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Abstract 

Abstract 

The commonly used British Standard constant head triaxial permeability (BS) test, for 

permeability testing of fine grained soils, is known to have a relatively long test 

duration . Consequently, a reduction in the required time for a soil permeability test 

provides potential cost savings, to the construction industry (specifically, for use during 

CQA of landfill mineral liners) . The overall aim of this research was to investigate and 

evaluate alternative short duration test ing methods and equipment for the 

measurement of the permeability of f ine grained soils. To meet this aim, two individual 

schemes were proposed within the research . 

The first scheme was to add to the understanding and assess the feasibility of an 

existing method of short duration permeability testing, known as the Accelerated 

Permeabil ity (AP) test, and to suggest improvements, where possible. Four different 

fine grained materials, of a variety of properties were compacted at various moulding 

moisture contents to produced analogous samples for testing using three different 

permeability testing methodologies: BS, AP and RAP tests. Fabric analysis was carried 

out on specimens derived from post-test samples to assess the affect of testing 

methodology on soi l fabric. Results produced indicate that AP testing in general 

underpredicts permeability values derived from the BS test due to large changes in soil 

fabr ic caused by AP test methodology. RAP testing, in general, provides an 

improvement to the AP test but still underpredicts permeability values. The potential 

savings in test duration are shown to be relatively minimal for both the AP and RAP 

tests. Recommendations for use of both the AP and RAP test in industry are made 

along with suggestions for further research. 

The second scheme was to develop a novel apparatus to allow a reduction in the 

duration of the falling head permeability test using elevated gravitational acceleration 



Abstract 

produced in a laboratory centrifuge. An apparatus was designed and produced to 

measure and record permeant flow through small soil specimens under flexible, no 

lateral strain conditions, using the falling head test method under conditions of 

accelerated gravity, compatible with a small desktop laboratory centrifuge available at 

Queens University Belfast. An inbuilt data acquisition system was designed and 

incorporated in the apparatus to monitor and record changes in head and flow 

throughout the test. A mathematical model was produced for analysis of permeability 

coefficient from the results derived. Preliminary testing was found to successfully 

predict the permeability of reconsolidated clay samples in a relatively short duration, 

showing good comparability with results of BS tests on analogous samples. 

Recommendations for further test ing and future developments of this apparatus have 

been made. 
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Chapter i-Introduction 

Chapter 1 - Introduction 

1.1 Background 

Over the last number of decades, awareness of the natural environment and the 

implications we as humans have on it has increased. From the dawn of the industrial 

revolution and subsequent industrialisation of developed countries of the world, 

human intervention has brought about many profound detrimental changes to the 

natural environment. With the onset and high publicity of climate change, public 

concern on these matters has accelerated in recent years. It is now widely accepted 

that it is our duty as humans to protect the planet, to limit our impact on nature, and to 

secure a healthy and diverse environment for present and future generations. 

To ensure the protection of the natural environment and limit the possibility of 

environmental damage, government and intergovernmental bodies produce 

legislations specifying controls and procedures relating to operations sensitive to the 

environment. In the UK and many other countries, executive managed environmental 

regulatory authorities are in place to regulate operations to the appropriate legislative 

standard on a wide variety of environmental issues ranging from air quality to water 

resources. Environmental issues are numerous and wide ranging. However, for any 

environmental regulation authority one of the most important and demanding of all 

environmental concerns is the management of waste. 

In the UK approximately 220 million tonnes of controlled waste is produced each year 

from household, commerce and industry. A proportion of this material is reused and 

recycled . However, a large percentage of it, particularly municipal solid waste, is 

disposed of in landfill . Recent statistics show that the UK has a large dependence on 

waste disposal by landfill and disposes of more municipal waste by landfill than most 

other European Union countries (NAO 2006). Although an objective of current 

1 



Chapter i-Introduction 

European Union Legislation (EU Waste Framework Directive) is to reduce the amount 

of municipal waste to landfill, the latest available figures for the UK municipal waste 

management shown in figure 1.1 indicate that there is still heavy reliance upon landfill 

for the disposal of the majority of waste within the UK. Waste disposal and landfill 

construction is a large industry and resultantly there are many landfills currently in 

operation within the UK. As demand for landfill disposal continues, new sites for landfill 

construction are continuously being developed, and in most cases will be located in 

environmentally sensitive areas. 

UK MUOfClpal waste management 2005/06 

Und.d Kingdom 

1% 

• Ulndf. 

• 'nCO'WObOn.. EtW 

• RecycIedI composted 

• 0Ihet 

Sou .... Department few Enwon",..,\ Food ~nd R..-al Aff..,. (Deltal. 
En ... "",,*,\ and HenIag. SeMc.o NOf1hem "eland (EHSNII 
ScoI\ioII En ... ....",..'\ ProIec1oon Agenq- (SEPAl 
_ ~y Go.Iem"'errt (WAG) 

Figure 1.1- UK Municipal waste management for 2005/06 (NAO, 2006) 

The use of landfill for waste disposal creates a possible environmental hazard. Leachate 

formed from the decomposing waste, or rain water percolating through that waste, is a 

highly toxic liquid that pools at the base of landfills. If not contained within the landfill 

it can migrate into and pollute the surrounding soil, groundwater and surface-water. 

Such contamination constitutes a significant health hazard to any possible receptors 

including humans, animals and surrounding vegetation. As a result, one of the main 

focuses of the controlling legislation regarding landfill is to ensure that the release of 

leachate is to a level that minimises the threat to the surrounding environment. 

2 



Chapter i-Introduction 

Historically, waste was dumped into unused quarry workings or similar voids resulting 

in huge potential for environmental damage. However, for sites where there is a 

potential hazard to soil, surface water or groundwater, control of contaminants must 

now comply with the requirements of the Landfill Directive (1999/31/EC), the Water 

Framework Directive (2000/GO/EC) and the Groundwater Directive (80/G8/EEC). 

Current legislation dictates the requirement of a barrier system lining the base and 

sides of all landfills to allow the containment and subsequent control of the leachate 

produced. 

1.2 landfill Construction 

A modern day landfill is made up of a number of components, namely a composite liner 

system, a leachate collection system and a composite capping system. Figure 1.2 details 

the cross-section of a typical modern day landfill. The capping system is constructed on 

completion of the landfill to limit the percolation of rainwater into the landfill, thereby 

reducing the quantity of leachate produced. The capping system also prevents the 

escape, or allows the controlled collection, of many environmentally hazardous gases 

produced by the decomposing waste. The leachate system is positioned at the base of 

the landfill above the liner system and is designed to reduce the head of pooled 

leachate exposed to the landfill liner, thereby reducing the tendency for external 

seepage. The collected leach ate is chemically treated before separate disposal, or is 

sometimes repeatedly flushed through the landfill to accelerate waste decomposition 

before finial collection and disposal. The liner system is constructed at the base and 

sides of the landfill forming a barrier preventing or acceptably reducing the release of 

leach ate to the environment. 

As shown in figure 1.2, both the capping and liner layers within a typical modern day 

landfill are constructed from a number of components: a composite system of an 

impermeable geosynthetic (known as a geomembrane) and a low permeable 

compacted fine grained soil layer. There are various types of materials commonly 
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utilized in the production of geomembranes and each type of material has different 

characteristics which affect installation procedures, lifespan and performance. The 

designed service life of a geomembrane coincides with the service life of the landfill, 

which typically for many landfills is approximately 30 years, after which leachate 

leakage continues to pose a hazard to the surrounding environment. Some 

geomembranes are subject to degradation through oxidation or exposure to UV light, 

while all are subject to punctures, shearing tears, inconsistencies and seem/connection 

problems from improper installation. Resultantly, although geomembranes are 

considered relatively impervious to landfill leach ate, their long term reliability is 

uncertain and the onus is placed on the underlying compacted fine grained soil layer to 

prevent the escape of leachate to the surrounding environment. 

The low permeable soil layer, termed the mineral liner, is compacted in a series of 

layers, known as lifts. The liner is constructed using heavy compaction plant to reduce 

its density, thereby lowering its permeability. This compaction limits the potential for 

flow through the layer and, in addition, the mineralogy of the mineral liner may serve 

to attenuate contaminants such as heavy metals by processes such as sorption, 

precipitation and biodegradation . 

In recent years, there have been alternatives and additives to the common mineral 

liner, such as bentonite enriched soils (BES) . However, where possible, the standard 

procedure and often the most economical solution is to compact locally available fine 

grained soils. 

4 
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As portions ofthe landfill are completed, native grasses and shrubs 
are planted and the areas are maintained as open spaces. The 
vegetation is visually pleaSing and prevents erosion of the underlying 
soils. 
2. TopSoil 
Helps to support and maintain the growth of vegetation by retaining 
moisture and providing nutrients. 
3. Protective Cover Soil 
Protects the landfill cap system and provides additional moisture 
retention to help support the cover vegetation. 

COMPOSITE CAPPING SYSTEM 
4. Drainage layer 
A layer of sand or gravel or a thick plastic mesh called a geonet drains 
excess precipitation from the protective cover soil to enhance 
stability and help prevent infiltration of water through the landfill cap 
system. A geotextile fabric, similar in appearance to felt, may be 
located on top of the drainage layer to provide separation of solid 
particles from liquid. This prevents clogging of the drainage layer. 
5. Geomembrane 
A thick plastic layer forms a ca p that prevents excess precipitation 
from entering the landfill and forming leachate. This layer also helps 
to prevent the esca pe of 
landfill gas, thereby reducing odours. 
6. Compacted M ineral Cap 
Fine-grained material is compacted over the waste to form a cap 
when the landfill reaches the permitted height. This layer prevents 
excess precipitation from entering the landfill and forming leachate. 

WORKING LANDFlll 
7. Daily Cover 
At the end of each working period, waste is covered with six to 
twelve inches of soil or other approved material. Daily cover reduces 
odours, keeps litter from scattering and helps deter scavengers. 
8. Waste 
As waste arrives, it is compacted in layers within a small area to 
reduce the volume consumed within the landfill. 

A layer of sand or gravel or a thick plastic mesh called a geonet collects leachate and allows it to drain by gravity to the 
leachate collection pipe system. 
10. Filter Geotextile 

A geotextlle fabric, similar in appearance to felt, may be located on top of the leachate collection pipe system to provide 
separation of solid particles from liquid . This prevents clogging of the pipe system. 
11. leachate Collection Pipe System 

Perforated pipes, surrounded by a bed of gravel, transport collected leachate to specially designed low points called sumps. 
Pumps, located Within the sumps, automatically remove the leachate from the landfill and transport it to the leachate 
management faCilities for treatment or another proper method of disposal. 

COMP OSITE LINER SYSTEM 
12. Geomembrane 

A thick plastic layer forms a liner that prevents leachate from leaving the landfill and entering the environment. This 
geomembrane is typically constructed of a special type of plastic called high-density polyethylene or HOPE. HOPE is tough, 
Impermeable and extremely resistant to attack by the compounds that might be in the leachate. 
13. Compacted M ineral liner 

Is located directly below the geomembrane and forms an additional barrier to prevent leachate from leaving the landfill and 
entering the environment 
14. Prepared Subgrade 

The native soils beneath the landfill are prepared as needed prior to beginning landfill construction. 

Figure 1.2 - Cross-section of a typical modern landfill (Modified after Waste Management, 2003) 
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Chapter 1-lntroduction 

The effectiveness of the mineral liner is dependent upon two variables which are 

controlled and specified in landfill legislation. These are the thickness and the 

permeability of the mineral liner. The specified values for these variables are 

dependent upon the category of landfill being constructed, which in turn is subject to 

how hazardous the waste to be landfilled is and the subsequent risk posed to 

surrounding receptors . Table 1.1 outlines the stipulated regulations imposed by the 

Landfill Directive regarding minimum thickness and maximum permeability of mineral 

liners for the three main categories of landfill within the UK. 

Table 1.1-landfill Directive stipulated regulations regarding Mineral liners 
Waste Category Thickness (m) Permeability, (m/s) 

Hazardous ~5 ~ 1.0 x 10 9 

Non-hazardous ~1 ~ 1.0 x 10- 9 

Inert ~ 1 ~ 1.0 x 10- 7 

1.3 Mineral Liner Permeability Testing 

The permeability of a soil is a measure of its ability to transmit fluid; the lower the 

permeability the greater the resistance to permeant flow. As shown in table 1.1, 

landfills for hazardous and non-hazardous waste must have mineral liners with a 

permeability upper limit of 1x10-9m/s, while those for inert waste require permeability 

of 1x10-7m/s or less (Landfill Directive). It is not feasible to directly measure the 

permeability of a mineral liner over the whole of a landfill site. Instead, as part of a 

construction quality control and assurance program, tests are generally carried out on 

undisturbed samples recovered from site or representative samples produced in the 

laboratory to ensure that liner materials have a sufficiently low permeability. 

There are many procedures and methods commonly employed to determine 

permeability values (covered extensively in Chapter 2). There are in-situ techniques 

that can occasionally be used to estimate field permeabilities; these include ring 

infiltrometers and flooded test pads. However, these methods are primarily for use in 

research applications or on test pads of materials during design of a liner and the 

6 
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Scottish Environment Protection Agency go as far as to state that they are not suitable 

for use in routine testing of permeability during the construction phase of a barrier or 

liner (SEPA, 2002). Resultantly, within the UK, regulations specify that permeability 

should be measured in accordance with BS 1377: pt 6: 1990, method 6; the British 

Standard constant head triaxial permeability test (commonly referred to as the BS test 

throughout this thesis). Regulations specify that oedometer or fixed walled 

permeameters should be correlated with the BS tests and are only suitable for rapid in

situ testing for consistent quality control of construction across the site (DEFRA, 1995). 

Difficulties are highlighted when consideration is given to the fact that the BS test is a 

relatively time consuming procedure and it is common for a waiting period of 

approximately 2 months from time of sampling to report of results. This waiting period 

has many direct disadvantages including delays, uncertainties in acceptance of the 

barrier system construction and high costs due to payments for carrying out the long 

duration BS test. In most cases this delay forces the on-site engineer to rely upon 

indirect comparison testing to justify continuation of earthworks operations while 

awaiting the results of laboratory permeability tests. Consequently, were the 

laboratory reported permeability results do not achieve the desired value then large 

costs may be incurred from the remediation and removal of overlying waste materials 

to allow enhancement or replacement of the barrier system. 

To alleviate the outlined disadvantages associated with the long waiting period 

required for the BS test, it would be highly beneficial to replace or improve the BS test 

with a reliable short duration alternative test or testing method. 

7 
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1.4 Research Purpose 

The overall aim of this research is to investigate and evaluate alternative short duration 

testing methods and equipment for the measurement of the permeability of fine 

grained soils. To meet this aim two individual schemes are proposed within the 

research. The first is to add to the understanding and assess the feasibility of an 

existing method of short duration permeability testing, known as the Accelerated 

Permeability (AP). The second is to develop a novel apparatus to allow a reduction in 

the duration of the falling head permeability test using elevated gravitational 

acceleration produced in a laboratory centrifuge. 

The specific objectives of the work to be carried out are: 

1. Identify and obtain sufficient quantities of 4 different fine grained materials 

possessing a range of properties consistent with those used for the construction 

of mineral liners. Carry out classification and compaction tests on 

representative samples taken from these materials. 

2. Evaluate the AP testing method by comparison of laboratory permeability tests 

on corresponding samples using the AP test method and the BS test method. 

Tests are to be performed on a range of samples compacted at varying 

moulding moisture contents from materials referred to above. 

3. Make post-test observations using a scanning electron microscope on selected 

specimens referred to in (2) to view any possible changes in soil structure and 

qualitatively assess differences in permeability values obtained with regard to 

test method used . 

4. Design and produce a novel prototype apparatus to measure and record 

permeant flow through small soil specimens under flexible, no lateral strain 
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conditions, using the falling head test under conditions of accelerated gravity, 

compatible with the small desktop geotechnical centrifuge available at Queens 

University Belfast soils laboratory. 

5. Produce a mathematical model for analysis of permeability coefficient and 

stress conditions for specimens tested using the Centrifuge Permeameter, 

taking into account independent testing variables that can be applied . 

6. Carry out preliminary tests using the Centrifuge Permeameter on granular 

samples of varying particle sizes and saturated reconstituted samples. 

7. Evaluate the Centrifuge Permeameter apparatus by comparison of results from 

the new apparatus with those obtained from constant head triaxial permeability 

tests carried out on comparable samples, under equivalent stress conditions. 

1.5 Thesis Outline 

This thesis takes the following format: a review of relevant literature is presented 

regarding soil permeability including the factors that influence the parameter and the 

techniques utilised to measure it. The equipment designed and testing methodology 

used for short duration and comparative standard testing within this research program 

is then presented, along with a detailed program of work for both the accelerated 

permeability and centrifuge permeability investigations. Soil types and characteristics 

are then detailed, along with the sampling procedures utilised. Findings of the testing 

program are presented and comparative evaluations are discussed between testing 

techniques, results from previous research and relevant theory. Finally, 

recommendations are made regarding the use of the Accelerated Permeability testing 

technique and centrifuge permeability testing technique in relation to the evaluation of 

f ine grained so il permeability and landfillliner construction quality control. 
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Chapter 2 - Literature Review: Permeability, Factors and Measurement 

In this chapter, a review of compiled literature relating to the permeability of soils is 

discussed. Initially presented is the relevant theory and definition of permeability. The 

second and third part of this chapter reviews specific soil characteristics and the 

imposed conditions affecting permeability. This is required to identify the salient 

features of the soil property and highlight the controls and considerations needed 

during sample production and permeability measurement. The final section presents 

the various commonly employed techniques and apparatuses used in the laboratory for 

measuring permeability, with attention given to the suitability and effects of 

measurement method on the corresponding permeability values derived. 

Chapter 3 is dedicated to a review of relevant literature and previous findings regarding 

the specific permeability measurement techniques investigated in this research, 

namely; accelerated permeability testing, and centrifuge permeability testing. 

2.1 Darcy's Coefficient of Permeability 

In 1856, in relation to the construction of the Public Fountains in the city of Dijon, 

Henry Darcy published an investigation into the flow of water through a filter of 

homogeneous clean saturated sand (circa 1856). From his observations Darcy derived a 

constitutive equation that quantifies the flow of fluid through a porous medium, now 

widely used to analysis the flow of water through soils and is referred to as Darcy's 

Law: 

v = - ki 

Ilh 
q = - kiA = - kTA or; [2.1] 

where t is the discharge velocity of the permeating fluid in m/s, and correspondingly q 

is the rate of permeate discharge or rate of flow (m3/s) through a medium of cross 
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sectional area, A (m 2
) perpendicular to the direction of flow. i is the hydraulic gradient 

which is a dimensionless measure of the driving force on the permeant and is the ratio 

of the difference in piezometric head .oh (m) due to a flow across a length L (m) of the 

permeated medium, to that length, (shown in Fig 2.1). The implication of Darcy's law is 

that the rate of flow of a permeant is proportional to its hydraulic gradient, and can be 

related by a constant of proportionality, k, known as the coefficient of permeability 

which has units of velocity (m/s) . Essentially, the coefficient of permeability is an 

empirical parameter that is a measure of the ability of a porous material to allow the 

passage of fluid. 

Figure 2.1 - Flow through a porous medium 

Research has shown there are a number of assumed conditions for the validity of 

Darcy's Law; these are that the flow of permeant through the soil must be laminar, all 

voids in the permeated medium should be full of the permeant (i.e . fully saturated) and 

no change in the total volume of the medium should occur during or as a result of flow. 

An indication of the condition of laminar flow for a given fluid is the ratio of internal 

forces to frict ional forces and be quantified using the dimensionless parameter known 

as Reynolds number R,: 
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[2.2] 

where p is the fluid density {g/m\ !J is the fluid viscosity {g/ms} and D is the 

characteristic dimension of the flow channel {m}, which, in the case of flow through soil 

is related to the pore sizes between particles. l' is the velocity of fluid flow {m/s} 

through the void spaces. It is an erratic value that is much greater than the 'discharge 

velocity' referred to in Darcy's Law due to increased distance of the tourtous flow path 

around solid particles and through available voids. 

For flow in pipes it is well established that the flow deviates from laminar to turbulent 

as Re increases above a value of approximately 1000. The same limiting value drops 

significantly to approximately 10 for fluid flow through a packed bed of spherical 

particles {Rhodes 1989}. Both Harr {1962} and Bear {1972} suggest a limiting crieterion 

of RE ~ 1 for laminar flow in soils. Taylor {1948} indicates that the Reynolds Number for 

the majority of flow through soil is below unity and is therefore laminar. However, as 

particle size increases so does D and t', and as effective particle diameter exceeds 

0.5mm flow becomes semi-turbulent and the use of Darcy's Law to measure the 

coefficient of permeability becomes invalid. 

From Equation 2.1 it can be noted that Darcy's Law does not contain any terms 

implicitly relating to the permeant characteristics. Resultantly, the coefficient of 

permeability, k, is a parameter related to both the permeant and the porous medium. 

An alternative form of Darcy's Law, derived by Muskat {1937} takes into account the 

governing properties of the permeant in relation to its flow and can be expressed as 

follows: 

y pg 
q ::: -K-IA ::: -K-IA 

/-l /-l 
[2.3] 

where the governing permeant properties are; y, the fluid unit weight {g/m 2s\ and 11, 

the dynamic viscosity of the fluid {g/ms}. The alternative constant of proportionality K is 

termed the specific or absolute permeability as it has been formulated to be a 
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parameter representative of the porous medium only. The absolute permeability, It, has 

units of m2 and when the permeant used is water at an ambient temperature of 20 De, 
then a permeability of 1m/s corresponds to an approximate absolute permeability of 

1.0 x 1 0-~m2 {Head 1994}. 

However, in practice, for the majority of permeability laboratory tests carried out, as 

with the permeability tests in this investigation, the permeant used is water with 

permeability results corresponding to a temperature of 20 °e. Consequently, with a lack 

of variation in the permeant used the need for the term 'absolute permeability' K, in 

comparison testing becomes redundant and is seldom encountered in relevant 

literature. Additionally, as pointed out by Lambe and Whitman {1979}, equation 2.3, 

although valid for granular soils, does not take into account the effects of the variance 

in physico-chemical characteristics in different permeants encountered during flow 

through fine grained soils. Therefore, absolute permeability is not strictly 'absolute' as 

it is not an intrinsic parameter of all soils. As a result, in this thesis the term 

'permeability' is used to refer to the coefficient of permeability, k, expressed in m/so 

It should be noted that the term 'coefficient of permeability' and 'hydraulic 

conductivity' are often used to denote the same constant of proportionality, k, in 

equation 2.1. In genera l, Civil Engineers traditionally use the term 'coefficient of 

permeability' while soil scientists and hydrogeologists use 'hydraulic conductivity' 

{Dan iel, 1994}. Additionally, in the British Standard, BS 1377:1990, the term coefficient 

of permeability is used while in the American Society for Testing of Materials in ASTM D 

5084-90, hydraulic conductivity is the preferred term. A valid argument for the use of 

the term hydraulic conductivity is that it is analogous with the other terms used in 

similar equations for conduction phenomena {e.g. 'thermal conductivity' in Fouriers's 

Law to describe heat flow, 'electrical conductivity' in Ohm's Law to describe electrical 

flow, etc.} {Mitchell, 1993}. Regardless, in terms of geotechnical engineering within the 
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UK, the use of the term 'coefficient of permeability' (generally shortened to 

'permeability') is more common and resultantly is the term adopted in this thesis. 

2.2 Soil Characteristics Influencing the Permeability of Soils 

The permeability of soils is a property of great importance, not only with regard to 

mineral liners but also many other engineering problems that are dependent upon 

seepage, settlement, stability or drainage. In comparison with other soil properties, 

permeability is highly variable and, as shown in table 2.1, can range over 12-13 orders 

of magnitude for typical soils. An analogy to illustrate the variability of soil permeability 

is: if the average walking speed of a person represents the permeability of a 

homogeneous clay, then by comparative deviance in order of magnitude, the 

permeability of a clean gravel would be approximately represented by the speed of 

light. 

-
Table 2.1- Typical Permeability and drainage characteristics of soils 

Coefficient of Permeability, It (m/s) 

1 10,1 10
2 10,3 10-4 10,5 10~ 10'7 10-8 10'9 10,10 10,11 10'12 

I I I I I I 
Drainage Good Poor Nearly Impervious 

Clean Clean sands, clean Very fine sands, organic "I mpervious" soils, e.g, 
gravel sand and gravel and inorganic silts, homogeneous clays below the 

mixtures mixtures of sand silt and zone of weathering, Well 

Soil 
clay, glacial till, stratified compacted fine grained material. 

types 
clay deposits etc. 

"Impervious" soils modified by 
effects of vegetation and 
weathering, Poorly compacted fine 
grained material. 

After Terzaghi and Peck (1996) 

There a number of soil characteristics that affect permeability. These can be defined as; 

the effective particle size, void ratio, soil composition, soil fabric/structure and the 

degree of saturation. In some cases these factors are not exclusive of one another and 

some characteristics are complexly interrelated and difficult to independently relate to 

permeability. This is particularly true in the case of permeability relationships for 
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clayey soils (as opposed to inert granular sands or silts) where mineralogy and particle 

aggregation greatly affect permeability relationships. 

2.2.1 Influence of Effective Particle Size 

For flow through any porous medium the most obvious influence on the permeability 

will be the size and frequency of available pore space through which flow can occur. 

Logically, as particle size decreases so will the pore space between particles, leading to 

an increased resistance to permeant flow and consequently a decrease in permeability. 

From experimental work on fine uniform sands and assuming that the finer particles in 

a soil mass will have the dominating effect on soil permeability, Hazen (1892) 

developed an empirical formula that relates permeability to the square of an effective 

particle size, D1 : 

[2.4] 

where k is the coefficient of permeability (m/s), T is the temperature of the permeant 

and soil (Oe), and D10 is the effective particle size (mm) corresponding to the 10% 

passing fraction of the sand interpreted from particle size grading curve. C ~ is Hazen's 

empirical coefficient. Often Hazen's formula is used for the estimation of in-situ 

permeability, using its widely published simplified version that assumes that T is 10"C 

and C is 100: 

k - 0.01 D10 : [2.5] 

However, Carrier (2003) presents the range of C for granular soils of varying particle 

size ranging from coarse gravel to silt reported in 9 well known geotechnical textbooks. 

Values reported indicate a large variance in C , ranging from 1 to 1000, and questions 

the validity of its use to accurately estimate permeability. Furthermore, the use of 

Hazen's formula is only applicable to granular soils where 0. 1 < D10 < 3mm (Hazen, 

1892; Head, 1994). 
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As stated, equation 2.1 and 2.4 defines the permeability as an empirical parameter. 

However since (Darcy 1856) and (Hazen 1892) further development has been 

undertaken into quantifying permeability with a theoretical basis using the 

fundamental principles of fluid mechanics. Carmen (1937) modified an equation based 

on the hydraulic radius theory analogous with Poiseuille flow through a bundle of 

capillary tubes, first proposed by Kozeny (1927), which defines the relationship 

between permeability of the soil and the physical properties of the permeant. This 

equation is referred to as the Kozeny-Carmen equation, wherein the Darcy's coefficient 

of permeability, k, is represented by: 

1 y e::l 

k = C 5: ~ (1 I eo) [2.6] 

where y is the unit weight and J.l is the dynamic viscosity of the permeant, e is the void 

ratio of the permeated medium (a ratio of volume of voids to volume of solids), S is the 

specific surface area (m2/kg) of permeated medium respectively. The parameter C is 

known as the shape factor. C takes into account the shape and tortuosity of the flow 

path and was found by Carmen (1939) to have the range 0.2 - 0.5. 

Equation 2.4 does not attempt to relate directly particle size to permeability. However 

considering that the specific surface area,S, is directly related to the diameter of a 

sphere and consequently to some extent related to particle diameter for a given 

granular soil, Taylor (1948) developed a simplified equation, analogous to the Kozeny

Carmen equation, that relates the permeability of granular soil to its effective particle 

diameter Ds: 

~ y e 3 

k - Ds-C-;; (1 +e) [2.7] 

Due to the fact that the particles in a granular soil (Le . silts and sands) are more 

equidimensional than t he flat, plate-like particles found in clays, the direct relationship 

between permeabil ity and effective particle size, based on the logical assumption that 

the smaller the particles the smaller the voids and the lower the permeability, is 

reasonable for granular material only. Equations 2.5 and 2.7 do not apply to clays as 
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the extremes in fabric are more profound than in granular soils and resultantly factors 

other than effective particle size will have a greater effect on permeability. 

2.2.2 Influence of Void Ratio 

The void ratio, e, is a ratio of the volume of voids (gas or liquid) to the volume of solids. 

It is directly related to porosity, n, a better known parameter, which is the ratio of 

volume of voids to the total volume of soil: 

n 
e =-

l- n 
[2.8] 

Generally, e is considered more useful in representing the relative portion of void 

volume in a particular soil element as during soil swelling or consolidation only the 

numerator of the void ratio will change, whereas for n both the numerator and 

denominator will increase or decrease respectively. 

