
  

INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 
 

 

 

 

 

 

 

 

   

  
 
 
 
 
This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 
 
https://www.issmge.org/publications/online-library 
 
This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

 

 

 

 

 

 

The paper was published in the proceedings of the 11th 
Australia New Zealand Conference on Geomechanics and 
was edited by Prof. Guillermo Narsilio, Prof. Arul 
Arulrajah and Prof. Jayantha Kodikara. The conference 
was held in Melbourne, Australia, 15-18 July 2012.  
 
 

 

 

https://www.issmge.org/publications/online-library


Saturated Hydraulic Conductivity of Various Engineering Barriers 
 

M. Choghri, R. M. Singh and A.Bouazza 
 
Department of Civil Engineering, Monash University, Clayton, Melbourne, Victoria 3800, Australia; email: 
rao,singh@monash.edu 

 
 
ABSTRACT 
 
In order to assess the performance of hydraulic barriers or contaminant barrier systems such as slurry 
cut-off walls, geotextiles and geosynthetic clay liners (GCL), it is essential to quantify their engineering 
properties, in particular hydraulic conductivity. These barriers are used to prevent lateral flow of 
groundwater and also contain contaminated plume in a site. A comprehensive laboratory investigation 
was carried out to determine saturated hydraulic conductivity of various hydraulic barriers, specifically 
cut-off walls, geotextiles and GCLs.  In-situ samples of cement bentonite were obtained from a vertical 
cut-off wall. The samples were taken from different locations of the wall including the top, middle and 
bottom and kept for curing a temperature and humidity chamber. Measurement of the saturated 
hydraulic conductivity of five slag-cement-bentonite samples (after a curing period of 6 months) and 
three polymer coated geosynthetic clay liner  and one polymer coated geotextile samples were 
determined with a flexible wall permeameter using the constant head method.  The results indicate 
that the saturated hydraulic conductivity of the cement bentonite samples range between 1.09 x 10

-6 

m/s
 
to 9.78 ×10

-8 
m/s and that of the polymer coated geotextile/GCL in the range of 1.12 x 10

--8
 m/s to 

3.73 x10
-10 

m/s.  
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1 INTRODUCTION 
 
There is a widespread interest among civil engineers, geologists, hydrologists and soil scientists in the 
movement of groundwater and contaminants due to the concern over groundwater contamination. 
Prevention of contamination of this natural resource from industrial, agricultural and residential 
activities is critical to sites which supply groundwater or use for future estate development. 
Impermeable cutoff slurry walls have been used in environmental applications since the 1970‟s and 
have come into widespread usage since the 1980‟s as a component in the remedial system to control 
flow of groundwater (Evan 1994). Slurry walls are non-structural barriers (Cutoff Walls, Slurry 
Trenches) that are constructed underground for groundwater and pollution migration control. Often 
these barrier walls are constructed in situ using soil-bentonite backfill slurry or slag-cement-bentonite 
slurry (Kaushal et al. 2010). Slurry walls are typically used as subsurface barriers to lateral flow of 
groundwater and to water borne pollutants. The major characteristics of slurry wall construction are 
the use of a bentonite and water slurry during excavation to support the excavation without the use of 
alternative supports. Slurry walls are built by excavating a narrow trench while pumping slurry into the 
trench and maintain its level at or near the top of the trench during the excavation. At times, the trench 
is extended deeper or keyed into an underlying aquitard which acts as a bottom seal. The aquitard 
forms the impervious base, and the backfill (usually soil/cement betonite) forms the vertical 
groundwater barrier (Owaidat et al. 2010). One of the prime focuses of this paper will be to investigate 
the hydraulic conductivity of a cement bentonite (CB) cutoff wall. CB walls are excavated using slurry 
made up of water, cement and bentonite. Before the Portland cement is added, the bentonite-water 
slurry is prepared and is given time to completely hydrate. After adding the cement, the CB slurry is 
pumped to the trench where it is left to harden in place, creating a hydraulic barrier with a permeability 
in the range of 10

-7
 to 10

-8
 m/s. CB barriers are famously used as cutoff barriers where higher wall 

strengths are required and very low permeability is not necessary. 
 
