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ABSTRACT:  Permeability of gases  through geomaterials  

are critical in areas like landfill cover design, buffer 
material characterization in deep geological repositories 

for radioactive waste containment, geosequestration of 

greenhouse gases, oil and gas recovery, etc. In general, 

there are two types of laboratory methods for 

determination of gas permeability of geomaterials such as 
steady state and transient or pressure decay methods. In all 

these methods, the sample thickness that needs to be 

considered is important for accurate estimation of gas 

permeability characteristics. In view of this, the present 

study discusses the effect of sample thickness on the 
laboratory determination of gas permeation through 

geomaterials. A permeability apparatus has been 

developed for evaluating the gas permeability 

characteristics of geomaterials over a range of compaction 

state, based on the concept of pressure decay. Further, the 
experiments are conducted at different sample thicknesses 

along the standard Proctor compaction curve and the 

effect of sample thickness on gas permeability has been 

evaluated.  

Keywords: gas permeability, pressure decay test, buffer 

materials, deep geological repository 

1 Introduction 
An understanding of gas transport is important for 

evaluating movement of gaseous and semi-volatile 

radionuclides, such as 
3
H, 

14
C and Rd from radioactive 

waste disposal facilities. It is also important to 

comprehend the mechanism of gas transport in 
unsaturated media for evaluation of soil aeration or 

movement of O2 from the atmosphere to the soil and 
estimation of transport of volatile and semi volatile 

organic compounds from contaminated sites through 

the unsaturated zone to the groundwater. Grout 
injection which is one of the most widely accepted soil 

stabilization technique, also requires the measurement 
of permeability decrease after injection operation is 

proposed in order to quantify its improvement 
mechanism. The use of soil venting or soil vapor 

extraction, as a technique for remediating contaminated 
sites has resulted in increased interest in gas transport 

through unsaturated zone. In many areas the migration 

of gases from landfills, such as methane formed by 

decomposition of biodegradable organic waste is 
important (Moore and Roulet, 1991). Soil gas 

composition has also been used as a tool for mineral 
and petroleum exploration and for mapping organic 

contaminant plumes. The adverse health effects of 

radon and its decay products have led to evaluation of 
transport of radon in soils and into buildings. In order 

to assess all these issues, a thorough understanding of 
gas transport mechanism is required. Among the gas 

transport mechanisms, gas permeability is an important 
parameter to understand the transport characteristics. It 

depends on the geometry, connectivity of pores and 

water content. Permeability variations indicate 
mechanical, hydraulic and structural changes of porous 

material. 
In general, either steady state or transient method can 

be employed for the determining gas permeability 
characteristics of geomaterials. In steady state method 

the flow rate of gas from an external reservoir is 
required to be maintained a desired constant pressure 

during the experimentation. The steady state method is 

time taking and slippage effect has a major role. 
However, in transient pulse technique, the test region is 

initially filled with the desired pressure and subsequent 
pressure decay is measured with time.  

Transient pulse techniques (pressure decay tests) are 
usually used to determine permeability of low 

permeable geomaterials, i.e., when the flow rates 

become so small that flow into the formation could be 
more accurately determined from the measured 

pressure drop in the test interval. Transient methods are 
less time consuming and it is not necessary to measure 

the flux because its value can be calculated from 
changes in pressure with time (Calogovic 1995; 

Billiote et al., 2008; Gardner et al., 2008; Fedor et al. 

2008). Though many researchers have investigated gas 
permeability characteristics of geomaterials; however, 

the influence of sample thickness on gas permeability 
determination has not been explored. In view of this 

fact, the present study intends to investigate the 
influence of sample thickness on the determination of 

gas permeability characteristics of geomaterials, 
particularly buffer materials of deep geological 

repositories. Further, the effect of compaction state on 



Effect of Sample Thickness on Laboratory Determination of Gas Permeability of Buffer Material 

2 

permeation characteristics of buffer materials  has been 
assessed.  

1.1 Principle of Pressure Decay Method 
To determine the permeability of gases through 

geomaterials, pressure decay method proposed by 
Billiotte et al. (2008) is employed in the present study. 