It should be noted that another related term, 'effective porosity' , is commonly referred 

to within literature regarding permeability and fluid flow in soils. It is defined as the 

ratio of void space available for fluid flow to the total volume of soil and takes account 

of the immobile water attached to soil particles, that encroach upon the avaialbe 

channels for fluid flow. The amount of immobile water is dependent on the soil 

composition (detailed in section 2.23). As such, the effective porosity is dependent 

both on both void ratio/porosity and composit ion . 

An important factor of the permeability relationships proposed by Carman (1937) and 

Taylor (1948) is that both indicate a linear relationship between . and e3 /(1 + e) . This 

relationship has been verified by further studies by Carman (1939) and others that he 

reported, and accord ing to many classical soil mechanics books (e.g. Taylor 1948; 

Lambe and Wh itman 1979) is approximately valid for granular soils. However, the 

consensus within the majority of relative literature is that this relationship is not valid 

for clayey soils. Using test results from Terzaghi (1945) and Zunker (1932) obtained 

from experimental work on natural clays, Carman (1939) found that the relationship 
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between k and e 3 /(1 + e) is not linear but that k decreases at a higher rate than the 

void ratio function e 3 /(1 + e) with decreasing e. 

Many published investigations since have dealt with the relationship between void 

ratio and permeability for clayey soils, with the result that more than one empirical 

relationship have been proposed. One such relationship is that proposed by Taylor 

(1948) where experimental results presented indicate a linear relationship between 

Jog k and e: 

eo -e 
logk = logko--

CK 
[2.9] 

Where k is the permeability at void ratio e, ·0 is the in situ permeability at void ratio ea, 

and CK is an empirical parameter known as the permeability change index. CK is a 

parameter of a specific soil mass and can be considered analogous with compression 

index, Cc. When CK is large, then for a given decrease in void ratio the decrease in 

permeability is small, whereas a small CK means a large decrease in permeability with a 

small decrease in void ratio . 

The Cl( parameter proposed by Taylor (1948), is quite often used in empirical 

correlations, and has been widely published for various materials. Travernas et al. 

(1984b) found that for soft clays at natural void ratio CK/eo = 0.50. This has been 

verified by Leroueil et al. (1992) and Mesri et al. (1994). Mesri and Ajlouni (2007) show 

Cl( - e( relationships for various soil materials obtained from other published 

investigations. 
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Figure 2.2 - CK - eo relationships for various soil (After Mesri and Ajlouni, 2007) 

Despite the common use of relationship proposed in equation 2.9, many results 

published by various authors show that C , diverges from uniformity at wide ranges of 

void ratio (Raymond, 1966; Micheals and Lin, 1954; ). Mesri and Olsen (1971) indicate a 

linear relationship between logk and loge may be more representative over a larger 

range of void ratio . 

og k = A Jog e + B [2.10] 

where .A and B are constants representative of a specific soil mass characterisitcs to be 

defined experimentally. 

Samarasinghe et al. (1982) suggested an empirically modified version of the theoretical 

relationship proposed in the Kozeny-Carmen equation that is generally applicable to 

normally consolidated clays: 

e" 
k=C-

s! + e 
[2.11] 

where the power ,instead of the order of 3, typically lies between 4 and 5, while Cs is 

a reference permeability indicating the soil characterisitics. 

In an extensive study on the permeability characteristics of natural soft clays from 

Quebec, the USA and Sweden, Travernas et al. (1984) present results of permeability 

values obtained at various void ratios and discuss the relationships obtained in terms of 
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those proposed in equations 2.9, 2.10 and 2.11. The analysis presented clearly shows 

that each of the above relationships may be valid for certain clays or certain void ratios, 

but not applicable in other circumstances. 

Babu et al. (1993) and Nagaraj et al. (1993, 1994), while investigating the stress state

permeability relationship, present results that suggest that void ratio, when normalised 

with the void ratio at liquid limit state (e/er) produces a linear plot against log k for 

normally consolidated clays compressed from their liquid limit state: 

e 
- = a + b log k 
eL 

[2.12] 

where a and b are constants. However, discussions by Achari and Joshi (1994) and 

Harwood et al. (1996) show that this relationship does not always correlate with data 

presented in other literature. Additionally, for sensitive soils the above relationship is 

not valid, instead considering the natural void ratio, eo, as the normalising parameter 

proves better at predicting the permeability behaviour of sensitive clays (Harwood et 

al.,1996). 

Recently the Kozeny-Carmen permeability relationship (equation 2.6) has been 

reassessed in terms of its validity for clayey soils (Chapuis and Aubertin, 2003; Singh 

and Wallender 2008) . Chapius and Aubertin (2003) make the argument that the 

commonly expressed view that the Kozeny-Carmen equation is not valid for clayey soils 

is based on partial verifications that have not independently measured the specific 

surface area, S. Chapius and Aubertine (2003) examine new permeability test results, as 

well as results taken from 10 previous publications, where data is present for 

prediction of e and 5 and conclude that the Kozeny-Carmen equation predicts the 

saturated permeability of most soils to a relatively high degree of accuracy. 

Singh and Wallender (2008), derive a theoretical generalised Kozeny-Carmen equation 

that incorporates the physical characteristics of the absorbed water layer surrounding a 

clay particle (a characteristic of soil composition - see section 2.2 .3) and show that its 
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use on 9 permeability test results taken from 3 previous publications significantly 

reduces the variability in the factor relating k to the void ratio function e3 /(1 + e) over 

a range of e. This suggests an improved degree of accuracy and applicability in the use 

of the modified Kozeny-Carmen equation for indirect estimation of permeability for 

fine grained soils. 

However, as pointed out by Murray et al. (1997), both specific area and void ratio 

(implicit terms used in the Kozeny-Carmen equation) are non-dimensional terms, and 

fine grained materials exhibit highly directional properties with various degrees in the 

state of fabric, that ultimately will have an effect on permeability. 

Of all the relationships proposed to date that directly relate permeability to void ratio, 

none can be considered as universal for clayey soils. The difficulty witnessed in 

obtaining such a relationship for clayey soils can be accounted to the effects of 

composition and fabric that are not experienced in granular soils. 

2.2.3 Influence of Composition 

The composition of a clay is vastly different from that of sands and silts. Sands and silts 

are cohesion less aggregates of fragments of relatively strong unaltered rock minerals 

such as quartz, and although individual fragments can be highly angular they are much 

more equidimensional than clays. Clays are formed from the chemical decomposition 

of weaker rock minerals such as feldspar, and in general have a flat plate like structure 

with a small size than silts. The constituents of a given clay are the minerals, (which due 

to the ir chemical makeup have a negatively charged surface), associated absorbed 

cations attracted to the mineral (commonly sodium, potassium, calcium or hydrogen), 

and in the case of natural forming clays, organic material and ion oxides will generally 

also be present. 
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There are several different types of clay minerals, all range in size and chemical 

makeup, however the 3 most commonly found ranging from largest to smallest in 

particle size are kalonite, illite and montmorillonite (a smectite) respectively. The 

specific surface,S, is inversely proportional to the particle size, and for silts 5 is less than 

1 m2jg, while for kalonite S ranges from 10 to 20 m 2jg, and montmorillonite 5 is as large 

as 800 m2jg (Lambe and Whitman, 1979). As proposed in the Kozeny-Carmen equation 

(equation 2.6) permeability, k, is directly proportional to 5-'::., and permeability test 

results from Mesri and Olsen (1971) shown in figure 2.3 show that illite is 

approximately 200 times more pervious than smectite (montmorillonite), and kaolinite 

is approximately 200,000 times more pervious, at the same void ratio. Resultantly 

bentonite clay soils, composed primarily of montromorillonite are frequently used as 

soil admixtures in compacted mineral liners, termed Bentonite Enriched Soils or BES 

liners. 
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Figure 2.3 - Permeability values for common clay minerals (After Mesri and Olsen, 1971) 

When a clay is wetted the mineral surfaces and associated ions pick up water and 

hydrate , With hydration, in addition to hydrogen bonding and the absorption of water 

to the mineral surface, the ions are surrounded in shells of attracted water which in 

turn are also attracted to the net negative charge of the mineral surface. The particular 

ion present In a given clay will affect its permeability and Lambe and Whitman (1979) 
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indicate that of the common exchangeable ions sodium gives the lowest permeability 

to a clay and that at a given void ratio the ratio of the permeability of calcium 

montromillon ite to that of potassium montmorillonite is as high as 300. 

The absorbed water layer surrounding the clay mineral also varies in thickness and 

strength depending upon the clay mineral and the pore water (permeant) chemistry. 

The absorbed layer has strong bonds with the particle surface and essentially acts as an 

elastic skin of immobilised water covering the particle, encroaching upon the available 

void space through which permeant can flow (Singh and Wallender 2008). In addition 

many of the ions in the double layer are readably exchangeable for other ions e.g. 

Sodium ions are readily exchanged for Calcium in the addition of a calcium chloride to a 

soil water system (Lambe and Whitman, 1979). Resultantly permeant chemistry can 

vastly affect the physico-chemical phenomena experienced at the particle surface 

(depending on the mineral composition of the soil) and therefore the permeability 

measured. 

Naturally soils are not made up of a single clay mineral and a typical soil used for 

mineral liner compaction will be comprised of a combination of clay minerals, silts, 

sands and in some cases gravels. The Atterberg limits are indices of the quantity of clay

size particles and their mineralogical composition; the greater the quantity of clay 

particles or the higher surface activity of the clay particles, the higher the liquid limit 

and plasticity index (Mitchell, 1976). Consequently, where flow is affected primarily by 

micro fabric, there is a relationship between Atterberg limits and permeability; with all 

other factors being equal, as plasticity increases permeability decreases. 

The particle size distribution of the soil will affect permeability because the size of voids 

conducting flow is affected by the relative proportions of large and small particle sizes. 

Low permeability is more readily achieved with a soil that is well graded were the clay 

fract ion governs the hydraulic behaviour of the matrix. On investigation of permeability 
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of sand-bentonite mixtures with variation in percent of bentonite Daniel (1987) found 

that permeability decreased significantly (10- 6 to 10-10 m/s) as the percentage of 

bentonite was increased from 0% to 8%. With further increases in bentonite proportion 

little additional reduction in permeability was experienced, and Daniel (1987) suggests 

that above approximately 8% of bentonite content the mixtures permeability is 

controlled by the clay-size particles filling the voids between sand particles even though 

the mix is principally composed of sand sized particles. Resultantly the amount of 

bentonite used in clay soil liners typically ranges between 6% and 15% (Alther, 1987). 

2.2.4 Influence of Fabric 

The term fabric refers to the arrangement of particles, particle groups, and pore spaces 

within a given soil. It is sometimes used interchangeably with the term soil structure, 

however generally soil structure refers to the combined effects of fabric and 

composition . As silts and sands have particles that are relatively equidimensional, 

compared to the high aspect ratios found in clay particles, variations in fabric are not as 

extreme and resultantly permeability is not influenced to a great extent for granular 

soils by particle orientation . In contrast, the extremes of fabric that can be experienced 

within a clay are large and consequently fabric is one of the most important soil 

characteristics influencing the permeability of fine grained soils (Lambe and Whitman, 

1979). 

(a) (b) 

Figure 2.4 - Extremes in soil micro-fabric, (a) flocculated and (b) dispersed (Mitchell, 1956). 

For natural clayey soils the two extremes in soil fabric, as illustrated in figure 2.4 are 

flocculated fabric and dispersed fabric. The edge to face contacts encountered with a 

flocculated fabric lead to strong interparticle forces of attraction which in general yield 
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a higher strength and lower compressibility than the same element of soil at the same 

void ratio but with a dispersed fabric which has parallel particles which tend to repel 

each other. Simillarly a flocculated element of soil will generally have a higher 

permeability due to a lower resistance to flow through the larger channels available 

between soil particles. Generally displacements between particles (due to 

compression, remoulding, stress induced yielding, etc.) breaks down the bonds 

between particles and has a tendency to move particles towards a parallel array, i.e. 

the fabric will become more dispersed (Lambe 1958). Resultantly during changes in 

effective stress permeability is affected not only by the changes in void ratio but also by 

the reorientation of soil particles. 

Because soils are typically deposited in horizontal layers, the permeability J... h. for 

horizontal flow is usually found to be higher than the permeability k t • for vertical flow. 

Furthermore experimental investigation by AI -Tabbaa and Wood (1987) carried out on 

clay slurry found that initially vertical and horizontal permeabilities were similar, but as 

the slurry was one dimensionally consolidated the ensuing anisotropy of the clay fabric 

resulted in a greater horizontal permeability than vertical permeability at any given 

void ratio. 

In addition to the orientation of clay particles, the fabric of a fine grained material, 

when recompacted, is also vastly influenced by the fact that individual clay particles 

tend to aggregate in large units known as peds or clods. Mitchell (1993) defines the 

resultant distinctions in fabric attributed to this colloidal behaviour: 

• M icrofabric - refers to the arrangement of fundamental soil particles and small 

pores between them « 2 Ilm); 

• Macrofabric - refers to aggregate formations of fundamental soil particles and 

the larger pores existent between aggregations (5 to 50 Ilm); 
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Additionally permeability will also be influenced by other structural inconsistencies 

which lead to deviations from homogeneity found within a given soil mass, including 

cracks, fissures, laminations, etc. 

For a natural soil the fabric is a resultant of the conditions during deposition and 

subsequent physical stresses and chemical changes experienced by the soil. In a 

recompacted soil, like that formed in the laboratory or in the construction of a landfill 

mineral liner, the formation of clay clods is easily observed and the fabric is dependant 

not only upon the soil characteristics but the moulding moisture content, compactive 

effort applied and size of compacted clods (discussed further in section 2.3.2). Olsen 

(1960) proposed that permeability for a recompacted fine grained soil is governed 

more by macrofabric rather than microfabric effects as most of the flow of water 

occurs between relatively large pore spaces located between clods of clay, rather than 

between the particles of clay within the clods. This is verified by Benson and Daniel 

(1990) who use Scanning Electron Microscopy (SEM) to analysis the fabric of 

recompacted samples. 

Because of the high variance in fabric for fine grained soils it is impossible to 

quantitatively or theoretically relate it to permeability and additionally it is not a 

characteristic than can be readily measured (in comparison with void ratio or some 

effective particle diameter). However there are methods that can be employed to 

qualitatively examine soil fabric, and consequently, as shown in section 2.3 .2, 

fundamental factors that influence soil fabric can be examined post test in relation to 

permeability. The common methods employed to examine soil fabric are the use of 

SEM (Benson and Daniel 1990; Delage et al., 1996; Thom et al., 2007) and Mercury 

Intrusion Porosimetry (Ahmed et al. 1974; Thom et al. 2007) . 

SEM involves the use of a narrowly focused beam of high energy electrons to scan 

across the surface of a sample, secondary and backscattered electrons bouncing off the 

26 



Chapter 2 - Literature Review: 
Permeability, Factors and Measurement 

sample are registered by a detector, and high magnification images of the soil surface 

can then be obtained. Figure 2.5 shows an SEM image for a compacted kaolin sample, 

where aggregates formed of individual clay particles can clearly be identified. 

Figure 2.5 - SEM Image of compacted Kaolin showing macro-fabric aggregation (Thom et.al, 2007). 

Mercury Intrusion Porosimetry {MIP} involves the ingress of mercury into a dry soil 

specimen gradually with increments of increasing pressure. The pressure applied can 

be related to the minimum pore diameter and consequently a measure of pore volume 

can be obtained for a range of pore diameters. Figure 2.6 shows the results for a MIP 

procedure for a typical compacted fine grained material {specifically speswhite kaolin 

clay} compacted using the same compactive effort at three varying moulding moisture 

contents, ~~'. Irrespective of moulding moisture content, the MIP results clearly 

indentify a distinct division between small voids {typically between 0.3 and 2 Ilm} and 

larger voids {greater than 3 Ilm and typically around 10 Ilm} and represent both the 

micro and macrovoids within the soil fabric respectively. The division between the two 

sets of void spaces {at 2-3 Ilm} corresponds approximately to the particle size of 

kaolinite, and consequently this division is different with a variance of minerals present 

with in a given soil {Thom et al., 2007}. 
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Figure 2.6 - SEM Image of compacted Kaolin showing macro-fabric aggregation (Thom et.al, 2007). 

2.2.5 Influence of Saturation 

Up to this point the discussion of the literature regarding permeability measurements 

has been of the permeability of a saturated soil . One of the conditions of the validity of 

Oarcy's law is that the porous medium is fully saturated, i.e. that the voids available for 

fluid flow be filled with permeant and that air (or any other gas) is not present within 

the voids. Head (1994) states that if the degree of saturation is less than about 85% 

then air is likely to be a continuous phase within the soil system as opposed to isolated 

bubbles. This can result in the blockage of flow channels between particles, thereby 

appreciably reducing the permeability and invalidating Oarcy's law. 

The degree of saturation is an important parameter to consider for the permeability 

testing of saturated soils with regard to landfill liners as many soils after recompaction 

are to some degree unsaturated, especially when compacted at a moulding moisture 

content dry of optimum . In permeability testing, efforts are made to ensure that 

samples are fully saturated and eliminate air from voids, however this is particularly 

difficult in fine-grained soils. Indeed, in much of the reviewed literature a divergence in 
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saturated permeability measurements obtained from those theoretically expected is 

widely attributed to soil samples not being fully saturated. 

Lambe and Whitman (1979) report the variance in permeability with changes in degree 

of saturation (the ratio of the volume of water to the volume of voids) at constant void 

ratios for four different sands and show that the lower the degree of saturation the 

lower the permeability measured. He also points out the difficulty of developing a 

relationship because of the great influence of fabric. 

Mitchell et al. (1965) theoretically developed a permeability function for a deformable 

unsaturated soil based on Taylors (1948) derivation of the permeability function for a 

saturated soil, shown in equation 2.7: 

• . :: y e 3 
k = Ds C ~ (1 + c) S [2 .13] 

Where 5 is the degree of saturation represented by a fraction. Mitchell et al. (1965), 

obtained experimental data for a compacted clay and suggested that the relationship 

between . and S3 is approximately linear when 5 is above 80%. However, the range of 5 

investigated by Mitchell et al. (1965) could not measured, as without the innovation of 

soil suction, saturation values lower than 80% could not be reliably investigated during 

steady state flow because the degree of saturation increased immediately after the 

initiation of flow. Resultantly as shown by Mitchell et al. (1965) the relationship 

between k and 5 also shows approximate linearity, considering that for a range of 

0.8 < 5 :> 10 the relationship between 5 and S3 does not deviate significantly from a 

straight line. Additionally as previously stated, other literature have questioned the 

valid ity of a linear relat ionship between k and e3 /(1 + eo), and the effects of changes is 

soil fabric are not considered . 

It should be noted that there is an extensive body of literature regarding the 

permeability of unsaturated soils. The behaviour of unsaturated soils, and the methods 

employed to investigate that behaviour are highly complex, and in some ways distinctly 
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different to that of a saturated soil (e.g. additional stress state variables encountered in 

unsaturated soil analysis) . With regard to the degree of saturation, the soil water 

characteristic curve for any given soil relates the degree of saturation to soil suction. As 

suction increases the volumetric water content decreases to a point where the air entry 

suction value is reached after which increasing suction involves the entry of air into the 

sample, consequently the degree of saturation decreases and the permeability also 

decreases until the point of residual saturation (i.e. the saturation where all free water 

has been removed). Using the application of soil suction many researchers have 

monitored the relationship between permeability and the degree of saturation and 

both Fredulund et.al (1994) and Huang et.al (1998) present an extensive review of 

literature regarding the relationship of unsaturated permeability to the degree 

saturation (or related terms such as volumetric water content). 

However the use of suction to control the saturation of a sample inherently reduces 

the void rat io in the tested specimen and consequently would drastically disturb the 

macrofabric obtained in a recompacted soil compacted wet of optimum moulding 

moisture content (where the degree of saturation is low enough to significantly affect 

the permeability) . Consequently, with regard to this investigation the relationships 

obtained from suction controlled degree of saturation cannot be considered relevant, 

and the inclusion of the relationships in this thesis is unjustified. Nevertheless it is 

important to acknowledge that the degree of saturation will influence the permeability 

tests carried out in this investigation, and consequently its measurement is important 

for validation and interpretation of saturated permeability values obtained. 

2.3 Imposed Conditions influencing the Permeability of Soils 

In addition to the soil characteristics outlined in section 2.2 there are a variety of other 

factors that influence the permeability of a soil. These factors are imposed during both 

the sampling and the permeability testing of a given soil. An understanding of the 

influence of these factors on permeability is crucial to limiting unwanted variables in 

30 



Chapter 2 - Literature Review: 
Permeability, Factors and Measurement 

both sample preparation and permeability testing, which would otherwise affect the 

permeability results obtained. Consequently a review of the relevant literature 

pertaining to these factors is presented in this section. 

2.3.1 Influence of the Permeant 

As already stated the two fundamental permeant characteristics affecting soil 

permeability are the dynamic viscosity and the unit weight (or density), hence the 

relationship presented in Equation 2.3 indicates that the term absolute permeability, 1(, 

is an intrinsic parameter for any given soil. However results from relevant literature 

indicate that this is not the case and that for fine grained materials, permeant 

chemistry can vastly affect the physico-chemical phenomena experienced at particle 

surfaces. This leads to a changes in permeability by affecting not only the diffuse 

double layer that encroaches on the void space available for fluid flow, but also 

permeant chemistry can affect bonds between particles which can lead to a change in 

soil fabric and resultantly a change in permeability. 

The work of Michaels and Lin (1954), in which permeability tests are carried out on 

samples of Kaolinite over a range of void ratios using a variety of different permeant 

show that the absolute permeability, K (i.e. the influences of viscosity and permeant 

fluid weight are eliminated) decreases with an increase of the polarity of the 

permeating fluid . This is due to the fact that the polarity of the pore water fluid has a 

direct relationship with the mobility and size of the diffuse double layer of absorbed 

fluid surrounding clay particles. Polarity also has a direct relationship with the amount 

of electro-osmotic backflow (i.e. the movement of permeant in the opposite direction 

to net flow due to an electrical potential generated by the fluid) (lambe and Whitman, 

1979). 

Mesri and Olsen (1971) found that with different permeants of varying dielectric 

constants (i.e. different polarities) the permeability response of each clay differed as 
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the permeant interacted differently with each mineral. However when using non-polar 

permeants {carbon tetrachloride ( (14 and benzene (6 H6) a unique relationship was 

found between permeability and void ratio that indicates that for non-polar fluids the 

only measured differences in permeability are associated with macrofabric. 

Olsen and Daniel (1981) present the work of Wilkinson (1970) where the effects of 

using distilled water compared with natural pore water as permeants in permeability 

testing is measured. Wilkinson (1970) found that whereas natural pore water showed a 

constant permeability over an extended period of time, tests using distilled water 

indicate that the permeability decreases over the duration of the test. Olsen and Daniel 

(1981) suggest using distilled water as a permeant can present false indications of 

permeability as leaching a sample with inert distilled water may cause expansion of the 

diffuse double layer which will lead to a reduction in permeability and possibly to an 

increased particle mobility resulting in particle migration which will further influence 

permeability. 

More critically, results of numerous studies have shown that adverse interactions can 

occur between soil particles when permeated with particular liquid chemicals; usually a 

permeant with significantly different chemical properties than the permeated soil. 

Structural changes can result from such chemical permeants, resulting in increased 

permeability and a reduction in containment capability. In some cases caustic liquids 

can cause shrinkage in soils, this can lead to cracking of mineral liners (Shackelford, 

1994). 

Evidence from reviewed literature indicates that the permeability values measured will 

depend on the permeant used . Logically the solution for mineral liner permeability 

test ing is to use a permeant solution corresponding to the contained leachate. 

However, due to difficulty in obtaining samples of leachate, its inherent variability and 

the safety implications of its use, inclusive with the fact that there are no BS or ASTM 
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standardised procedures for soils interfacing with waste leachate, local tap water is 

commonly used instead. 

It should be noted that in some cases soil-waste compatibility testing will be carried out 

when a highly caustic leach ate requires containment, where the risk to surrounding 

environment necessitates extreme scrutiny of containment capability. Shackelford 

(1994) indicates that typical soil -waste compatibility testing involves permeating a soil 

sample with water to establish a baseline value of permeability ( k I), followed by 

permeation of the waste liquid to determine the change in permeability and obtaining 

a finial value of permeability (k/ ). The ratio kl /k~ can then be used to alter the 

permeability for further permeability tests carried out as part the construction quality 

control of the mineral liner. However, if kf /k[ » 1 then the waste permeant and the 

soil should be regarded as not compatible and an alternative soil should be used. 

The influence of permeant is not within the scope of the experimental variables 

examined within this investigation, however as shown; control of permeant 

characteristics is important for reliable results so the permeant used in this 

investigation will be limited to de-aerated local tap water only. 

2.3.2 Influence of Compaction 

During the construction of a landfill mineral liner, suitable soils are compacted in a 

series of lifts to produce a barrier for the containment of leachate. The way in which a 

so il is compacted and the moisture conditions under which compaction takes place has 

a direct effect on the soil fabric obtained, and consequently will vastly influence soil 

permeability. In general, laboratory permeability testing is carried out either on 

und isturbed specimens obtained from the constructed mineral liners or on batch 

samples of minera l liner material recompacted in the laboratory to form representative 

specimens of the mineral liner. 
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Optimum moulding moisture content can be defined as the moisture content at which 

a given soil, when compacted with a standard degree of effort, will yield the highest 

density of soil particles (i.e. dry density). Within the context of fine grained soils 

different fabrics will result from compaction depending on whether water content is 

wet or dry of optimum. As pointed out in section 2.2.4, fine grained particles have a 

tendency to aggregate in clods. Variance in the moulding water content or compactive 

effort will directly affect soil fabric both at macro and microscales. The effect of this 

variance on the permeability of fine grained soils has been published and verified by a 

number of authors (Mitchell et al. 1965; Garcia-Bengochea et al. 1979, Daniel and 

Benson, 1990) and is illustrated in Fig 2.7. 

In terms of macrofabric, at low water contents clay clods have a high strength and 

resultantly the ability to resist compactive pressures without appreciable distortion. 

However as water content increases particle attraction is reduced within clods resulting 

in a reduction in their strength, and a decreased resistance to deformation. 

Consequently when moulding water content increases from dry of optimum, clods are 

more easily broken down and will more readily deform into adjacent inter-aggregate 

voids, resulting in a decrease in the size and frequency of available bimodal flow 

channels, and a decrease in permeability. As moulding moisture content reaches 

optimum there is a rapid decrease in permeability due to the moulding of clay clods 

and elimination of macro voids, through which permeant flow is otherwise dominant 

(Olsen, 1962). This explains why fine grained soils when compacted wet of optimum 

will experience permeabilities lower than those compacted dry of optimum even when 

the void ratio is greater. 
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Figure 2.7 - Relationship between permeability, moulding moisture content and 
compactive effort (Benson et al., 1994). 

Due to the moulding of clods and the elimination of macropores at around optimum 

moisture content, the consensuses within relevant research indicates that pore size 

distribution of compacted clay is bimodal dry of optimum and unimodal wet of 

optimum, meaning that for a sample compacted wet of optimum permeability is 

influenced by microfabric only. Increasing moisture content at compaction above that 

of optimum results in the reorientation of clay particles, moving from a flocculated to 

dispersed fabric, reducing the size of inter-aggregate pores. The literature indicates 

that lowest permeabilit ies occur at water contents 2-4% wet of optimum moisture 

content (Benson et al. 1994), at this point clay particles are in a dispersed orientation 

and offer largest resistance to permeant flow. As shown in figure 2.7 any increase in 

moulding moisture content above this point leads to an increase in permeability due to 
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the presence of excess moisture between dispersed particles leading to an increase in 

the flow channels between particles. 

For this reason landfill design engineers typically aim for selected material to be 

compacted within a specific range of water content and to a minimum dry unit weight. 

The range of moulding water content aimed for during compaction will obviously vary, 

dependant on the soil characteristics of the selected material, but for soil liners and 

covers, typically a value of around 0 - 4 percentage points wet of optimum is sought 

(Daniel and Benson, 1990). Whereas the minimum moulding moisture content is 

dictated from a need to ensure low permeability, design engineers must also take into 

account the undrained shear strength of the material, and resultantly the maximum 

moisture content at compaction is dictated by requirements of handling, compaction, 

on site trafficking and considerations of liner stability on the sloped sides of the landfill 

(Murray et al., 1992). It should be noted that although a range of moulding water 

content and density will be targeted during the construction of mineral liners, due to 

the large quantities of material required, the inherent variability in natural deposits and 

the size of area to be lined, it is highly feasible that moisture contents at compaction 

can fall outside the designated range. Hence a good construction quality and assurance 

program complete with permeability tests on samples of the compacted mineral liner is 

vital to the verification of a landfill's retention capabilities. 

Logically an increase in the degree of compaction effort will result in greater 

deformation of soil aggregates in terms of macrofabric effects and a higher degree of 

flocculation in terms of microfabric effects. Consequently increasing compaction effort 

yields a reduction in permeability and also results in a reduction of the optimum 

moulding moisture content. This is illustrated in figure 2.7, where Mitchell et al. (1965) 

compare permeability and dry density for samples dynamically compacted with three 

different degrees of compaction effort over a range of moulding moisture contents. 

