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Effect of lime and compaction energy on hydraulic conductivity of clay liners 
Effet de chaux et energie de tassement sur la conductivité hydraulique des ecouvrements d’argile

E.Guler & I.Bozbey -  Bogaziti University, Istanbul, Turkey

ABSTRACT: T his study involves the effect o f  lim e stabilization and com paction energy on hydraulic conductivity  o f  clay liners. The 
study consists o f  two parts, laboratory study and in situ experim ents conducted on a test pad. Laboratory tests revealed that lime addi
tion increased hydraulic  conductivity . A ppiication  o f  d ifferent com paction energies did not seem to affect hydraulic  conductivity val
ues. SDRI experim ents conducted  on the test pad revealed hydraulic conductivity  values, w hich w ere 20 to 200 tim es higher than the 

laboratory achieved ones.

RÉSUMÉ: Cette etude im plique l ’effet de la stabilization de chaux et l’énergie de tassem ent sur la conductivité hydraulique des re
couvrements d ’argile. L ’étude se com pose de deux parts, d ’étude de laboratorie et d ’expériences in situ enterprises sur une garniture 
d’essai. Les essays en laboratorie ont indique que l’ajoutt de chaux a auggm enté la conductivité hydraulique. L ’application de 
diférentes energies de tassem ent n ’a pas sem bçé affecter des valeurs hydrauliques de conductivité. Les experiences de SDRI enter
prises sur la garniture d ’essai ont indiqué les values hydrauliques de conductivity qui étaient 20 a 200 fois plus haut que le laboratorie 

ont realize ceux.

1 INTRO D U CTIO N

Clay liners are constructed in landfills to m inim ize infiltration o f  
the leachate into the surrounding soil, therefore the m ost im por
tant property o f  a clay liner is its low  hydraulic conductivity. 
One o f  the properties w hich ensures low hydraulic  conductivity 
is the high plasticity  o f  the clay. H ow ever, high plasticity  may 
lead to som e problem s involving desiccation cracks, susceptib il
ity to freeze and thaw  and low w orkability . The increasing 
problems in provision o f  the appropriate  clay for liners is a m ajor 
problem for designers. It is also know n that hydraulic conduc
tivity values achieved from  laboratory testing m ay d iffer from  in 
situ values. This is due to testing o f  unrepresentative specim ens 
and lack o f  m acro cracks in sm all scale sam ples. A nother factor 
which causes different hydraulic  conductivities is that type o f 
compaction applied in the laboratory is different than the type o f 
compaction applied at the site. The problem s m entioned herein 
bring the stabilization o f  clays and the need for in situ testing 
into consideration. T his study involves the effect o f  lim e stabili
zation and increase o f  com paction  energy on hydraulic conduc
tivity o f  clay liners. T he study consists o f  two parts; laboratory 
study and insitu experim ents on a test pad w hich was constructed 
in Kavacik, Istanbul.

2 LITER A TU R E REVIEW

It has been show n by B enson et al. (1992) that high plasticity 
clays provide low perm eability  A sim ilar trend was also show n 
by Mesri et al.( 1971) H ow ever h igh plasticity  clays are hard to 
be used in construction and they are adversely affected by freeze 
and thaw. Studies conducted by several authors have show n that 
cracks that occur in the liner due to  problem s stated above, cause 
hydraulic conductivity  increase (D aniel et al. 1993, Elsbury et 
al. 1990, B oynton et al. 1985, Kim  et al. 1992).

Shackelford (1994) states that since low hydraulic conductiv
ity values are associated only with clay soils, only clay soils are 
associated for use as w aste containm ent barriers. How ever, the 
same properties w hich m ake clay soils desirable from the stand
point o f  the ability to achieve low hydraulic  conductivity  values 
also make the sam e clay m ore susceptible to adverse interactions

with waste liquids. Studies conducted by D ’A ppolonia et al. 
(1980), A nderson et a l.(l 981 ), B roderick et al.( 1990) revealed 
sim ilar problem s.

