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The effect of stress on the hydraulic conductivity of rubber soil liners permeated 
with gasoline

L’effet de l’effort sur la conductivité hydraulique des recouvrements en caoutchouc de sol imprégnés 
avec l’essence

G.Baykal & Z.H.Ôzkul -  Bogaziçi University, Istanbul, Turkey

ABSTRACT: One o f  the most frequently observed contam inations in urban areas is gasoline leakages from underground storage tanks 
and spillage at transfer points. Previous research has shown that rubber fibers absorb gasoline on contact and will swell up to 2.5 

times their original volume. W aste rubber fiber additives were used to stabilize kaolinite clay against increases in conductivity  due to 
gasoline perm eation. A special oedom eter type perm eam eter was designed to test large size sam ples such that confinem ent pressures 
simulating field conditions may be applied during testing. Vertical stresses between 10 and 300 kPa were applied to kaolinite and 
rubber added kaolinite clay sam ples, prior to contam ination. Increases in hydraulic conductivity upon gasoline perm eation were 
successfully prevented with the addition o f  10% rubber additive.

RÉSUMÉ: Un des contam inations le plus fréquem m ent observées dans des zones urbaines est des fuites d ’essence des réservoirs et 
du dé bordem ent des stockage souterrains aux points de transfert. La recherche précédente aprouvé que les fibres en caoutchouc 
absorbent l’essence sur le contact et peuvent gonfler ju sq u ’à 2.5 fois leur volume initial. Des additifs de fire en caoutchouc des 
dechets ont été em ployés pour stabiliser l’argile de kaolinite contre des augm entations de la conductivité à cause de la perm étions 
d’essence. Un perm éabilim étre spécial de type d ’oedom eter a été conçu pour tester de grands échantillons de taille tels que des 
pressions d ’em prisonnem ent sim ulant des états de zone peuvent être appliquées pendant le test. Des efforts pertinents verticaux entre 
10 et 300 kPa ont été appliqués à la kaolinite et le caoutchouc a ajouté des échantillons d ’argile de kaolinite, avant la contam ination. 
Des augm entations de la conductivité hydraulique sur la perméation d ’essence ont été em pêchées avec succès en ajoutant de l ’add itif 

en caoutchouc 10 pour cent.

1 INTRODUCTION

Underground petroleum  tanks have been used widely to store 
petroleum products all over the world. The potential risk 
associated with these leaks are very high since, in most cases, 
these underground storage tanks are located in populated urban 
areas. C ontam ination o f  the local groundw ater and immediate 
surrounding will very quickly be felt as an environm ental, 
economic and socio-econom ic harm incurred by the local 
residents. The risk o f  contam ination may be econom ically 
reduced by constructing a containm ent system around the 
storage tank or pipeline that will retard the spreading o f the 
leaking petroleum  until detection and clean-up can begin.

Soils with a high clay content and low hydraulic conductivity 
are preferred as liner m aterial. A lthough these soils are effective 
water barriers their m icrostructure is subject to change when 
leached with gasoline. It is generally accepted in the literature 
that hydrocarbons increase the clay liner conductivity because 
they reduce the thickness o f  the diffuse double layer. Although 
the m agnitude o f this increase depends on the type and 
concentration o f  perm eant and on the type o f  clay, it is clear 
that clay m inerals alone may not constitute an effective barrier 
against petroleum  products. W aste rubber fibers, obtained from 
the tire retreading process, were added to kaolinite clay to offset 
the negative effects o f  gasoline on conductivity. In order to 
simulate field conditions, large size consolidation permeam eters 
were developed and the tests were conducted under various 
vertical stresses.

2 LITERATURE REVIEW

The concentration at which organic chem icals significantly alter 
the hydraulic conductivity  o f  clays has been investigated for 
neutral organics such as m ethanol, acetic acid, heptane and TCE. 
No alteration was observed in the conductivity for liquid

m ixtures with a dielectric constant greater than 40. Substantial 

increases in the conductivity were m easured for liquid mixtures 
with a dielectric constant less than 35. For m ethanol this 
corresponds to 80%  concentration and for heptane and TCE this 
value corresponds to concentrations above their solubility  limit 
(Bowders & Daniel 1987).

The typical dielectric constant o f  gasoline is approxim ately 3, 
whereas that o f  water is 80. Since the gasoline in storage tanks 
is in pure form it is expected that, in the case o f  a  leakage, the 
high concentration will result in m ajor increases in the hydraulic 
conductivity.