MIP data presented by Thom et al. (2007), and shown in figure 2.8, illustrate the effects 
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on soil fabric with variance in compaction effort on samples of different moulding 

moisture contents statically compacted dry of optimum. Figure 2.8 clearly indicates 

that for samples compacted dry of optimum, increased compaction effort significantly 

reduces the volume of available macropores, and that in comparison the effect on 

microfabric is not as significant (\0\. represents the moulding moisture content with the 

optimum moulding moisture content of the soil investigated being 29%). 
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Figure 2.8 - Pore size distribution of samples statically compressed to various pressures at water 
contents of 22.5%,25% and 27.5%: (a) 400 kPa; (b) 800 kPa (Thom et al., 2007). 

As the permeability of samples compacted dry of optimum is strongly dependant on 

the macrofabric produced, it is logical that clod size during compaction will also affect 

permeability. Benson and Daniel (1990) indicate that for clay compacted dry of 

optimum the permeability is six orders of magnitude more when using 19mm clods 

rather than 4.6mm clods and that for clay wet of optimum clod size does not affect 

permeability. 
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In addition to compaction effort the method of compaction used will also affect the 

permeability of compacted fine grained soils. There are three methods of compaction 

that are generally employed in the laboratory for the production of soil samples; 

dynamic, static and vibration. All three methods involve the compaction of soil in a 

mould in a given number of layers of soil mass. Dynamic compaetion involves placing 

soil in a mould and dropping a hammer on the soil a specified number of times. Static 

compaction consists of subjecting the soil to a static stress of a given magnitude. 

Compaction by vibration requires the use of an electrical vibrating hammer imposed 

upon the soil for a specified duration. The vibration and dynamic are standardized in BS 

1377: pt 4: 1990, while static compaetion has no formal standard. There are two 

recognized methods of dynamic compaetion commonly used; light compaction, also 

known as Proctor (corresponding to the 'moderate effort' illustrated in fig 2.7), and 

heavy compaction, also known as Modified Proctor (corresponding to the 'high effort' 

illustrated in fig 2.7) . Modified proctor imposes a higher degree of compactive effort by 

employing the use of a heavier hammer dropped from a greater height on a greater 

number of layers for a given soil mass. In addition to being standardized in BS 1377: pt 

4: 1990, comparable methods for compaction using the Proctor and Modified Proctor 

methods are also published in ASTM D 698 and ASTM D 1557 respectively. 

In the majority of research related literature reviewed dynamic compaction is the most 

widely used method to prepare samples for permeability tests. There is little reported 

use of vibration compaction, possibly due to the fact that its use is generally considered 

applicable to granular soils only and from BS 1377: pt 4: 1990 standardized guidelines 

indicate the requirement of the greater diameter CBR mould than Modified Proctor or 

Proctor methods (Head, 1994). However, Silver and Joseph (1999) indicate a preference 

for vibration compaction suggesting its use gives high dry densities and good sample 

compaction . 
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Earlier literature (Mitchell et al., 1965; Dunn and Mitchell, 1984) compare static and 

dynamic compaction and indicate that dynamic compaction gives a lower permeability 

due to the higher shear strains causing greater soil dispersion and the remoulding of 

soil aggregates. Additionally the use of static compaction on samples that are wet of 

optimum can lead to dissipation of pore water during the compaction procedure, a 

problem not encountered with dynamic compaction (Reddy and Jadadish 1993). 

In practice samples arrive to soil testing laboratories in the form of 'undisturbed' Ul00 

samples from a constructed liner (this sampling method is strictly no longer classified as 

undisturbed under the new Eurocode 7 guidelines), or more regularly in the form of 

disturbed bulk bags of representative material for material compliance testing. In the 

second case general procedures involve; dynamic compactions using the standardized 

2.5kg hammer (proctor) method to attain a density / moisture relationship; followed by 

permeability testing carried out on compacted samples (again compacted using the 

proctor method) at conditions specified by the engineer (Gallagher, 2009; Sivakumar, 

2010) . The preference of the proctor compaction method in industry may be attributed 

to its standardization guidelines by BSI. 

Daniel and Benson (1990) on discussing the recommended procedure for compaction 

of laboratory samples representative of in-situ mineral liners, indicate that no method 

of laboratory scale compaction can duplicate the repeated passage of heavy 

compaction equipment over a lift of soil in the field, and that undoubtedly over the 

entire clay liner there will be areas of varying degrees in compaction. They do however 

indicate that Modified Proctor compaction is likely to correspond to a reasonable upper 

limit on the compactive effort, while standard Proctor compaction is more 

representative of the medium or average compactive effort found within a typical soil 

liner. 
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As indicated the conditions during compaction will significantly affect the fabric and 

permeability results of a given soil mass. Consequently with relevance to this 

investigation for comparison of permeability measurements where sample fabric is not 

an intended variable, strict control during sample preparation is required and adhered 

to within the sampling procedures detailed in Chapter 4. As a variance in moulding 

moisture content is typically experienced both dry and wet of optimum within the 

construction of a mineral liner, and because of both the complexity and relatively large 

influence that moulding moisture content has on soil fabric and permeability, a range 

of moulding moisture contents for each soil material is included within this 

investigation and details are outlined in the testing program in Chapter 4. 

Compaction method and degree of compaction effort is out-width the scope of this 

investigation, and for the recompacted soils samples tested in this program standard 

Proctor is used. This choice is made on the basis that relative literature indicates best 

compliance with typical degrees of compaction found in mineral liners {Daniel and 

Benson, 1990}, and the fact that it is the mostly commonly used method of compaction 

when producing samples for mineral liner material compliance testing (Gallagher, 2009; 

Sivakumar, 2009) . 

2.3.3 Influence of Hydraulic Gradient and Effective Stress 

In the field the hydraulic gradient imposed across a mineral liner is seldom over unity, 

and usually less than unity. However elevated hydraulic gradients, in some cases 

exceeding lOO, have been applied in flexible wall laboratory permeability tests to 

reduce testing duration . A number of studies have been carried out investigating the 

effect of hydraulic gradient, and the resultant effective stresses experienced on 

permeability measured. 

Mitchell and Younger (1967) found that with samples of compacted silty clay 

permeability decreases as gradient is increased and attributed results to particle 
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migration in the direction of flow causing clogging of flow channels. They also indicate 

that particle migration can lead to zones of higher permeability through the sample 

generally closer to the face of inflow, where particles are de-clogged with the 

development of larger flow channels and piping. 

In a flexible wall test the gradient is applied by either increasing the influent/headwater 

pressure or decreasing the effluent/tailwater pressure, or a combination of both. The 

increase of influent pressure is limited by the need to maintain a minimum difference 

between confining pressure and maximum back pressure to ensure contact between 

the flexible membrane and the test specimen. A decrease in effluent pressure is 

limited by the back pressure applied to the sample, and large decreases in pressure can 

lead to the release of dissolved air with in the permeant, resulting in desaturation of the 

sample and a drop in permeability (Shackelford, 1994). 

Carpenter and Stephenson (1986) indicate that a decrease in effluent pressures will 

result in unavoidable increases in effective stress resulting in local consolidation at the 

outflow end leading to a decrease in permeability. Concordantly, an increase in inflow 

pressures from an original back pressure can lead to local swelling of the sample at the 

inflow end from a decrease in effect stress resulting in an increase in permeability (Fox, 

1996). Creek and Shackelford (1992), increased effluent pressures to impose a range of 

gradients on fine grained samples permeated in a rigid wall cell, and found that 

permeability increases as the hydraulic gradient increases from about 20 to 100 after 

which only slight changes in permeability were noted. Similarly Silver and Joseph 

(1999), report ing permeability results on a Glacial Till, concluded that permeability 

reduced by an order of magnitude when average effective stress increased from 15 to 

115 kPa, but decreased by only a factor of 2 when the average effective stress was 

increased from 100 to 215 kPa . Dunn and Mitchell (1984) and Silver and Joseph (1999) 

show that for a plastic soil when induced effective stresses caused by increased 

hydraulic gradients rise above pre-consolidation levels permeability reduces and on 
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subsequent reductions in gradient and effective stress permeability will increase but 

not to its level prior to consolidation. Pane et al. (1993) indicates that with a normally 

consolidated soil there will always be errors associated with the application of 

hydraulic gradient, and that the softer the soil the large the errors. 

In an effort to minimize the effects of excess hydraulic gradient and therefore 

consequential deviations of effective stress across the specimen, both BS 1377: pt 6: 

1990 and ASTM D 5084 recommend maximum hydraulic gradients of 20 and 30 

respectively for a fine grained soils. Recommendations from literature indicate limiting 

the gradient to prevent the maximum effective stress from exceeding the maximum 

previous consolidation stress, thus limiting large volumetric strains (Carpenter and 

Stephenson, 1986). 

2.3.4 Influence of Sample Size 

Several studies comparing permeability results between field scale tests and laboratory 

tests indicate that in general laboratory tests carried out on small samples can 

significantly underestimate by as much as two are three orders of magnitude the 

permeabil ity of a relatively poor but representative in-situ soil liner (Daniel 1981; Day 

and Daniel, 1985). The general consensus within the literature is that these 

discrepancies in permeability measurement can be attributed to larger macroscale 

defects which cannot be represented in small laboratory samples such as; areas of non

homogeneity, inter-aggregate voids formed from poorly compacted large clods, 

desiccation cracks and slickensides present in a poorly constructed liner. Alternatively 

other authors (Lahti et al., 1987; Reades et al., 1990) find good agreement between 

results of laboratory and field permeability tests and attribute the results to the high 

quality of the liner tested, were moulding moisture water content is wet of optimum 

and pores controlling flow are small enough to be represented with small samples. 

Shackleford and Javed (1991) and Benson et al. (1994b) suggest that to overcome the 
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problem of scale effect associated with laboratory tests, larger samples should be 

tested . 

In conjunction with sample size, research has found that the length to diameter ratio of 

a sample will also influence the resultant permeability measured. Carpenter and 

Stephenson (1986) found that samples tested using a hydraulic gradient less than 100, 

can be significantly affected by changes in the length to diameter ratio of the tested 

sample and suggest using a length to diameter ratio ranging between 0.5 and 1.0. In BS 

1377: pt 6: 1990, diameters down to 38mm are permitted for permeability testing 

however specimen dimensions of approximately 100mm height 100mm diameter are 

recommended. 

The trend provided by Carpenter and Stephenson (1986) may in part be due to the 

effects of a low permeability smear zone formed during trimming of samples. The 

smaller the length of sample the greater the effect of these smear zones on the 

measured permeability. Olsen and Daniel (1981) suggest to minimize the effects of 

smear the sample should be cut with a sharp knife rather than being troweled during 

final trimming; open root holes and other visible zones of higher conductivity in the 

sample should be included; and a large a sample as possible should be tested. Other 

literature suggests that additional light scouring of trimmed ends with a wire brush will 

reduce the effects of smear. 

Although literature advises the use of large samples for laboratory testing, and scale 

effect is undoubtedly an important influencing factor for interpretation of mineral liner 

permeability, with relevance to this investigation, sample sizes comparable with those 

generally utilised in standard permeability testing can be justifiably used as no 

comparisons with field permeability tests are made. 
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2.3.5 Influence of Time 

Both Mitchell and Hooper (1965) and Dunn and Mitchell (1984), investigated the 

phenomena of the thixotopic effects of clay and its influence on permeability. The 

degree of thixotopy within a fine grained soil indicates the potential for alterations in 

soil fabric, whereby with time the samples tend towards an increased degree of 

flocculation than previously created by compaction. Resultantly thixotopic effects have 

been shown to lead to an increase in strength and permeability. This transition is time 

dependant and can occur at the time of rest between sample compaction and 

permeability testing, with the sample remaining at a constant moisture content and 

density. Mitchell and Hooper also indicate that a change in absorbed water structure 

will also take place as Bishop et al. (1960) have shown pore water pressure to decrease 

with time after compaction. 

Mitchell and Hooper (1965) present permeability values of two groups of clay samples 

prepared at various moulding moisture contents, one group tested immediately after 

compaction, the other cured for 21 days before testing. Results indicate that the cured 

samples yield consistently lower permeabilities, with the difference in some cases 

being as large as a factor of 8 for a given moulding moisture content. In terms of 

application to a mineral liner in the field, laboratory results obtained could 

underestimate the permeability of a mineral liner if compacted samples are not cured 

for a sufficient duration before testing. With regard to testing within this investigation, 

the need for a set duration between sample production and testing is established, and 

has been strictly adhered to within the test ing program. 

Relat ively long durations for the conduction of permeability tests can also lead to a 

reduction in permeabi lity. Olsen and Daniel (1981) highlight the results of Allison 

(1947) which indicate that clogging of flow channels by the growth of organic matter in 

the soil can occur during prolonged performance of testing leading to a reduction in 

permeability. The use of fresh tap water (which is slightly chlorinated), as suggested by 
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Mitchell {1994}, has been used as the permeant in this investigation and should 

discourage the growth of microorganisms. 

2.3.0 Influence of Temperature 

As already discussed, and shown in equation 2.3, permeant viscosity, ~l, has an 

influence on permeability measurements. The viscosity of a given liquid is dependant 

upon its temperature and resultantly the temperature at which permeability tests are 

carried out will influence the permeability measured. An increase in temperature will 

lead to a decrease in viscosity generally resulting in an increase in permeability. For 

water, Olsen and Daniel (1981) indicate that for every l11C change in temperature there 

is an approximate change of 3% in measured permeability for fine grained soils. 

Therefore it would be expected that natural fluctuations in room temperature will have 

an effect on permeability results. Both BS and ASTM suggest a standardized 

temperature of 200 e for the execution of laboratory permeability tests. To limit the 

influence of temperature variation on the permeability testing within this investigation 

all tests have been carried out in a temperature controlled lab at 20 "'C. 
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2.4 Conventional laboratory Permeability Testing 

There are different laboratory testing techniques regularly employed for the 

measurement of permeability, which can be classified by the difference in imposed 

flow conditions, namely the falling head, constant head and constant flow methods. 

Additionally a review of relevant literature shows a variety of laboratory permeation 

systems have been developed over the last half a century by various researchers, many 

of which are alterations or improvements of previously existing set ups. In this section a 

brief review of permeability testing techniques, the chief equipment used and the 

inherent advantages and disadvantages associated with the different techniques are 

presented. 

2.4.1 Rigid-Wall and Flexible-Wall Permeameter 

The types of permeameter used in laboratory testing can be classified into two groups; 

rigid-wall and flexible-wall permeameters. The majority of early work on soil 

permeability was carried out using rigid-wall permeameters, and although they are still 

in use today the consensus within the majority of literature indicates a preference 

towards flexible wall permeameters. 

Rigid-wall permeameters consist of a rig id tube, generally constructed of metal, which 

contains the sample to be permeated. Figure 2.8 presents schematic diagrams of the 

main types of rigid wall permeameters used in laboratory testing. A major problem 

associated with the use of rigid wall permeameters is the possibility of side wall 

leakage, also known as preferential flow, whereby insufficient contact between the 

sample and permeameter wall leads to a preferential flow of permeant around the 

sample as opposed t o through it . Logically this leads to an overestimation of 

permeability values. 
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Figure 2.9 - Types of commonly used Rigid walled Permeameters: (a) Compaction Mould; (b) 
Consolidation- cell (oedometer or Rowe cell); (c) consolidometer cell. (After Daniel, 1994) 

In the case of recompacted soils, soil are generally compacted in the mould and then 

permeated, essentially using the compaction mould as the permeameter tube. This 

type of permeameters are known as compaction -mould permeameters (Fig 2.9a), and 

there is a reliance on compactive stresses to insure good contact between the sample 

and permeameter wall. 

Other alternatives of rigid-wall permeameter can be categorized as consolidation-cell 

permeameters, such as; a modified oedometer (Fig 2.9b), Rowe cell (essentially a larger 

scale version of an oedometer, incorporating larger samples), or a typical 

consolidometer cell (Fig 2.9c) . With consolidation -cell permeameters vertical stresses 

are appl ied to the sample inducing lateral stresses that reduce the possibility of 

preferential flow. Resultantly, stiff soils with a low compressibility are subject to a 
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higher likelihood of preferential flow and Mitchell {1994} suggests that even for highly 

compressible soils an imposed compressive stress of at least 50 kPa is required. As 

highlighted by Mitchell (1994)' although vertical stress simulates overburden stresses 

experienced in field conditions, the friction experienced between the soil and wall 

means that applied stresses in consolidation-cell permeameters inherently vary with 

depth along the sample. Consequently, to reduce this problem the ratio of length to 

diameter of soil sample is typically small in consolidation-cell permeameters, and as 

discussed in section 2.3.4, this can inherently lead to increased scale effects yielding 

unrepresentative permeability results. 

A major disadvantage associated with the use of rigid-wall permeameters is the 

problem of sample saturation. Edil et al. {1985} report that the use of high 

backpressures to dissolve air present in the sample has a detrimental effect when 

applied in rigid-wall permeameters as it increases the potential for formation of 

channels and side flow. Consequently samples in rigid wall permeameters are generally 

soaked, sometimes with a vacuum applied at the effluent end, in an attempt to 

saturate samples. However this procedure is not as effective and generally takes much 

longer than saturation by backpressure. The rigid-wall permeameter does however 

have the advantage of simplicity and cheapness. 

Soil samples tested using flexible-wall permeameters are confined in a flexible 

membrane and tested inside a standard or modified triaxial cell, as detailed in figure 

2.10. The cells are filled with water which can be pressurized to induce confining 

pressures transferred to the membrane to ensure contact with the sample surface and 

prevent preferential flow around the outside of the sample. Good contact can easily be 

achieved for samples with irregular or rough surfaces, resultantly flexible wall 

permeameters are preferred to rigid wall permeameters for the testing of undisturbed 

natural samples. Mitchell {1994} indicates that side wall leakage can develop with 

effective confining cell pressures below 14 kPa {2 psi}. 
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Figure 2.10 - Flexible-Wall Permeameter (After Daniel, 1994) 

Flexible-wall permeameters also have considerable advantage in terms of saturation of 

samples, as the set up allows convenient and relatively rapid saturation of samples by 

the application of backpressure, resulting in a decrease in testing time when compared 

to rigid -wall permeameters. Additionally, verification of sample saturation can be 

carried out prior to permeation by measuring Skempton's pore water coefficient, B 

(Skempton; 1954): 

tlU 
B=

ilo 
[2.14] 

Where :w is the change in monitored pore water pressure induced by a change in 

confining pressure, !lo. A change in confining pressure producing the same change in 

measure pore water pressure results in the calculated B coefficient being 1. Thus, 

ind icating no air present in the soil and the sample being fully saturated. Generally the 

lower the B coefficient the more air present in the test specimen, however Skempton 

(1954) does ind icate that for stiff soils B can be lower than unity even if the sample is 

fully saturated . 

The flexible wall permeameter offers more versatility for permeability testing; it allows 

control of lateral stresses and a measure of volume change in the sample throughout 
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t he test, however t here are limitations w ith its use. The main disadvantage associated 

w ith f lexible-wa ll permeameters regards the use of caust ic chemical permeants, 

whereby the permeant is incompatible w ith the confin ing membrane. Other 

disadvantages include a more complicated test setup and higher associated cost in 

comparison w ith rigid wall cell s, t he inability to perform tests under zero confining 

pressures, and the inability in testi ng extremely soft or slu rry like samples because of 

the difficulty associated in form ing a sa mple w ithout rigid wall support. 

The relative advantages and disadvantages are discussed by Zlmmie (1981), Dan iell 

(1984) and Shackleford (1994) among others, and a summa ry of these is presented in 

Table 2.2. 

Table 2.2 - Advantages and disadvantages associated with the use of Rigid and Flexible-
Wall Permeameters 
Type of 

Advantages Disadvantages 
Permeameter 
Rigid-Wall • Simplicity of construction and • Sidewallleakage is possible 

operation • No control or measurement of 
• Low cost horizontal stresses 

• Useful for compacted soils • Saturation by backpressure is not 

• Testing can be carried out under zero convenient 
vertical stress • Testing duration is generally longer 

• Can accommodate chemically caustic • Cannot confirm saturation by checking B 
permeants coefficient 

• Can accommodate very soft soils or • Generally requires a lower LID ratio; 
slurry may lead to unrepresentative results 

Flexible-Wall • Control of principal stresses applied to • More complicated operation and set up 
the soil • Requires an extra pressure control for 

• Convenient measurement of sample cell pressure 
volume changes • Possible problems with membrane 

• Can saturate sample using Back compatibility when using chemically 
Pressures caustic permeants 

• Can confirm saturation by checking B • Cannot perform tests under zero 
coefficient confining pressure 

• Side-wall leakage is highly unlikely • Higher cost 
even for natural undisturbed samples • Large hydraulic gradients may result in 
with rough edges unreasonable effective stresses in 

• Faster testing time due the capability specimen 
of backpressure saturation • Cannot accommodate very soft soils or 

slurry 

(Mod ified after Dan iel, 1994) 
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Over the last 2 decades the increased frequency in the use of flexible-wall compared to 

rigid-wall permeameters for permeability testing of fine grained soils can be attributed 

not only to the advantages and added versatility outlined above, but also to the fact 

that both BSI and ASTM specify standards for flexible-wall testing while rigid-wall 

testing is only specified in ASTM D 2434-68 and is only applicable for more highly 

permeable granular material. For this reason, permeability testing carried out within 

this investigation is done with the use of flexible-wall permeameters. 

2.4.2 Direct Permeability Testing Techniques 

From Darcy's relationship for the coefficient of permeability, as presented in equation 

2.1, it can be seen that the calculation of ., requires either the control or measurement 

of a number of variables, namely; the length of sample, L, the cross-sectional area of 

the sample perpendicular to flow, A, the head loss across the sample, D.h, and the rate 

of flow of permeant through the sample, q. In general, for laboratory permeability tests 

both L and H are known, requiring the control or measurement of oh and q in order to 

determine permeability. There are 3 different applied flow conditions commonly used 

for laboratory permeability testing: 

• Falling head technique in which the head loss declines with time due to a fall in 

influent permeant level at a measured rate in a tube or chamber of known 

cross-sectional area alloWing the computation of rate of flow and identification 

of head difference. 

• Constant-head technique in which a head difference is applied across the 

sample at a known and constant magnitude and the corresponding rate of flow 

is measured . 

• Constant-flow technique in which a constant rate of flow through the sample 

and the corresponding head loss is measured. 

Within the UK the two most common flow conditions employed to measure 

permeability in the laboratory are the falling-head and constant-head methods. The 
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constant-flow method is generally considered as a recent innovation in permeability 

measurement, and an absence of its mention or description can be noted from some of 

the better known geotechnical engineering and soil mechanics text books, despite 

being pioneered in the United States as early as the mid-1960s by Olsen (1965; 1966; 

1968). A review of relevant literature indicates all three flow conditions have been 

utilised in the permeability determination of fine grained soils. There is no consensus 

within literature as to the overall best flow condition to apply and each has its 

associated advantages and disadvantages, summarized in Table 2.3, most authors 

indicate the use one of the three without stating any particular reasons for doing so. 

Falling Head Test 

The main advantage of the falling head test is its simplicity. The cost and complexity of 

equipment required for the falling head test is lower in comparison to constant-head or 

constant-flow tests. The equations used for the computation of permeability in the 

falling head test are however slightly more complicated and are dependent upon the 

type of falling head test employed. There are two types of falling-head tests commonly 

used in laboratory permeability testing, discernible by the difference in factors relating 

to the effluent/tailwater pressure. These two tests are the falling-headwater, constant

tailwater-pressure test (figure 2.11a) and the falling-headwater, rising-tailwater

pressure test (figure 2.11b). 
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Figure 2.11 - Schematic of falling head flow conditions: (a) with constant tail water pressure; 
(b) with rising tail water pressure. 

Daniel (1994) designates the test with constant tailwater pressure to be more suitable 

for testing soils with values of permeability greater than 1 10-5, while for soils with 

values of permeability in the region of 1 10 - 9 and lower the rising-tailwater pressure 

is better suited. 

For the falling-headwater, constant-tailwater-pressure test, with an influent supply 

from a standpipe or chamber of cross-sectional, Q . where the head difference (in m) 

measured across the sample decreases from a value 111 to h:: over a measured time (in 

sec), the permeability, k, in (m/s) can be calculated using the following equation: 

k = ~ In(hl 
A t ,h:: 

[2.15] 

The corresponding equation differs for the rising-tailwater-pressure test, as the head 

difference is dependant not only upon the level decrease at influent standpipe but also 

upon the rise in level in the effluent standpipe. As the change in rate of flow is 
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dependent upon changes in hydraulic gradient, permeability is dependent on the cross

sectional area of both inflow (a m) and outflow (a out) standpipes: 

k = ---'--::----~ 
A 

[2.16] 

Equation 2.15 and 2.16 indicate that if the influent and effluent standpipes in a rising

tailwater-pressure test have the same area, then the equation compared to that for a 

constant-tailwater-pressure test (with the same area for influent standpipe), will differ 

by a factor of 2. 

The limitations of the falling head technique are discussed by many authors (e.g. Pane 

et al., 1983; Tavenas et al., 1983a; Daniel, 1994) and consensus within literature 

indicates the main concern associated are the consequences related with changes in 

pore water pressure that occur throughout the duration of the test. Both Pane et al. 

(1983) and Tavenas et al. (1983a) draw attention to the fact that one of the conditions 

of Darcy's Law, stead state flow, is never reached in a falling head test as the hydraulic 

gradient, thus the rate of flow is continually decreasing throughout the duration of the 

test. 

As influent head drops, pore water pressure in the sample decreases, and in the case of 

flexible wall permeameters were confining pressures are generally held constant, this 

can lead to an increase in effective pressures, consolidation of the sample. With 

regards to rising-tailwater-pressure tests the opposite effect can be attained at the 

effluent end of the sample whereby an increase in pore water pressures can lead to 

swelling of the sample. These effects on permeability are increased directly with the 

degree of compressibility of the tested sample and the magnitude of the hydraulic 

gradient imposed . 

Daniel (1994), highlighting other problems related to the decreasing pore water 

pressures associated with falling head tests, indicates that gas bubbles present in the 
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soil will expand under reduced pressures, and that also, any dissolved gas in the 

permeant that had previously been dissolved under maximum pressure may be 

released as the influent head falls. Both these factors will lead to a decreased degree of 

saturation, and a consequential reduction in measured permeability. Additionally, 

unlike the constant head technique because of the continuous change in gradient it is 

impossible to measure or take into account any possible head losses that may occur 

from fixtures and fittings of the permeation system. 

Constant Head Test 

The constant head is the only one of the three possible techniques to be standardized 

by BSI, in which it is recommended for both granular (BS 1377: Pt 5: 1990), and fine

grained (BS 1377: Pt 6: 1990) soils. Resultantly it is the predominant technique used for 

commercial laboratory permeability testing within the UK. With regards to American 

standards the constant head method is detailed in both ASTM D 2434-68, and ASTM D 

5084-90 for granular and fine grained soils respectively. The principal of the constant 

head test is the use of an imposed constant hydraulic gradient, h, across a sample of 

known cross-sectional area, A, and length, L, with the permeant discharge being 

measured over time to obtain the volumetric flow, q, through the sample, allowing the 

permeability to be calculated directly from Darcy's relationship shown in equation 2.1. 

A simplified arrangement of the constant head test is shown in figure 2.12. 

The use of a constant hydraulic gradient allows steady state flow to be reached in 

constant head tests. There is however a period of time after which the initial gradient is 

imposed for steady state cond itions to be reached caused by the seepage-induced 

swelling and consolidation effects similar to those detailed for the falling head tests 

and discussed in section 2.3.3 . The duration to reach this steady state is dependent 

upon the same factors that influence the permeability, detailed in sections 2.2 and 2.3. 
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A review of relevant literature indicates that one of the main advantages associated 

with the constant head technique is its simplicity, in comparison with the constant flow 

technique. Although simple in principle, there are however several methods which can 

be utilised for the maintenance of a constant head and the measurement of flow which 

can vary in complexity, meaning that the procedures and equipment used in a 

permeation system for a constant head test can range from a simple and cheap to 

complex and expensive. 

h 

Area A 

Jl 
Figure 2.12 - Schematic of constant head flow conditions. 

The principal disadvantage associated with the constant head test concerns the 

accurate measurement of the small rates of flow produced during the testing of low 

permeable soils. This leads to either an increased duration for testing or the use of high 

imposed gradients to induce a higher rate of flow that can be more accurately 

determined in a shorter period of time. As discussed previously, lengthy test durations 

incur high associated costs while high imposed gradients significantly influence the 
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permeability measured, neither of which are desirable. The constant rate of flow test 

to some degree alleviates these associated problems. 

Constant Rate of Flow 

Flows can be measured in the laboratory either through the use of flowmeters, the 

movement of an air bubble trapped in a graduated capillary tube, or the measurement 

of permeant inflow and outflow volumes at set time intervals. However these 

measurements of flow have relatively low degrees of accuracy and this problem is 

exacerbated when measuring low flows . Alternatively the constant rate of flow method 

instead of measuring the rate of flow, utilizes a flow pump to provide a constant flow of 

permeant through the sample and the resultant head difference across the sample can 

then be accurately measured using a differential pressure transducer. The flow pumps 

used are generally multispeed syringe pumps, essentially made up of a piston driven 

through a chamber via gearing at accurately controlled speeds by an electric motor. A 

simple arrangement of the constant flow method is shown in figure 2.13. 

