
1 INTRODUCTION 

According to estimates published in "Waste Man-
agement Strategy of the Republic of Croatia" (2005) 
the annual production of municipal solid waste 
amounts to 1.2 million tons. The final aim of the 
Strategy is twofold. All unsanitary open dumps 
should be rehabilitated and closed down, and a mod-
erate number of legal disposal sites should be recon-
structed and transformed into sanitary landfills. 
Meanwhile a limited number of regional or county 
waste management centers should be constructed by 
2025. 

In line with the so called "regional concept" in-
troduced in the Waste Management Plan of the Re-
public of Croatia for the period 2007-2015 (2007) 
the construction of eight regional and five county 
centers has been planned. Five of these thirteen cen-
ters are situated in the karst region of Croatia along 
the Adriatic coast. 

In the previous research project (1995-1998) an 
attempt was made to prove that the clayey compo-
nents of the flysch formations in the mentioned karst 
region could be used for the construction of the im-
pervious layers. The investigation focused on the Is-
trian peninsula where samples were collected from 
several potential borrow sites. Based on soil classifi-
cation tests and XRD results the material was classi-
fied as clay of high activity and montmorillonite and 
illite were found to be the predominant clay miner-
als. The permeability tests performed in a conven-
tional oedometer cell (modified to allow for the di-
rect measurement of hydraulic conductivity) on two 
samples satisfied the usual acceptability criterion of 

k < 1�u10-7 cm/s. It was concluded that the clayey 
component of the flysch formation is a good candi-
date for constructing impervious liners for landfills 
���.�R�Y�D�þ�L�ü���H�W���D�O���������������� 

2 GEOLOGICAL SETTING 

The territory of Croatia consists mostly of sedimen-
tary rocks which cover more than 95% of its surface. 
Almost half of this surface belongs to the karst re-
gion where Mesozoic and Paleogene carbonate rocks 
prevail.  

The flysch formations are mainly situated in Is-
trian Peninsula and in the areas of Rijeka, Zadar, 
�6�S�O�L�W�� �D�Q�G�� �'�X�E�U�R�Y�Q�L�N�� ���9�H�O�L�ü�� �H�W�� �D�O���� �������������� �7�K�H�V�H�� �I�Rr-
mations are generally acting as hydraulic barriers in-
dicating their sealing capabilities. Thus it is logical 
to search within the flysch layers for the materials 
suitable for the construction of the impervious liners 
for the sanitary landfills. 

A number of geological and geotechnical investi-
gations of the flysch formations in Croatia have been 
conducted so far. 

Generally shales, marls, siltites and sandstones 
are considered to be the most significant and the 
most frequent lithologic members of the flysch for-
mations in the mentioned region ���0�D�J�G�D�O�H�Q�L�ü�� �H�W�� �D�O����
1980). 

The results of X-ray difraction analyses on flysch 
samples from Istria indicate that the dominant clay 
minerals are illite and hydro-mica along with septe-
�F�K�O�R�U�L�W�H���� �N�D�R�O�L�Q�L�W�H�� �D�Q�G�� �P�R�Q�W�P�R�U�L�O�O�R�Q�L�W�H�� ���0�D�J�G�D�O�H�Q�L�ü��
1972). 
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�â�H�V�W�D�Q�R�Y�L�ü������������) reported similar results for Split 
region where illite, illite-muscovite and montmoril-
lonite are the most frequent clay minerals. 

3 GEOTECHNICAL CONSIDERATIONS 

Geotechnical characteristics of flysch deposits were 
�L�Q�Y�H�V�W�L�J�D�W�H�G�� �L�Q�� �Y�D�U�L�R�X�V�� �S�U�R�M�H�F�W�V���� �-�D�ã�D�U�H�Y�L�ü et al. 
(1987) presented the results of mineral analyses of 
the flysch material from Rijeka and Dubrovnik re-
gions. The proportion of phyllosilicates, typical clay 
minerals, in the weakly cemented (geologically 
loosely bound) flysch samples (clayey silt, silty 
clay) is 50% or more. The particle size distribution 
data show the proportion of clay size particles to be  
between 15% and 50%. 