The perm eation o f  pure ethanol at zero vertical stress causes 
a 100 fold increase in the hydraulic conductivity o f  a medium 
plastic clay. This increase can be prevented with the application 
o f  70 kPa effective stress prior to and during perm eation o f  the 
sam ple (Fernandez and Q uigley 1991). K aolinite sam ples 
permeated with methanol and heptane have a sim ilar break point 
when vertical com pressive stresses o f  34-69 kPa are applied 
(B roderick and Daniel 1990).

At higher effective stresses o f  160 kPa, the measured 
conductivity values o f  clay perm eated with ethanol (3 .9 x l0 '9 
cm/sec) are lower than the original reference w ater values tested 
at zero effective stress (6 .25x10 '’ cm/sec). This phenom enon is 
due to the 'chem ically induced' consolidation (and lateral yield) 
that closes m acropores and shrinkage cracks produced by double 
layer contraction (Fernandez and Quigley 19 9 1).

Since 1990 potential use o f  rubber fibers in liners against 
petroleum  contam ination has been investigated at Bogazici 
University. Rubber fibers, obtained as a waste material from the 
tire retread industry, are mixed with soil and com pacted at 
various weight percentages. The hydraulic conductivity tests 
conducted on com pacted rubber fiber-soil m ixtures yield lower 
conductivity values as com pared to only soil when gasoline is 
permeated. The controlling factors in these tests are the sw elling 
behaviour o f rubber and its retardation capacity (Baykal et al. 
1992).
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It is known that when rubber fibers are immersed in gasoline 
they swell up to 2.5 tim es their original volume, with the great 
m ajority o f  this sw elling occurring within the first 30 minutes. 
The behaviour o f  rubber added kaolinite clay permeated with 
gasoline has also been investigated. Sw elling tests on kaolinile- 
rubber com posite sam ples immersed in gasoline have show n an 
18% swell under 5 kPa vertical pressure. Sw elling pressure tests 
perform ed in consolidation devices on kaolinite and kaolinite- 
rubber m ixtures have show n that kaolinite +10%  rubber sam ples 
inundated with w ater and gasoline have sw elling pressures o f  54 
and 142 kPa respectively (A lpatli 1992).

Falling head hydraulic conductivity tests on kaolinite and 
kaolinite added rubber sam ples in proctor m olds and SSR1 have 
revealed that an addition o f  10% by weight o f  rubber will 
increase the w ater conductivity  o f  the liner by less than 2 fold 

(Baykal and Alpatli 1995 and Baykal et al 1992). These results 
indicate that the addition o f  rubber does not cause the 

developm ent o f  large pores or cracks in the m ixture and that 
there is a good interaction betw een kaolinite and rubber (Baykal 
et al 1992). Rigid wall hydraulic conductivity tests using 
specially constructed consolidation cell perm eam eters have been 
used with applied vertical stresses between 50 and 450 kPa to 
illustrate the effects o f  confinem ent on the conductivity o f 
rubber-soil sam ples perm eated with both water and gasoline. 

These experim ents show that as the applied vertical stress is 
increased, the conductivity to both water and gasoline decreases 

(Alpatli 1992).

3 TEST PR O C ED U R ES AND M A TERIAL PRO PERTIES

The perm eants used were w ater and gasoline at 100% 
concentration. Two types o f  test soils were prepared at standard 
com paction energy: kaolinite clay and kaolinite with 10% rubber 
additive (by weight). The liquid limit, plasticity index and 
activity o f  the clay used was 28% . 7%  and 0.21 respectively. 
The optim um  m oisture contents for the kaolinite (K) and rubber 
added kaolinite (K+R) sam ples were 23%  and 21.5%  
respectively.

The tire fibers used in this study were the by-product o f  the 
tire retread process and were obtained from com panies providing 

this service. In order to elim inate the uncontrolled effects o f  the 
particle size distribution, these fibers, which varied in size, were 
graded and then m ixed according to a specific gradation curve. 
The tire fibers included in this m ixture had thicknesses ranging 
between 1 - 4 mm and lengths ranging between 2 - 20 mm.

In order to investigate the effects o f  various stresses on the 
proposed liner system, a large size consolidation perm eam eter 
was designed and used in the experim ents. Although this test is 
not included in the ASTM  standards, many researchers have 

used it to dem onstrate the effect o f  vertical confinem ent on 
conductivity.