L im e is one o f  the m ost versatile and vital chem icals known 
to man. Tw o phases o f  stabilization occur in a lim e-soil system. 
The first involves the practically  im m ediate reactions o f  cation 
exchange and flocculation-agglom eration. These reactions occur 
to som e extent w ith all fine grained soils. Due to textural change 
caused by these reactions w ithin the soil, the strength and m ois
ture stability o f  the soils is im proved. T hese im provem ents are 
reflected in im proved w orkability, im m ediate strength im prove
m ent and reduced swell susceptibility. Pozzolonically induced 
long term strength gain is m ore caprious as its success depends 
upon a reaction with lime and clay as well as the m ineralogy o f  
the clay. Studies conducted by M ateos (1964), A hlberg et 
al.( 1961 ), Arabi et al. ( 1986), D um bleton (1962) show ed the ef
fect o f  lim e stabilization on strength, w orkability, volume 
change properties o f  the soil. H ow ever there are conflicting ideas 
on its effects on hydraulic conductivity. B roderick and Daniel 
(1990), used lime to stabilize the clay by cem enting the soil par
ticles together, by increasing the strength o f  the soil, and by par
tially plugging the pores o f  the soil mass. T heir studies revealed 
that lime am ended soils were less perm eable to all liquids, in
cluding w ater than their untreated counterparts. The low hydrau
lic conductivity o f  lim e treated soils was probably influenced by 
the blockage o f  som e o f  the pores in the soil w ith pozzolanic 
cem ents. B ow ders and U sm en (1986) reported that lime treat
m ent did not reduce the hydraulic conductivity  to water but im
proved the soils to m aintain low hydraulic  conductivity  when or
ganic chem icals w ere introduced. Tow nsend and K ylm  (1996) 
hypothesized that lime stabilization w ould increase due to floc
culation thus increasing hydraulic conductivity . Their tests on a 
lime stabilized heavy clay show ed a general increase in hydrau
lic conductivity. M cC allister and Petry (1991) found that hy
draulic conductivity o f  the sam ples increased with addition o f 
lime. Stocker (1972) noted that for very strong lime m odification 
in a soil mass, hydraulic conductivity tended to decrease. Bro
derick and Daniel (1990 studied the effect o f  com paction effort 
on hydraulic conductivity. It was found that chem ical resistance 
was greatly im proved by the increased com paction effort.
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Table 1

I.ime percentage b\ 
dry weight.%

pH

0 4.7
2 12 4

3 12.4
4 I2 6
s 12 5
8 I2 .5

Iable2 Effect o f  lime and compaction energy on dry unit weight and

Compaction
Energy

Lime percent 0 2 5 8

Reduced o w e * 27 28 33 35
DUW* I4.3 I4.1 13.7 13.4

Standard o w e 25 26 28 30
DUW 15.2 14.6 I4.5 14.1

Modified o w e 22 23 25 27
DUW 15 9 15.8 14.9 14.6
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Results o f hydraulic conductivity conducted in the

*OWC. Optimum water conient.%  DUW. Dry unit weight. kN/m

3 LABORA TO RY TESTIN G  O F HYDRAULIC 
CON D U CTIV ITY

The first part o f the studs involved laboratory tests, which aimed 
to find the effect o f  lime and com paction energy on hydraulic; 
conductivity o f  clay in laboratory scales. For this purpose, soil 
sam ples were taken from the site where the test fill would be 
conducted and several tests were made. Laboratory testing 
showed that the soil is classified as ML with 40%  finer than 

2|am. The liquid limit was 49%  and the plasticity index was 17. 
Natural water content o f  the soil varied between 18% and 26%. 

Lime used lor stabilization purposes was a hydrated lime. The 
percentages o f  lime by dry weight were chosen as 0% . 2%, 5% 

and 8%. Kades-Grim procedure was used to find a starting point 
for optim um  lime content selection, '['his test showed that even 
two percent o f  lime was enough to increase the pH o f  the 
solution to 12.4. These results are tabulated below.