In this method, the sample is compacted in the sample 
holder and sandwiched between two reservoirs which 

are maintained at constant and uniform pressure at the 

beginning of the test. A sudden decline in pressure is 
then imposed in the downstream reservoir and 

corresponding pressure changes in both the reservoirs 
are recorded. Fig. 1 illustrates the schematic 

representation of principle of pressure decay method. 
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Fig. 1 Principle of pressure decay method 

The pressure decay in terms of gas permeability 

through the sample during gas permeability tests, can 
be expressed by the following equation, 
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By developing the equation of transient flow according 
to pressure the above relationship becomes, 

   

   
 

 

 
 
  

  
          

   

 
 
  

  
 (2) 

where, 
K is effective gas permeability in m

2
, ρ is the gas 

density in kN/m
3
, μ is gas dynamic viscosity of gas in 

Pas, P is the pressure in kPa, β is the compressibility 
factor of the gas and its variation with temperature and 

pressure is obtained as per Green and Perry, 1984 and n 
is effective porosity of the sample. 

The equation can be modified by using an exponential 
variation between the normalized pressure variations 

with time. The exponential coefficient of the 

normalized pressure variation with time gives the 
coefficient of permeability using the simplified 

solution of Brace and Martin (1968). 
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where, 
A is the cross sectional area of the sample in m

2
; L is 

the length of the sample in m; Vup and Vdown are the 

volumes of two reservoirs in m
3
. 

2 Experimental Investigations 

2.1 Material Selection 
In general, clay is well known as the buffer or barrier 
materials for waste containment because of its low 

permeability and high sorptive nature. But the use of 

clay alone is associated with desiccation cracking when 
subjected to temperature. Therefore, a mixture of sand 

and bentonite clay is usually used as buffer materials in 
containment of hazardous wastes. The review of 

literature revealed that a mixture of 30% bentonite and 
70% sand performs efficiently in terms of strength and 

shrinkage-swelling properties (Dixon et al., 1985; Ada, 
2007). In view of this, gas permeability experiments 

are conducted for 30% sand-bentonite mixtures (SB30) 

along the standard Proctor compaction curve. Fine sand 
and sodium bentonite are selected for the study. Air 

permeability test is conducted using nitrogen gas (N2) 
as a model gas because it is a relatively inert gas and 

has very low water solubility (Bouazza and 
Vangpaisal, 2003).  

2.2 Physico-Chemico-Geotechnical 
Characteristics of Buffer Materials 

Particle size distribution characteristics of the selected 
materials are obtained by conducting both sieve and 

hydrometer analyses as per the guide lines presented in 
ASTM D422 (2007). The results from both sieve and 

hydrometer analysis are combined to get the grain size 

distribution characteristics of the chosen materials and 
the results are presented in Fig. 2.  

The specific gravity (G) of the selected geomaterials 
are determined with the help of a helium gas 

pycnometer (Quantachrome, USA), by the guide lines 
presented in ASTM D 5550 (2006). From the measured 

solid volume and weight of the sample, the solid 

density (i.e., specific gravity) is determined using 
mass-volume relationships and it is obtained as 2.67 for 

SB30. 
Compaction characteristics of the selected geomaterials 

are obtained by conducting standard proctor 
compaction test as per ASTM D698 (2012). Sand-

bentonite mixture is prepared at different water 

contents and the compaction is done. The sand 
bentonite mix SB30 is characterized with a maximum 

dry unit weight of 17.85 kN/m
3
 at optimum moisture 

content of 13.5 %. 
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Fig. 2 Particle size distribution characteristics of fine sand 

and sodium bentonite  

2.3 Gas Permeability Test Setup 
The permeability cell is made up of stainless steel 

consisting of two cylindrical chambers (hereafter called 
as source and receiver reservoirs) and a sample holder 

with an inner diameter of 93 mm. The source and 

receiver chambers have a length of 190 mm and 54 
mm, respectively and the length of sample holder was 

changed depending on the sample thickness. The 
reservoirs and sample holder is connected together by 

two intermediate plates and end plates with grooves for 
proper placing of the chambers. Four plates are 

connected using four tie rods which are clamped from 
both sides using washer and wing nut arrangement. O-

rings are placed in the grooves of the metallic plates to 

ensure no leak condition. Both the reservoirs are 
provided with two inlets, one inlet is for inflow and 

outflow of gas and the other inlet for short circuiting 
the two chambers to establish equilibrium of pressure 

initially on both sides of the sample. Both the chambers 
are connected with pressure sensors with 0-6 bar 

pressure range and the pressure in the respective 

chambers is monitored with the help of readout units 
and data logging facility. Pressure sensors are 

calibrated prior to their usage. Figure 3 depicts the 
photograph view of the experimental setup with 

pressure sensors and readout units. 
Soil sample is compacted in the sample holder using a 

hand held tamper and is provided with highly pervious 

porous metal discs on either side of the specimen to 
avoid soil particles falling into the source and receiving 

chambers. Gas pressure is directly applied by 
connecting the valves from the gas supply panel to the 

inlet and outlet openings of the setup which is 
controlled by a regulator to maintain constant pressure. 