The results of the Atterberg limits tests on the 
flysch samples taken in Istria (Novosel et al. 1972) 
classified the material as clay of intermediate to high 
plasticity. Similar results were obtained for the sam-
�S�O�H�V���I�U�R�P���'�X�E�U�R�Y�Q�L�N���U�H�J�L�R�Q�����/�R�Y�L�Q�þ�L�ü�������������� 

�0�L�ã�þ�H�Y�L�ü��and Roje-Bonacci (1997) proved that 
marl component from the flysch deposits in Split re-
gion satisfies the permeability criterion for bottom 
liners in municipal landfills.  

As already mentioned the investigation presented 
in this paper focused on the flysch formations from 
the Istrian peninsula. 

4 THE AREA UNDER INVESTIGATION 

4.1 Stratigraphic and palaeogeological 
characteristics 

Istria belongs to the NW part of the Adriatic Carbo-
�Q�D�W�H�� �3�O�D�W�I�R�U�P���� �$�F�F�R�U�G�L�Q�J�� �W�R�� �9�H�O�L�ü�� �H�W�� �D�O���� �������������� �Ge-
posits in Istria can be divided into four sedimentary 
units or megasequences as shown in Figure 1. Since 
only unit IVb is related to the present research its 
characteristics are briefly described. 

Transitional beds consist of clayey limestone, 
calcitic marls and marls, composed of fine-grained 
carbonate and a siliciclastic matrix with planktonic 
foraminifera and bioclasts of benthic organisms. 
They were deposited in the significantly deeper en-
vironments of the Middle Eocene age. 

Flysch deposits of the Middle and Upper Eocene 
age outcrop in the Pazin, Labin and Plomin basins, 
�0�R�X�Q�W�D�L�Q�� �8�þ�N�D�� �D�Q�G�� �S�D�U�W�L�D�O�O�\�� �R�Q�� �0�R�X�Q�W�D�L�Q�� �û�L�ü�D�U�L�M�D����
They are characterised by an alternation of marl and 
carbonate sandstone beds. 
 

 
 

 

  
Legend: 
I)  Bathonian - Lower Kimmeridgian 
II)   Upper Tithonian - Upper Aptian 
III)  Upper Albian - Lower Campanian 
IV)  Palaeocene - Eocene 
a)  Foraminifera limestones 
b)  Transitional beds and flysch 
 
Figure 1. Surface distribution of outlined megasequences in Is-
�W�U�L�D�����9�H�O�L�ü���H�W��al. 1995). 

4.2 Samples collection 

In the previous research project (1995-1998) several 
sites with flysch outcrops were visited in the region 
called “Central Istria” and marl samples for labora-
tory testing were collected as indicated on Figure 1. 
The description of the samples is shown on Table 1. 
The numbers indicating the position of soil sampling 
sites in Figure 1 correspond to the sample numbers 
given in Table 1. 

 

 
 
Figure 2. Marl exposure at Paz site. 
 



Table 1. Sites and sample description. ___________________________________________________ 
No. Site     Description ___________________________________________________ 
1  Pazin I    Grey crushed marl with yellow grey silty  

filler, low grain strength    
2  Paz     Calcified marl, yellow-grey, high grain  

strength  
3  Pazin II    Grey mud, very soft 
4  Paz      Yellow-grey silty material with marl  

fragments 
5  Cerovje    Grey-green marly clay 
6  Paz     Calcified marl, yellow-grey, pieces  

with sharp edges, high strength 
7  �.�R�Y�D�þ�L�ü�L   Large fragments of marl with silty 

cemented filler 
8  �2�V�O�L�ü�L    Calcified marl, yellow-grey, pieces  

with sharp edges 
9  Krušvari   Large fragments of marl with silty 

cemented filler ___________________________________________________ 
 
The present stage of the research has focuses on 

the site Paz (site no. 6 in Figure 1) where eight sam-
ples were taken for laboratory testing. The appear-
ance of the marl material in various stages of wea-
thering at Paz site is presented in Figure 2. 

5 BASIC SOIL DESCRIPTION 

Taking into account the already known values of the 
basic characteristics of the soil samples from the 
previous research project (1995-1998) only the re-
sults of the particle size analysis are included in the 
present paper. 

