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Soil-waste interaction behaviour 

Comportement de I’interaction sol-dechets

R.K.Srivastava & D. K. Joshi -  D e partm ent o f C ivil Engineering, M .N .R . E ngineering College, Allahabad, India

ABSTRACT : D evelop ing  nations have  m ore serious p rob lem  of ind u s tria l w aste  d isposal. G eotechnical and  chem ical 

characterization  of w astes and  its in terac tion  behav iou r w ith  soil is likely to p rov ide  best so lu tions for developm ent of 

appropriate  technologies for d isp o sa l/u tiliz a tio n  of in d u s tria l w astes. T his p ap e r p resen ts Ind ian  experience in  w aste  

d isp o sa l/u tiliz a tio n  and  resu lts  o f investiga tions carried  o u t to u n d e rs tan d  the in terac tion  b eh av io u r of w astes from  

four in d u s trie s  (lim e sludge from  tw o  industries, red  m u d , flyash  and  a com bination  of lim e sludge flyash) and  typical 

Indian a llu v ia l an d  expansive  soils. The ex p erim en ta l p ro g ram m e  in c lu d ed  chem ical ana ly s is , SEM, geotechnical 

characterization  and  eva lua tion  of the effect o f vary ing  percen tage of w astes on  eng ineering  beh av io u r of soils. It has 

observed th a t 16% to 20% of w aste  in general can  be ad d e d  to soil w ith o u t significantly  d e te rio ra tin g  its eng ineering  

behaviour. A selected  com bination  of w astes can  be d isposed  off w ith  soil, even  in still h igher quan tities (20% to 32%). 

Selecting u tiliza tion  of w astes can also be done for soil stabilization.

ABSTRAIT : Les p ay s en  voie de deve lo p m en t poss& dent p lu s ieu rs  p roblSm es des gasp illage  in d u s tria l a d isposer. 

<<G eotechnical>> e t la ch a rac te ris tiq u e  ch im ique  des gasp illages e t le u r  in te rac tio n  avec le te rre  p e u t d o n n e r le 

m eilleur so lu itio n s  p o u r le d e v e lo p p m e n t des techno log ies a p p ro p r ie s  p o u r d isp o se r ou  u tiliz e r des gasp illage  

industrial. Ce p ap ie r p resen te  l'experience In d ien  en  <<w aste d is p o s a l /u t i l iz a t io n »  e t les resu lta ts  d 'inves tinga tions 

qui on a fait 5 C om prend re  le « In te ra c t io n  b e h a v io u r »  des gaspillages de  qua tre  industries « l i m e  s l u d g e »  de deux 

industries < < red  m u d » ,  « f l y a s h » ,  e t u n e  co m b in a tio n  de << lim e s lu d g e , flyash> > , e t ty p iq u e m e n t In d ien  

< < alluv ial> >  e t te r re  < < ex p an siv e> > . Le p ro g ra m m e  e x p e rim e n ta le  S inc lu t l 'a n a ly se  c h im iq u e , <<SEM >>, 

« G eo tech n ica l c h a ra c te r iz a tio n »  e t evalua tion  des effects des gaspillage (aved le d ifferent pourcen tage  des quantities) 

sur la condu ite  ingin ierie  des terres. It a observe que 16% a 20% des gapillages en  g&neral p e u t itr& ajou ter 3 terre  sans 

dJteriorer sa condu ite  ingeni£rie. U ne com bination  choisie des gas p illages p eu t £tre d ispos? avec des terres. De p lus , 

on p e u t faire C a avec p lu s  g ren d e  q u an tite  de 20% I  32%. O n p eu t aussi u tilize r ces gap illages choisis p o u r  la 

« s ta b il iz t io n  de terre>>

1 IN TRODUCTION

Industries, a long  w ith  socio-econim ic d ev e lo p m en t of a 

nation, genera te  large quan tities of com plex an d  vary ing  

type of w astes . U n p lan n ed  an d  in d isc ree t d isp o sa l of 

these w astes is cause of severe env iro n m en ta l p rob lem  

in develop ing  and  u n d e rd ev e lo p ed  nations. The n a tu re  

and ty p e  of w aste  b e in g  p ro d u c e d  is co n tin u o u s ly  

changing, req u ir in g  d ev e lo p m en t o f new  technolog ies 

and e n v ir o n m e n t p ro te c t io n  m e a s u re s . B u t, in  

developing coun tries, even  the availab le  know ledge  of 

waste m an ag em en t is n o t be ing  u tilized  e ith e r d u e  to 

ignorance, ad m in is tra tiv e  w ill o r econom ic constra in ts. 

