM PRO V EM EN T O F T H E  D O M ESTIC ENVIRONM ENT

The use o f geosynthetics has developed in the field o f civil engineering, 
m ainly in the area o f  hydraulic and highway infrastructure. However, 
there are num erous applications, w hich are econom ical and easy to 
im plem ent, w hich could be prom oted to enhance the dom estic 
environment o f the individual. A few examples are examined below.
The first example, documented by M ylnarek (1993), is the subject o f 
research conducted in M ontreal, Canada. It involves the use o f  non­
woven geotextiles as treatm ent materials in domestic wastewater soil 
disposal pits (septic tanks): the rate at w hich m icro-organism s in 
wastewater become attached to solids is proportional to the solid surface 
area available. W ith tim e, the bacterial m icrocom m unities form a 
biological mat and reduce the hydraulic capacity o f the treatment system. 
However, the mat is also necessary for the biological treatm ent A full- 
scale wastewater treatment experiment is described (Figure 32): in the 
conventional trench (gravel/sand), a permanent water level is observed 
(ponding), indicating clogging, while with geotextiles this is not the case, 
in general, the water quality obtained after using geotextiles is reported 
to be excellen t Thus, the very high porosity o f geotextiles along with 
their considerable contact surface area allow the developm ent o f  a 
beneficial biofilm. They can thus be considered a good support for 
bacteria. Further research is needed, however, into controlling the rate of 
growth o f  the biomass so as to avoid total clogging o f  the filter. A 
balance is therefore difficult to achieve and biological clogging may 
occur for example in the leachate collection systems (Koemer, 1990), in 
aerobic and anaerobic states, for municipal waste landfills. Thus, Brune et 

al. (1991) reported the form ation of hard, insoluble deposits in the 
drainage systems, known as incrustations, with very high clogging rates 
for certain leachates.

Another geotextile application, used in the N etherlands, is in soil 
covering systems to provide remedial action in contaminated housing
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Fig. 32. W aste-water treatment experience (Mlynarek, 1993)
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Fig. 33. Geosynthetics against desiccation process (Cebtp, 1991)

areas (Yland et al„ 1988). The upward migration o f pollutants can occur 
through the movement o f  m oisture and gas in the soil. A soil covering 
system can use geotextiles and geomembranes to prevent pollution from 
reaching the foundations. Von Maubeuge et al. (1993) suggest installing 
a radon barrier underneath houses.

The CEBTP (1991) in Paris has also suggested using geosynthetics to 
combat house foundation problems arising from drought (Figure 33). 

Leflaive (1993) proposed a geosynthetics technique for burying private 
liquid gas tanks, normally installed at ground level without any covering 
to facilitate heat exchanges but making them an eyesore. The proposed 
solution reconciles the mechanical and thermal requirements thanks to a 
geotextile with sand-filled double facing.
Another potential application is for the insulation o f large gas tanks. 
French law authorises the construction o f dwellings only at a distance 
greater than 950 m from such tanks when left unprotected, but this 
distance is reduced to 150 m if  the tank  is protected. There is 
consequently an incentive to provide protection. Photo 30 (Cognon, 
internal report) shows the construction o f a thermal insulation system 
consisting o f  sand reinforced with continuous fibres one m etre thick 
placed around the gas tank. The reinforced sand has low therm al 
conductivity, 5 to 8 times lower than that o f  a continuous medium such 

as concrete. The insulated tank was subjected to a flame test for 75 
minutes: the surface temperature was 1000°C. At the end of the test, in 
only a 5 cm thickness o f  sand had the fibres m elted (260°C). The 
temperature o f the tank side had not increased by more than 5°C.
Finally, a rather special application is worth mentioning, related to the 
relatively recent public awareness in many countries o f the importance of 
conservation o f cultural heritage. In this field as well, the geosynthetics
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Photo 30. Protection o f  a gas tank by a layer o f sand-continuous 
filaments (Cognon, 1994)

Photo 31. Conservation o f cultural heritage h is to r ic a l  site o f  Mari 
(Syria) - erosion of the earth walls

technology can make significant contributions and also benefits from a 
good public image. To our knowledge, two teams in the world have 
already added the geosynthetics technology to the other techniques for 
preserving archaeological digs:
• The Grenoble School o f  Architecture has attempted to use geotextiles 
to reduce erosion o f earth structures in Syria. Discovered in 1934, the 
Mari site is one o f  the main vestiges o f ancient M esopotamia (3000 years 
BC).A  lateral geotextile lin ing  m ixed w ith earth  should prevent 
capillarity-induced e rosion  at the base o f  the w all. A capping 
geom em brane prevents rainfall infiltration at the top (Bendakir and 
Vitoux, 1993) (Photo 31).
• The Getty Conservation Institute in USA is restoring Chaco sites in the 
State o f  New Mexico. These sites date back to 900 BC. Different types of 
geotextiles are used for site drainage and sealing (Demas et al„ 1993).

G EO SY N TH ETICS AND ECO LO G Y

A lecture on geosynthetics and the environment would not be complete 

without mentioning the ecologist’s viewpoints. Geosynthetics participate 
in conserv ing  the  e a rth ’s natu ral resources, firs t by provid ing 
replacement m aterials for increasingly scarce natural materials such as 

gravel and other quarry materials, and secondly by allowing productive 
use to be made o f  certain waste products: used in association with worn 

tyres fo r reinforcem ent purposes (Long, 1990), reinforcem ent o f  
embankments made from bottom ash (from waste incinerators), in the 
UK (Jones, 1993), o r in France (Photo 32). Untreated waste can even be 
used as a replacement for geosynthetics with, for example, reinforcement 
being provided by sheets o f plastic bags (Gielly, 1989), or use o f blocks 
o f plastic waste as a substitute for polystyrene blocks.
According to a recent study carried out by French Environment Agency 
Ademe, in France plastics represent 11% by weight o f all domestic 
wastes. Use o f reclaimed plastics to make geotextiles gives these products 
an excellent public image. Indeed, the textile industry has ju st recently 
taken up this challenge (Benson and Khire, 1993). For several years, the 
polyethylene tetraphthallate used in the m anufacture o f  American fizzy 
drink bottles is being recycled as a textile for clothing ... o r for 
geotextiles. More recently, PVC, which is the predominant material used,

Photo 32. Em bankm ent in bottom  ash reinforced by tyres and 

geotextiles (Alps - France)
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