The determination of the grain size distribution 
followed the technical specification HRS CEN 
ISO/TS 17892-4:2008. The sample preparation pro-
cedure was modified in order to preserve as much as 
possible the natural gradation of the sample (Figure 
3). 

 

 
 
Figure 3. Soil sample in natural state. 
 
 

The range of the grain size distribution curves is 
shown in Figure 4. The appropriate grain size distri-

bution curves are related to the natural condition of 
soil samples prior to compaction test. The tested 
samples were classified as GW to SC material ac-
cording to the USCS. 

 

 
Figure 4. Range of grain size distribution curves. 
 
 

Despite the apparently adverse shape of the grain 
size distribution curve the marl material under inves-
tigation may be still a good candidate for a liner 
component due to its favourable mineral composi-
tion (K�R�Y�D�þ�L�ü���H�W���D�O���������������� 

6 COMPACTION TESTS 

Clay liners contain clayey soils that have been re-
molded and compacted to obtain a low hydraulic 
conductivity liner. The quality of a compacted clay 
liner will depend on the characteristics of the clayey 
soil used, the method of compaction and, in particu-
lar, the compaction water content. A soil material 
that can be compacted to obtain a low permeability 
(1�u10-7 cm/s or less) at 90-95% of the maximum 
Proctor’s dry density and wet of optimum moisture 
content is often chosen for landfill liner construction 
(Daniel & Benson 1990). 

6.1 Processing the soil 

In the present research the soil obtained from the 
field was processed according to ASTM D 698 in 
order to form a suitable material for testing. Three 
samples were prepared. The first sample consisted of 
the soil that passed through a sieve with 4.0 mm 
openings, the second sample consisted of fraction 
less than 2.5 mm and the third sample consisted of 
fraction less than 0.5 mm. The samples were then 
mixed carefully with water to achieve the desired 
water content. The moistened soils were stored for 
about 3 days to allow hydration of soil particles. 

6.2 Compaction 

Three compaction tests were performed using stan-
dard Proctor procedures (ASTM D 698). The results 
are given in Table 2. 



Table 2. Compaction parameters. _________________________________________ 
Fraction   Dry density Optimal water content 
[mm]    [g/cm3]   [%] _________________________________________ 
0 – 4.0   1.882    14.6 
0 – 2.5   1.880    14.7 
0 – 0.5   1.759    17.5 _________________________________________ 
 

Figure 5 shows the compaction curves for the 
tested specimens. 

 

 
 
Figure 5. Compaction curves using the standard Proctor energy  
 

 
It is interesting to note the shift of the optimum 

water content value of the third sample. The higher 
value of the water content of the third sample could 
be related to relatively higher percentage of clay size 
particles which corresponds to its mineral composi-
tion. 

7 PERMEABILITY TESTS 

7.1 Measurement procedure 

Samples with the grain sizes 0-4 mm and 0-2.5 mm 
were prepared for hydraulic conductivity testing. 
They were compacted using the standard Proctor 
energy at the optimal water content. The material 
with the grain sizes of 0-0.5 mm was not prepared 
for testing in this phase of the project, due to the 
long time required to achieve a homogenous mois-
ture distribution within the sample. 

The tests were performed in Rowe & Barden hy-
draulic oedometer cell. To obtain the coefficient of 
permeability the constant rate of flow method was 
use�G�� ���9�H�L�Q�R�Y�L�ü�� �H�W�� �D�O���� �������������� �7�K�H�� �I�O�R�Z�� �U�D�W�H�� �L�V�� �F�Rn-
trolled with two advanced pressure/volume control-
lers (Figure 6) connected to the top and bottom of 
the specimen. The accuracy and resolution of mea-
surements for both controllers are presented in Table 
3.  

The cell pressure on top of the specimen was ap-
plied through the air/water constant pressure system 
operated by an air compressor. The disassembled 
measuring system is presented on Figure 7. 

 
Table 3. Pressure/volume controller’s technical specification. ___________________________________________________ 

Pressure     Volume 
[kN/m2]     [cm3] ___________________________________________________ 

Full range   2000      200    
Accuracy*   < 0.1 % full range  < 0.1 % measured value        
Resolution**  < 0.1 % full range 0.5 mm3 ___________________________________________________ 
* the closeness of approach of a measurement to the true value 
of the quantity measured 
** the smallest division on the instrument readout scale 
 
 
 

 
    
Figure 6. Advanced pressure/volume controllers. 