W astes g e n e ra te d  in  th e  fo rm  of liq u id s , s lu d g es  or 

solids are  very  o ften  d isp o sed  on  land . T hus soil an d  

waste in te rac t an d  in fluence  b eh av io u r of each  o ther. 

U nderstand ing  an d  know ledge of so il-w aste  in te rac tion  

behaviour can be iden tified  for fo llow ing situations.

1- C o n ta m in a n t (w aste  e fflu en t) tr a n sp o r t th ro u g h  

soil a n d  su b seq u en t changes in  the ir en g in ee rin g  

b eh av io u r .

2. A dd ition  of w aste  to  soil for soil s tab iliza tioV w aste  

disposal.

3. A d d itio n  of soil to w aste  for w aste  s ta b il iz a tio n / 

u tiliz a tio n .

4. Use of soil for p u rp o se  of cover and  co n ta in m en t 

of w aste  d isposed  in  landfills.

The en d eav o u r of th is p resen ta tio n  to  rep o rt the resu lts

o f in v e s tig a tio n s  c a r r ie d  o u t to  u n d e r s ta n d  th e  

in te ra c t io n  o f s e v e ra l in d u s tr ia l  w a s te s  a n d  th e ir  

co m b ina tions w ith  typical a lluv ia l an d  expansive  soils 

of Ind ia . To assess the effect of in d u s tria l w aste  on  soil 

p ro p e r tie s , w aste  h as b een  m ix ed  w ith  a llu v ia l an d  

expansive  soils in  percen tages v ary ing  from  4% to 20% 

an d  th e  en g in ee rin g  b e h a v io u r  of so il-w aste  m ix has 

b een  ascerta ined . SEM analysis has been  carried  o u t to 

observe  the m ic ro s tru c tu ra l an d  fabric changes. Som e 

typical SEM pho to g rap h s are p resen ted .

2 MATERIAL PROPERTIES

2.1 Soil

The p ropertie s of the soils are p resen ted  in  table 1.

2.2 Flyash

T he m ajor co n stitu en ts  of flyash  are  silica (Si O 2) and  

a lu m in a  (AI2 O3 ). W hen flyash  is m ixed w ith  soil, the 

changes a re  largely  physical because flyash  is basically  

inert m ate ria l. But w h en  flyash  is u sed  in  con junction  

w ith  lim e , th e  so il-f ly a sh - lim e  c o m b in a tio n  h a v e  

p ro v ed  to  be effective d u e  to  triggering  of reactions by 

lim e w ith  flyash  in  a d d itio n  to  lim e-soil s tab iliza tion . 

The chem ical an d  eng inee ring  p ro p e rtie s  of the flyash  

are p resen ted  in  table 2 .
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2.3 Red m ud

R ed  m u d  is a w a s te  p r o d u c t  f ro m  a lu m in a  

m an u fac tu rin g  in d u s try . It h as  th ree  m ain  co nstituen ts , 

Fe2C>3, AI2O 3, and  Ti 02 - The chem ical and  eng inee ring  

p ropertie s o f red  m u d  are  p resen ted  in  table 2 .