The consolidation perm eam eter rings used were made o f 
stainless steel and the top and bottom  plates were made o f 
aluminium. The sam ple rings had diam eters o f  15 cm , heights 
o f 5 cm and cross-sectional areas o f  176 cm '. The m olds were 
designed such that perm eation o f  the sam ples would be upwards 
from the bottom  to the top. Thus the effluent was collected in a 
cham ber above the sam ple. Four such units were m anufactured 

and placed in a hooded frame. A pneum atic loading system was 
designed such that sim ultaneous testing at different confining 
pressures could be achieved.

High confining stresses o f  50, 150 and 300 kPa were applied 
using this system. Vertical stresses o f  10 and 25 kPa were 
applied by placing sufficient metal weights on the samples. 
This applied vertical stress helps to reduce the possibility o f  
sidewall leakage which is a comm on problem  in rigid wall 
permeameters.

3.1 Sample Preparation

To ensure that the w ater was hom ogeneously distributed within 
the soil, the uncom pacted soil was covered and allowed to rest in 
a hum idity room for 24 hours. The sam ples were com pacted in 
two layers using 35 blows per layer which corresponds to 
standard proctor com paction energy. Both sides o f  the sample 
were trim m ed flush with the sides o f  the m old and teflon tape, 
which is unreactive to gasoline, was wrapped around both rims 
o f  the mold to prevent leakages. Coarse sand was used as 
drainage m aterial and filter paper was used on both ends o f  the 
sam ple .

3.2 Hydraulic Conductivity Testing

The perm eability experim ents were conducted in two sets 
corresponding to low and high vertical stresses. The loading 
sequence 50, 150 and 300 kPa was used to represent the effect of 
high vertical confinem ent on the hydraulic conductivity  o f  the 
proposed liner system. Vertical stresses o f  10 and 25 kPa were 
used to determ ine the conductivity  at lower confin ing  stresses.

Sam ples were allowed a m inim um  o f  48 hours for 
com pleting prim ary consolidation under the applied loads. 
Falling head hydraulic conductivity  test were then conducted 
using a standard 50 ml burette. R eadings were taken every 

m orning until the calculated conductivity  reached a steady state 
value. The next stress level was then applied on the same 
sam ple and the procedure outlined was repeated to determ ine the 
conductivity under the new load. C orrections for temperature 
and evaporation from the standpipe were m ade using a control 
burrette. Hydraulic conductivity  obtained in this m anner is 
som etim es referred to as the “ m easured perm eability under a 
particular effective stress" (B ow ders and Daniel 1987). The 
final hydraulic conductivity o f  a sam ple under a given stress was 
accepted as the average value o f  all relevant readings (ie. k50). 
The total testing time required for a particular sam ple under 3 
different loads ranged between 32-39 days with an average of 
approxim ately 35 days.

4 EX PER IM EN TA L RESULTS

A sum m ary o f  the hydraulic conductivity  test results are 
presented in Table 1. These results have been categorised into 4 
groups: kaolinite permeated with w ater (K in W), rubber added 
kaolinite permeated with water (K+R in W), kaolinite permeated 
with gasoline (K in G) and rubber added kaolinite permeated 
with gasoline (K+R in G). The conductivity  obtained for tests 
subjected to low vertical stresses (10 and 25 kPa) and tests 

subjected to high vertical stresses (50, 150, 300 kPa) are shown 
in colum ns 3 to 7.

The m agnitude o f  the increase in hydraulic conductivity  that 
occurs in clay contam inated with gasoline can be seen from this 
table. The kaolinite sam ple perm eated with gasoline under low 
vertical stresses (10 and 25 kPa) has a conductivity at least 2 
orders o f  m agnitude greater than kaolinite sam ples permeated 
with w ater at the same levels o f  stress. Thus there is a potential

Table 1. Sum m ary o f  H ydraulic C onductivity  R esults 
_________ (xIO '7 cm/sec)_____________________________

Mix Perm. km kjfl kin k i so k.nK)

K W 3.87 5.45 3.22 2.71 1.45

K W 3,87 2.66 2.25

K W 3.45 2.34 1.98

K+R W 2,37 2,48 3,46 3,04 2,55

K+R W 1,63 1.35 1,21

K+R W 1,65 1.32 1,19

K+R W 12.0 3.39 2.78

K G I 100 533 0,354 0 ,112 0,092

K G 0.127 0.119 0.153

K+R G 2,56 2,30 0,148 0,0713 0,048

K+R G 0.147 0.0846 0.0522
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Figure 1. C o n d u c tiv ity  o f 'K a o lin ite  to W ater and G aso lin e

for a two order o f  m agnitude increase in hydraulic conductivity 
when kaolinite is contam inated with gasoline.