Differential -
Electronic PI essure 
Transducer 

Permeameter 

Computer & Data 
Recorder 

Figure 2.13 - Computer Automated Constant Rate of Flow Test 

The fact that innovative development in laboratory equipment allows the 

measurement of low pressures to a higher degree of accuracy and ease than the 

measurement of low flows enables the constant rate of flow method to utilize small 

flows yield ing small but measurable hydraulic gradients. Olsen et al. (1985), testing 
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samples of sand, silt and clay using the constant flow method in a triaxial cell measured 

permeability values ranging from 2.7x10-4 to 2.1x10-10 at gradients between 1 and 14. 

The reduction in the hydraulic gradient not only results in smaller seepage-related 

structural changes, but significantly reduces changes in void ratio that result from a 

large range of effective pressures imposed across the soil. Although the use of the 

constant flow technique can limit the gradient induced consolidation and swelling, 

these effects cannot be completely eliminated and Pane et al. (1993) indicate that if 

the clay is soft and normally consolidated then even small hydraulic gradients give rise 

to seepage induced consolidation . 

Another advantage of the constant rate of flow test is that test duration can be 

significantly reduced in comparison with other conventional methods. Preceding the 

application of flow there is an initial transient response time in which differential 

pressure across the sample reaches an equilibrium and inflow and outflow rates are 

balanced. When differential pressure equating to the head loss across the sample 

reaches equilibrium and steady-state flow is established, the coefficient of permeability 

can be calculated directly from Darcy's relationship, presented in equation 2.1. Olsen et 

al. (1985) report initial transient times of 6 seconds to 200min for saturated sands and 

clays respectively, thus proving a significant reduction in required testing duration in 

comparison with both falling head and constant head tests. However it should be noted 

that the transient times reported by Olsen et.al (1985) samples were fully saturated 

before the application of flow, and as already discussed, in some cases the duration 

requ ired for saturation can be relatively large compared with the total test duration. 

Daniel (1994) suggests that care must be taken when imposing the flow rate, to ensure 

that firstly it is not to high so that large gradients are imposed across the sample and 

secondly that the resultant pressure drop across the sample is well below the net 

confining pressure to ensure good contact between the confining membrane and the 

test specimen so as to prevent preferential flow. 
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Table 2.3 - Advantages and disadvantages associated with the use of various common flow 
conditions 
Type of Flow Advantages Disadvantages 

Falling Head Test • Simplicity • Long test duration 

• Low Cost • Steady state flow is not reached 

• Common use and standardized • Complicated equations for 
commercially available equipment permeability analysis 

• Difficult to saturate sample 

• Cannot calculate head losses in the 
permeation system 

• Relatively large gradients are 
generally employed leading to 
seepage induced consolidation 

• No standardized procedure in UK 
Constant Head Test • Simplicity in both set-up and • Long test duration 

analysis • Relatively large gradients are 

• Can be relatively low cost generally employed leading to 

• Common use and standardized, seepage induced consolidation 
commercially available equipment 

• Standardized procedure within UK 

• Generally setup easily allows the 
utilization of saturation by 
backpressure 

• Steady State flow is reached 

• Can calculate head loses through 
permeation system 

Constant Flow Test • Short test Duration • High cost of required equipment 
• Low gradients can be achieved • Complex testing procedure 

reducing seepage induced • Extra provisions required for 
consolidation saturation by backpressure 

• Steady state flow Is reached • Possible generation of extremely 
• Simple analysis high gradients if flow to high 
• Technique suitable for automatic • Possible critical reduction in 

data acquiSition effective confining pressure 
leading to preferential flow if flow 
to high 

• No standardized procedure in UK 

(Modified after Aiban and Znidarcic, 1989) 

The constant flow test is not at the present time standardized by BSI, however as with 

the falling head and constant head tests a description of the implementation of the 

constant flow test is provided ASTM 05084. Disadvantages associated with the 

constant rate of flow test, are the relatively high cost of testing equipment and its lack 

of standardization outside the United States. 
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A number of authors (e .g. Aiban and Znidarcic, 1989; Daniel, 1994 etc) report the 

inherent advantages and disadvantages of the different possible flow methods that can 

be utilised, a summary of which are presented in table 2.3 . 

2.4.3 Indirect Testing Techniques 

Presented in section 2.2.1 and 2.2 .2, there are various empirical relationships available 

for the estimation of permeability values. These are the Hazen, Kozeny-Carmen, and 

Taylor relationships presented in equations 2.5, 2.6 and 2.7 respectively. As previously 

discussed many investigations on the validity and accuracy of permeability 

measurements have been undertaken and general consensus indicates that these 

equations do not accurately predict the permeability of fine grained materials. This 

may be due to inaccuracies or difficulties in the estimation or measurement of some of 

required parameters in these equations. In most cases direct measurement of 

permeability is more easily accomplished at a lower cost than accurate measurement 

of required parameters for indirect permeability estimation . Resultantly, the majority 

of the variables in each of these equations are obtained either from classification of 

parameters or the particle size grading curve representative of the permeated material 

(Head, 1994). Although these methods due not provide an accurate qualitative value 

for permeability they can be useful for preliminary evaluations and permeability 

comparisons between different soils (Taylor, 1948). 

The permeability of f ine grained soils can also be determined indirectly using the 

consolidation theory proposed by Terzaghi (1943). Terzaghi showed that for the simple 

one dimensional case of consolidation of a clay layer subjected to uniform loading, like 

that experience in a typical oedometer test, the following relationship holds true: 

k 
ct , =-y, m [2.17] 

Where, k is the coefficient of permeability, y,. is the unit weight of water, nil' is the 

modulus of volume compressibility and c , is the coefficient of consolidation. 1nl , can be 
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directly determined from oedometer tests, while c t . is determined using a curve fitting 

method on a plot of settlement against time. 

The most commonly used curve fitting methods employed to find C l ; are Casagrande's 

logarithm of time method and Taylor's square root of time method, both of which are 

detailed in Taylor (1948), as well as many other well -known geotechnical text books. 

Although both methods are derived from the same principles under the same 

assumptions, in practice values of c l,: interoperated from the results of a given 

oedometer test often differ dependent upon the curve fitting method used. 

Discrepances in C l are due to the fact that the plot of settlement against time does not 

always follow the theoretical expected, and that Casagrande's and Taylors method 

utilize different points and portions of the resultant curve to obtain a value for c t'. In 

general the square root of time method yields a higher value of c '" than the logarithm 

of time method (Lambe and Whitman, 1979), and resultantly the curve fitting method 

employed will influence the permeability value calculated . 

Many authors have investigated the relationship between permeabilities measured 

directly in the laboratory and those measured indirectly using an oedometer. Mesri and 

Olsen (1971) and Olsen (1986) indicate that the use of Terzaghi's consolidation theory 

generally underestimates values of permeability, and that for both remoulded and 

undisturbed samples of clay the computed values of permeability are lower by 

approximately 5-20% provided the soil is normally consolidated. In an attempt to 

expla in the underestimation of permeability valuates evaluated from consolidation 

Taylor (1948) suggests that during consolidation, compression is not only dependent 

upon the resistance to outflow of pore water (i.e. the permeability), as assumed in 

Terzaghi 's theory, but also the clay structure itself possesses a time dependant 

resistance to compression, which is not accounted for in equation 2.17 (Mesri and 

Olsen (1971). 
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In a more extensive investigation by Tavenas et al., (1983a) the relationship between 

direct measurements and indirect calculations from consolidation indicate gross 

magnitudes of error in permeability values computed. Common with most authors 

Tavenas et al. conclude that indirect permeability measurements using cl' are 

unreliable and direct measurement of permeability should take preference. 

2.5 Chapter Summary 

This chapter has outlined the factors that influence permeability and the techniques 

commonly used to measure it. The review of these factors and techniques is 

fundamental to the design and control of the comprehensive sampling and testing 

programs utilised in this investigation. Resultantly, points drawn in this chapter are 

referenced in the preceding chapters, where applicable. 

The next chapter provides a review of previous studies into unconventional methods of 

permeability testing, specifically, those methods investigated as part of this research. 
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Chapter 3 - Literature Review: Accelerated Permeability Testing and 

Centrifuge Permeability Testing 

As previously highlighted a major negative issue associated with laboratory 

permeability testing methods commonly employed for fine grained soils, (i.e. the 

constant head technique standardized in BS 1377: Pt 6: 1990), is the long testing 

duration required . In this chapter a review of published works on recent developments 

in short duration alternative permeability testing techniques are presented. The two 

methods reviewed are the Accelerated Permeability test and the falling-head 

permeability test accelerated using a centrifuge, both of which are the principle 

techniques investigated in the research presented in this thesis. 

3.1 The Accelerated Permeability Test 

Within the UK, the Environmental Agency, as the environmental regulator, stipulates 

strict control on the construction quality of liner and capping systems at landfill sites by 

means of a Construction Quality Assurance program incorporating standardized 

permeab ility testing of the mineral liner. Due to the long duration required for the 

regulatory permeability testing, carried out in accordance with British Standard 

constant head tr iaxial test (BS1337:pt6 :1990), (BS test), there have been proposals 

from the waste industry to adopt an Accelerated Permeability Testing Method (AP 

test) . The AP test utilizes the same equipment as the BS test however testing procedure 

differs in that it involves the combination of the saturation, consolidation and 

permeability stages, speeding up the availability of results. 

In the BS test method, saturation, consolidation and permeability stages are carried out 

as distinct and consecutive operations. During the saturation stage confining pressures 

are raised in incremental steps, initially at half that of the desired end effective 
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pressure. Alternate steps of applied back pressure allow infiltration of water into the 

specimen under a pressure slightly less than the confining pressure imposed at that 

time. This process is repeated until measurements of pore pressure coefficient, B, 

measured during increments of increasing confining pressures, indicate saturation of 

the specimen. This ensures that the applied effective stresses are not so high as to 

excessively pre-stress or over-consolidate the specimen. At the consolidation stage, 

confining pressure is increased by an amount corresponding to the required effective 

consolidation pressure above the back pore water pressure, and drainage of excess 

pore water is allowed out of the sample. The final permeability stage requires 

adjustment of back pore water pressures at the top or bottom of the sample to impose 

a hydraulic gradient, inducing a measurable flow that, when its rate becomes constant, 

is used to equate the coefficient of permeability. 

Both saturation and consolidation stages generally require long durations for 

completion when testing fine grained low permeable soils. In addition, both stages 

require regular human interaction, predominantly with the initial saturation stage, to 

monitor pore water and pressure volume changes and subsequently to apply increases 

in confining pressure and back water pressures consecutively. 

By comparISon the AP Test involves the application of total confining pressures in one 

step. The top and bottom back pore water pressures are then applied shortly after, 

with a differential between top and bottom inducing the required flow and an average 

difference between back pore water pressures and the greater confining pressure 

imposing a desired effective pressure . The pressures imposed in the AP test are 

relatively high resultant from the theory that utilization of high imposed back pressures 

in the AP test accommodates the absorption of air from soil voids into the permeating 

water thereby increasing the degree of saturation. 

64 



Chapter 3 - Literature Review: 
Accelerated Permeability Testing and Centrifuge Permeability Testing 

As a result of proposals from the waste industry to adopt AP Test, the UK 

Environmental Agency commissioned research into its feasibility as a short duration 

alternative to the commonly used BS test. A preliminary investigation was undertaken 

by research contractor Murray-Rix Ltd in consultation with various soil testing 

companies, waste industry contractors, universities (including Queen's University 

Belfast) and other interested parties, and subsequent results published in 

Environmental Agency R&D Technical Report Pl-398/TR/l (2003). 

3.1.1 A Review of Environmental Agency R&D Technical Report Pl-398/TR/l (2003) 

All tests carried out in the preliminary investigation were on statically compacted 

specimens of nominal 100mm diameter and 100mm length. AP and BS permeability 

tests were performed on pa irs of specimens with similar moulding moisture content 

and density to allow direct comparison of testing methods. In total five different soil 

types were tested , having a relatively wide range of properties within the range of 

suitability for use as mineral liners. The permeability tests were performed by a total of 

five different part icipating commercial soil testing laboratories in addition to some 

check permeability test ing (i.e. repeated tests), classification testing and the analysis of 

results carr ied out by the research contractor Murray Rix Ltd. 
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Figure 3.1 - Targeted Dry Density and Moulding Moisture Content for 
Compaction of Specimens tested in Environmental Agency (2003) 
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The testing program was split into three distinct series. The first and primary testing 

investigation was carried out at relatively high effective consolidation pressures and 

gradients on a range of specimens produced using the five different soil types. 

Specimens tested were compacted to specific air void contents of either 5% or 10% at a 

moulding moisture contents equivalent to optimum, and slightly wet of optimum 

(equivalent to the moisture content at which specimens had an undrained shear 

strength of 50 kPa obtained from shear vane tests), equated from results of BS light 

hammer compaction tests. The target dry density and moulding moisture content state 

for compaction of specimens in the first series is represented by points 1-4 on figure 

3.1. 

The designated pressures applied in the AP tests, were 550 kPa, 425 kPa and 300 kPa 

for the cell confining pressure, bottom back pressure, and top back pressure 

respectively, generating an average effective consolidation pressure of 187.5 kPa and a 

hydraulic gradient of 125 producing an upward measurable flow through the specimen. 

Similarly for corresponding BS tests an average effective consolidation pressure of 

187.5 kPa was defined for tests, however a gradient of 20 - 30 was imposed for an 

initial stage, in compliance with BS1337:pt6:1990 (see section 2.3.3), before a gradient 

of 125 was imposed in a second stage to allow direct comparision with AP Tests. Total 

pressures applied were however not identical in all cases between corresponding AP 

and SS tests, whereby the total pressures applied for the SS test at permeability stage 

were defined by size and frequency of the increments of pressure increases during the 

precedding saturation and consolidation stages. 

Figure 3.2 is a plot of the permeability values from the SS and AP tests from the initial 

test series for the different materials, where both effective average stress and gradient, 

as well as target moulding moisture content and density are analogous between 

specimens were different testing methodologies have been employed. 
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Figure 3.2 - Comparison of Permeability Values derived from AP and 
BS tests from the initial test series (After Environmental Agency, 2003) 

As shown in figure 3.2 when using the effective pressures described above there is 

good uniformity between AP and BS test results, however there is a tendency for the 

AP test to under-predict permeability results obtained using the BS test, and the line 

A-B, representing a differential factor of 2, seems to give a reasonable lower limit for 

the under-prediction of AP tests. The notable exception is Mercia Mudstone (MM) 

where permeability values from the AP test significantly over-predict corresponding 

results from the BS test by up to 2 orders of magnitude (100 times). 

For an explanation for the wide deviation between AP and BS test results for specimens 

of MM, in Environmental Agency (2003a) indication is given that there was significant 

expansion and fissure development in the MM specimens on removal from the 

compaction mould as a result of material response to extrusion. The authors postulate 

that the wide deviation in permeability values with testing method may be as a result 
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of these fissures . During the BS test following the completion of the saturation stage, 

where inflow of water occurs initially at low confining pressures, the subsequent 

consolidation stage could result in the closure of fissures and remoulding or healing of 

the MM specimens, thereby significantly reducing the measured permeability. By 

comparison the AP test does not accommodate the initial ingress of water under low 

effective stress and the fact that there is no separate consolidation stage may result in 

a lesser degree of remoulding and healing of fissures than that experienced in the 

paired BS tests. This argument facil itates an explanation for the greater permeability 

results derived from the AP test in some of the MM specimens (Environmental Agency, 

2003). 

To assess the influence of reduced consolidation pressure and hydraulic gradient 

Environmental Agency (2003a) present further results from tests carried out on 

specimens produced from two different materials, namely Lias Clay (Lie) and Etruria 

Marl (EM) . Similarly to the primary testing investigation pairs of specimens were 

statically compacted at two target moisture contents (at optimum and slightly wet of 

optimum as derived from BS light hammer compaction tests) and target air void 

contents of 5% and 10%, represented by points 1-4 in figure 3.1. The total pressures 

imposed however differed from those employed in the first test series, and where 400 

kPa, 350 kPa and 300 kPa for the cell confining pressure, bottom back pressure, and top 

back pressure respect ively, generating an average effective consolidation pressure of 

75 kPa and a hydrau lic grad ient of 50 producing an upward measurable flow through 

the specimen . Aga in, comparative BS tests were carried out at similar effective 

consol idation pressures and gradients however the total pressures employed were not 

defined and in some cases differ from those imposed in AP tests. 

Results presented in figure 3.3 indicate that the effective stress is shown to have an 

influence on permeability measurements, and comparison of results obtained for Lie 

and EM materials at an average effective stress of 187.5 with those at an average 
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effective stress of 75 kPa, show a notable difference with permeabilities typically 

greater by a factor of 4 for those specimens tested at the higher average effective 

stress. This is consistent with previous published literature presented in section 2.3.3. 

Additionally as indicated by the plot in figure 3.3 results presented show that AP test 

permeability results generally under-predict those of comparative BS test permeability 

results to a higher degree than in comparison with other BS and AP tested pairs with a 

higher average effective stress is employed . 

• OO£-!! 

00£·:0 

100£ 

100£·10 

A«elef1lted Test · Penne bility (m/s) 

Figure 3.3 - Comparison of Permeability Values derived from AP and 
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as tests with Variation in Average Consolidation Pressure (After Environmental Agency, 2003) 

To access the influence of heavy hammer compaction as opposed to light hammer 

compaction a third testing series carried out on three materials, namely Mercia 

Mudstone (MM), Glacial Till (GT) and London Clay (LoC) is presented in Environmental 

Agency (2003a). Specimens were statically compacted at a moulding moisture content 

equivalent to the optima obtained from BS heavy hammer compaction tests (i.e. at a 

lower moulding moisture content than that employed in compaction of specimens for 

use in the first and second testing series), to target air voids contents of 5% and 10%, 
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corresponding to points 5 and 6 on figure 3.1. The total pressures and resultant 

effective stress and gradient were the same as the first testing series. 
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Figure 3.4 - Comparison of Permeability Values derived from AP and 
SS tests with Variation in Moulding Moisture Content (After Environmental Agency, 2003) 

Figure 3.4 compares the relationship between AP and BS test results for specimens 

from the first test series compacted at optimum and wet of optimum obtained from BS 

light compaction with similar specimens from the second test series compacted at 

optima obtained from BS heavy compaction (i.e. compacted at lower moisture content 

than those samples from the first test series). As previously noted results for MM 

specimens indicate significant over-prediction of permeability using the AP testing 

method, possibly due to the material response to sample extrusion from the 

compaction mould that leads to a subsequent development of fissures. Additionally 

figure 3.4 Indicates that a decrease in moulding moisture content at compaction leads 

to greater deviation in the correlation of the permeability values obtained from AP and 

BS tests. 
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Based on discussions with the laboratories undertaking the research work, significant 

points regard ing potential time saving procedures commonly employed when carrying 

out BS tests were highlighted. Environmental Agency (2003a) suggest that firstly 

allowing inflow from both ends of the specimen during the saturation would reduce 

the time for saturat ion stage by an approximate factor of 4 compared to drainage from 

one end only, and secondly allowing drainage from both ends during the consolidation 

would also reduce the time for the saturation stage by a factor of 4 compared to 

drainage from one end only. Drainage from both ends of the samples is neither 

suggested nor proh ibited within the relevant standard guidelines, BS1337-pt6-1990. 

Figure 3.5(a) shows the average duration of BS tests for each material tested, using the 

t ime saving procedure of drainage from both ends during both saturation and 

consolidation procedures. Comparison with figure 3.5(b), presenting average test 

duration for related AP tests, indicate that utilization of the AP test provides significant 

time savings in comparison with the BS test. 
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Figure 3.5 - Average Test Duration : (a) BS Test; (b) AP Test. (After Environmental Agency, 2003) 

The subsequent conclus ions regard ing the AP test based on the investigation outlined 

in thi s section and reported in Environmental Agency (2003a) are as follows: 
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• The AP Test produces permeability test data that are reproducible to a relatively 

high degree. 

• For certain clay materials the permeability results in AP Tests are comparable 

with, however under-predict the results from BS Tests, provided the same 

effective stress conditions are adopted. 

• For low plasticity clays and clay/mudstone mixtures the AP Test should be used 

with caution . 

• The effective stress has a marked influence on permeability values. 

• The hydraulic gradient has less of an influence for most clay types tested, 

however, the hydraulic grad ient had a marked effect on those values of more 

sensitive soils such as clay/mudstone mixtures. 

• A potent ial time and cost saving has been demonstrated if the AP Test is used in 

place of the longer duration BS Test in routine acceptance testing. 

• The AP Test is suitable for general control purposes in constructing linings and 

capp ings on landfill sites. In such circumstances the AP Test should be validated 

aga inst BS Test results, a minimum ratio of one BS Test to five AP Tests is 

recommended . 

• The AP Test should not be used for design purposes and the Engineer should 

determine a si t e-specific testing regime to assess the permeability under 

construction and working conditions. 
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In addition, Environmental Agency (2003a) present an empirical relationship 

summating the principal parameters that influence the under-prediction of 

permeability values devised for assessment of the worst case permeability of a BS Test 

from the result of an AP Test: 

[3.1] 

Where, kB5 is the predicted associated permeability for a BS test, k,u is the 

permeability value derived from an AP test. The term ~ is an adjustment factor for the 

difference in test techniques and is taken as 2 based on the results of the initial 

investigation. C: is an adjustment factor based on the effective pressures applied to 

the soil material and may be taken as C:, = 1 at an effective stress of 187.5 kPa, and, 

C:: = 4 at an effective stress of 75 kPa. Environmental Agency (2003a) indicates that for 

practical situations k BS = 8kAJl would yield a reasonable worst case assessment, though 

this should not override the results of tests on individual materials, and the equation 

should only be used as an indicator of the possible need for further tests where results 

obtained in earthworks control are marginal (i.e. close to permeability limit specified by 

relevant legislation) . 

3.1.2 The Need for Further Research into Accelerated Permeability Testing 

The benefits of the AP test as a short duration alternative to the BS test has been 

presented in Pl-398/TR/1 and highlighted in the previous section. Consequently the 

Environmental Agency have published guidelines on its use in the form of a subsequent 

R&D Technical Report, Pl-398/TR/2 - 'Procedure for the Determination of Permeability 

of Clayey Soils in a Triaxial Cell Using the Accelerated Permeability Test' . The AP test is 

now a service provided by a number of soil testing companies (however its use is 

currently predominantly confined to England), and is being increasingly recognized 

within the UK as a short duration indicator of soil permeability as a precursor to the BS 

Test . The AP Test is however recognized as a non-standardized test and so it is up to 

the Construction Quality Assurance Engineer to ascertain for themselves its suitability 

for purpose. With the application of the AP Test becoming increasingly more common, 
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there is a need for further research into its verification as an alternative to the BS Test. 

Information regarding the factors affecting validity of results obtained from AP Test in 

comparison with the BS Test, is vital to enable the Construction Quality Assurance 

Engineer to make informed decisions on its suitability for use. 

Concerns highlighted by the research presented in Pl-398/TR/l relate to the general 

underprediction of permeabilities obtained from AP Tests, and may be due to effects 

on soil fabric caused by the differences in stress paths experienced by specimens 

associated with BS and AP tests. It can be postulated that a difference in stress path 

may result in changes in soil structure or fabric in the tested specimen governed by the 

initial application of total confining pressures during the AP test when specimens are in 

an unsaturated state with negative pore water pressures present. 

Results presented in Pl-398/TR/l and reviewed in the previous section indicate that 

deviations of AP test results from those of the BS test, may be further digressed firstly 

with the use of relatively low applied effective pressures and secondly with a reduction 

from optimum in the moulding moisture content of the compacted specimen. Based on 

previous literature, as presented in section 2.3.3, increased divergence in results of 

specimens at low effective pressures seems logical considering that firstly the stress 

paths induced by an AP test have a greater influence on soil fabric than BS tests (where 

saturation and consolidation stages are specified so as to prevent unrecoverable 

yielding of soil structure) and secondly, permeability differences are more greatly 

influenced in specimens tested under relatively low effective pressures as changes in 

soil fabric are more pronounced with changes in effective pressure. Similarly as 

discussed in section 2.3 .2 a reduction in moulding moisture content yields a specimen 

with a more prevalent macro-fabric which may be more prone to degradation or 

change by the stress paths induced during the AP test, and consequently result in a 

larger divergence between permeability measurements using the AP test method and 

those using the BS test method. 
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The effect of the AP test method on samples using relatively low confining pressures 

has raised concerns regarding effects on soil fabric and therefore should be 

investigated. Logically as permeability is governed greatly by fabric (particularly macro 

fabric), further investigation into the effects of the AP test on soil fabric on a range of 

compacted samples including relatively dry compacted samples (were macro structure 

is prevalent) necessitates examination. It can be hypothesized that divergence in 

results between AP and BS test might be more prominent under application of high 

total pressures and low effective pressures in soils with a more highly prevalent voided 

macrostructure, and with all other factors being equal, these conditions could 

represent a general worst case scenario for comparability between AP and BS tests. 

In chapter 4 a detailed testing program regarding a further feasibility study into the AP 

test is presented, were its application to samples under various conditions expected to 

be found in industry are examined, including those representing the hypothesized 

worst case scenario. 

3.2 Centrifuge Permeability Testing 

In this section a review of previous literature regarding permeability testing under 

elevated gravitational acceleration in a centrifuge is presented. Firstly a description on 

the theory of Centrifuge modeling is given with its common uses to geotechnical 

engineering highlighted. An in depth review of other researchers work into utilizing 

centrifugation as a short duration method of permeability testing is then presented. 

Finally a review of the scaling parameters and other factors related to the analysis of 

centrifuge permeability tests is presented. With regard to the current study a detailed 

description of the equipment produced for centrifuge permeability testing, for use in 

the laboratory centrifuge at Queens University Belfast, along with an in depth 

discussion on the appropriate analysis of results gained from said equipment is given in 

Chapter 5. 
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3.2.1 The use of the Centrifuge in Geotechnical Engineering 

The behavior of any material or structure which is dependent upon its self weight can 

be simulated in a model of reduced size and time, when subjected to an elevation in 

gravitational acceleration. The use of centrifuge modeling has been long recognized as 

a tool with the ability to obtain similarity of stresses between small scale models under 

elevated gravitational force and full scale prototypes allowing accurate simulation of 

prototype behavior using prototype materials in scaled down models. 
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Figure 3.6 - Object moving in a steady circular orbit (Muir Wood, 2001) 

The principle of centrifuge modelling states that when a body of mass, rn, is rotating at 

a constant radius, ,about an axis with a steady speed, t', it is held in the circular orbit 

by a constant centripetal acceleration t·: r or rw: where w is the angular velocity 

(Figure 3.6) . A radial force mrw 2 produces the centripetal acceleration and is directed 

towards the axis. Resultantly from inertial forces the body of mass experiences an 

equal and opposite relative acceleration producing a centrifugal force directed away 

from the center of rotation . The acceleration produced is commonly normalised with 

earth's gravitational constant, g, and the body is said to have an acceleration of 19, 

where; 

,I = rw:/ g [3.2] 

Schofield (1980) states that because these inertial forces act on the centre of mass of 

each atom, and do not affect the electron shells which determine all material 
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properties other than self weight, the physical properties of the soil mass are not 

altered during the elevated acceleration experienced in a centrifuge. 

Since its introduction in the UK with pioneering research and development conducted 

at Cambridge University the late 1970s and 1980s (Schofield, 1980), the capabilities of 

centrifuge models to simulate complex large scale geotechnical problems has been 

widely recognized. A review of relevant literature indicates an extensive body of 

published work relating to the application of geotechnical centrifuges to model and 

study a wide variety of geotechnical problems such as the strength, stiffness and 

capacity of foundations for bridges and buildings, tunnel stability, stability of slopes, 

settlement of embankments, earth retaining structures and soil improvement 

techniques. Other complex applications include explosive crate ring, frost heave and 

dynamic loading. In addition in recent years many studies on centrifuge modelling have 

been applied to geo-environmental issues including modelling of contaminant 

migration in ground water, and the effectiveness of various strategies adopted for 

containment and remediation . 