2.4 Lime sludge

In the p resen t stu d y  lim e s ludge  has been ob ta ined  from  

tw o in d u s tr ie s— P ap er m an u fac tu r in g  fac to ry  in M. P. 

a n d  from  a fe r til iz e r  p la n t in  U. P. O ne of m a in  

con stitu en ts  a lim e s lu d g e  is lim e. The am o u n t o f CaO  

varies from  ab o u t 40% to 60%. W hen lim e is ad d ed  to a 

reactive soil, th ere  is red u c tio n  in  p lastic ity  and  g rad u a l 

increase  in  s tre n g th  w ith  tim e a fte r com pac ting . T he 

reac tio n  th a t take  p lace  a re  (a) ca tio n  exchange  (b)

Table 1. Engineering properties of the expansive and alluvial soils

Expansive Expansive Alluvial

Property soil (1) soil (2) soil

P a r t ic le  s iz e  A n a ly s is
0.7% 0.3%G ra v e l 3.0%

S a n d 19.0% 6 .0% 12.7%

S ilt 58.2% 78.5% 80.0%

C la y 19.8% 14.8% 7.0%

C o n s is te n c y  L im its
88.8% 32.7%L iq u id  lim it 71.8%

P la s tic  lim it 35.2% 41.7% 21.3%

S h r in ka g e  lim it 12.2% 10.9% 15.3%

P la s tic ity  In d e x 36.6% 47.9% 11.4%

S p . g r. 2.70 2.68 2.64

F re e  sw e ll 81% 90.0% —

O p tim u m  M o is tu re
33.8% 15.2%C o n te n t 28.9%

M a x im u m  D ry  D e n s ity

(k N /m 3 ) 13.6 14.5 18.3

F ro m  so il re m o u ld e d  a t O M C

& M D D
11.8C o h e s io n  (k  P a) 82.0 73.5

A n g le  o f In te rn a l fr ic tio n 6.15° 5.8° 22.5°

U C S  (k P a ) 62.8 159.1 98.7

C o m p re s s io n  In d e x 0.324 .376 0.283

Table 2 Properties of flyash and redmud

Property Flyash Ftecfrnud

Significant chemical content (by weight)

Unbumt carbon 11.80% —

Si 0 2 59.77% 8.7%

AI2 O3 28.92% 18.5%

Fe2C>3 9.56% 33.5%

C a O 2.24% 4.1%

Mg 0 1.28% —

tk d 2 19.0%

pH
80S 9.55%

Conductivity ( | i  mho) 9.2 7.1

Geotechnical Properties

Specific G ravity 2.22 2.98

Particle size —  Sand size 1.89% 18.0%

Silt s ize 95.25% 70.0%

Clay size 2.86% 12.0%

Consistency lim its —  liquid limit 43.90% 35.0%

Plastic lim it Non plastic 30.0%

Shrinkage limit 37.30% 44.8%

O ptim um  Moisture Content 33.50% 22.8%

M aximum  Dry Density (kN/m3 ) 11.27 1 7 7%

From Sample remoulded 

at O M C & MDD

Cohesion (kPa) 16.4 17.56

Angle of Internal friction 17.3° 23.5

UCS (kPa) 39.6 188.3

Compression Index 0.171 0.117

Flocculation  an d  agg lom era tion  (c) ca rbona tion  an d  (d) 
p o z z o la n ic  re a c tio n s . L im e reac ts  ch em ica lly  w ith  

av a ila b le  silica  a n d  a lu m in a  in  so ils . T he reac tion  

p ro d u c t— calc ium  a lum ina  silicate is cem en titious. The 

reac tio n  d e p e n d s  u p o n  the effective co n cen tra tio n s of 

the reac tan t and  tem p era tu re . The cation  exchange and 

f lo c c u la t io n  a re  im m e d ia te  a n d  r a p id  a n d  are 

r e s p o n s ib le  fo r  th e  a m e l io r a t io n  e ffe c ts . The 

co rbona tion  an d  pozzo lan ic  reactions are  slow  an d  long 

te rm  re a c tio n s  re s u ltin g  in  g ro w th  of cem en titio u s  

p ro d u c ts . The p resen ce  of la rge  q u a n ti ty  of lim e in 

s lu d g e  in d ica tes  its possib le  use  in  p lace of lim e. The 

chem ical a n d  eng inee ring  p ro p e rtie s  of the lim e sludge 

from  tw o  in d u s trie s  are p resen ted  in table 3.