The effect o f  vertical stress on the void ratio o f  the sam ples 
were observed. In general, an increase in vertical stress was 
followed by a decrease in void ratio. An exception to this 
behavior was the rubber added sam ples o f  kaolinite subjected to 
low vertical stresses which were permeated with gasoline. This 
is because at confinem ent pressures below the sw elling pressure 

of the com posite (142 kPa), sw elling o f  the sam ple will occur. 
The rate o f  sw elling is related to the hydraulic conductivity and 
the confinem ent o f  the com posite sample. U nder 25 kPa vertical 

stress, a steady increase in void ratio was observed. The void 
ratio increase at the end o f  this test was calculated to be 13.3% 
and still increasing. It is believed that eventually the sample 
would have sw ollen out o f  the m old, resulting in a loss o f 
confining pressure.

The effect o f  vertical stress on the hydraulic conductivity is 

presented in Figures 1. 2 and 3. Previous findings o f  tests 
conducted in SSRI, proctor and small size consolidation cells 
have also been plotted in these figures (Baykal and Alpatli 1995 

and Baykal et al 1992).
Figure 1 show s only kaolinite sam ples permeated with water 

and gasoline. At stresses lower than 50 kPa kaolinite samples 
permeated with gasoline (K in G) have conductivities nearly 2 
orders o f  m agnitude higher than sam ples permeated with water 
(K in W). However, al stresses higher than 50 kPa the reverse is 
true. Gasoline causes large increases in conductivity only under 

conditions o f  low vertical stress. The results o f  tests conducted 
in compaction m olds (Baykal et al 1992) and those in sm aller 
sized consolidation cells (A lpatli 1992) are also plotted in Figure
1.

Figure I also show s that when the stress imposed on a 
kaolinite sam ple prior to perm eation with gasoline is increased 
from 25 to 50 kPa. the conductivity decreases by 3 orders o f 
magnitude. Thus, vertical stresses o f  25-50 kPa is a breakpoint 
at which the load applied appears to strengthen the soil mass to a 
point where it is able to resist changes associated with chemical 
permeation.

Figure 2 show s hydraulic conductivity versus stress for 
rubber added kaolinite sam ples (K+R) permeated with water and 
gasoline. Al low vertical stresses the conductivities o f  both 
water and gasoline permeated sam ples are nearly equal and are 
in the order o f  3x10 '7 cm/sec. The perform ance o f  the composite 
liner is satisfactory al low confining pressures for both 

contaminated and uncontam inated conditions.
Al high confining pressures the gasoline perm eated sam ples 

have conductivity values approxim ately one order o f  m agnitude 
smaller than the same sam ples perm eated with water. This can 
be explained by the confinem ent produced when rubber expands
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F igu re  3. C o m p ariso n  o f  K ao lin ite  and  th e  C o m p o s ite  S am ple 

w hen p erm eated  w ith  G aso lin e

upon contact with gasoline. The sw elling pressure o f  kaolinite 
sam ples with 10% rubber additive imm ersed in water and 
gasoline are 54 and 142 kPa respectively (Baykal et al). Since 
larger confining pressures are obtained when these sam ples are 
permeated with gasoline than with water, there is a larger 
restriction to flow and sm aller perm eabilities are obtained. 
However, it is very im portant that the vertical applied stress is 
larger than the sw elling pressure o f  the K+R com posite 
otherw ise the sam ple will swell. In one experim ent the applied 
stresses (10 and 25 kPa) were m uch lower than the sw elling 
pressure o f  the com posite (142 kPa) and the rubber particles 
steadily absorbed gasoline and caused sw elling o f  the sample. 
Although the void ratio increased by 13.3%, a decrease in 
conductivity o f  10% was recorded.