Although centrifuges are normally used to model prototype situations to provide an 

independent evaluation of performance, in the application of geo-environmental 

problems they can also be utilised to measure material characteristics such as the 

diffusion coefficient, retardation factor, and the coefficient of permeability. Centrifuge 

testing retains the benefits of centrifuge modelling and offers 2 primary advantages 

over ordinary bench top laboratory testing; the reproduction of prototype stress levels 

and a reduction of time required for hydrodynamic effects to progress (Theriault and 

Mitchell, 1997). 
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3.2.2 A Review of Previous Research into Centrifuge Permeability Testing 

Mitchell (1998) describes a simple constant head rigid wall permeability test carried out 

in a geotechnical centrifuge . A deta il of the centrifuge permeameter is presented in 

figure 3.7. The sample, enclosed in a thin walled sampling tube, is exposed to a free 

body of permeant resting upon its top end (also contained within the sampling tube), 

and the seepage of permeant through the sample is collected in a Iysimeter the bottom 

outflow end of the sample. Under elevated gravitational force, induced by inertial 

forces during centrifugation, seepage velocity will increase by a factor of N. Mitchell 

ind icates that using the setup detailed in figure 3.7, centrifugation of a soil with 

permeability, k, of 10-9 under 30g for 24 hours, will produce approximately 10ml of 

effluent in the inner Iysimeter cup, which is sufficient for an accurate determination of 

k. 
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Figure 3.7 - Simple Centrifuge Permeameter for Field Tube Samples. (After Mitchell, 1998) 
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In comparison with standard laboratory methods, a number of advantages are 

attributed with permeability testing of field samples by centrifugation using the setup 

detailed in figure 3.7. Most obvious and significant of these are the time savings 

associated with this method, however other advantages include the negation of some 

of the complications associated with standard laboratory methods, for example in the 

triaxial permeability test field tube samples must be carefully extruded and mounted in 

the cell; valves and drainage line connections must be flushed and can create leakage 

problems; and external loads and pressures must be set and adjusted. This method 

allows the sample to remain in the sampling tube and there are no leakage errors. 

The relatively simplicity of the setup detailed in figure 3.7 requires no greater technical 

work than that for a standard laboratory permeability test, the only auxiliary 

equipment required other than the centrifuge is an accurate balance for effluent 

measurement, and analysis of the test is simple considering that head difference 

applied can be considered constant as there is only a slight change in head during the 

test due to the small volume of effluent and the average head is used in the calculation 

of permeability. Considering that some centrifuges can accommodate testing of up 6 

samples at anyone time, centrifuge permeability testing is both user-friendly and cost 

competitive (Mitchell 1998). 

The use of the centrifuge permeability test setup detailed in figure 3.7 does however 

suffer from problems associated with the use of rigid walled apparatus previously 

discussed in 2.4.1. As with all rigid walled permeameters, installation of field 

compacted specimens suffers from sampling problems, including edge distortion and 

edge scour by drag on pebbles which can lead to sample disturbance and poor 

boundary contact with the rigid wall . Another disadvantage of rigid walled 

permeameters is their inability to provide valid results when chemical permeants are 

used which cause shrinkage of the specimen during testing. Mitchell (1998) indicates 

that the major problem associated with rigid walled permeameters (Le. preferential 
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flow) is to some degree lessened during centrifugation testing as vertical and 

sympathetic horizontal effective stresses are imposed through the sample by 

acceleration on the soil particles resulting in a higher lateral effective stress to pore 

water pressure ratio than experienced under 19 conditions. Thus the risk of 

preferential flow, although not completely eliminated, is reduced using the above 

method of centrifuge permeability testing. 

As discussed previously in section 2.4.1, the use of flexible wall permeameters has the 

advantage of eliminating the risk of preferential flow, even for samples with a rough or 

uneven side, providing that sufficient confining pressure is supplied to ensure intimate 

boundary contact . The use of undisturbed or block samples, trimmed to size using a 

wire saw may also be tested in a flexible wall permeameter, and negate the 

disadvantages associated with rigid wall testing attributed to sampling distortion. 

However, as previously discussed, the use of a flexible boundary condition with the 

application of a constant confining pressure along the sample can cause lateral 

consolidation at the effluent end and in the case where caustic permeants are used, 

may mask any chemically induced shrinkage effects that would affect the permeability 

of the sample . 
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Figure 3.8 - Flexible-wall no lateral strain centrifuge permeameter. {After Theriault and MitcheU, 

To overcome aforementioned disadvantages Mitchell (1990, 1993, 1994a, 1994b) and 

Theriault and Mitchell (1997) developed an apparatus that allows the study of clay 

liner- leachate compatibility under flexible, no lateral strain boundary conditions and 

have used it to study the permeability of clays using a variety of permeants. A 

schematic of this apparatus is detailed in figure 3.8. The apparatus is used to model a 

prototype liner under realistic field stresses : the desired vertical confining pressure is 

achieved through the use of a saturated porous stone, of predetermined thickness, 

resting on the clay sample; the desired hydraulic gradient is achieved by choosing the 

appropriate head of permeant above the clay sample; and the desired initial lateral 

confining pressure is ach ieved by connecting the oil filled pressure cells to an oil 

column of predetermined height and fixed volume such that acceleration of the column 

in the centrifuge will generate the desired oil pressure in the latex membrane 

surrounding the clay sample (Theriault and Mitchell, 1997). 
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Permeant has free entry into the sample through the top porous stone and any fluid 

leaving the bottom porous stone is collected in the Iysimeter, which is sealed to 

prevent evaporation. The effluent is collected for mass determinations, and if required, 

chemical analysis. The lateral pressures imposed by the oil pressure cells are designed 

to balance the total lateral stresses created on the inside of the membrane by the 

permeant (Ieachate), clay sample (liner) and porous stone (generating the expected 

normal pressure). The lateral confining pressure develops with the vertical effective 

stress as the sample is accelerated in the centrifuge and reaches an in flight equilibrium 

at the modeling speed. To ensure no preferential flow of permeant during set up and 

before the centrifuge is brought up to speed a small amount of air pressure is applied 

to the oil cells and locked in by closing valves on the oil column ensuring a membrane 

seal with the sample . 

In most cases geotechnical models, although much smaller than the modeled 

prototypes, are substantial in size and mass and consequently geotechnical centrifuges, 

either beam or drum, are generally large machines which are not only highly expensive 

for development and construction, but are complicated to use and additionally pose a 

considerable risk to safety if not manufactured correctly and used with upmost care 

and stringency. This might explain why in the UK application of geotechnical centrifuge 

mode ling has not been fully embraced by the practicing engineering community within 

the commercial sector and is generally limited to utilization by the research community 

using the small number of geotechnical centrifuges available in a limited number of UK 

universities (Taylor, 1995). 

The apparatuses detailed in figures 3.7 and 3.8, were produced for use in Gm and 1.8m 

diameter centrifuges constructed at Queen's University, Ontario. Although a 1.8m 

diameter centrifuge is considered relatively small, it is still significantly larger than 

many commercially available laboratory centrifuges and has an appreciably large 

bucket capacity to accommodate the apparatus utilised for permeability testing. Singh 
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and Gupta (2000 and 2001) detail two setups for centrifuge permeability testing of fine 

grained materials. The apparatuses, illustrated in figures 3.9(a) and (bL utilize falling 

head - constant tail water flow conditions in a rigid walled permeameter, compatible 

for use in a small geotechnical centrifuge of 0.63m diameter. 

Inner 
cylinder 

Middle 
cylinder 

Fi Iter --ft-tt--t 

Outer 

(a) 

Inner 
cylinder 

Middle 
cylinder 

Plate for ~--tt--tI-----! 
thin tube IH--il 

Filter -It--I/
paper 

Outer 
cylinder 

Filter paper 

Base plate 

(b) 

Figure 3.9 - Falling Head Centrifuge Permeameter: (a) Setup for Silty Soil; 
(b) Setup for Clayey Soils. (After Singh and Gupta, 2001) 

Figure 3.9(a) shows the setup designed to test more permeable fine-grained soils, such 

as silty sand and fine silts, where as the modified arrangement detailed in figure 3.9(bL 

designed for testing low permeable clays incorporates a thin tube fitted to a thin 

Perspex plate closely fitting the inner cylinder, allowing smaller changes in water level 

to be monitored within a reasonable time period . Four small holes, diametrically 

opposed, are provided close to the bottom of the inner cylinder to allow free drainage 

of effluent through the porous stone and into the reservoir between the inner and 

middle cylinders. The water level (and hence tail water head) in this reservoir is 

maintained at a constant level with similar holes in the middle cylinder providing an 

overflow for excess effluent into a reservoir between the middle and outer cylinders. 
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The Inner cylinder and thin tube detailed in figure 3.9 were constructed from Perspex, 

with the inner cylinder and thin tube graduated, so as to facilitate recording of 

permeant head changes. Contrary to the apparatus developed by Mitchell (1990, 1993, 

1994a, 1994b, 1998) and Theriault and Mitchell (1997), where an indication of 

permeant flow is only possible once the centrifuge has stopped, Singh and Gupta 

(2001) indicate that in-flight observations of permeant levels were possible through a 

window in the geotechnical centrifuge using a stroboscope. 

Singh and Gupta (2001, 2002) demonstrate reliable permeability results obtained using 

the setups presented in figure 2.21 for recompacted silty sand and marine clay. Tests 

were carried out over varying values of .1, ranging from 50 to 250g, and varying sample 

lengths ranging from 20 - 40mm. Singh and Gupta (2002) indicate good comparison 

between results obtained from centrifuge testing with those obtained from both 

conventional bench top falling head tests and modified oedometer tests and highlight 

the advantage of a significant reductions in testing duration. 

3.2.3 Scaling of Parameters for Centrifuge Modeling and Testing 

As with all disciplines in which physical models are utilised, in geotechnical centrifuge 

modelling and testing there is a necessity for the understanding and appropriate use of 

scaling factors that relate model and prototype values for properties that influence the 

behaviour of the modelled problem . Under conditions of 19 the vertical stress, a .. , 

acting at a particular point in a given material is represented by: 

a~, = pHg [3.3] 

Where () is the material density, H is the height of the material above the point of 

interest and 9 is the gravitational acceleration. By comparison, during centrifuge testing 

of a model of the same material of same density the vertical stress, (It at any point, is 

given by: 

[3.4] 
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Where .V = rw'2 / g. Resultantly, for similarity, the dimension, H, as with other linear 

dimensions, is scaled down by a factor of .V, so that the model experiences the same 

magnitude of self-weight stresses as those in the prototype under 19. This N -fold 

decrease in physical dimensions coupled with an N-fold increase in inertial forces 

results in an apparent accelerated time scale for seepage flow in centrifuge modelling. 

In the model seepage flow is driven by the full prototype pressure head, but has only 

the small scale flow path, leading to an N-fold increase in pressure gradient, which 

causes seepage velocity to be 1 times the prototype velocity and results in an NZ 

reduction in the time required for flow between two points in a model representative 

of 2 simillar points the related prototype. Table 2.4 provides a list of the scaling factors 

and dimensionless numbers relevant to geoenvironmental centrifuge modelling and 

testing presented by Mitchell (1998) . 

For the centrifuge permeameters detailed in the previous section, analysis of 

permeability values were conducted by scaling the permeability obtained from the 

conventional falling head or constant head equations by the value f employed. This 

method may be sufficient for analysis of tests carried out in large geotechnical 

centrifuges, but because . ' = rw: /9, then ~' will vary through the height of the model. 

Muir Wood (2004) states that provided the height of the model is less than 

approximatly 0.1 times the radius of rotation, then the variation in the acceleration 

field is generally considered acceptable . However, when the sample length tested and 

the associated applied water head are comparable to the radius from the point of 

rotation (i.e. the condition experienced in a small geotechnical or laboratory 

centrifuge), then . ' should not be considered constant across the sample . To do so will 

lead to inaccuracies in the calculation of permeability values and expected soil stresses 

experienced in-flight. 
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Table 2.4 - Scaling Factors and Dimensionless Numbers relevant to Geoenvironmental 
Modeling and Testing 

Scaling Factors 

Symbol Description Dimensions Model Scale 
a Centrifuge acceleration LT' X 
(] Stress M·L-1T 2 

1 
~. Fluid velocity LT1 .V 
_u Fluid viscosity M·L-1T 1 

1 
~ Characteristic length L l / .V 
a Particle or pore size L 1 

fl Fluid density M·L-3 
1 

t Time T x= 
g Earth's gravity LT2 1 
C Contaminant concentration M·L-3 

1 
T Surface tension MT2 1 

DI'!". Diffusion Coefficient L2., 1 1 
.; Sorption coefficient M·L3 

1 
R Chemical reaction rate , 1 1 

Dimensionless Numbers 

Number Formula Model Similar Commentary 
Concentration C p Yes Densities must be same 
Diffusion Lv/ D .... Yes Same as advective scale 
Reynold's No. QUI-'I u No For RB < 0.5 results similar 
Advection tl: / L Yes Flow must be laminar 
Capillary effect Tj pgLd Yes Can model characteristic curve 
Sorption S p Yes Densities must be similar 
Peclet's No. dv/ DI";. No For PB < O.lresults similar 
Chemical effect Rt No Must allow time for reactions 
Froude gC'/I-': No Extreme Nnot acceptable 
Weber 01 pc." 1.. : No Similar if flow is laminar 
Capillary J.l1: / 0 No Limit N or alter fluid viscosity 
Bond Pgo: j o No Bond number < 10-" for similarity of 

gravity-capillary interactions 

(After Mitchell, 1998) 

As the laboratory centrifuge utilised for this investigation has a maximum radius of only 

200mm it is imperative that the effects of increasing centrifugal acceleration along the 

depth of the sample and applied water head are accounted for during permeability 

analYSis. In this section literature regarding scaling of the coefficient of permeability is 

reviewed and an appropriate method for analysis of the centrifuge permeability testing 

in a small centrifuge, applicable to the centrifuge utilised in the current study, is 

presented . 
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Controversy in the Scaling of Permeability 

To formulate an appropriate analysis for centrifuge permeability testing, consideration 

must first be given to the scaling laws applied to seepage flow. From literature relating 

to the scaling laws for centrifuge modeling it is well established that seepage velocity, 

r, is scaled directly by the factor .V, where: 

[3.5] 

This is both logical and has been verified by a number of authors studying both steady 

state and transient seepage flow in centrifuge modeling (Arulanandan et al., 1988; 

Cargill and Ko, 1983; Khalifa et al., 2000; Singh and Gupta, 2000). There is however 

controversy within literature regarding whether it is the permeability, k, or the 

hydraulic gradient, I, that is a function of N. This controversy is raised by various 

authors including Goodings (1979 & 1984), Butterfield (2000), Dean (2001) and 

Thusyanthan and Madabhushi (2003). However this controversy is commonly 

overlooked as the seepage velocity is generally the value under investigation, and 

whether it is k or I that is the scaled parameter, the end result, Pm = i\hp, remains the 

same. This method maybe satisfactory where it is appropriate to consider N as a 

constant throughout the depth of a model, however if there is a requirement for the 

consideration of . 1 as a variable related to radius of rotation, as is the case in this 

investigation, then a more thorough understanding of the parameters to be scaled is 

necessary. 

Cargill and Ko (1983), Tan and Scott (1985), Mitchell (1998) and Singh and Gupta 

(2000), define hydraulic gradient, I , to be independent of gravity, and consider 

permeability, , to be directly proportional to gravity with a resultant scaling factor of 

• '. The formal definition of hydraulic gradient, as presented in the majority of literature 

and equation 2.1, is the ratio of change in total head, ilh, to the length, L, over which 

that change occurs. During the scaling of dimensions in the production of a centrifuge 

model both and ~ 't will be N times smaller in the model, and resultantly hydraulic 
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gradient can be argued to be the same in model and prototype (i.e. i7'1 - ip). The 

parameter known as intrinsic permeability, K, derived by Muskat {1937}, and shown in 

equation 2.3, is related to Darcy's coefficient of permeability by the following 

expression : 

Y P9 k = K - = K -

J1 J1 
[3.6] 

This entails that because Darcy's coefficient of permeability is directly proportional to 

the unit weight of the permeant, y, then under conditions of elevated gravitational 

acceleration k will increase .V times, {i.e . km = .VkrJ. 

Alternatively, Schofield {1980}, Hussaini et al.{1981}, Goodings (1984), and Taylor 

(1987) have all suggested that permeability to be independent of gravity and it is the 

hydraulic gradient which has got a scaling factor of N . Taylor (1987) highlights an 

inconsistency with regard to the relationship shown in equation 3.6; due to the direct 

relationship between permeability and gravity, equation 3.6 suggests that any given 

soil mass in space at zero gravity is impermeable. However this is not the case as a soil 

mass will have a given amount of pore space irrespective of gravity, and if a fluid with a 

pressure gradient exerted by pressure difference is present across the boundary of that 

soil mass, then permeant flow will occur. Goodings (1984) suggests that permeability 

should not be scaled and should be considered as a material constant as an increase in 

k in the normal geotechn ical context implies a change in material structure. 

Thusyanthan and Madabhushi (2003), illustrate an argument for the scaling of 

hydraulic gradient using the illustratiion shown in figure 3.10. If the model sample is 

rotated in a centrifuge applying a gravitational acceleration of Ng, then assuming that 

the radius of rotation is large enough to disregard the variation in N then the soil 

model can represent a prototype soil length of ,v L. The static pressure difference 

between points 'B' and 'e' for the centrifuge model is Lp(~~9), and for the prototype 

soil is • :L)pg. Similarly the potential energy across the sample is the same for both 
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model and prototype if the inlet and outlet permeant heads are held constant at the 

points 'A' and 'D' respectively. Thusyanthan and Madabhushi (2003) point out that 

because the driving force on permeant flow is the same for both model and prototype 

and because the flow length is .V times shorter in the model than in the prototype, 

then an argument for scaling hydraulic gradient can be made (i.e. ip = Ni m ). 

T 
L 

Figure 3.10 - Simple Centrifuge Permeameter for Field Tube Samples. (After Mitchell, 1998) 

The cause of the confusion in scaling parameters for permeant flow under accelerated 

gravity is due to the conventional definitions of hydraulic gradient and Darcy's 

permeability. The conventional definition of hydraulic gradient represents the driving 

force for flow, but without the gravitational part of the driving force. Hence the 

gravitational part has been included into the Darcy's permeability as the unit weight of 

the fluid . This fact makes Darcy's permeability directly proportional to gravity. 

Thusyanthan and Madabhushi (2003) suggest for centrifuge modelling or testing that 

hydraulic gradient should be instead be represented by the energy gradient (potential 

energy gradient + pressure energy gradient) that drives the permeant flow. 

From Bernoulli's principle the energy required for permeation, represented by the 

associated loss in head, is the energy associated with the movement of the permeant 

(velocity head), plus the energy from the pressure in the permeant (pressure head), 
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plus the energy from the height of the fluid relative to an arbitrary datum {elevation 

head}. 

(
Ll l l': ).) (Mu)) D.h = -- + -- + D.Z 

2g pg 
[3.7] 

Due to the low flow velocity present in many practical seepage problems and 

permeability tests the velocity head is negligible in comparison to pressure head and 

elevation head. Lambe and Whitman {1979} state that for fluid flow through soils 

velocity head is much to small to be of any consequence and can therefore be 

neglected. 

With consideration of equation 3.6 and 3.7, seepage velocity can be represented by the 

following relationship : 

pg 
t' = K-

[3.8] 
J.l 

Where 6u and j,J is the change in permeant pressure and the change in elevation over 

a distance L, parallel to the direction of fluid flow across the permeated medium 

respectively. Rearranging 3.8, an expression that relates energy gradient per unit 

volume of flu id as the driving force for flow {i.e. energy difference} can be derived and 

contrary to hydraulic gradient, is directly proportional to gravitational acceleration: 

K ~(u + Z9P ) 
t' = - .. -------

f:J L 
[3.9] 

Because the intrinsic permeability relationship derived by Muskat {1937} is, regarded as 

valid under cond it ions of normal gravity then : 

hg 
kl~ = K

f:J 
[3.10] 

A relat ionship between Darcy's coefficient of permeability and energy gradient per unit 

volume of fluid can then be defined as: 

kl~ D. u + zgp) 
t' - - . --..:.---=~ 

- YIg • L 
[3.11] 

Where k1,g and } 1~ are Darcy' s coefficient of permeability at 19 and the unit weight of 

the permeant at 19 respectively. The use of equation 3.11 allows the interpretation of 
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the coefficient of permeability under conditions of elevated gravitational acceleration 

and is fundamental to the accurate analysis of centrifuge permeability tests. 

The Variation of Centrifugal Acceleration with Radius of Rotation 

As shown in equation 3.4, centrifugal acceleration, N9, is defined by eWc, resultantly 

the gravitational acceleration experienced by an element of soil or permeant will be 

directly proportional to its distance from the point of rotation. Centrifugal acceleration 

will therefore increase linearly across the depth of the soil mass, and for a small 

centrifuge will vary significantly between the top and bottom of the model or 

permeameter. 

In the predominant amount of cases of geotechnical modelling where the radius of 

rotation is large enough to accurately assume N as constant across the model length, 

then the coefficient of permeability can be obtained from using the observed seepage 

flow under elevated gravitational acceleration, Ng, with the commonly used analysis 

(i.e. Equations 2.1, 2.15 or 2.16, dependant on the flow conditions employed) and 

scaling that value by the factor • ~. As stated previously, Muir Wood (2004) indicates 

that provided the height of the model is less than approximately 0.1 times the radius of 

rotation then the variation in the acceleration field is regarded as acceptable. This 

assumption is however invalid for use in a small centrifuge, and due to the small size of 

the centrifuge utilised in this investigation, consideration of variation in centrifugal 

acceleration across any centrifuge test set-up must be taken into account to yield an 

accurate analysis of permeability values. The errors derived from disregarding the 

change in gravitational acceleration in analysis of centrifuge permeability testing is 

presented by Sharma and Samarasekera (2007). 
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Figure 3.11 - A free body of water under centrifugation. 

With reference to figure 3.11, and disregarding the effects of the change in centrifugal 

acceleration with radius of rotation thereby considering iV to be constant, the pressure, 

u, for any point, P, at a depth .3 in a free body of permeant of density, p, spun in a 

centrifuge at a rotational speed, (u, can be expressed as: 

[3.12] 

With reference to figure 3.11, and considering linear increasing centrifugal acceleration 

with rad ius the pressure, U, for any point, P, below the surface of a free body of 

permeant of density, p, spun in a centrifuge at a rotational speed, w , at a depth, z, with 

a distance, " from the point of rotation can be expressed as: 

[3 .13] 

Where Cl is a constant of intergration established by considering the zero pressure 

boundary cond it ion at the water surface. From figure 3.11 it can be seen that at the 

water surface r = R - h, therefore : 

pw· 
Cl = -T(R - h) ~ [3.14] 

and ; u( r) = P., • [1": - eR - h) :] [3.15] 
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Figure 3.12 - Pressure distribution in a free body of water under centrifugation. 
N = 200 at r = R. (modified after Sharma and Samarasekera, 2007) 

Figure 3.12 shows a comparison of pore water pressure distribution along a free body 

of water using equation 3.12 (i.e. disregarding the change in centrifugal acceleration) 

and equation 3.15 (i.e . accounting for the change in centrifugal acceleration). 

Presented is pore water pressure distribution for a radius of rotation, R, of 3.0m, 

consistent with the centrifuge utilised by Theriault and Mitchell (1997), and a R of 

0.2m, pertaining to the centrifuge used in this investigation, where the depth of water, 

h, is 100mm, and , ..... is 200 achieved at r - R in both cases. From figure 3.12 it can be 

shown that the pressure distribution created along any given head of water while 

under rotation in a centrifuge can be significantly underestimated if the change in 

centrifugal acceleration with radius of rotation is not taken into account. Also indicated 

is that the error in simply scaling fluid pressure, (or for that matter permeability 

derived from permeant flow), by a value I • is exacerbated the smaller the centrifuge 

utilised. 
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The errors derived from assuming constant centrifugal acceleration and using the 

scalling factor N in centrifuge permeability analysis is discussed in a note by Sharma 

and Samarasekera {2007} . They make reference to the work of Singh and Gupta {2003} 

who utilised a 315mm radius centrifuge to carry out centrifuge permeability tests using 

the failing head apparatus detailed in f igure 3.9. Singh and Gupta {2003} did not 

consider the variation of centrifugal acceleration with radius across their apparatus but 

instead used the general equation for permeability calculation from a falling head test 

{equation 2.15} and compared it with other conventional permeability tests conducted 

at normal 19 level. Sharma and Samarasekera {2007} indicate that the results of Singh 

and Gupta {2003}, when scaled by the factor N, show an underprediction of 

permeability values obtained from centrifuge testing in comparison with values 

obtained from conventional tests, and suggest that it is plausible that the use of a 

constant glevel in the analysis is the cause of the error in the results they presented. 

As indicated by equation 3.11 an accurate calculation of fluid pressure is essential to 

the correct determination of the coefficient of permeability from centrifuge 

permeability tests, and therefore change in centrifugal acceleration with change in 

radius of rotat ion is taken into account in the analysis of centrifuge permeability data 

obtained from this investigation . The analysis of centrifuge permeability results for the 

apparatus designed and utilised in th is investigation is presented in detail in later parts 

of Chapter 5. 

This literature survey presented in this section highlights that centrifuge testing can be 

developed as a valid means of determining the permeability of fine grained soils in a 

significantly shorter duration than permitted by conventional bench top testing 

methods. To date, a major disadvantage associated with centrifuge permeability 

test ing in comparison with other methods has been the inability to automatically 

record flu id flow during the test . As part of this research investigation a prototype 

centrifuge permeameter has been developed with the capability of in-flight data 
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acquisition of permeant inflow and outflow during testing. Preliminary tests have been 

carried using designed rigid walled and flexible walled permeameters compatible with 

the small bench top laboratory centrifuge available at Queen's University, Belfast soil 

laboratory. A detailed description of the equipment produced for centrifuge 

permeability testing is given in Chapter 5. 
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Chapter 4 - Accelerated Permeability: Testing Program, Sampling, 

Equipment and Experimental Setup 

This chapter provides a detailed discussion on aspects of the investigation into the AP 

investigation undertaken in this study. Firstly, details of the testing program adopted 

are presented. A discussion on the sampling procedure is given including; material 

selection and suitability assessment, measured soil characteristics of selected materials 

used, compaction method adopted, and details of compacted samples. The equipment 

used and experimental set-up is detailed for both AP and collaborative tests. Finally a 

description of the post test analysis of soil structure is given. 

4.1 Experimental Testing Program 

The preceding chapter included a detailed review of previous investigations into the AP 

testing method. This review highlights concerns relating to the general underprediction 

of permeability values obta ined from AP tests, and a postulation is made that this 

underpred iction may be due to effects on soil fabric caused by the differences in stress 

paths experienced between samples tested using the BS and AP testing method. 

Consequently it was concluded that this investigation should include further study into 

the va lidation of the AP test as an alternative to the BS test. It is hoped that the results 

obta ined from the tests outl ined in this section, including an investigation of the factors 

and cond itions that most greatly affect the divergence of AP test results from those of 

equivalent BS tests, will prove useful to Construction Quality Assurance Engineers when 

making informed decisions on the suitability of AP testing method for use. 

To study the va lidation of the AP testing method a large quantity of permeability 

testing has been carr ied out using both the AP and BS testing methods to measure the 

comparative permeabilit ies of analogous compacted samples. To investigate the 

influence of soil type on the validity of AP test, the samples tested are compacted from 
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a total of four different soil materials. As discussed in the next section, the soil material 

selected for this study provides an investigation of soils with characteristics 

representing the variation of material characteristics of soils commonly deemed 

suitable for construction of compacted mineral liners. The materials selected for this 

investigation are: 

• Belfast Upper Boulder Clay {BUBC} 

• London Clay {LC} 

• Ampthill Clay {AMC} 

• Glacial Till (GT) 

As discussed previously it has been hypothesized that results from AP tests more 

greatly underpredict those of comparative BS tests when carried out on samples with a 

more prevalent aggregation or macrostructure. It should be noted that this may 

represent a grave concern for the validity of AP test as samples with a more prevalent 

macrostructure hold greater prevalence for inter-aggregate flow and have a higher 

permeability. These samples therefore represent conditions that are of greatest 

concern regarding confirmation of permeability below the maximum allowed threshold 

stipulated by environmental regulators. This means that a sample with a coefficient of 

permeability, derived from a BS test, slightly above the threshold value may be wrongly 

represented as conforming to regulations (i.e . at or below the threshold value) if 

underpredicted by a comparative AP test. For this reason the experimental program 

has been designed to investigate samples with varying fabric makeup concentrating on 

samples compacted at or below optimum moulding moisture content. 

An alteration of the existing AP testing method, whereby the initial confining and 

applied total pore water pressures are ramped over a given time period, as opposed to 

being applied in one step, has also been hypothesized as an improved alternative 

method of AP testing {hereby referred to as the Ramped Accelerated Permeability test 

97 



Chapter 4 - Accelerated Permeability: 
Testing Program, Sampling, Equipment and Experimental Setup 

or RAP test) which could reduce disturbance on soil fabric. As a result a series of RAP 

tests have been completed in conjunction with BS and AP tests on comparative 

samples to investigate the possibility of testing procedure improvement. 

To analyze the effects of the permeability testing method on soil fabric, a number of 

fabric observations were made on specimens selected from post test samples using a 

Scanning Electron Microscope. In addition further analysis was carried out using 

Mercury Intrusion Porosimetry tests on a select number of specimens in an attempt to 

quantify any changes in Biomodal structure as a result of the permeability testing 

method adopted . 

Details of the testing program conducted as part of the Accelerated Permeability 

investigation, presented in this thesis, are specified in table 4.1. 