3 RESULTS A N D  DISCUSSIONS

3.1 Expansive soil (ES) Industrial waste interaction

P h o to g ra p h s  1 to  4 sh o w  th e  s c a n n in g  e lec tro n  

m ic ro g rap h  of expansive  soil alone, expansive soil-lim e 

sludge  (16%), expansive soil-flyash  (16%) an d  expansive 

so il-flyash  (16%) lim e s lu d g e  (16%) com bina tion . The 

effec t o n  m ic ro s tru c tu re  a n d  fab ric  o f th e  so il is 

o b se rv e d  as d if fe re n t a m o u n t o f w a s te s  a n d  their 

co m b in a tio n s  a re  a d d e d  to soil. The effec t of lime 

p re se n t in  lim e slu d g e  an d  ac tiv a tio n  of flyash  w hen 

u sed  in  co m b in a tio n  w ith  lim e s lu d g e  is ex p ec ted  to 

cause these changes. Tables 4,5 & 6 p resen t the effect of 

lim e slu d g e , flyash  and  com bination  of flyash  a n d  lime 

s ludge  on  consistency lim its, com paction  b eh av io u r and 

s tre n g th  b e h a v io u r  of v a rio u s  ex p an s iv e  so il-w aste  

m ixes.

It has been  observed  th a t in  general the effect of wastes 

(lim e s lu d g e  or flyash  o r the ir com bination) is to  reduce 

th e  l iq u id  lim i t ,  in c r e a s e  w o rk a b i l i ty ,  re d u c e  

co m pressib ility , reduce  vo lum e change  b eh av io u r and 

increase the s tren g th  of the expansive soil. F rom  am ong 

th e  v a rio u s  a m o u n ts  o f w a s te s  a d d e d  to  so il, the 

m ax im u m  effect is o b se rv ed  for 16% a d d itio n  of lime 

sludge or 16% ad d itio n  of flyash  or an overall best effect 

in  a co m b in a tio n  of 16% flyash  an d  16% lim e sludge, 

re s u lt in g  in  a b o u t 35% re d u c tio n  in  liq u id  lim it 

p las tic ity  index  an d  an  increase  of m ore  th a n  100% in 

UCS va lue  of soil.

Table 3. Properties of Lime Sludge

Property Paper mill Fertilizer Plant lime

lime sludge sludge

Significant chemical content (by weight)

Ca as C a  0 49.7% 60.0%

Mg 0 4.3% 4.5%

Na2  O 3 3.0% 0 .2 %

S  as Sulpher 6.3% 7.5%

Si as Si O 2 3.7% 2 .0 %

loss on ignition 29.3% —

moisture content 20.3% 27.3%

pH 8 .1 0 10.3

Conductivity (m mho) 8 .2 8.3

Geotechnical Properties

Particle size -  Sand size 1 1 .1% 2 0 .6 %

Silt size 79.1% 72.1%

Clay size 9.8% 7.0%

Consistency limits -  liquid limit 95.2% 6 6 .2 %

Plastic limit 89.9% 42.0%

Plasticity Index 5.3% 24.2%

Shrinkage limit 84.5% 6 0 7 8 %

Sp. Gravity 2.40 2.28

Optimum Moisture Content 18.0% 15.2%

Maximum Dry Density (kN/m3) 7.74 10.18

From Sample remoulded at O M C  & M DD

Cohesion (k Pa) 35.2 31.6

Angle ol Internal friction 10.9° 13.4°

U C S  (kPa) 58.4 62.3

Compression Index 0.498 0.404
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Photograph 1. Expansive soil Photograph 5. Alluvial soil

Photograph 2. Expansive soil + 1 6 %  lime sludge Photograph 6. A lluvial soil + 1 2 %  lime sludge

Photograph 3. Expansive soil + 1 6 %  flyash Photograph 7. Alluvial soil +  8% flyash

Photograph 4. Expansive soil + 1 6 %  flyash + 1 6 %  lime sludge Photograph 8. A lluvial soil + 8% flyash + 1 2 %  lime sludge
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Table 4. Expansive Soil (1) (ES)—Lime Sludge (LS) (Paper Mill)