 
 

 

 
 
Figure 7. Rowe & Barden hydraulic oedometer cell and 
air/water pressure cell. 

 



For each sample the coefficient of permeability 
was measured, with distilled, deaired water as per-
meant, at effective stresses of 100, 200 and 400 kPa. 
For each increment of effective stresses the flow rate 
was gradually increased until a measurable pressure 
difference across the sample was established.. 

The steady state was reached when the volume 
change-time plots for both controllers reached the 
same slope. A constant pressure value within each 
controller was a further evidence that the steady 
state condition has been reached. 
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Figure 8. Pressure vs. time plot. 
 

 
Figure 8 presents the pore water pressures at the 

bottom and top boundaries of the 0-4 mm sample 
under the effective stress of 400 kPa recorded during 
permeability testing. An almost instantaneous steady 
state is reached under both applied flow rates indi-
cating that the test could have been completed with-
in 15 to 30 minutes. Due to the low hydraulic con-
ductivity values for the sample, the conventional 
falling head test �O�D�V�W�H�G�� �D�E�R�X�W�� ������ �K�R�X�U�V�� ���.�R�Y�D�þ�L�ü�� �H�W��
al. 1998). Without a doubt, the constant rate of flow 
technique presented here is far more efficient testing 
method for determining permeability of fine grained 
soils, including the flysch material. 

7.2 Results 

The results of the permeability tests on two samples 
(0–4 mm fraction, 0–2.5 mm fraction) are shown in 
Figure 9 and Table 4 where �V’ is the effective ver-
tical stresses, q is applied flow rate, k is the coeffi-
cient of permeability. Both samples satisfy the re-
quired permeability criterion. 
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Figure 9. ln k vs. �V’ plot. 

 
Table 4. Permeability tests. ________________________________________ 
Fraction   �V’     q     k 
[mm]    [kN/m2]  [mm3/min]  [cm/s] ________________________________________ 
0 – 4    100   15     5.13�u10-8 
     200   10     3.69�u10-8  

400       5     2.52�u10-8 
0 – 2.5   100       8     8.67�u10-8 
     200       8     6.98�u10-8     
     400       8     4.81�u10-8 ________________________________________ 

 
A good linear correlation between the coefficient 

of permeability in natural log scale and applied ver-
tical effective stresses could be noticed from Figure 
9. Similar results were published by Bromhead & 
Vaughan (1980).  

These results are also in a good agreement with 
previously published data (Kova�þ�L�ü���H�W���D�O�������������������7�K�H��
small differences between old and new data could be 
explained with different approach in the sample 
preparation procedure. 

8 CONCLUSIONS 

The coefficient of permeability values obtained by 
the constant rate of flow method in the hydraulic oe-
dometer are in good agreement with the values ob-
tained in the classical oedometer using the falling 
head testing method. Both results indicate that using 
the conventional compaction technique, samples 
with permeability of less than 1�u10-7 cm/s can be 
created in the laboratory. As such, the material is 
suitable as the construction material for impervious 
liners in landfills.  

It is also interesting to note the shift in the opti-
mum water content value of the third sample. The 
third sample containing a large portion of clay size 
particles also shows higher optimum water content 



at the standard Proctor compaction energy. This is 
consistent with the notion that such material exhibits 
more “clayey” behaviour and a lower value for the 
coefficient of permeability should be expected for 
such material.  

Clearly the clayey component of flysch formation 
is a good candidate for constructing impervious lin-
ers for landfills. Before such material can be used in 
construction, it is necessary to investigate its beha-
viour under field compaction condition and to verify 
that the field permeability test will produce similar 
favourable results. It is also important to evaluate the 
potential difficulties in processing large quantities of 
the material, especially with regard to the compac-
tion water content control. While only field experi-
ments will be able to give the final answer to these 
questions, our experience in the laboratory so far has 
been only positive. In conclusion, the presented re-
sults confirm the hypothesis that the flysch forma-
tions are good source of material for the construction 
of impervious barriers for landfills. 
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