Geosynthetic Clay Liners (GCLs) have been used by engineers as another option to soil barriers in 
different applications since the late 1980s. GCLs are factory manufactured, hydraulic barriers typically 
consisting of bentonite or other very low permeability clay materials, supported by geotextiles and/or 
geomembranes that are held together by needling, stitching, and/or chemical adhesives (Daniel & 
Koerner, 1995). GCLs are hydraulic barriers to water, leachate, or other liquids. They effectively 
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replace compacted clay liners or geomembranes, or they can be combined to supplement the more 
traditional compacted clay liner and/or geomembrane materials.  
 
 
2 HYDRAULIC CONUDCTIVITY MEASUREMENT METHODS 
 

There are numerous ways in which the hydraulic conductivity of soil can be measured. It can be 
measured in the laboratory and in the field (in situ). Daniel (1994) described various laboratory and 
field methods in detail.  
 
2.1 Laboratory methods 
 
Many types of hydraulic conductivity cells are available today for testing soils. The cells may be 
divided into two broad categories: rigid wall and flexible wall cells. The laboratory methods can be 
again subdivided based on hydraulic control system used during a test.  
 
Rigid wall permeameters are made up of a rigid tube or box that holds within it the specimen to be 
permeated. The tube is most commonly circular and constructed of metal (plates brass, plated steel, 
stainless steel or aluminium), plastic (acrylic or polyvinyl chloride), or glass (used only for testing with 
chemicals or waste liquids). Four types of rigid wall permeameters are used; compaction mold 
permeameter, consolidation cell permeameter, sampling tube permeameter and oversized 
permeameter (For detail refer Daniel 1994). 
 
Flexible wall permeameters confine the sample with porous disks and end caps on the top and bottom 
and by a latex membrane on the sides. Two drainage lines connected to the top and bottom end 
pieces in order to flush air out of the lines. The cell is filled with water and pressured to press the 
membrane against the sample hence stopping sidewall leakage.  
 
There are three type of test methodology extensively used in laboratory based on hydraulic control 
systems; constant head, falling head and constant flow rate. The constant head system maintains 
constant hydraulic pressures to ±5%. The head loss across the permeameter must be held constant to 
within 20-25 kPa. An electronic pressure transducer provides suitable accuracy to measure pressures 
to a minimum of three significant figures. The falling head system measures the applied head loss, 
thus enabling the calculation of the hydraulic gradient to within ± 5%. Further, the ratio of initial head 
loss divided by final head loss over an interval of time is measured accurately. The head loss is 
measured with a pressure gage or electronic pressure transducer. The constant flow rate is performed 
by pumping permeant liquid through the sample at a controlled rate and measuring the pressure drop 
across the sample. The head loss across the permeameter is measured accurately using an electronic 
pressure transducer.  Once the flow rate and pressure drop become steady, the test is complete.  
 
2.2 Field (in situ) methods 
 
There are various field or in situ testing methods are available namely, piezocone, packer system and 
self-boring permeameter. The piezocone consists of inserting the instrument into the centre of the wall 
at a given rate (mm/min) and the loading is stopped when it reaches the desired location and the 
dissipation of excess pore water pressure at the shoulder of the cone is recorded with time. There are 
many advantages in using the piezocone procedure; allows sufficient number of tests to be performed 
to obtain statistical significance in a short time, Easy and repeatable and not influenced by the 
operators, The information obtained does not only concern hydraulic conductivity but also strength and 
deformation characteristics which are important for the assessment of global performance, results are 
easy to evaluate and interpret and are based on a well established theoretical framework. 
 
The packer system has upper and lower membranes that are inflated using air pressure in order to 
close off a water filled cavity between them. This type of test is commonly performed in holes that 
have been previously bored, allowing for the lowering of the instrument into the hole. When the device 
is paced at the required depth, the membrane(s) are expanded. When working with low permeability, 
the water filled cavity is subjected to either a falling head test or constant flow test.  
 