Table 4.1- Testing Program for the Accelerated Permeability test investigation 

Soli Material Permeability Testing Soil moulding moisture content at Compaction 

Method Dry of Opt. Opt Wet of Opt 
BS v 

SUBC AP v 

RAP v 
None SEM + MIP SEM + MIP SEM + MIP 

SS v+SEM+MIP v + SEM + MIP v + SEM + MIP 
LC 

AP v +SEM + MIP v + SEM + MIP v + SEM + MIP 

RAP v +SEM + MIP v + SEM + MIP v + SEM + MIP 

None SEM + MIP SEM 

SS v + SEM + MIP v+SEM 
GT 

v +SEM + MIP v+SEM AP 
RAP v+SEM+MIP v+SEM 

None SEM + MIP SEM --
v+SEM BS v+SEM + MIP 

AMC 
v + SEM + MIP v+SEM AP 

RAP v+SEM v+SEM 
v - Permeability test carried out 

SEM - Post-test fabric analysis by Scanning Electron Microscope 
MIP - Post-test fabric analysis by Mercury Intrusion Porosimetry 

It should be noted that the total pressures for AP tests and comparative BS tests 

utilised in this investigation differ from those used in the previous work presented in 
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the Environmental Agency R&D Technical Report Pl-398/TR/1 and Pl-398/TR/2 (2003). 

Pl-398/TR/2 - 'Procedure for the Determination of Permeability of Clayey Soils in a 

Triaxial Cell Using the Accelerated Permeability Test', stipulate that the total pressures 

used for the AP test, are 300, 425 and 550kPa for the outlet (top) back pressure, inlet 

(bottom) back pressure, and cell confining pressure, respectively. Therefore, an applied 

pressure differential of 125kPa creates an upward flow through the sample equating to 

a hydraulic gradient, i, of 125 for a sample at the stipulated length of 100mm. 

Additionally the average effective pressure applied to the sample is 187.5kPa. 

The finial total pressures applied for the AP, RAP, and BS tests detailed in table 4.1 

were: 

• Outlet (top) back pressure - 600kPa 

• Inlet (bottom) back pressure - 620kPa 

• Cell confining pressure - 660kPa 

The total pressures used in this investigation yield a lower effective pressure of 50kPa 

and a lower hydraulic gradient, i, of 20 for the 100mm length samples tested. There a 

number of reasons why the total pressures used in this investigation differ from those 

employed in the initial work published by the Environmental Agency. The reasons to 

alter the total applied pressures were made firstly with the aim to the limit variables 

between collaborative tests that are known to effect permeability measurements. 

Secondly, the chosen total pressures employed, although representing the pressures 

that are commonly employed in mineral liner laboratory permeability tests, also 

represent a worst case scenario, based on the previous hypothesis made, that would 

show the largest divergence between results of AP and collaborative BS tests. 

The effects of changes in applied effective stress on permeability results obtained have 

been discussed in the review of relevant literature (in section 2.3.3), and also 

specifically with respect to AP tests (in section 3.1.1 and 3.1.2). A conclusion of 

previous research presented in Pl-398/TR/l was that effective stress has a marked 
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influence on permeability values, and for the reduction in effective stress investigated 

in the original research (from 187.5kPa to 75kPa) an increase by an approximate factor 

of 4 was noted for BS tests. The results from collaborative AP tests were not as greatly 

affected under the specified change in effective stress. For this reason the hypothesis 

was made (in section 3.1.1) that the divergence of results between AP and BS tests will 

become more prominent as the applied effective pressure decreases. 

The effective pressure applied in laboratory permeability testing for the validation of 

mineral liners is generally specified by the landfill engineer and the chosen value is 

directly related to the overburden pressures expected in the liner by overlying waste. 

The effective stress of SOkPa utilised in this investigation was justifiably chosen as it 

gives good representation of an approximate minimum value commonly employed in 

mineral liner tests (Peirce et al., 1986). From the hypothesis stipulated previously it is 

expected that the effective pressures utilised will provide a realistic worse case 

condition for the comparability of AP and RAP test results with those of analogous BS 

tests . 

As can be noted, total confining pressure has been increased from 550kPa from the 

original investigation to a value of 660kPa. The reason being to ensure consistency of 

applied total confining pressure for AP and RAP tests with those imposed in the 

collaborative BS tests. Normally the finial confining pressure imposed in a BS test 

during the permeability stage is dependent on the number and magnitude of applied 

pressure increments during the saturation stage. As soon as a specimen reaches 

saturation, established by observation and calculation of Skempton's pore water 

coefficient, B, then the consolidation and subsequent permeability stages can proceed 

regardless of the magnitude of confining pressure. In general, the lower from optimum 

the moulding moisture content is at compaction, the higher the percentage of air voids 

and the lower the degree of saturation of the compacted sample. Furthermore, the 

lower the degree of saturation the greater the number of pressure increments required 

100 



Chapter 4 - Accelerated Permeability: 
Testing Program, Sampling, Equipment and Experimental Setup 

at the saturation stage to reach saturation and the greater the required finial 

magnitude of confining pressure imposed. It should be noted that when the sample is 

fully saturated any increase in confining pressure will have no effect on soil structure as 

long as drainage from the sample is prevented, however any decrease in confining 

pressure may lead to the release of dissolved air in the permeant leading to 

desaturation of the sample and a reduction in the permeability value obtained. As a 

proportion of the samples tested in this investigation are compacted dry of optimum, it 

was predicted that the confining pressures required to meet saturation may be 

relatively high and, as such, a standardised total confining pressure of 660kPa was 

deemed sufficient to ensure saturation of all samples being tested. 

As previously indicated, to mitigate the effects of large applied hydraulic gradients 

(detailed in section 2.3.3), BS 1377: pt 6: 1990 recommends a maximum hydraulic 

gradient of 20 for fine grained soils. Resultantly this is the maximum hydraulic gradient 

generally utilised by commercial soil testing laboratories when carrying out BS 

permeability tests on mineral liner samples. For this reason a hydraulic gradient of 20 

was chosen for AP and RAP tests to eliminate hydraulic gradient as an experimental 

variable, thereby allowing direct comparison of those results with results of BS tests 

carried out under conditions that are representative of those applied in industry. 

It may be possible that the use of a large hydrauliC gradient of 125 in the original AP 

test investigation reduced the time taken to reach sample saturation and steady state 

flow thereby reducing the total test duration. The author is aware that it is possible 

that, for the AP and RAP tests carried out in this investigation, the lower hydraulic 

gradient utilised may lead to an increased time to reach steady state flow resulting in a 

longer test duration than would otherwise be experienced when using the pressures 

specified in the original investigation. However the author believes that use of a 

hydraulic gradient that is comparable with that commonly employed in BS tests is both 

justified and necessary as the experimental program detailed in table 4.1 has been 
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designed primarily to investigate the effects of the different testing methods and their 

imposed stress paths on soil structure and the resultant permeability values derived. 

In an exception to the rest of the testing carried out in this investigation, a number of 

additional AP tests were carried out at varying hydraulic gradients of 20, 40 and 70 on 

samples of BUBC compacted at optimum moulding moisture content to examine the 

effect of a reduced hydraulic gradient on both testing duration and value of 

permeability derived. These additional tests are detailed in table 4.2. For this series of 

testing both inlet and outlet back pressures are diverged by equal increments to 

impose the hydraulic gradient necessary, thereby maintaining an average effective 

pressure of 50 kPa and total confining pressure of 660 kPa in accordance with all other 

AP tests carried out as part of this investigation. 

Table 4.2 - Testing Program for additional AP tests investigating hydraulic gradient variation 

I Soil Applied Pressures 
Average 

Soil 
Permeability moulding Outlet Inlet (bot) Cell 

Effective Hydraulic 
Material 

Testing moisture (top) back back (conf) 
Pressure Gradient 

Method content at pressure pressure Pressure 
(kPa) 

Compaction (kPa) (kPa) (kPa) 

600 620 660 50 20 
BUBC AP Optimum 590 630 660 50 40 

575 645 660 50 70 

The results of tests outlined in this section are presented and discussed in Chapter 6. 

The factors related to the production of samples, including material selection and 

classification and the compaction procedure adopted are provided in the following 

sections. 
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4.2 Sample Production 

The sampling procedure is an essential component of any research project; this is 

especially true of an investigation into permeability due to its natural high variability in 

comparison with other soil properties. As stated previously there are many 

characteristics and applied conditions (detailed in section 2.2 and 2.3) that affect the 

permeability of a tested sample, and for this reason stringent controls in sample 

procedure have been adopted to ensure production of comparable samples with as 

identical as possible initial conditions and repeatability between designated samples. 

The testing of undisturbed natural specimens would involve unknown variation in the 

initial characteristics; therefore samples representative of the conditions commonly 

found in a mineral liner have been compacted in the laboratory using natural material. 

4.2.1 Material Selection 

In the construction of a landfill mineral liner the low permeability requirement 

represents the controlling parameter in the selection of suitable materials. As 

described in section 2.2 and 2.3 the permeability of a compacted clay is dependent 

upon a number of factors, the main ones being its material characteristics and other 

factors that relate to the derived fabric, such as density, moulding moisture content 

and compaction method. The 'suitability' of a soil material for use as a mineral liner is 

dependent upon its plasticity, clay content, and material variability. 

Both Murray et al. (1993) and Jones et al. (1995) describe the relation of plasticity of 

soil material to its suitability for use as a compacted soil liner. Figure 4.1 shows both 

the commonly used plasticity characterisation chart and a related chart defining the 

suitability of materials for use as mineral liner in relation to plasticity characteristics. 
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Figure 4.1- Plasticity and suitability of soils for use as mineral liners (after Jones et al.., 1995) 

The A-line, as shown in figure 4.1, is known as the division line between clays (above) 

and silts (below) in terms of material plasticity. Jones et al. (1995) define silts as 

unsuitable, in accordance with the National Rivers Authority Groundwater Protection 

Policy {1992}, due to the generality that their compaction will lead to an inherently 

greater permeability. However Jones et al. (1995) does point out that some soils 

defined as silts from plasticity classification can in reality meet the minimum 

permeability criteria if adequately compacted within an acceptable moisture content 

range . Conversely clays that plot above the A-Line are deemed suitable or marginally 

suitable in terms of plasticity. 
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Materials with high PI classified as marginally suitable in figure 4.1 were deemed so in 

accordance with criteria defined by the Department of Transport (1991) for modern 

earthworks plant, as materials within these limits can give rise to problems with 

stability, deformation and compaction. Murray et al., (1992) suggest that there is a 

notable increase in permeability with a decrease in PI below 12%, hence clays with a PI 

below 12% where deemed marginally suitable. Both Murray et al. (1993) and Jones et 

al. (1995) suggest that if a material is deemed unsuitable under the criteria of plasticity 

then it is unlikely to reach the acceptable minimum permeability criterion. However, 

due to the effects of moulding moisture content and density on permeability, 

compaction of a 'suitable' material does not necessarily mean that it will be acceptable. 

To meet the conditions of material suitability guidelines published by the NRA stipulate 

clay content (Le . particle size less than 0.002mm) greater than 10%. Additionally where 

a material's plasticity varies significantly over relatively short durations or depths then 

it should be classified as marginally suitable or unsuitable, due to the demand for the 

compaction of homogeneous low permeability liner across the all of the required area 

(Murray et al. 1993). 

To ensure that samples produced and tested would be representative of the soil 

materials commonly used in the construction of mineral liners, the material utilised in 

this research were selected under the accordance that the material characteristics 

were likely to meet the suitability criteria specified by figure 4.1. A total of four 

different soil materials were sourced from different localities across the UK. As 

previously noted the soil materials investigated in this research are: 

• Belfast Upper Boulder Clay (BUBC) 

• London Clay (LC) 

• Ampthill Clay (AMC) 

• Glacial Till (GT) 
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Belfast Upper Boulder Clay (BUBC) 

The BUBC used in this research was obtained from a series of five different boreholes 

taken from a site investigation situated in central Belfast City. The site investigation was 

undertaken by Glover Site Investigation Ltd and samples were obtained from depths 

ranging from 11 to 18 mBGL. 

Research has been ongoing for the last number of decades at the Queen's University of 

Belfast on the geotechnical properties of BUBC. BUBC underlies large areas of Belfast, 

and due to the poor quality estuarine clays (locally termed 'Belfast Sleech') that overlay 

this deposit it is an important load-bearing stratum for the many pile foundations in 

Belfast. It should be noted that the term Upper Boulder Clay is a name applied 

somewhat loosely by the local construction industry to any glacial material in the 

Belfast area above the easily distinguishable Lower Boulder Clay, however the material 

obtained from this investigation is from the glaciolacustine deposit laid down in a 

glacial lake that covered all of Belfast and some surrounding provinces, which, despite 

its name, generally contains very few cobbles or boulders. At its maximum extent the 

glacial Lake Belfast covered approximately 150 km 2
, and deposit thicknesses of around 

10 m are not uncommon in central Belfast (Doran, 1992). After deposition the material 

was subsequently consolidated by the readvancment of large ice sheets before the 

deposition of the overlying Belfast Sleech. 

BUBC is a firm to stiff, overconsolidated, red-brown silty clay, which is sometimes 

fissured, especially when it occurs near the ground surface. Due to conditions at 

deposition, it contains layers of laminated clay, particularly near the base of the 

deposit. The predominant clay mineral present in the BUBC material is illite 

(Navaneethan and Sivakumar, 2002; Sivakumar et al., 2009). 

Doran (1992) presents plasticity data for a range of samples, taken at different 

localities across Belfast, for the BUBC deposit. These results are plotted in figure 4.2. It 
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can be seen that although plasticity varies throughout the deposit, all data indicates 

that BUBe conforms to the 'suitability' criteria (indicated by the shaded area) outlined 

by Jones et al. (1995). Average PI and LI for the BUBe deposit can be estimated at 35% 

and 60% respectively. 
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Figure 4.2 - Plasticity results for the BUBC deposit (modified after Doran, 1992) 

Navaneethan and Sivakumar (2002), reporting results of particle size distribution of 

BUBe using sieve and sedimentation analysis, indicate percentage contents of clay, silt 

and sand to be approximately 60%, 38% and 2% respectively. 

London Clay (le) 

As with the BUBe material, the Le material used in this investigation was supplied by 

Glover Site Investigation Ltd . Again material was taken from a range of 5 different 

boreholes. The site investigation was carried out in central London. Material was taken 

from a variety of depths ranging from 10 to 25mBGl. 
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LC is a marine formation of early Eocene age, laid down approximately 52-55 Ma. The 

depositional area of the formation covers both the London and Hampshire Basins, and 

varies considerably in thickness over the London Basin; thinning westward from 

approximately 150 m in Essex and Northern Kent to approximately 5m in Wiltshire 

(Freitas and Mannion, 2007). King (1981) indicates that within the LC formation a total 

of 5 different sedimentary cycles are present, with abrupt changes in coarse-grain 

content between layers, resulting from a series of marine transgressions followed by 

gradual shallowing of the sea during deposition. Pantelidou and Simpson (2007) state 

that, due to mass surface erosion, in general only deposits resulting from the first two 

sedimentary cycles are now present in central London where the LC deposit reaches a 

maximum thickness of approximately 40m . 

London Clay is a firm to stiff, grey-brown, overconsolidated, silty clay. As with BUBC it is 

sometimes fissured, and in addition can contain nodules of both pyrite and gypsum. X

Ray Diffraction Analysis of the LC deposit from central London indicate only slight 

variation in mineralogy between sedimentary cycles, with the predominant clay 

minerals being IIlite and smectite, however small amounts of Kaolnite and Chlorite are 

also present (Gaspaere et al., 2007). 
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Figure 4.3 - Plasticity results for the Le deposit (modified after Pantelidou and Simpson, 1992) 

Pantelidou and Simpson (2007) present plasticity data for a large quantity of LC 

samples, taken at different localities across central London. These results are presented 

in figure 4.3, and indicate that plasticity varies significantly throughout the deposit. 

Data from figure 4.3 indicates that the majority of LC plasticity results conform to the 

suitability criteria (indicated by the shaded area) outlined by Jones et al. (1995) . 

However a proportion of results indicate parts of the London Clay formation would be 

unsuitable as they correspond to a silt classification. It is probable that the results 

indicating unsuitability are due to sampling in the upper parts of a sedimentary cycle, 

where during deposition sea levels where low and a greater proportion of granular 

material was deposited. For this reason, the LC formation should be used with caution 

in the construction of a mineral liner, and concern should be given to the locations of 

material excavation in regards to the bands of granular material present in the 

formation . From figure 4.3, an average PI and II for the LC deposit can be estimated at 

40% and 70% respectively. Particle size analysis of LC, carried out by a number of 
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authors indicate clay contents to vary between 45 - 58 % (Gasparre et al., 2007; 

Gourvenec et al., 2005; Navaneethan, 2003) . 

Ampthill Clay (AMC) 

The AMC material used in this investigation was supplied by Murray Rix Ltd., a 

Geotechnical and Geoenvironmental Company and research contractors for the initial 

investigation into the AP test. AMC material has been recently used as a liner material 

at a landfill site in the Midlands, UK (Sivakumar et al., 2009). 

AMC is a marine formation of Jurassic age, laid down approximately 155 Ma. It is a pale 

to medium grey mudstone with argillaceous limestone nodules is overconsolidated and 

typically fissured. The AMC formation is present across areas of middle, southern and 

eastern England, outcrop ping in Bedfordshire, with varying thicknesses ranging to a 

maximum of 90m, although large areas of the formation have been extensively eroded. 

There are not many published works regarding the engineering properties of AMC, 

however Cripps and Taylor (1981) report PI and LL percentages at 49 and 79 

respectively, indicating a clay of very high plasticity, which suggests compatibility with 

the suitability criteria specified by Jones et al. (1995). In addition other published data 

indicates AMC has a high clay content, at approximately 70% (Reeves and Cripps, 

2006) . 

Glacial Till (GT) 

The GT material used in this investigation was obtained from a Landfill site in Dunleer, 

Co. Lough, Ireland. At the time of sampling, preliminary earthworks were underway for 

the construction of a new cell and excavation had been completed exposing the base 

on which a composite landfill liner was to be constructed. The excavation cut into the 

existing Dunleer GlaCial Till formation, with the intention to process some of the 

excavated material for use as a compacted mineral liner. 

110 



Chapter 4 - Accelerated Permeability: 
Testing Program, Sampling, Equipment and Experimental Setup 

The Dunleer Till formation was formed during a major ice readvance in Northern Co. 

Louth, and comprises two different till members, the lower Dunany Member and upper 

Dunleer Member as described by McCabe {1973}. The material selected for this 

investigation corresponds to the description given by McCabe of the lower Dunany 

Member; yellow brownish-grey in colour, with a small coarse fraction consisting of grey 

siltstones and sandstones. Particle size analysis reported by McCabe {1973} on a total 

of 7 samples taken from different locations in the Dunany Member are presented in 

table 4.3 . 

Table 4.3 - Mean of Particle Size Range for the Dunany Member of Dunleer Till Formation 

Particle Size Range Mean % from a range of 7 samples 

Peebles and Cobbles >2.0 mm 6.9 

Sand 2.0 - 0.02 mm 12.1 

Silt 0.02 - 0.002 mm 39.0 

Clay <0.002 mm 42.0 
(After McCabe, 1973) 

No published works were found regarding the plasticity or mineralogy of the Dunleer 

Glacial Till formation however the relatively large clay content would suggest suitability 

for compaction as a clay liner. 

4.2.2 Material Characteristics 

Approximately 70kg of material (wet mass) was obtained for each of the soil types to 

be investigated. Materials were firstly broken down to a maximum clod size of 

approximately 50 mm and then oven dried at a temperature of 75 - 80°C for a 

minimum duration of 72 hours. Each subsequently dried material was then further 

crushed by hand using a tamping hammer to fragments <5mm by sieving, with any 

remaining gravel >5mm discarded. All proportions of the BUBC, LC and AMC materials 

were crushed to fragments <5mm and only a small proportion of gravel >5mm was 

discarded from the GT material. After crushing all materials were mixed thoroughly to 

ensure uniformity and stored in 8 individually labelled 20 litre lidded containers (2 

containers for each material) until further use. 
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In the event of divergence of results of corresponding BS, AP or RAP permeability tests, 

knowledge of the mineralogy and other geotechnical classifications of the tested 

material are important for two reasons . Firstly it may provide indications to the causes 

of divergence and secondly it allows speculation of the validity of the permeability 

testing methods for use on other material types that have comparable characteristics. 

For these reasons, after recovery and screening, classification testing and X-ray 

diffraction to determine material mineralogy were carried out on each soil material. 

The classification tests carried out for each soil material are detailed in table 4.4, along 

with the testing method adopted . 

Table 4.4 Cl 
Test 

assification Tests Undertaken 

----
Slevln81 
n (Hydrometer) 

Grading (Wet 

Sedimentat io 

Part icle Dens 

Ligui9 Limit 
Plast ic Limit 

ity 

- - -

Testing Method Adopted 

651377:1990 pt 2 Clause 9.2 
651377:1990 pt 2 Clause 9.5 
651377:1990 pt 2 Clause 8.3 

651377:1990 pt 2 Clause 4.3 
~ 

651377:1990 pt 2 Clause 5.3 

No. of Tests Carried out per 
Material 

1 
1 
1 
3 

3 

The particle size distribution and plasticity classification for each material are plotted in 

figures 4.4 and 4.5 respect ively. Table 4.5 summarises the properties for each material. 
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Figure 4.4 - Particle Size Distribution of the materials used in this investigation 
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Figure 4.5 - Plasticity Characterisations of the materials used in this investigation 
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Table 4.5 - Summary of Material Properties 
Particle Liquid Plastic 

Plasticity 
Particle Size Distribution (%) 

Material Density Limit Limit 
Plasticity 

Activity 

Mg/m 
3 (%)* (%)* 

Index Classification Sand Silt Clay 

BUBC 2.66 58 18 40 CH 7 32 60 0.67 

LC 2.65 61 22 39 CH 21 30 49 0.80 

AMC 2.60 79 33 46 CV 5 29 66 0.70 

GT 2.71 32 17 15 CL 27 28 28 0.53 
• Result shown are an average of three tests 

Results of grading analysis, by wet sieving and hydrometer sedimentation, are 

presented in figure 4.4 and resultant proportions of sand silt and clay fractions 

summarised in table 4.5. The gradings presented indicate that all selected soils have a 

clay dominated matrix on compaction; a characteristic sympathetic to the achievement 

of low permeability. 

Particle density analysis was carried out for each soil using the small pykonometer 

method as described in BS 1377:1990 Pt 2 Clause 8.3. The results are summarised in 

table 4.5 . Particle density values are used to calculate the percentage air voids of 

compacted samples and allow a quantification of the degree of saturation for samples. 

Due to the inherent variability, and the operator effects associated with results of 

plastic limit tests, three sets of Atterberg limit tests were completed for each soil 

material. One set of tests were carried out by the author, while two other sets were 

carried out by two colleagues from the Queens University Belfast Soil Testing 

Laboratory. Determination of liquid limits were carried out using the cone 

penetrometer method (definitive method) as specified in BS1377:1990 Pt 2 Clause 4.3. 

Determination of plastic limits were carried out using the method specified in 

B51377:1990 Pt 2 Clause 4.3. An average of the results of liquid limit and plastic limit 

tests are plotted in figure 4.5 and summarised in table 4.5. Individual results of either 

liquid limit or plastic limit tests for each sample tested did not deviate by more than 3% 

between operators. 
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In terms of plasticity classification all materials would be deemed suitable for use as a 

compacted mineral liner, as indicated by the shaded area in figure 4.5, subject to 

material acceptance testing. Results from Atterberg limit tests indicate that GT material 

is clay of low plasticity; however, is close to the limit defined as intermediate plasticity. 

BUBC and LC materials yield similar Atterberg results and are defined as clays with a 

high plasticity. AMC material is defined as clay with very high plasticity. Comparison of 

results from the selected materials show a wide divergence of plasticity classification. 

This divergence was intentional during selection of suitable materials and allows an 

investigation encompassing soils with properties ranging across the limits of those 

general utilised in mineral liner construction. 

As discussed previously in section 2.2.3 the Atterberg limits are indices of the quantity 

of clay-size particles and their mineralogical composition; the greater the quantity of 

clay particles or the higher surface activity of the clay particles, the higher the liquid 

limit and plasticity index (Mitchell, 1976). Consequently, where flow is affected 

primarily by micro fabric, there is a relationship between Atterberg limits and 

permeability; with all other factors being equal, as plasticity increases permeability 

decreases. 

Mineralogy 

As discussed in section 2.2.3 clay minerals present in a soil can vastly affect the 

resultant permeability. To assess the minerals present in each sample a mineralogy 

investigation was carried out at Queens University Belfast materials testing laboratory 

using X-Ray Diffraction (XRD) analysis. 

XRD mineral analysis works on the principal that detectable constructive interference 

(diffracted rays) are generated when monochromatic X-rays are directed onto the 

crystalline structure of a mineral. The interaction of the incident rays with the sample 

produces constructive interference (and a diffracted ray) when conditions satisfy 
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Bragg's Law (n t...=2d sin 8). This law relates the wavelength of electromagnetic radiation 

to the diffraction angle and the lattice spacing in a crystalline sample. These diffracted 

X-rays are then detected, processed and counted. By scanning the sample through a 

range of 28angles, all possible diffraction directions of the lattice are attained due to 

the random orientation of the powdered material. In general each mineral has a set of 

unique d-spacings, which can be compared with standard reference patterns, therefore 

conversion of the diffraction peaks (illustrated in figure 4.6) to d-spacings allows 

identification of the mineral. 

In some cases there can be ambiguity in the identification of certain minerals from the 

peaks generated by XRD analysis. This is particularly true in the identification of 

common clay minerals within a natural soil. For example the angle of the diffraction 

beams generated by smectite and chlorite minerals are very similar and can be 

indistinguishable from each other. Th is problem is overcome by various chemical or 

heat treatments (shown in figure 4.6), as described by Jackson (1985), that will either 

sh ift, remove, reduce or enhance the resultant diffraction beams generated during 

reanalysis by XRD. The effects of these treatments are mineral dependant and 

therefore, on comparison, can confirm or refute the presence of certain minerals. 

Sand, silt and clay fract ions were separated by sieving and centrifuge induced 

sed imentation before analysis. The clay fractions of each material underwent various 

treatments according to the New Zealand Soil Survey Manual procedure for clay 

mineralogy determination (Jackson, 1985). The clays were then plated on to glass slides 

accord ing to Drever (1973) and the treated clay fractions were analysed by XRD. 
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Figure 4.6 - Mineralogy Analysis of clay particles present 
in the materials used in this investigation 

Figure 4.6 shows results from XRD analysis on the clay fractions of each sample. The 

peaks generated by XRD analysis on the clay fraction of the soils used in this 

investigation have been labeled corresponding to the representative mineral; with 5, I, 

Cl and K representing the minerals smectite, illite, chlorite and kaolinte respectively. 

Illite and kaolinite are present in the clay fractions of all samples, while smectite is 

present in all but the GT clay fraction and chlorite is present in all but the AMC clay 

fraction. 

In addition the silt and sand particles were ground and analyzed by XRD. Results 

indicate that these fractions contain virtually the same mineralogies for each sample. 

Quartz, feldspar, and pyroxenes are present in silt and sand fractions of all samples 

while Calcite and Pyrite are present in both AMC and LC silt and sand fractions. 
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The mineral defined in each soil is common of those expected in many natural soils 

suitable for use as landfill liners. In addition, the mineralogy attained for each material 

corallites well with the mineralogy stated for those materials in reviewed literature, as 

detailed in the previous section. 

Compaction Characteristics 

As discussed previously (see section 2.3.2) the conditions during compaction have a 

large influence on the fabric of a soil and therefore the permeability derived. As 

compaction is a controlled parameter for the condition of each sample to be tested, it 

was important to determine the relationship between dry density and compaction 

moisture content (i .e. the compaction curve) . This curve is used to ascertain the target 

densities and moisture contents utilised during production of samples specified in table 

4.1. 

The chosen method of compaction for the production of samples was dynamic 

compaction to densities corresponding to those derived from standard proctor 

compaction method . For this reason evaluation of the dry density / moisture content 

relationship using the modified proctor compaction test or other compaction methods 

is not justified. 

Determination of dry density / moisture content relationship was carried out using the 

2.5 kg rammer for soils with particles up to medium-gravel size, as specified in 

BS1377 :1990 Pt4 Clause 3.3. Samples were compacted using a standard proctor mould, 

of nominal 1L capacity, with diameter 101.4mm and height 116.8mm. Three layers 

were compacted using 27 blows from a 2.5kg rammer dropped from a height of 

300mm . During compaction tests sufficient material was compacted to fill the mould 

body, with the surface not exceeding 6mm proud of the upper edge of the mould body. 
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To ensure reliable establishment of the compaction curve, two sets of compaction tests 

were carried out by the author for each soil, and a line of best fit plotted for the 

compaction curve. The dry density / moisture content relationship for materials BUBC, 

LC, AMC and GT are plotted in figures 4.7 - 4.10 respectively. The results plotted for 

analogous compaction tests in each material give good conformity, facilitating the 

production of well defined best fit compaction curves, enabling an accurate assessment 

of the optimum moisture content. 

Percentage air void lines of 0%, 5% and 10% have been plotted on compaction graphs, 

using the corresponding particle density values summarised in table 4.5. The 0% air 

voids indicates full saturation for a given particle density and for this reason the density 

/ moisture conditions of a particular soil cannot exist to the right of this line. The 

percentage air voids can be related to the degree of saturation, an influencing factor of 

permeability, as discussed in section 2.2.5 . 