Mix L I PI SL O MC MDD UCS

Designation % % % % (kN/m 3) (kPa)

ES 71.8 36.6 12.2 28.9 13.6 62.8

ES + 4%  LS 70.5 30.7 20.7 30.3 13.8 102.8
ES + 8%  LS 68.3 28.2 20.9 31.7 13.5 104.9

ES + 12%  LS 65.0 25.5 23.1 33.3 13.2 82.3

ES + 1 6 %  LS 59.0 15.5 27.0 31.3 13.4 151.5

ES + 20%  LS 59.0 26.1 26.6 31.2 13.8 171.3

Table 5. Expansive Soil (2) (ES)— Flyash (FA)

Mix L i PI SL OMC MDD UCS

Designation % % % % (kN/m3) (kPa)

ES 88.8 47.9 10.9 33.8 14.5 159.1

ES + 8%  FA 65.0 36.4 12.1 31.9 14.3 198.8

ES + 12%  FA 60.0 29.9 18.9 28.2 14.7 192.1

ES + 1 6 %  FA 58.2 30.2 20.4 27.2 14.8 227.6

ES + 20%  FA 61.7 27.5 20.9 27.7 14.7 226.7

Table 6. Expansive Soil (2)— Flyash— Lime Sludge (Fertilizer Plant)

Mix L i PI SL OMC MDD UCS

Designation % % % % (kN/m 3) (kPa)

ES + 16%  FA + 8%  LS 66.9 36.0 25.7 26.9 14.6 285.0

ES + 16% FA + 12% LS 60.3 29.5 34.1 27.3 14.7 294.7

ES + 16% FA +16%  LS 58.7 30.8 23.9 26.3 14.5 379.4

ES + 16% FA + 20%  LS 59.7 30.7 25.1 27.4 14.6 291.8

3.2 A llu v ia l s o il- ind us trial w as te  inte rac t ion

P hotograp h s 5 to 8 sh o w  the scan n in g  e lectron  

m icrograph of a lluvial so il alone, a lluvial so il lim e  

sludge (12%), A lluvial soil-flyash (8%) and alluvial soil 

flyash (8%) lim e sludge (12%) com bination. (The SEM 

for a lluvial soil-R ed m ud com bination is not show n).

The changes in m icrostructure of soil on addition  of 

f ly a sh  and lim e  s lu d g e  are o b serv ed  in SEM 

photographs. Table 7 to 10 percent present the effect of 

interaction o f lim e slu dge, flyash  and com bination of 

flyash and lime sludge and red m ud respectively.

It is observed that there is an increase in liquid lim it of 

alluvial soil on interaction w ith lim e sludge or flyash or 

their com bination. W hereas for red m ud, there is about 

negligib le effect. The variation in plasticity index is not 

regular. The effect on shrinkage limit, of lim e sludge or 

red m ud is to increase it, whereas flyash alone tends to 

slightly decrease it. The effect of 8% to 16% addition of 

lim e slu d ge is o f critical im portance. The m axim um  

effect is observered by 12% addition of lim e sludge to 

soil (m axim um  increase in  UCS value). In case of 

flyash , 8% addition  o f flyash  to soil is observed to 

increase its UCS va lu e  to a m axim um . W hen a 

com bination  of flyash  and lim e slu d ge is added to 

alluvial soil, the m ost effective com bination is observed  

to be that w ith  8% flyash and 12% lim e sludge. A n over 

all increase in UCS value from soil alone is about 82%. 

In case of alluvial soil-red m ud interaction, the m ost 

effective am ount of red m ud is observed to be 16%. For 

this am ount, the liquid lim it and p lasticity index are 

m inim um , and shrinkage lim it is m axim um . The red 

m ud tends to increase the OMC w hich is an advantage  

in case o f w orking w ith  w et so ils. F locculation and  

cem entation m ake the soil more difficult to com pact, 

therefore M DD achieved w ith  a particular com pactive  

effert is reduced. The UCS value is also highest for red 

m ud percentage of 16% and then it decreases.