The self-boring permeameter (SBP) uses a rotating head to bore itself vertically into the wall to a 
selected depth.  As the hole is bored, a volume of soil equal to that of instrument flows up to the 
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surface as slurry to minimise disturbances and smearing of the borehole wall. This instrument is 
typically 83 mm in diameter and 1.5 m long. Following the self boring process into the wall, the drilling 
is stopped and the probe is removed to leave a hole. The SBP pumps water at a constant rate (i.e. 
using the constant flow technique) into the hole through the cutting head while keeping track of the 
water pressure. The two main advantages of using this method are; A limited amount of disturbance is 
created in the surrounding soil (when compared to other in-situ techniques) and both strength and 
deformation parameters can be computed at the same time.  
 
 
3 MATERIAL AND METHODOLOGY 
 
The materials that were tested for hydraulic conductivity included five samples of slag-cement-
bentonite (taken from various locations from a slurry trench cutoff wall), one geotextile sample coated 
with polymer modified cementitous (PMC) substance and three geosynthetic clay liner (GCL) samples 
again coated with the PMC. The flexible wall permeameter (Figure 1) and constant head method was 
used to measure the saturated hydraulic conductivity of all the samples as.  
 

 
Figure 1. Flexible wall permeameter (Daniel 1994) 

 
The first 5 tests were conducted on undisturbed in situ samples taken at various locations (top, middle 
and bottom) from the slag-cement-bentonite cut-off wall. The slurry used in constructing the wall was 
composed of 5% bentonite, 5-10% cement, 10-15% slag and 70-75% water. The samples were stored 
within plastic tubes of 100 mm diameter inside a temperature controlled curing chamber with 100% 
humidity for six months. The sample was extruded, cut and trimmed to 100 mm height and 100 mm 
diameter. For each test sample height, diameter, water content (before and after the test) and mass 
(before and after the test) was recorded. A pressure head of 10 kPa and an effective confining stress 
of 35-40 kPa and was chosen for the testing corresponding to the sample location below the ground 
surface. 
 
The cementitous polymer coated geotextile was tested for hydraulic conductivity in the laboratory is 
known as the „PMC (polymer modified cementitous) Liner System‟ which can be used in the sealing of 
aqueducts, channels and water storage facilities, erosion control and protective barriers. The PMC 
Liner System is “fit for purpose” composite membranes that provide efficient long term reliable, 
durable and cost effective performance in water proofing, barriers and water shielding (ITL 2010). This 
Geotextile is made up of two components a cushioning geotextile layer and a protective impregnated 
coating (PCS-3LV, polymer modified cementitous silica). The PMC coating is mainly made up of 
organics (55% by weight) such as clay, sand, chalk, cement, and silica‟s that are well known for their 
durability and stability for outdoor applications. The polymeric binder of the PMC liner is based on a 
dispersible EVA powder which has been used in exposed architectural applications such as mortar, 
render, top-coat and adhesive compounds since the 1960's. In terms of the chemical structure of the 
EVA powder, it does not have any molecular chain backbone linkages that are chemically degradable 
by long term contact with water.  Therefore, these coatings display good stability against chemical 
breakdown involving containment and contact with water. An important function of the PCS-3LV 
coating is to protect the polypropylene fibres of the geotextile from heat and UV and chemical 
degradation. There are many advantages of using the PMC Liner System which includes high strength 
and flexible impermeable membrane structure, naturally UV resistant with no discernible methods of 
degradation (in-organics act as a UV screen), excellent conformability to uneven sub grades delivering 
cost effective civil works, does not require liner replacement, it can be cleaned and recoated at 
exceptionally low repair and maintenance costs over its life. 
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The polymer (PMC) coated geosynthetic clay liners (GCLs) are factory-manufactured clay barriers 
consisting of a layer of low permeability bentonite clay sandwiched between two geotextiles that are 
used in waste containment systems to control the movement of liquids and gases (Daniel and 
Boardman 1993). One geotextile is a non woven geotextile while the other geotextile can be of woven 
or non woven material. The bentonite is laid in between these two geotextiles and then they are 
needle punched together. Needle punching takes fibres from the non woven geotextile and carries 
them to the geotextile on the other side of the bentonite layer. Bentonite is a natural sealant, which 
hydrates when it comes in contact with water.  Upon hydration, the bentonite in the GCL swells to form 
a low permeability clay liner with a hydraulic conductivity of less than 5E-11 m/sec for approximately 1 
cm of thickness. Sodium bentonite is most commonly used in the GCLs due to its low permeability 
characteristic. Three geosynthetic clay liner (GCL) samples were tested. The samples of 100 mm 
diameter were cut by using a pair of scissors from a roll of GCL supplied by Geofabric Australia. The 
perimeter of the sample was dabbed with water to make the cutting process easier and to reduce the 
amount of lost bentonite. The GCL samples tested for hydraulic conductivity were typically 1 cm in 
thickness. 
 