Three different com paction energies: Reduced Proctor. Standard 
Proctor and M odified Proctor were used in com paction o f  the 
samples. Addition o f  lime increased optim um  w ater content and 
decreased dry unit weight. Increase in com paction energy 
decreased optim um  m oisture content and increased dry unit 
weight. Table 2 sum m arizes these results.
Sam ples for hydraulic conductivity were prepared using four 
different com positions and three different compaction energies. 
Com pactions were m ade at 2-3 %  wet o f optim um  water 
contents in com paction m olds and sam ples 3.6 cm in diam eter 
and an average length o f  7 cm were taken out o f  the molds. I he 
sam ples with lime were cured. Hydraulic conductivity tests were 
conducted in flexible wall perm eam eters Two different back 
pressures were applied at the top and base o f  the samples. The 
back pressure applied at the top was 300 kPa and base 250 kPa, 
so the average effective confining stress was 75 kPa. Infiltration 
through the sam ples was m easured by the volume change 
transducers bv autom atic data acquisition system. Hydraulic 
conductivity tests were initialed alter saturation was achieved 

and consolidation o f  the specim en to the required effective stress 
was com pleted. Laboratory tests revealed that lime addition 
increased hydraulic conductivity. A pplication o f  different 
com paction energies did not seem to affect the hydraulic 
conductivity values. The results o f  the hydraulic conductivity 
tests are given in Figure I .

4 IN SITU TESTIN G OF HY DRAULIC CON DUCTIVITY

The second part o f the study included construction o f  a lest pad 
in Kavacik. Istanbul. The lest pad was constructed in Septem ber 

1999 at a location in Kavacik which was provided by Turkish

High Energy, 
J ine~ 0

□

ligli Energy, 

Lime=2

□

High Energy, 
ime—5

□

,«w Energy, 
.ime 0

□

.ow Energy, 

.im e-2

□

,o\v Energy.
in n * -  s

I I m

Figure 2. Top view o f the Kavacik Test Pad

Highway Authority. The area o f  the test pad was 16 m* 11 m and 
the height o f  the pad was approxim ately one meter. The pad was 
constructed in five lifts using two different com paction energies 

and three different com positions, so that six different sections 
were obtained in the site. The pad consisted o f  pure soil section, 

two percent by dry weight lime added section and five percent 
by dry weight lime added section.. Figure 2 show s the top view 
o f  the test pad.

4.1 Construction o f the pad

Soil which would be used in the test pad had to be excavated and 

this required approxim ately one m eter depth o f  excavation in the 
site. First the Lopsoil and vegetation was stripped o ff  dow n to a 
depth having no roots and this material was taken away. The soil 

for the lest pad was stockpiled in the area. After the excavation 
was com plete, a drainage layer o f  gravel was placed at the base. 
The gravel layer had a uniform  thickness o f  10 cm.

A bulldozer was used for handling and placem ent o f  the fill 
material. The fill material was cleaned from deleterious and 

organic m aterials and clods were reduced in size in order to 
provide m aterial uniform ity and material bonding. Hydrated lime 
was m ixed with the soil in dry form and then water was added. 
C om paction was done by a Pneum atic Tyred Roller. Dynapac 

CP30. The roller had the “On the Go Pressure Control System”
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which allowed a change o f contact area and pressure o f tyres in 

order to apply different com paction pressures on the soil. Two 
different tyre pressures were used in com paction. A pressure o f 4 
kg/cm2 was used for the low compaction sections and 7 kg/cm 2 

for the high compaction sections. N um ber o f  coverages was 
three for low compaction section and was more than three for the 
high compaction section. Prior to spreading, the surface o f the 

previous lift was prepared by scarifying down to about 5-7 cm 
depth with the dozer. The soil prepared with lime and water was 
transported to the related section and spread on the ground. The 

lift was compacted by the roller by passes along the length. After 
compaction process was over for each lift, the in-place m oisture 
and density was checked by sand cone testing. The results o f  the 
tests showed that the water contents were generally at dry o f 
optimum, and that relative com paction values varied from 80%  

to 110%. This meant that there was not very much failure in dry 
unit weight achievem ent, however water content criteria could 
not be achieved during construction. Figure 3 shows the line o f 
optimums for all sections and markers on the graph are the water 
contents-dry unit weights measured in the site. As can be seen 
from the graph, nearly all o f the points are at dry o f  optimum, 
whereas dry unit weights were between the range obtained in the 

laboratory.
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Figure 3. Dry unit weights-water contents measured in situ