The compaction criterion for sample production has been included for each material in 

figure 4.7 - 4.10. Dry of optimum, optimum and wet of optimum conditions have been 

shown where applicable . These markers indicate the target density / moisture 

conditions for compacted samples, as specified in table 4.1. 
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4.2.3 Sample Production Procedure and Quality Control 

Proctor compaction has been chosen for the compaction of samples in this 

investigation. Relevant literature (see section 2.3.2) indicates best compliance with 

typical degrees of compaction found in mineral liners (Daniel and Benson, 1990). In 

addition, as the results of this investigation are hoped to be of use to Construction 

Quality Assurance Engineers when making informed decisions on the suitability for use 

of AP testing, compaction by the proctor method is further justified as it is the most 

commonly used method of compaction in industry (Gallagher, 2009). 

The use of dynamic compaction does have a disadvantage over compaction by static 

methods, as there is inevitable uncertainty introduced in compacting material to a 

given density. With static compaction a rammer with nominally smaller diameter to 

that of the compaction mould can be used to compact soils of a given mass to layers of 

a desired thickness with a flat finished edge. However, with dynamic compaction 

excess material must be compacted as the top edge of the sample will always require 

trimming due to the uneven surface produced by the hammer. For this reason strict 

quality control of compaction to a given wet density, was adhered to in the production 

of samples. 

The moisture content at compaction is an important influencing factor in the resultant 

fabric of any sample and was therefore carefully targeted during sample production. 

After drying, crushing and sieving of the materials, each material was mixed thoroughly 

and stored in lidded containers, (as detailed in the previous section). It was noted that 

although the storage containers where lidded, dry materials were not sealed air-tight 

from the surrounding variances in humidity experienced in the non-temperature 

regulated soil preparation laboratory in which they were stored. Consequently all 

materials had a tendency to hydrate slightly over time, absorbing water from the 

surrounding air. The amount of water hydrated in each material is a function of its 

plasticity, clay content, and the relativity humidity in the air, resultantly the moisture 
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content of the 'dry' material fluctuated gradually over time. Maximum initial moisture 

contents recorded for BUBC, LC, AMC, and GT materials were 2.15%, 3.75%, 4.86% and 

1.10% respectively. 

The resultant increases in moisture content were measured and taken account of by 

oven drying a small sample (approximately 200g) of material for 24hrs prior to sample 

preparation . This initial moisture content value was then incorporated into the 

calculation for the water quantity required for the target moisture content at 

compaction . 

After attaining a value for the initial moisture content of the material, the first step in 

sample preparation was to add a measured quantity (± O.5g) of local tap water at 

ambient temperature to a known weight of clay material (± 0.5g), so as to achieve the 

desired target moisture content / wet mass (± O.5g) . Small proportions of water were 

added in stages and soil mixed thoroughly by hand in a mixing tray (approximately 

40cm by 40cm, initially clean and without major scrapes or rust). Care was taken not to 

spill or otherwise remove any soil mass from the mixture; powder free latex gloves 

were worn to limit soil mass sticking to hands during mixing. Once the desired soil mass 

had been reached, all wet material was removed from the mixing tray and reweighed in 

a second tray; this procedure was to assess the quantity of water (if any) that was 

absorbed by the original mixing tray with any difference in desired wet mass being 

compensated by additional water. 

As all soils used in this investigation are cohesive clays, clods were formed during the 

wetting of the material. The clod size present during compaction has an effect on the 

fabric produced and the resultant permeability measured (see section 2.3.4) and 

therefore was lim ited to a size of 20mm by passing through a test sieve during material 

wetting before compaction as stipulated in B51377:1990 Pt4 Clause 3.3. This procedure 

was carried out both during compaction tests and sample production. 
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Following its preparation the soil mixture was sealed immediately in an air tight plastic 

bag. A second air tight bag was placed over the first and the sample mixture was stored 

in a temperature controlled room for 48 hours, allowing the soil mixture to achieve 

moisture equilibrium before compaction. After equilibrium the soil mixture was 

weighed to ensure no loss of moisture, and was then ready for compaction. 

For the production of all samples the mass of soil mixture prepared was 40% in excess 

of that determined by targeted densities. After moisture equilibrium (and just before 

compaction) 30% of this 40% (i.e. 75% of the excess material) was separated, weighed 

and then oven dried for 24 hours to obtain a moisture content of the soil mixture at 

compaction . The remaining 10% of this 40% (i.e. 25% of the excess material) was 

incorporated with the remaining soil mass during compaction to account for the soil 

mass to be trimmed . 

As discussed previously in section 2.3.4 sample size and diameter to height ratio have 

an effect on permeability. For this reason all samples compacted for permeability tests 

outlined in table 4.1 and 4.2 were compacted in a mould with an internal diameter of 

101.4mm and were trimmed to a height of 100mm (± 0.5mm). This complies with BS 

1377:1990 pt 6, were sample dimensions of approximately 100mm height 100mm 

diameter are recommended . 

After compaction, samples were carefully extruded from the compaction mould using a 

hand operated Wykehan Farrance loading frame. As illustrated in figure 4.11, the 

sample, in its mould, was mounted on the loading frame pedestal on top of a solid 

aluminium cylinder with a marginally smaller diameter of 98mm. A split hollow 

aluminium cylinder with a 108mm internal diameter rested on the proctor mould and 

provided unrestricted entrance of the sample during downward loading on the mould. 

To reduce the stresses imposed on the sample during removal from the mould, a thin 
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film of silicon grease was applied to the inside wall of the compaction mould before 

compaction . 

Initial setup Removing sample 

Split 
Cylinder 

Sample 

loadlne Fra ...... 

Sample removed 

Figure 4.11 - Removal of samples from compaction mould 

After removal from the mould the top end of the samples were trimmed using a split 

mould of 100mm height. To reduce the effects of smear (see section 2.3.4) samples 

were cut with a sharp knife rather than being troweled during final trimming and were 

then lightly scoured with a wire brush. 

Before permeability testing, samples were wrapped in cling film, then placed in an 

airtight plastic bag and left to cure in a temperature controlled room for a period of 40 

hours (± 2hrs). As discussed in section 2.3.5, strict adherence to this time frame was 

observed to limit any possible divergence in samples due to thixotopic effects. The 

curring time allowed equalization of pore water pressures before testing. 

It was noted that on extrusion from the compaction mould, and during subsequent 

curing all samples had an increased diameter above that of the internal mould 
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diameter (i.e. lO1.4mm). This increase in volume is an uncontrollable variable 

dependent upon material properties and compaction conditions and may be attributed 

to an elastic expansion of the samples on removal of the confining stress imposed by 

the compaction mould. The elastic expansion of samples leads to a notable reduction in 

density from targeted values derived from compaction results. For this reason 

pertinence is on the accurate measurement of diameter and height during permeability 

test setup, to allow a calculation of initial sample total volume (and therefore dry 

density, void ratio etc.). As detailed in section 4.4, during permeability test set-up, 

sample diameter and length were measured to an accuracy of ±O.OSmm using a digital 

vernier caliper. 

Quantities of sample expansion are presented in Chapter 6, and volume measurements 

indicate that analogous compacted samples experienced very similar (if not the same) 

measurable elastic expansion. In addition, Chapter 6 presents a discussion on the 

factors attributable to this expansion and its effect on the measurement/calculation of 

permeability both for the results provided in this thesis and for permeability testing in 

industry. 

To allow a system of quality control, a comparison of measured sample densities with 

target values derived from compaction tests is required. As a result, when assessing a 

compacted sample for quality control, its elastic expansion and the resultant reduction 

in density was not considered (i.e. diameter of the sample was intentionally and 

incorrectly assumed to remain at lO1.4mm). The results of initial density calculations 

presented in the remainder of this chapter do not take into account the effect of elastic 

expansion. Instead, the initial conditions of samples prior to permeability testing are 

detailed and discussed in Chapter 6. 
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Quality Control of Sample Preparation 

The procedure during compaction and the relative quantity of compacted material for 

BUBC samples differ from that used for the rest of the compacted samples. The 

preliminary tests outlined in table 4.2 and tests carried out on samples of BUBC shown 

in 4.1 were completed before other tests on samples of LC, AMC and GT. After analysis 

of compacted BUBC samples, deviations from targeted dry density on initially 

compacted samples where noted and improvements were made to the sampling 

production procedure and quality control procedures during production of LC, AMC 

and GT samples. 

Corresponding to procedures for compaction testing, during production of the BUBC 

samples, sufficient material was prepared (as detailed above) and compacted to fill the 

mould body with the surface exceeding approximately 6mm (± 3mm) proud of the 

upper edge of the mould body. Following the procedure for standard dynamic 

compaction, the BUBC samples were compacted in three layers (of analogous mass), 

using 27 blows of the 2.5 kg hammer per layer. The samples were then trimmed to the 

level of the mould (height of 116.8mm) and the mass of the mould and sample were 

weighed. To meet the standard for quality control the compacted wet mass of the 

116.8mm height BUBC sample had to correlate with the corresponding calculated wet 

mass of a sample of analogous height and diameter to within a limit of ± 9g. This 

equates to an allowable error margin for compacted sample mass of approximately ± 

0.5% deviation. The target wet mass was calculated using the targeted moisture 

content value and a value for dry mass obtained from the best fit compaction curve 

shown in figure 4.7. If a compacted BUBC sample fell outside the stipulated error 

margin then it was abandoned and a new batch of material was wetted and left to 

equalise before compaction (as detailed above). 

After compaction BUBC samples are removed from the mould and trimmed to a length 

of lOOm m as detailed above . The procedure for compaction of BUBC, although 
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complying with relatively rigorous measures of quality control, was based on the 

assumption that compacted samples are uniform along there length. This assumption is 

not true, for the reasons detailed below, and for the early stages of this research 

project was not taken account of. 

Gau and Olson (1971) tested the uniformity of samples of laboratory compacted clay 

using penetration tests. Their results indicate that there is nonuniformity of individual 

compacted layers with a high degree of penetration resistance (i.e. high density) at the 

top of each layer wh ich then reduces with depth (i.e. a reduction in density) to the 

bottom of each layer. This is illustrated in figure 4.12, where penetration resistance 

stress is plotted along the depth of a sample (the darker the shaded area the higher the 

density) . 

/ 

20 30 40 50 60 70 

Penetration Resistance (kg/cm2) 

Figure 4.12 - Vertical non-uniformity of standard statically compacted clay samples (penetration 
results from Gau and Olson, 1972 - carried out on clay sample compacted at optimum MC) 

Gau and Olson (1971) also indicate that samples prepared dry of optimum are 

significantly less uniform than those prepared at optimum. Figure 4.13 shows a 

photograph of a sample of BUBC compacted at optimum moisture content as part of 
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this investigation. After compaction this sample was cut in half using a wire saw 

(without having undergone a permeability test) and variances in density are clearly 

visible in the photograph where dark areas indicate regions of intense compaction, cut 

by a wire saw, at the top of each layer. 

IH B< 

I) '11:\1l1!l1 \I( 

Figure 4.13 - Picture of a vertically split BUBC sample compacted at Optimum Moisture Content 

The region of high density in the upper area of each layer is due to direct impact of the 

compaction hammer causing increased moulding of clay clods. During trimming of 

BUBC samples the high density upper area of the top layer was removed leading to a 

decrease in total sample density when compared to target densities acquired from 

compaction testing (were sample lengths were greater at 116.8mm). 

Figure 4.14 illustrates the impact pattern imposed by the rammer during dynamic 

compaction and shows that there is an overlap of compactive force. This is highlighted 

in figure 4.14c where the darker the shading the greater the total compactive force 

imposed. As the rammer impacts more regularly within the central area of the sample 

than around its sides, there is unconformity of material density along the horizontal 
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plane, with the central proportion of the sample having higher density and lower 

permeability. Penetration tests carried out by Gau and Olson (1971) indicate that the 

centre of samples compacted by dynamic compaction are of higher density, with 

penetration resistance remaining constant from the centre to a point midway to the 

edge of the specimen and then drops of rapidly indicating a decrease in density from 

this point. 

4 

7 

a. b. c. 

Figure 4.14 - Rammer impact pattern during dynamic compaction (modified after Head, 1994) 

Silver and Joseph (1999), by analysing dynamically compacted samples permeated with 

fluorescein and photographed under ultra-violet light, have shown that the reduced 

density towards the outer edges of the sample creates increased permeation through 

this region; however, for clayey soils the effective is only significant at low moulding 

moisture contents. 

With relevance to this investigation, as the imposed permeant flow direction is 

perpendicular to the non-uniformity in the horizontal plane, and comparison of 

permeability values will occur only between analogous compacted samples, the non

uniformity In the horizontal plane can be considered as a controlled variable with 

regard to permeability results. However it is important to consider this non-uniformity 

on cutting of post test specimens for fabric analysis. The implications of non-uniformity 

with relevance to post test sampling is detailed later in this chapter, while its 
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implications with relevance to permeability testing in industry are discussed in 

Chapter 6. 

In accordance with good research practice, continuous assessment of results were 

carried out on a test by test basis; however, as the primary parameter under 

investigation was the permeability of compacted samples, the reduction in density 

caused by the trimming of 116.8mm high samples was overlooked until the completion 

of approximately 3/4 of the testing program for the BUBe material (equating to over 5 

months of continuous permeability testing). At this time the decision was made not to 

repeat permeability tests on compacted samples using an alternative compaction 

procedure, but to complete the remaining testing program for BUBe material using the 

same compaction procedure as per already completed tests. The author believes this 

decision is justified for the following reasons: 

• The main aim of the quality control procedure was to insure repeatability of 

compaction characteristics between corresponding samples. The densities of 

BUBe samples, although less than their original targeted densities, show good 

correlation with each other and therefore allow comparison of the effects of 

permeability testing procedure. 

• The majority of tests carried out on the BUBe samples form a preliminary 

investigation carried out into the effects of variance in applied hydraulic 

gradient and are therefore only compared with samples of Le, AMP and GT 

(were compaction procedure was altered) in a marginal sense. 

• BUBe samples were not selected for post test analysis by SEM or MIP (the non

uniformity of samples has implications regarding post test sampling for fabric 

analysis, discussed later in this chapter). 
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Figure 4.15 presents the moisture content / density relationship for BUBC samples 

tested in th is investigation, while specific values and sample identifications are detailed 

in table 4 .6. 
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f Table 4.6 - BUBe Sample Preparation r. MC T Wet mass Wet mass Moisture 
Dry Density 

Initial Air 
Test classif icat ion Identification in mould after Content· 

(Mg/m3
) 

Voids 
at comp. (g) trimming (g) (%) (%) 

AP Optimum BUBC·o·AP 1856 (+lg) 1525 23.04 1.5351 6.92 

AP Optimum BUBC' o-AP(h40) 1849 (·6g) 1523 23.53 1.5267 6.67 

AP Optimum BUBC-o-AP(h70) 1849 (-6g) 1519 23.25 1.5262 7.14 

AP Optimum BUBC·o·APr I 1850 (-5g) 1521 23.36 1.5268 6.93 

as Opttmum BUBC-o-BS 1849 (-6g) 1522 23.43 1.5265 6.85 

as Optimum BUBC-o·BSr 1848 (-7g) 1519 23.24 1.5262 7.15 

RAP Optimum BUBC-o-RAP 1850 (-sg) 1520 23.39 1.5255 6.97 - -
• Initial moisture content values back calculated from samples of post test cutti ngs 
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As non-uniformity of density distribution becomes more prolific with decreasing 

compaction moisture content from optimum, and further proposed testing included 

compaction of samples dry of optimum, it was decided to alter the compaction 

procedure for LC, AMC and GT samples. The compaction procedure was altered with 

the aims, firstly, to produce 100mm length samples with dry densities correlating to 

those deduced from SS compaction tests, and secondly, to produce samples that have 

3 layers of equivalent length allowing greater control during post test sampling of 

specimens. 

As described previously a calculated dry mass of material was wetted to a target 

moisture content, producing a wet mass of soil required for compaction plus an excess 

of 40% {allowing for moisture content assessment and trimming}. During compaction of 

LC, AMC and GT samples, the wet mass of soil produced {negating the additional 40%} 

correlated to the wet mass required to produce a sample of 100mm length assuming 

target densities and moisture content from related moisture content / density criteria 

{detailed in figures 4.8 - 4.10}. Following previous procedures the required wet mass of 

soil plus 10% excess was divided into three analogous quantities for compaction in 

layers. Due to the reduction in compacted soil mass the imposed energy per unit mass 

required consideration and a resultant reduction from 27 to 23 hammer blows per 

layer was utilised during compaction of LC, AMC and GT samples. 

The above procedure produced samples that were marginally over 100mm in length 

{Gm m ± 3mm}. After removal from the compaction mould the uneven surface 

produced by hammer compaction was trimmed producing samples of 100mm height 

with layers of equivalent length. As part of production quality control the initial wet 

mass of soil was weighed and compared to a targeted wet mass calculated using the 

mOIsture density criteria illustrated in figures 4.8 - 4.10. To meet a suitable standard of 

production quality control the initial wet mass of compacted trimmed samples 

correlated to the target wet mass ± 0.5% deviation. If the measured weight of a 
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compacted sample fell outside this allowable margin of deviation from its targeted wet 

mass then it was abandoned and a new batch of material was prepared for 

compaction . The target wet masses and allowable deviations for compacted samples of 

LC, AMC and GT are detailed in table 4.7. 

Table 4.7 -lC, AMC and GT target compaction conditions 

MC classification Target Moisture Target Dry Target wet mass 
Allowable deviation 

Material at comp. Content (%) Density (Mg/m3
) after trimming (g) 

from target wet 
mass (g) 

Dry of optimum 19.0 1.524 1464 ±7 

LC Optimum 23.0 1.574 1563 ±8 

Wet of optimum 26.0 1.543 1570 ±8 

Dry of optimum 25.5 1.405 1424 ± 7 
AMC 

Optimum 29.0 1.416 1475 ±7 

Dry of optimum 12.5 1.952 1773 ± 9 
GT 

Optimum 13.5 1.972 1807 ±9 

Figures 4.16, 4.17 and 4.18 presents the moisture content / density relationship for LC, 

AMC and GT samples tested in this investigation, while specific values and sample 

identifications are deta iled in tables 4.8, 4.9 and 4.10, respectively. 
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Figure 4.16 - Density / Moisture Condition of Compacted LC Samples 

Table 4.8 - Le Sample Preparation 

MC classification 
Test Identification 

Wet mass after Moisture Dry Density Initial Air 
at comp. trimming (g) Content- (%) (Mg/m3

) Voids (%) 
-

Dry of optimum AP LC·d-AP 1458 (-6) 19.03 1.5169 13.90 

Dry of optimum BS LC-d-BS 1458 (-6) 18.97 1.5177 13.94 - r- - -I--
Dry of optimum RAP LC-d·RAP 1463 (-1) 18.93 1.5234 13.68 

Dry of optimum - LC-d-none 1460 H) 19.00 1.5194 13.80 

Optimum AP LC-o-AP 1550 (-B) 22.23 1.5703 5.83 

Optimum AP LC-o-APr 1560 (-3) 23 .02 1.5703 4.60 

Optimum BS 
-r-

LC·o BS 1567 (+4) 23 .38 1.5728 3.88 

Optimum RAP LC-o·RAP 1562 (-1) 23 .20 1.5701 4.33 

Optimum - LC-o·none 1568 (+5) 23.16 1.5766 3.99 

Wet of optimum AP LC-w-AP 1569 (-1) 26.15 1.5402 1.60 

Wet of optimum BS LC-w BS 1576 (+6) 26.21 1.5464 1.12 

Wet of optimum RAP LC-w-RAP 1569 (-1) I 25.99 1.5422 1.72 

Wet of optimum . LC-w-none 1571 (+1) I 26.07 1.5432 1.54 

• Initial mOisture content values back calculated from samples of post test cuttings 
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Figure 4.17 - Density I Moisture Condition of Compacted AMC Samples 

Table 4.9 - AMC Sample Preparation 

MC classification 
Identification 

Wet mass after Moisture Dry Density Initial Air 
at camp. 

Test 
trimming (g) Content- (%) (Mg/m3

) Voids (%) 

Dry of optimum AP AMC-d-AP 1423 (-1) 25 .15 1.4080 10.43 

Dry of optimum SS AM C-d-SS 1427 (+3) 25.46 1.4086 9.97 

Dry of optimum RAP AMC-d-RAP 1420 (-4) 25.12 1.4055 10.64 

Dry of optimum - AMC-d-none 1425 (+1) 25.24 1.4090 10.24 

Optimum AP AMC-o-AP 1471 (-4) 28.71 1.4153 4.93 

Optimum SS AMC-o'SS 1468 (-7) 28.60 1.4136 5.20 

Optimum RAP AMC-o-RAP 1473 (-2) 28.51 1.4194 4.94 

Optimum . AMC·o-none 1471 (-4) 28.90 1.4132 4.80 

• Initial moisture content va lues back calculated from samples of post test cuttings 
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Figure 4.14 - Density I Moisture Condition of Compacted GT Samples 

l Table 4.10 - GT Sample Preparation 
.- --

MC classifica t ion 
Identificat ion 

Wet mass after Moistu re Dry Density Initial Air 
at comp. 

Test 
trimming (gl Content- (%1 (Mg/m3

, Voids (%1 

Dry of optrmum AP GT-d-AP 1770 (-3) 12.47 1.9488 3.78 

Dry of optimum BS GT-d-BS 1775 (+2) 12.55 1.9530 3.43 

Dry of optimum RAP GT-d-RAP 1773 (0) 12.32 1.9548 3.79 

Dry of optimum - GT-d-none 1774 (+1) 12.43 1.9540 3.61 

Optimum AP GT-o-AP 1806 (-1) 13.40 1.9721 0.79 

Optimum BS GT-o-BS 1806 (-1) 13.56 1.9695 0.63 

Optimum RAP GT-o-RAP 1806 (-1) 13.52 1.9702 0.67 

Optimum - GT-o-none --.....; 1805 (-21 13.30 1.9729 0.97 

• Initial moisture content va lues back calculated from samples of post test cuttings 
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4.3 Experimental Equipment and Calibration 

There are various techniques and equipment commonly employed to measure the 

permeability of soil samples within the laboratory and section 2.4 gave a detailed 

review of these including their inherent advantages and disadvantages. As previously 

discussed, the most widely used method of permeability measurement of fine grained 

soils in the laboratory is via a flexible walled permeameter under constant head flow 

conditions (i.e . in a triaxial cell). This method is standardised by the BSI and is 

recommended for the determination of the coefficient of permeability for soils of low 

and intermediate permeability. 

To speed the generation of data two permeability testing systems were set up to carry 

out testing as part of this research program. The following subsections comprise a brief 

description of the equipment required for the BS and AP test followed by details of the 

the major components of the required equipment utilised in this research and 

associated calibrations. 

4.3.1 Equipment Required 

The Accelerated Permeability test (AP test) requires the same equipment as that 

utilised in the British Standard triaxial constant head permeability test (BS Test), 

namely : 

• a triaxial cell - comprising; 

o cell top plate of corrosion resistant material fitted with an air bleed plug 

and connection ports (for pressure/drainage lines) 

o cell base of corrosion resistant material incorporating a base pedestal 

(perforated by a drainage hole and of diameter equal to that the 

sample) and connection ports (for pressure/drainage lines) 
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Cl cylindrical cell body (generally acrylic) which is removable to allow 

insertion of a sample and can be adequately sealed to both the top and 

base plates 

Cl sample top cap of corrosion resistant material perforated by a drainage 

hole and of diameter equal to that the sample 

• three independent pressure systems - for applying and maintaining pressures 

in; 

Cl the cell fluid 

Cl the drainage line to the top of the sample 

Cl the drainage line to the base of the sample 

• three independent calibrated pressure gauges - for measurement of pressure in 

each pressure system 

• two calibrated volume change indicators - connected to the top and base 

drainage lines allowing measurement of flow into or out of the sample 

• triaxial cell accessories - comprising; 

Cl two rigid porous discs - of permeability significantly higher than the 

specimen (generally porous ceramic) to be placed between the sample 

and top cap/base pedestal or placed into a central recess in the top 

cap/base pedestal. 

D a flexible high density latex tubular membrane - to enclose the sample 

allowing the application of cell confining pressure without ingress of cell 

fluid 

D a membrane stretcher - to facilitate placement of the membrane 

negating sample disturbance 

D four rubber o-rings - of smaller diameter than that of the sample for 

sealing the membrane against top cap and base pedestal (two o-rings at 

each side) 

D an o-ring stretcher - an openable cylindrical ring to facilitate placement 

of o-rings onto the top cap and base pedestal 
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o silicone grease 

o tubing and applicable connection valves - suitable for connecting the 

components of the pressure systems, volume change indicators and 

triaxial cell 

• timing device 

• supply of de-aerated water 

Although not stipulated by the BSI as a requirement for permeability testing, it is 

common place for modern soil testing laboratories to incorporate a computer with 

speCialised software and a data acquisition unit to allow automatic logging and 

graphical visualisation of volume changes (Le. volume changes) with time. 

In addition to the equipment requirements listed above, to allow an evaluation of 

sample volume change, a third volume change indicator is required to monitor cell fluid 

flow into and out of the cell . 

The two permeability Systems set up for this investigation incorporate the components 

listed above . System 1 and System 2 are pictured in figures 4.15 and 4.16, with detailed 

schematics of each illustrated in figures 4.17 and 4.18 respectively. A description of the 

components utilised for each system follows along with the procedures and results of 

calibrations carried out. 
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Figure 4.15 - Picture of Permeability System 1 

Figure 4.16 - Picture of Permeability System 2 
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Figure 4.17 - Schematic showing layout of Permeability System 1 
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Figure 4.18 - Schematic showing layout of Permeability System 2 

4.3.2 Triaxial cell 

As detailed previously the quantity of voids (void ratio) and the degree of saturation in 

a sample is a fundamental factor in its permeability, as it relates to the amount of free 

space in which permeant can flow. To quantify both the degree of saturation and the 

void ratio of the soil over the duration of a test measurement must be made of the 

volume change of the sample. The properties of the utilised triaxial cell are paramount 

in the ability to accurately monitor volume change in the sample. 

In general, changes in void ratio or total volume change are not measured in standard 

permeability testing, hence the stipulation of only two volume change measurement 

devices (to monitor inflow and outflow to and from the sample) when undertaking the 

BS test. As previously hypothesised, the stress paths imposed upon samples when using 

the AP and RAP test method differs from that imposed in the SS test and the effects on 

the resultant changes in void ratio is a fundamental parameter under investigation as 

part of this research. 
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In saturated soils the amount of water that drains in or out of the soil is equal to the 

specimen volume change. However as previously discussed compacted fine grained 

soils, compacted at moisture contents suitable for use in mineral landfill liners, are 

invariably unsaturated. As shown in the previous section the samples compacted for 

use in this investigation were unsaturated, with increasing percentage of air voids (i.e. 

decreasing degrees of saturation) with decreasing moisture content at compaction. 

Therefore to measure sample volume change a measurement of cell fluid volume 

change is used to indicate an increase or decrease in sample total volume. To allow an 

accurate reading of cell fluid volume change there is a requirement for the cell utilised 

to undergo only relatively small amounts of expansion under the high imposed cell 

pressures required. The expansion of the cell can be calibrated against applied pressure 

changes, and the relationship incorporated with measurements of cell fluid volume 

change during testing to give a value of sample total volume change. To allow continual 

accurate measurement of sample total volume change over the full testing series, the 

expansion straining of the cell needed to be elastic and repeatable under continued 

pressure loading cycles. 

In general triaxial cell bodies, used in a variety of soil tests (including permeability 

tests), are constructed of transparent acrylic plastics, which allow visual inspection of 

the sample during testing - a fundamental requirement when applying deviator stress 

in shear tests . However the use of this material has a number of associated problems 

when attempts are made to obtain a calibration curve of applied cell pressure vs. cell 

volume change, as illustrated in figure 4.19. Firstly acrylic plastics absorb and slowly 

permeate water, the rate of permeation is dependent on temperature, pressure and 

humidity gradients and obtaining the permeability (or diffusion) rate for a cell is 

extremely complex. Secondly, acrylic cell walls exhibit hysteresis, introducing 

uncertainty in any calibration curve utilised. Finally the cell expansion experienced is 
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typically significantly larger (by in some cases an order of magnitude) than sample 

volume change, significantly reducing the precision of sample volume measurement. 
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Figure 4.19 - Calibration of a single celled acrylic triaxial cell (Lawrence, 2004) 

The problems associated with the measurement of specimen volume change are well 

known, and is a fundamental issue in other topics of soil investigation (e.g. the analysis 

of unsaturated soils) and previous researchers have proposed several solutions. The 

most widely used being the utilisation of a doubled-walled cell (Wheeler and 

Sivakumar, 2000; Padilla et al., 2006; Brown, 2009). This apparatus consists of two 

individual cells; an inner acrylic triaxial cell, in which the sample is housed, enclosed in 

a larger outer cell . The inner cell experiences a much smaller degree of expansion, in 

comparision to a singled walled triaxial cell, provided that the inner and outer cells are 

subject to similar pressures. The application of the twin cell apparatus retains the 

advantage of transparency, enabling the user to view the sample during testing, 

however the equipment is expensive and the set up both complicated and relatively 

time consuming. In addition its use is generally only applied to smaller samples than 

those commonly used in permeability testing. For these reasons the application of the 
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twin cell apparatus was considered superfluous to requirements and a solution, 

requiring a less complicated set up, was merited. 