 
4 RESULTS 
 
First sample of slag-cement-bentonite was tested for hydraulic conductivity under an effective stress of 
35 kPa for only a period of two hours. The saturated hydraulic conductivity of the first sample found to 
be 1.09E-06 m/s. As this value was quite high a second sample was taken from the same location as 
sample 1 (i.e. location 1 middle section) for testing. The sample was tested for 5 hours under an 
effective stress of 40kPa enabling more time for the water to pass through the sample and hence 
obtaining more representative results. The hydraulic conductivity for the sample 2 was determined to 
be 9.53E-08 m/s. It is to be noted that the hydraulic conductivity of the sample 1 and 2 differs by an 
order of magnitude of 2.  Post mortem of the samples revealed that the sample 1 was composed of 
high amount of gravels which most probably got mixed with the slurry during construction of the wall. 
These gravels have caused more voids space for the water to travel faster during the test hence the 
hydraulic conductivity of the sample 1 is larger than the sample 2. Third sample was used to get an 
idea of the hydraulic conductivity of the bottom section of the CB wall. The third sample was tested for 
a period of 20 hours under an effective stress of 40 kPa. It was found that the hydraulic conductivity of 
the third sample was 1.96E-08 m/s. The fourth sample was taken from the top section of the CB wall. 
This test ran for seven hours under an effective stress of 40 kPa. It was found that the hydraulic 
conductivity for the fourth sample was 7.84E-08 m/s. The fifth sample was taken from the middle 
section of the wall although at a different location to the second sample which was also taken at the 
middle section. This hydraulic conductivity test was operated for 26 hours under an effective stress of 
40 kPa. It was found that the hydraulic conductivity for the fifth sample was 3.34E-08 m/s. It can be 
noticed that apart from the sample 1 all other samples have similar saturated hydraulic conductivity. 
 
First PMC coated GCL sample was analysed in three positions. The first position involves the coated 
side of the GCL facing top cap. Then the same GCL was analysed for hydraulic conductivity when the 
coated side was facing bottom pedestal and finally it was returned to its original position. During all the 
hydraulic conductivity test water was pushed from the bottom pedestal via GCL sample to the top cap. 
Firstly the GCL sample (coated side of the GCL facing the top cap) was tested for a period of three 
days and seven hours under an effective stress of 35 kPa. The hydraulic conductivity was measured 
to be 6.99E-12 m/s. Secondly the same GCL sample (coated side of the GCL facing the bottom 
pedestal) was tested for approximately 36 hours under an effective stress of 35 kPa and the 
permeability was determined to be 2.38E-10 m/s. It can be observed that the hydraulic conductivity 
increased when the GCL was turned over. This suggests that the coating on the GCL is not effective. 
It should also be noted that the height of the sample slightly increased due to the swelling of the 
bentonite within the sample. Consequently the same GCL turned over again (coated side of the GCL 
facing the top cap) and tested under the same effective stress of 35 kPa. This time the permeability 
was calculated to be 6.47E-11 m/s. This value is higher by an order of magnitude of 1 compared to the 
first test when the sample was in same position. This may be due to higher saturation of the sample 
with time. 
 