For water permeated sam ples show n in Figure 1 and Figure 2 
there is a com paratively small difference in the conductivities o f 
sam ples tested at low stresses and those tested at high stresses 
provided the sam ples are well compacted. Sam ples obtained 
from fields where the conductivity is greater than Ix lO '7 cm/sec 
are more sensitive to stress because they contain larger pores
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which collapse and lead to higher decreases in hydraulic 
conductivity (Trast and Benson 1995). A sim ilar behaviour was 
seen in one sam ple with an initially high void ratio and 
conductivity. This sam ple experienced a decrease in 
conductivity nearly 3 times larger than other sim ilar samples.

It may thus be stated that under uncontam inated conditions 
the com posite sam ples do not have significantly larger 

conductivity values than the kaolinite sam ples. It would also be 
beneficial to see how the perform ance o f  these two sam ples 
com pare with each o ther when contam ination occurs. The 
com posite sam ples perform  better than the kaolinite sam ples at 
all stress levels (Figure 3). In these experim ents two factors, 
stress and rubber inclusions, work to prevent excessive increases 
in conductivity due to gasoline. The application o f  vertical 
stresses lower than 50 kPa. prior to pollution, does not have a 
significant beneficial influence on hydraulic conductivity. 
Rubber, on the o ther hand, stabilises the liner such that no 
increase in conductivity is observed even at stresses as low as 10 

kPa.

5 CON CLU SION S

The tests were conducted in specially designed large size 
consolidation perm eam eters and a pneum atic loading system was 
used. An im portant advantage o f  this set up is that the stress 
conditions expected in the field may easily be sim ulated. Also 
since the m olds are large, the influence o f  large particles on the 
hydraulic conductivity may be tested. These particles could be 
rubber, rocks, roots or different sized clay clods. Since the 
m olds are made o f  stainless steel and are unreactive, it is ideally 
suited to hydraulic conductivity  testing using different 
chem icals. Experim ents reveal that the results obtained using this 
system are com parable to those obtained from SSR1 tests, 
com paction m old tests and sm aller size consolidation 
perm eam eter tests.

The leaching o f  gasoline decreases the thickness o f  the 
diffuse double layer, prom otes flocculation and causes the 
form ation o f  m acropores within the liner at low vertical stresses. 
These structural changes increase the hydraulic conductivity o f 
kaolinite liners. This increase in the new hydraulic conductivity 
was found to be up to two orders o f  m agnitude larger than the 
reference value for water. The increase in conductivity caused 
by hydrocarbon attack could be prevented with the application o f 
30-50 kPa vertical stress prior to contam ination. After 
contam ination o f  the sam ple, further increases in stress resulted 
in conductivities that were lower than that o f  the uncontam inated 
sam ple at the same stress level. It is believed that this is due to 
the collapse o f  the more open structure which develops in 
contam inated samples.

In the presence o f  gasoline, rubber fibers begin to absorb the 
liquid and expand. The increase in volume o f  the rubber fibers 
provides an extra confinem ent pressure on the liner which assists 
in reducing the size o f  the pore channels. W hen contam ination is 
not present the perform ance o f  rubber added liners are 

com parable to that o f  kaolinite liners. It is noted that kaolinite 
and rubber fibers are easily m ixed, handled and compacted.

W hen permeated with gasoline, the kaolinite-rubber liners 
show better perform ance than the kaolinite liners both at low and 
high vertical stresses. At low vertical stresses the original 
uncontam inated conductivity  value is preserved such that the 
conductivity o f  the com posite liner is two orders o f  m agnitude 
lower than the clay liner. At high stresses, the rubber stabilised 
liners have conductivities which are ha lf those o f the kaolinite 
liners.

R ubber has a rem arkable gasoline retention capacity. Rubber 
particles will swell up to 2.5 times their original volumes when 
immersed in gasoline. Once gasoline is absorbed, the rubber 
particles do not release the liquid even under high vertical 
stresses. A rubber added liner would absorb gasoline until the

retention capacity o f  the rubber fibers is exceeded. This will 
greatly hinder the spreading o f  the gasoline.

The high volum e utilisation o f  waste rubber constitutes an 
additional m eans for the disposal o f  volum inous used tires. An 
addition o f  10% by weight corresponds to 20 %  by volum e of 
rubber. For every one m illion cubic m eter o f  clay used in the 
liner, approxim ately two hundred thousand cubic m eters of 
waste rubber will be utilised, allow ing a disposal o f  at least two 
m illion waste tires.
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