Table3. Dimensions o f  the inner and outer rings o f  S D R I’s

Inner ring Outer ring

A 75 cm*75 cm 200 cm*200 cm
B 150 cm* 150 cm 240 cm*240 cm

4.2 Sealed double ring infdtromelers (SDRI) and hydraulic 
conductivity

A fter completion o f  the compaction process, the surface o f the 

pad was covered with a geom em brane and the pad was left for 
curing for one month. The Sealed Double R ing Infiltrom eters 
were installed on the pad after curing. One inner ring o f  150 

cm* 150 cm purchased from the Trautwein Com pany, and five 
were produced form galvanized steel with dim ensions o f  75 
cm*75 cm. The outer rings were also produced from galvanized 
steel at the site, because their large dim ensions made them very 

difficult to transport. The dim ensions o f  the inner and outer rings 
are sum m arized below.
Inner and outer rings o f  the SD R I’s were installed as is explained 

in ASTM  D5093-90 (1997). In order to track the wetting front 
location during testing, tensiom eters were installed at 15 cm, 33 
cm and 43 cm depth between the inner and outer rings. Figure 4 
shows a view o f the test pad, and location o f  the SD R I’s.

The outer rings were filled with 30 cm o f w ater and infiltration 
tests were conducted during N ovem ber 1999 till April 2000 
when the pad had to be dem olished due to official reasons. 

Readings taken from the tensiom eters were not very reliable, 
because several o f  the tensiom eters showed values below 10 kPa 

after only twenty days, which was not long enough for wetting 
front to reach the deepest tensiom eter. Hydraulic conductivity 

values were calculated using the hydraulic gradients which were 
assumed by interpretation o f tensiom eter data and water contents 

measured in the test pad after the tests were completed. Figure 5 
shows the variation o f infiltration rate with time. HE represents 
high compactive energy and LE represents low compactive 

energy applied in the test pad. Average hydraulic conductivity o f 
each section are tabulated below in Table 4.
It can be seen from Table 4 that hydraulic conductivities o f  pure 
sam ples were in the order o f  10'6 cm /s and that addition o f  two 

percent lime increased the hydraulic conductivity about four 
times. H ydraulic conductivity  values for five percent lime added 
sections were in the order o f  10"5 cm/s, about one order o f  
m agnitude higher than pure clay sections. Application o f  higher 
com paction energy did not lower the hydraulic conductivity 
values. In situ hydraulic conductivities were about 20 to 200 
times higher than the laboratory achieved ones.

Figure 4. A view o f  the Kavacik Test Pad
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Figure 5. Variation o f  infiltration rate measured in-situ with time

Table 4. Average hydraulic conductivity values achieved in situ

Section Average Hydraulic conductivity

(cm/sec)

Low energy, zero lime 1.95E-06

Low energy, two percent lime 5.70E-06

Low energy, five percent lime 1.32E-05

High energy, zero lime 1 94E-06

High energy, two percent lime 8.40E-06

High energy, five percent lime 1.89E-05

4.3 Post Construction tests

Before dem olishing o f  the pad, water content sam ples were 
taken from different depths and final w ater contents were 
determ ined. It was seen that w ater contents were in the range o f 

30%  to 45 %  for the parts w hich were below  the outer ring. 
These results revealed that w ater contents o f  the soil increased 
by a considerable degree below  the inner and outer ring when 
com pared to their com paction water contents o f  about 22 %.

5 C O N CLU SIO N S

This study intended to find the effect o f  lime stabilization on 
hydraulic conductivity o f  clayey soil in both laboratory and in 
situ scales. Effect o f  com paction energy was also studied. The 
results revealed that hydraulic conductivity o f  the soil increased 
by introduction o f  lime and no specific effect o f  com paction 
energy was observed. The second part o f  the study which 
included in situ experim ents revealed the same results. Hyraulic 
conductivity values m easured in the site were higher than the 
results which were m easured in the laboratory.
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