The gas pressure supply is controlled by a series of 
regulators which are used to step down the pressure 

and allow it to maintain at a specified value. After 

achieving required pressure, inlet and outlet valves are 
closed and the pressure in both the reservoirs is 

monitored. Once the pressure on both the reservoirs 
becomes constant, it is kept undisturbed for at least 

three to four hours so that all the pores of the sample 

filled with gas are at same pressure as the reservoirs. 
After achieving equilibrium, receiver valve is opened 

and gas pressure is allowed to drop to the desired lower 
pressure so that a pressure gradient is applied across 

the sample. The annular space (5 mm wide and 2 mm 
deep) between the specimen and sample holder along 

the circumference is sealed with bentonite paste, to 

avoid the potential leakage of gas through it. This 
method helps in preventing gas  transport through the 

interface between inner surface of the sample holder 
and compacted specimen. The pressure variations in 

both the reservoirs are monitored with respect to time 
and the coefficient of permeability is calculated from 

the normalized pressure variation with respect to time 

using the solution proposed by Brace and Martin 
(1968). 

The above procedure is repeated for the samples 
compacted at different compaction state along the 

standard Proctor compaction curve. Further, the 
experiments are conducted for different sample 

thickness of 30 mm and 50 mm. The normalized 
pressure variation with respect to time obtained for 

sample thickness of 30 mm and 50 mm are presented in 

Fig. 4.  

 

Fig. 3 Gas permeability test set up and gas distribution 

panel 

It can be noted from Fig. 4 that, even though the trend 

of variation curve is same, 50 mm thick sample gives 
similar exponential coefficients for both the applied 

pressure gradients. For lesser sample thickness, the 

exponential value differs and this may be attributed to 
the slippage that might have occurred in the sample. In 

view of this, it is better to go for a sample thickness of 
50 mm for efficient determination of gas permeability 

coefficients of buffer materials. Further, the variation 
of permeability coefficients with volumetric moisture 

content obtained for sample thickness of 50 mm and 30 

mm are depicted in Fig. 5.  
It can be seen from Fig. 5 that the coefficient of 

permeability decreases with increase in volumetric 
moisture content. This is due to the fact that as the 

volumetric moisture content increases the soils 
particles are packed in a better way with pores filled 

with moisture. Therefore, the gas finds it difficult to 
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permeate through the sample and thus the permeability 
coefficient decreases with increase in volumetric 

moisture content. 
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Fig. 4 Normalized pressure variation with respect to time 

for SB30 for an applied pressure gradient of 0.25 

bar 
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Fig. 5 Coefficient of permeability versus volumetric 

moisture content for SB30 for sample thickness of 

50 mm. 

3 Summary and Conclusions 
The present study evaluated the effect of sample 

thickness on the laboratory determination of gas 
permeability of buffer materials. In order to achieve 

this, the pressure decay method of gas permeability 

determination has been employed. To evaluate the 
influence of thickness on the gas permeability 

characteristics, experiments were conducted at 
different compaction states of buffer materials using 

sample thicknesses of 30 mm and 50 mm. It has been 
observed that the gas permeability coefficient 

decreases with increase in volumetric moisture content 

attributed to the decrease in pores available for the gas 
to flow. Further, the nature of normalized pressure 

variation curve with respect to time was observed to be 
similar for both sample thicknesses of 30 mm and 50 

mm. But the exponential coefficient, α was found to be 
same for different applied pressure gradients in case of 

50 mm thick samples. This was due to the fact that for 

less thick samples, the slippage effect is more 
compared to thicker samples. Therefore, it can be 

concluded that a minimum of 50 mm thick samples are 
required for the determination of gas permeability 

characteristics of buffer materials.  
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