Second GCL sample was analysed for hydraulic conductivity in two positions. The first position 
involves the coated side of the GCL facing the top cap. The second position involved setting up the 
same GCL after turning it over where the coated side facing the pedestal. In the first position the GCL 
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sample was tested for a period of 2.25 hours under an effective stress of 35 kPa. The hydraulic 
conductivity was found to be 9.94E-09 m/s. It can be noticed that the permeability of the second GCL 
is roughly 2 orders in magnitude higher than the permeability of the first GCL sample. This may be due 
to the fact that bentonite was lost during the process of cutting the second. Even though as much care 
as possible was taken in the cutting process, it is not an efficient way of cutting the sample. A small 
loss of bentonite in this test proves that it can influence the hydraulic conductivity of a sample by a 
significant amount. In the second position the same sample turned over and tested under same 
conditions for 1 day. The hydraulic conductivity was found to be 7.06E-09 m/s. This suggests that the 
hydraulic conductivity does not change significantly when the GCL is turned over, hence the coating 
does not have much impact.  
 
Third GCL sample was tested for hydraulic conductivity for a period of 2 months. For the first 5 weeks 
the sample was tested for hydraulic conductivity under a confining pressure of 550 kPa and an 
effective stress of 35 kPa. For the next two weeks the confining stress was increased to 625 kPa 
hence an effective stress of 110 kPa. In the last week the confining stress was further increased to 
725 kPa resulting in an effective stress of 210 kPa. The hydraulic conductivity measured to be 7.25E-
12 m/s, 5.97E-12 m/s, 5.12E-12 m/s under the effective stress of 35 kPa, 110 kPa and 220 kPa 
respectively. This shows that the hydraulic conductivity decreases slightly when the effective confining 
stress increase. Increase in the confining stress reduces the pore size therefore less space for water 
to move which results reduced hydraulic conductivity. 
  
The geotextile PMC coated sample was tested for hydraulic conductivity. This sample was 100 mm in 
diameter and 10 mm in thickness. The hydraulic conductivity test only lasted for 1 hours and 30 
minutes and it was tested under an effective stress of 25 kPa. The hydraulic conductivity for the 
geotextile sample was found to be 1.49E-08 m/s. Manufacturer has reported the hydraulic conductivity 
of 33E-04m/s of uncoated geotextile sample (Geofabrics 2009). Therefore the PMC coating has 
definitely improved the hydraulic performance of the geotextile. In general the geotextiles are very 
permeable and are used for filtration but the PMC coating has made the geotextile quite impermeable 
and this new product can be potentially used as barrier. 
 
 
5 CONCLUSIONS 
 
This paper presents the saturated hydraulic conductivity of various engineering barriers including five 
slag-cement-bentonite, PMC coated geotextile and GCL. The slag-cement-bentonite samples were 
taken from a cutoff wall at different locations (top, middle and bottom) and cured in humidity controlled 
chamber for a period of 6 months. By utilizing flexible wall permeameter and  computerized constant 
head method, the saturated hydraulic conductivity of the five slag-cement-bentonite samples were 
found to be 1.09E-06 m/s, 9.53E-08 m/s, 1.96E-08 m/s, 7.84E-08 m/s and 3.34E-08 m/s under an 
effective stress of 35 kPa. The reason for the first sample having a significantly higher permeability is 
due to the high gravel content of the sample causing the water to take a preferential path. 
  
Moreover, by using the same method, the saturated hydraulic conductivity of the three GCL samples 
was found to be 6.47E-11 m/s, 9.94E-09 m/s and 5.12E-12 m/s. The first two GCL samples were 
tested under an effective stress of 35 kPa whilst the third GCL sample was tested under different 
effective stress that was increased in 3 increments for periods of 1 to 5 weeks spread over a 3 month 
period. It was found that the hydraulic conductivity decreased with the increase in confining stress. 
The reason for the high hydraulic conductivity in the GCL sample 2 may be due to the loss of 
bentonite when preparing the sample. The GCLs were also tested for their coating and it was found 
that the coating does not increase the hydraulic conductivity. Further the permeability of the PMC 
coated geotextile sample was found to be 1.49E-08 m/s which is less than 4 orders of magnitude 
compared to uncoated geotextile. This opens up new possibilities of using geotextiles as a barrier in 
the future. 
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