Table 7. Alluvial Soil (AS)—Lime Sludge (LS) (Paper Mill) Mix

Mix L I PI SL OMC MDD UCS

Designation % % % % (kN/m 3) (kPa)

AS 32.7 11.4 15.3 15.2 18.3 98.7

AS + 4%  LS 30.5 11.7 17.9 16.2 17.8 120.0

AS + 8%  LS 30.0 12.4 23.6 16.7 17.4 134.0

AS + 12%  LS 40.0 15.9 25.5 16.8 17.0 148.0

AS + 16%  LS 42.5 18.3 26.6 19.7 16.3 122.0

AS + 20%  LS 43.5 14.3 2 9 5 22.4 15.8 97.0

Table 8 :  A lluvia l Soil (AS)— Flyash (FA)

Mix

Designation

L I

%

PI

%

SL

%

OMC

%

MDD

kN /m 3

UCS

kPa

A S 32.7 11.4 15.2 15.2 18.3 73.4

AS + 4%  FA 35.8 12.3 14.7 16.7 17.7 76.9

AS + 8%  FA 37.6 10.6 14.3 16.7 17 2 77.6

AS + 12% FA 39.2 12.0 14.0 17.6 17.1 71.3

AS + 16%  FA 41.1 12.9 13.8 18.2 16.8 65.6

AS + 20%  FA 43.3 14.3 12.7 18.8 16.5 61.8

Table 9. A lluvial Soil— Flyash— Lime Sludge (Paper Mill)

Mix L I PI SL OMC MDD UCS

D esigiation % % % % (kN/m 3) (kPa)

AS + 8%  FA + 8%  LS 35.7 11.5 14.8 17.2 16.9 18.5

AS + 8%  FA + 12%  LS 41.2 11.1 15.2 17.8 16.5 192

AS + 8%  FA + 16%  LS 43.1 12.4 17.2 18.2 15.9 13.9

Table 10. A lluvial So il— Red M ud (RM) Mix

Mix LL PI SL OMC MDD UCS

Designation % % % % (kN/m 3) (kPa)

AS 32.6 12.0 14.2 15.2 18.3 72.3

AS + 4%  RM 32.8 11.3 16.2 16.1 17.8 73.4

AS + 8%  RM 31.5 8.8 19.6 17.2 17.6 93.7

AS + 12%  RM 31.0 7.4 22.3 18.0 17.5 114.0

AS + 1 6 %  RM 30.0 6.8 24.4 18.5 17.4 116.1

AS + 20%  RM 31.0 9.8 17.7 17.1 17.2 82.8

4. CONCLUSIONS

1. There is an optim um  quantity of industrial waste 

w hich  w hen  m ixed w ith  particular type of soil may 

im prove its engineering behaviour depending upon 

the chem ical constituents of the industrial waste.

2. Lime sludge has a significant content of lim e (40% to 

60%). This has stabilizing effect on both alluvial and 

expansive soil. The am ount required for best effect 

are 12% for alluvial soils and 16% for expansive soil.

3. Flyash has significant silica and alum ina content and 

has pozzolanic properties. A round 8% of flyash  can 

be, m ixed w ith alluvial soil and 16% of flyash can be 

m ixed  w ith  e x p a n siv e  so il to  im p ro v e  their 

engineering behaviour.

4. A ddition  of lim e sludge to soil-flyash mix, triggers of 

the puzzolanic reactions (because of presence of lime 

in lim e slu d ge) and the com bination  o f w astes 

becom es more effective.

5. Red m ud has significant iron, alum ina and titanium 

contents. If d isposed  off alone, it w ould  be important 

to stu d y  the w ater leach in g  through  red mud. 

Around 12% to 16% addition or red m ud is observed 

to im prove the strength behaviour of alluvial soils.

6. In the context of only d isposal aspect of industrial 

w aste, about 20% of a w aste alone or about 35% in 

selected com bination of w aste can be m ixed w ith soil 

w ith ou t causing  sign ifican t deterioration  in  soil 

properties.
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