In this investigation the sample does not undergo the application of deviator stress nor 

is there a requirement for on-sample measurements (i.e. axial or radial strain gauges). 

As such, the ability to view the sample during testing was considered an unnecessary 

requirement. Resultantly this fact allowed the consideration of a larger range of 

materials generally not utilised in the construction of a triaxial cell. 

Many materials were considered for the construction of the cell to be used in this 

investigation and of these aluminium was deemed most appropriate for the following 

reasons: 

• Impermeable - will restrain diffusion of cell fluid through the cell wall and 

eliminates problems with water absorption. 

• High reflectivity - will reflect heat and light thereby limiting temperature 

variations in the cell. 

• Relatively high Young's modulus - will undergo approximately 20 times less 

linear tensile strain than commonly used acrylic materials under similar stress. 

• Corrosion resistant - it is highly corrosion resistant and has available surface 

treatments (e .g. anodising) that can further improve this property. 

• Light weight - in comparison to similar materials (stainless steel, brass, etc.) 

allowing easier and safer movement during set up. 

• Availability and cost - aluminium is readily available in tubular sections and 

plate sections and is less expensive than similar cast metals. 

Two identical aluminium high pressure cells were designed to allow permeability 

testing of samples 100mm diameter and 100mm height, under the high imposed cell 

pressures indicated in the testing program, with limited and repeatable expansion (cell 

volume inflow). One of the assembled cells is pictured in Figure 4.20, while the 
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component parts are more clearly shown in figure 4.21. The test cells consist of four 

major components, namely the Cell Body (figure 4.21a), Cell Top Plate (figure 4.21b), 

Sample Top Cap (figure 4.21e and 4.21f), and a combined Base Plate and Base Pedestal 

formed as a single unit (figure 4.21c and 4.21d). Both Cells were constructed at the 

Faculty of Engineering Mechanical Workshop, Queens University, Belfast. 

Figure 4.20 - Assembled high pressure triaxial cell 
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Figure 4.21 - Components of the high pressure triaxial cell 
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The Cell Body, pictured in Figure 4.21a, was formed from a tubular aluminium section 

of 170mm in height, 17Smm external diameter and 2Smm wall thickness. The top edge 

of the cell body was plane and flush with the exception of an a-ring recess and ten 

Smm diameter threaded bolt holes positioned on the outer edge of the a-ring recess. 

Ten threaded bolt holes were arranged equidistantly around the top of the body, 

between the external edge and a-ring recess allowing the secure and sealed 

attachment of the top plate to the cell body. At the bottom of the cell body, a 

rectangular recess was cut around the full circumference of its external face. Into the 

bottom edge of this recess, a further ten unthreaded bolt holes were arranged 

equidistantly around the circumference allowing secure attachment to the cell base 

plate. 

The Cell Top Plate was formed from a single aluminium circular plate of 17Smm 

diameter by 20mm thick. The top face of the plate was plane and flush with the 

exception ten bolt holes used to secure the top plate onto the top of the cell body. 

Three ports, consisting of threaded recesses fitted with 1/8th B5P ports were arranged 

centrally along the diameter of the top of the plate . The outer two ports were 

(interchangeably) the Cell Pressure Line port and the Air Bleed port, and, both had 

2mm diameter drainage line holes drilled through to the bottom of the plate. The 

central port was the Top Back Pressure Line port enabling an uninterrupted pressure 

line to be fed through the top plate . 

The Top Cap was formed of a single aluminium circular plate of 100mm diameter and 

20mm depth . The Top Cap contained a central a 2mm diameter hole providing the top 

back pressure drainage line, and at its top end facilitated connection to a rotatable 

1/8th B5P elbow-joint snap-fit valve. The bottom of the cap contained a centrally 

located 4mm circular recess into which a rigid porous top disc could be inserted; 

presenting a plane surface to the top of the sample. 

The combined Base Plate and Base Pedestal were formed from a single aluminium 

circular plate (the base) with a central raised cylinder (the pedestal). The plate was 
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17Smm in diameter by 20mm containing an o-ring recess and ten bolt holes along its 

out edge. The base pedestal consisted of a centrally arranged raised cylinder 

comprising a circular recess for a rigid porous bottom disc; presenting a plane surface 

to the base of the sample. A 2mm diameter hole through the base and pedestal 

provided the base back pressure drainage line, with the underside of the base plate 

facilitated connection to a rotatable 1/8th BSP elbow-joint snap-fit valve. Three feet 

supported and elevated the base plate allowing room for the base pressure line port. 

The triaxial cells detailed were designed to allow quick, easy and reliable assembly 

underwater, ensuring the total removal of any air bubbles from inside the cell during 

set-up (discussed further in section 4.4). The sample - triaxial setup pre-assembly is 

shown in figure 4.21g. 

To allow an accurate measurement of sample volume change a rigorous calibration 

procedure was carried out for the two triaxial cells utilised in each system. The volume 

of water in each cell is affected by three factors; compression of the cell fluid, 

temperature variations and expansion of the cell, tubbing and fittings. 

The amount of volume compression experienced by the cell fluid under a given 

pressure is directly related to the amount of gas dissolved in the fluid. During 

permeability testing and cell calibration the cell fluid used was de-aerated water; 

thereby lowering cell fluid compression and controlling this variable by using a cell fluid 

with analogous properties. 

All tests were carried out in a temperature controlled laboratory where room 

temperature was maintained at 200( ±O.SO( and any fluctuations in temperature were 

experienced over a 24hr period (Brown, 2009). Both test systems were shielded from 

direct sunlight, and the high reflectivity of the aluminium cells limited the temperature 

variations in the cell fluid . The variation of temperature produced minor fluctuations 

over a 24 hr period in the cell volume while being maintained at a static pressure, 

however temperature fluctuations were considered negligible under the condition that 

the cell fluid temperature on set-up was comparable to that of laboratory room 
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temperature. As a result, before test set up and calibration de-aerated water was left in 

the temperature controlled laboratory for a minimum 24hr period to allow equalisation 

with room temperature before use as cell fluid. 

Each cell was labelled and designated to a testing system (i.e. System 1 and System 2) 

and a volume change calibration was carried out for each testing system, using the 

calibrated pressure gauges and volume change indicators, designated to that system. 

As part of the calibration an incompressible aluminium sample was set-up on the 

pedestal and attached to the top cap; sealed using a rubber membrane and o-rings. 

The cell was then assembled under water (in a large basin of de-aerated tap water at 

room temperature). A pressure of 20kPa was applied to the cell lines before calibration 

began as the volume change indicators utilised in System 1 did not operate 

satisfactorily below this pressure. To calibrate the cell in each system the cell line was 

opened to the cell and a zero reading taken from volume change units. The cell 

pressure was ramped from 20kPa to 700kPa at a rate of lkPa/min, and volume change 

in the cell recorded every 10mins. The calibration was repeated twice for each system 

to ensure repeatability of the volume change. 

The results of the calibration process for System 1 and System 2 are displayed in figures 

4.22 and 4.23, respectively. Each graph shows the measured volume change as a solid 

line and a logarithmic fitted relationship as a dashed line. As shown, the calibration 

processes produced repeatable cell swelling. Equations 4.1 and 4.2 formulate the 

relationship, as shown in the best fit logarithmic curves, between cell volume change, 

6Vp , and applied pressure, 0'3, for System 1 and System 2 respectively. 

.1VP1 = 2.74In(O'3 + 13.02) - 9.58 [4.1] 

.1Vp z = 1.021n(O'3 + 10.46) - 2.74 [4.2] 
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Figure 4.22 - Cell volume change calibration of System 1 
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Figure 4.23 - Cell volume change calibration of System 2 
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The minor differences in relationships for cell swelling/volume change between System 

1 and System 2, as expressed in Equations 4.1 and 4.2 are considered to be a result of 

the different set ups utilized, specifically; the lengths of tubing utilised in each system. 

The actual volume change of the sample, L1 V, can be expressed as: 

[4.3] 

where L1 Vr is equal to the inner cell volume change reading, and L1 Vp equals L1 VP1 or L1 VP2 

for System 1 and System 2, respectively. 

4.3.3 Pressure and Volume Change Systems 

Three independent pressure and volume change systems were utilized in each 

permeability System for the control of cell, top and bottom back pressures and 

monitoring of volume change in the cell, flow into and out of the sample. Due to the 

relatively high component costs associated with these systems; existing and readily 

available pressure systems were utilized where possible in the production of the 

permeability Systems. As a result the types of pressure and volume change systems 

utilized differ between permeability Systems produced. It is justifiably assumed that 

the use of different equipment do not have an effect on the permeability results 

derived, under the condition that independent calibrations are obtained and used. 

Permeability System 1 

In System 1 top and bottom back pressures were regulated using an Automatic 

Pressure Controller (APC), while cell pressure was regulated manually using a standard 

pressure regulator. Both the APC and standard pressure regulator, were used to 

regulate the laboratories high pressure air supply (max approx 800kPa), plumbed from 

the schools air compressor. The regulated air pressure supplies were connected to an 

air-water interface within the volume change units as detailed in figure 4.17. 
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The Automatic Pressure Controller, produced by VJ Technology Ltd, was used as a 

standalone component (i.e. was not attached to the data recorder or computer system 

due to incompatibility), and allows manual input of required pressures via a keypad and 

digital interface. One APC can automatically regulate two pressure supplies via inbuilt 

stepper motors that alter inbuilt pressure regulators. To monitor (and allow necessary 

alterations) the pressures in the top and bottom pressure lines, two pressure 

transducers installed in junction boxes Jo and J1 (as shown in figure 4.17), outputting 

directly to the APC. 

To allow visual monitoring and data requisition of cell, top back and bottom back 

pressures, three additional pressure transducers were installed in junction boxes Jc, Jo 

and J1, respectively (as shown in figure 4.17), outputting to a data logger and computer 

system. 

All transducers used in System 1 were calibrated against a pre-calibrated GDS, which 

had a working range of 1000 kPa and accuracy of ±O.lkPa. The GDS was connected to 

each pressure line individually (i .e. cell, outlet and inlet) and increments of known 

hydraulic pressure to 7S0kPa were applied while transducer readings were manually 

recorded from either the computer or the digital screen on the APC. The linearity of 

each transducer's output was checked by plotting output values against the respective 

applied pressures from the GDS. On application of linear regression to the plots the 

coefficient of determination, R2, values were found to ~ 0.99 for all transducers. 

The APC allowed automatic and non-volatile storage of calibrations for the two 

connected transducers, using the keypad to enter pressures that were applied using 

the pre-calibrated GDS. 
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The three pressure transducers attached to the data logger and computer system 

outputted voltage values directly related to pressure. Using the equation of the linear 

regressions preformed on plots of transducer output to applied GDS pressure, a 

calibration formula for each of the pressure transducers was deduced, entered and 

stored in the computers user interface software. This allowed direct recording and 

visual output of actual pressure values during testing. Visual inspection during 

calibration (and subsequent testing) indicated compliance between pressure values 

outputted by the APC and those from the computer (for bottom and top back 

pressures) . 

Cell! Inlet! 
OuOet Ine - - -S;:::::J -f-----I 

LVDT 

- --+++--Piston 

\. ~~._ Air PresslXe 
line 

Figure 4.24 - Cross Section of Volume Change Unit 

In permeability System 1 volume change measurement of cell volume, sample inlet and 

sample outlet were measured using three Volume Change Units supplied by VJ 

Technology and where, attached to the cell, inlet and outlet lines respectively (as 

illustrated in f igure 4.17). A cross section of the Volume Change Unit is shown in figure 

4.24 where a piston is suspended in the cylinder using two rolling diaphragms. The 

flanges of these diaphragms were fixed between the end plates and cylinder ends, and 
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to the ends of the piston. The upper diaphragm encloses the pressurized fluid while the 

bottom diaphragm encloses pre regulated air pressure. As pressurized fluid moves in or 

out of the upper chamber the piston will move down and up respectively, and this 

volume change is recorded by the LVDT (Linear Voltage Displacement Transducer), 

which is connected to the data storage unit and computer system. 

There is a requirement for the rolling diaphragms to be full inflated to accurately 

measure volume change in or out of the unit. For this reason the VCU does not work 

satisfactorily under a pressure of 20kPa. The VCU unit is constructed of stainless steel 

and pressurization of de-aerated water within the upper chamber in the range of 20 to 

700 kPa indicated negligible volume changes due to creep of the device. The upper 

chamber has a capacity of lOOm\. 

To calibrate the three Volume Change Units used in permeability System 1, the 

cell/inlet/outlet line was attached to a pre-calibrated GDS individually and the top 

chamber was flushed repeatedly with de-aerated water using the bleed valve to ensure 

the removal of any trapped air bubbles. With the top chamber empty as possible (i.e. 

the piston at the top of its available travel) and the unit pressurized at 100kPa, known 

quantities of water were forced into the top chamber in increments using the GDS 

(readable to 0.01 cm\ and resultant voltage outputs recorded from the computer. 

Voltage outputs were plotted against known volume changes from the GDS and a liner 

progression preformed on the plot. The calibration formula from the linear 

progressions for each of the VCUs were entered and stored in the computers user 

interface software. This allowed direct recording and visual output of volume change 

values during testing. Volume change output for each VCU is readable to 0.02 cm3
. The 

coefficient of determination, R2, values for the linear progressions were found to be 

~O .99 for all VCUs. 
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Permeability System 2 

In permeability System 2 cell, top back and bottom back pressures were controlled 

using three Hydraulic Automatic Pressure Controllers (HAPCs), as illustrated in figure 

4.18. The HAPes, purchased from VJ Technology Ltd, combine the functions of both a 

pressure system and volume change system, without the need for an air compressor or 

air-water interface . It supplies pressurized fluid, at a range of 0 to 2000 kPa, controlled 

to ±O.S kPa, while monitoring the change in fluid volume inflow/outflow with a capacity 

of 250ml, readable to 0.1 cm3
. 

The HAPe, consists of a motor driven piston housed in a high pressure, thick walled, 

stainless steel closed cylinder that contains the fluid/permeant. It contains an inbuilt 

pressure transducer that monitors the fluid pressure, and volume change is accurately 

and automatically derived by continual monitoring of steps by the stepper motor 

driving the piston. Similar to the APe, the HAPe has a key input and LeD graphics 

screen, and displays pressure, volume and status details. The HAPe has fill and empty 

options on the keypad to allow the un it to be filled or emptied quickly. In addition the 

units are able to ramp pressures at a set level, with ramp rate selectable in kPa/Hour; 

thereby allowing RAP tests (as detailed in the next section) to be carried out. 

All three HAPes used in System 2 were connected to a computer via a data logger, 

supplied by VJ Technology (Le. a different data logger and computer system than that 

used in System 1). The pressure and volume values from each transducer could be 

outputted and stored by the data logger and displayed in real time using Win Host. Win 

Host is a front end user interface MS Windows based program, supplied by VJ 

Technology, wh ich is compatible with VJ Technology data loggers and allows live 

graphical display of selected inputs. 

To limit the laboratory bench area required for the system the HAPes were stacked on 

top of each other. Resultantly a small pressure difference existed between HAPes, due 
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to the increase in elevation and associated head difference of the stacked units. 

Subsequent calibration took account of the differences in elevation head, and HAPCs 

remained in stacked formation during testing for the duration of the testing program. 

All HAPCs were pre-calibrated on purchase, however to check the calibration and 

linearity of both the pressure transducers and volume change measurements in the 

HAPes, a pre-calibrated GDS was connected to the cell/inlet/outlet line of the HAPCs. 

During the pressure transducer check the GDS was connected in parallel to the 

pressure lines of all three HAPCs (while in stacked formation) and increments of known 

hydraulic pressure up to 750kPa were applied while transducer readings were manually 

recorded from the LCD screen on each HA pc. The linearity of each transducer's output 

was checked by plotting output values against the respective applied pressures from 

the GDS. On application of linear regression to the plots the coefficient of 

determination, R2, values were found to ~ 0.99 for all transducers. Similar to the APC in 

System 1, the HAPCs carry out automatic and non-volatile storage of pressure 

calibrations by using the keypad to enter known pressures imposed by the pre

calibrated GDS. 

Before carrying out volume change checks, each HAPC and its fluid line were flushed 

(i.e. emptied and filled) repeatedly with de-aerated water to ensure the removal of air 

bubbles within the cylinders. During the volume change check the GDS was connected 

to each HAPC individually and increments of flow were pressurized into the HAPC by 

applying a higher pressure on the GDS (150 kPa) than on the HAPC (100 kPa). After a 

suitable increment of flow had entered the HAPC, the HAPC was stopped (using the 

'stop' button), and pressure in the HAPC and GDS were left to equalize at 150kPa 

before manually recording the volume change in both the HAPC and GDS. To initialize 

the next increment of flow the HAPC was set to run again (using the 'run' button). 
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The volume change increments recorded in the HAPCs were recorded against the 

respective measured volume change increments applied by the pre-calibrated GDS. 

Liner regression preformed on the plots yielded R2 values ~ 0.98, with gradients equal 

to 1.00. Further calibration was deemed unnecessary for volume change in the HAPCs. 

4.4 Experimental Set-up and Test Procedures 

The procedures followed for experimental set-up and cell assembly of each sample for 

BS, AP or RAP testing were identical and are detailed in this section. The flushing of 

drainage lines and the elimination of air from key components within each system was 

crucial in order to complete a successful set up. However, procedures for the 

completion of the BS, AP and RAP tests do differ and are detailed separately in the 

following subsections . 

Prior to sample set up sample mass was measured to an accuracy of ±O.Sg, to ensure 

there was no moisture loss during the curing period. To account for the elastic 

expansion of samples on removal from the compaction mould and during subsequent 

curing, sample diameter was measured at five locations along the sample length to an 

accuracy of ±O.OSmm, using a vernier caliper. Similarly sample length was measured at 

three locations around the circumference. Average values of diameter and length were 

taken to calculate initial sample volume prior to testing. 

4.4.1 Set-up and Cell Assembly 

As indicated in figures 4.17 and 4.18, triaxial cells were connected via push-in fitting 

valves (VC!, VIii and VOl) to the rest of the permeability system. This permitted quick 

and easy detachment and reconnection of the triaxial cell from the rest of the system, 

and allowed setting up at the designated set-up position in the laboratory. 

The set-up position consisted of a sink and bench top work area, with access to: 
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• a de-aerated water line attached to an elevated de-aerated water reservoir wall 

mounted close to the laboratory ceiling; 

• a large basin (big enough to submerge and assemble the triaxal cell) filled with 

de-aerated water; 

• a de-aeration chamber and associated vacuum pump; 

• triaxial cell accessories (as detailed in section 4.3.1) 

The utilization of the set-up position allowed safe set-up of samples in the triaxial cell, 

negating the hazards caused by possible water spills onto electrical equipment or the 

laboratory floor. The basin and wall mounted reservoir were filled with freshly de

aerated water the day prior to setup to allow temperature equalization with laboratory 

temperatures (approx 20°e). The porous discs were saturated in the deairing chamber 

under vacuum and left immersed in de-aired water until required. 

The triaxial base and attached pedestal are cleaned and the inlet line flooded with de

aerated water leaving a pool of water in the recess into which the saturated porous 

disc is placed . The de-aerated water line is removed after flushing with Valve VI1 

rema ining closed until reattachment of the triaxial cell to the permeability system and 

application of bottom back pressure is required. A 100mm diameter filter paper is 

placed on to the base pedestal and porous disc, without entrapping air. 

Prior to posit ioning the sample on the base pedestal, the pre-weighed and 

pre-measured sample is firstly covered with a 100mm diameter unused leak-free 

membrane, using a membrane stretcher. The Membrane is pre-soaked for 24 hours, to 

reduce membrane permeabil ity (as advised by Head (1994)), and any subsequent 

surplus water removed . Any air pockets between the membrane and sample are 

carefully removed by lightly stroking upwards. Approximately 20mm of excess 

membrane is provided on either side of the sample to allow a seal to the triaxial base 

pedestal and top cap, and is fo lded back onto the sample until positioning. 
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The sample is positioned on the pedestal without delay and with care taken to ensure 

no air is trapped. Any air trapped between the soil sample and pedestal would lead to 

an over estimation in the initial compression of a sample, thereby leading to an 

inaccurate reduction of the estimation of existing air voids. The pedestal side is 

carefully dried of any overspill water, and a thin smear of silicon grease is applied, 

before carefully rolling the excess membrane down over the pedestal. The membrane 

is sealed base pedestal using two rubber a -rings, set on using an a-ring split ring 

stretcher. 

As the top cap is permanently attached to the top plate of the triaxial cell by the outlet 

line, the top cap must be passed through the cell body before positioning onto the 

sample. The outlet line length, between top plate and top cap, was designed to be 

sufficiently long to accommodate this. 

The outlet line (with attached valve Vod is connected to the de-aerated water line and 

flushed. Using the same procedure as detailed for the base pedestal, a porous stone 

with filter paper is positioned on the top cap. The de-aerated line is opened 

momentarily to moisten the topcap and placed on the sample without entrapping air. 

Valve VOl is then closed and the de-aerated line removed. As before, a smear of silicon 

grease is used on the top cap sides to improve the seal with the membrane held in 

place by two rubber a -rings. 

At this pOint the samples axis is checked to be vertical and the cell body and top plate 

are carefully placed (not fixed) on top of the base plate, ensuring not to disturb the 

sample . The triaxial cell is then placed upright in the basin of de-aerated water, with all 

components fully submerged and the cell allowed to fill with de-aerated water. Any air 

bubbles attached to the cell or membrane are jetted out using the de-aerated water 

line and both the cell pressure line and bleed line are flushed while under water. Valve 

VCl is closed and the bleed valve VSL remains open while both the top bolts (connecting 

top plate to cell body) and bottom bolts (connecting cell body to base) are installed and 
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lightly tightened to seal the triaxial cell. The cell is then removed from the basin and all 

bolts tightened to full capacity. Valve VBL is kept open until the cell is to be pressurized, 

to ensure that sample confining pressure remains at atmospheric level. 

Before attachment of the triaxial cell to a permeability system, the lines and 

components of that system must be completely free of air bubbles. Both VCUs and 

HAPCs are flushed prior to each test, where indicators are flushed three times to their 

limits of travel replacing any escaping water with freshly de-aerated water from the 

de-aerated water line. During flushing of the HAPCs, the units are held vertically to 

allow the ready escape air bubbles from the cylinder from the elevated outlet valves. 

Simillarly, the air bleed valves {as illustrated in figure 4.24} are opened to remove air 

from the VCUs. 

Before a test commences volume change indicators are checked to ensure they have 

sufficient travel to complete the test and adjustments are made if necessary. With 

reference to figures 4.17 and 4.18, permeability systems have been designed so that, in 

the case that a VCU or HAPC reaches the end of its travel mid test, then it can be 

refilled or emptied using refill valves {e.g. VIR is the reservoir valve for the inlet/bottom 

back pressure line} while momentarily closing first and second line valves as necessary 

(e .g. VOl and V02 are first and second line valves for outlet/top back pressure line). This 

allows continuation of the test without altering the designated pressures applied to the 

sample. 

4.4.2 British Standard Permeability Test Procedure 

The British Standard constant head triaxial permeability test {BS test} is commonly used 

and full detail of the testing procedure is listed in BS 1377: pt 6: 1990, method 6. For 

th is reason only a brief description of the test procedure is given here. The BS test is 

divided into three distinct and sequential stages; saturation, consolidation and 

permeability. 
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Saturation Stage 

During the saturation stage alternating increments of cell pressure and back pressure 

were applied to the sample while maintaining a positive effective pressure of 10kPa. 

Due to the minimum working pressure limitations of VCUs in System 1, initial 

application of cell pressure was 35kPa, thereby allowing an accurate measurement of 

permeant inflow into the sample due to the subsequent application of back pressure of 

25kPa. However, in accordance with BS 1377 subsequent cell pressure increments did 

not exceed 50% of the effective stress to be applied during the permeability stage (Le. 

less than 25kPa), until pore pressure coefficient (8 value) of 0.8 had been achieved, 

whereupon increments were increased to 100kPa. 

Prior to the appl ication of pressure to the sample initial volume readings were noted in 

all VCUs/HAPCs while lines were pressurized . Back pressure increments were applied to 

the bottom of the specimen only and pore water pressures recorded at the top. During 

the application of cell pressure increments pore pressure was monitored and allowed 

to reach a steady state value before calculation of the 8 value (using equation 4.4), and 

subsequent appl icat ion of the back pressure increment. 

[4.4] 

Volume inflow into the sample was measured during application of back pressure . 

When the pore pressure measured at the top of the sample was virtually equal to the 

back pressure or when volume inflow had ceased, the back pressure increment 

app licat ion was deemed complete and volume inflow and pore pressure were recorded 

before the app licat ion of the next cell pressure increment. Generally back pressure 

increments took several hours to complete, with the first few initial increments applied 

at the beginn ing of the saturation stage each typically exceeded the duration of a 
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normal working day (especially for those samples with a low initial degree of saturation 

- i.e. compacted dry of optimum). 

Changes in cell fluid flow were recorded during both applications of cell and back 

pressure increments allowing calculation of sample volume change (accounting for cell 

swelling using equation 4.3). 

Alternate increments of cell and back pressure were applied until the B value reached a 

minimum value of 0.97, indicating full saturation as stated by BS1377. At this point cell 

pressure was increased to 660kPa before application of a final back pressure increment 

to 650kPa. The sample was then deemed ready for consolidation. 

Consolidation Stage 

All samples were consolidated to an effective stress of SOkPa. Cell pressure was 

maintained at 660kPa, while back pressure was reduced to 610kPa. Drainage was 

allowed from both the top and bottom of the sample via the inlet line using a bypass 

valve (Vsp in figures 4.17 and 4.18). Consolidation continued until outward drainage of 

water had ceased . Both outward drainage and cell volume change were monitored and 

recorded to allowing calculation of sample volume change. The bypass valve was closed 

on completion of the consolidation stage. 

As part of the preliminary study using BUBC material samples, varying values of 

effective pressure were used as detailed previously in Table 4.1. For all BS tests a total 

cell pressure of 660kPa was used, and back pressures were reduced as necessary to 

increase effective pressure . 

Permeability Stage 

Prior to carrying out the permeability stage permeant quantities in VCUs or HAPCs 

were altered, where necessary, to allow maximum travel of permeant from the inlet 
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VCU/HAPC, through the sample, and to the outlet VCU/HAPC, reducing the 

requirement to stop the test mid stage. At all times during filling or emptying 

procedures, applied pressures to the cell and sample were kept constant by 

momentarily closing line valves. 

To create a measurable upward flow through the sample a hydraulic gradient of 20 (as 

recommended by relevant testing standards and discussed in literature reviewed in 

section 2.3.2) was imposed across the specimen. To limit swelling and/or consolidation 

in the sample, and so reduced the time required to reach steady state flow, the 

average effective pressure imposed remained at SOkPa. This was achieved by altering 

the top and bottom back pressures 10 kPa either side of the final imposed back 

pressure from the consolidation stage (i.e. back pressure at bottom was altered to 

620kPa and back pressure at the bottom altered to 600 kPa). 

Permeability stage back pressures were altered and initial volume readings in 

VCUs/HAPCs were taken prior to opening line valves to the sample. During the 

permeability stage the data logger was set to take readings of imposed pressures and 

changing volumes at 10 min intervals . The permeability stage was continued until a 

steady state flow was reached both in and out of the sample plus an extra minimum 

duration of 2S00mins to ensure linearity of flow plots and that the top and bottom 

plots are roughly parallel. 

As part of the preliminary study using BUBC material samples, varying values of 

hydraulic gradient were applied as detailed previously in Table 4.1. 

4.4.3 Accelerated Permeability Test Procedure 

As detailed previously the accelerated permeability test involves the application of final 

total pressures in one step thereby combining the three stages of a BS permeability 

test. Full detail of the testing procedure for the AP test is listed in the Environmental 
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R&D Technical Report pl-398/TR/2 - "Procedure for the Determination of Permeability 

of Clayey Soils in A Triaxial Cell Using the Accelerated Permeability Test". For this 

reason only a brief description of the test procedure is given here. 

As discussed at the start of this chapter, the pressures applied for AP testing in this 

investigation differ from those specified in the above noted official procedure. 

Justification for the changes in applied pressures are given in section 4.1. The pressures 

applied for testing correlate with those pressures applied in the permeability stage off 

BS Tests, (i.e . a cell pressure of 660kPa, top back pressure of 600 kPa and bottom back 

pressure of 620 kPa) . As with the BS tests, these imposed pressures yield an effective 

average pressure 50 kPa and hydraulic gradient of 20, producing an upward flow of 

permeant through the sample. 

Prior to carrying out the AP tests permeant quantities in VCUs or HAPCs were altered, 

where necessary, to allow maximum flow during the test. Consideration was given to 

the fact that there may be variation in flow from or into the sample dependant on 

initial conditions of the sample. 

The cell, inlet and outlet lines were pressurized to designated pressures, while line 

valves were closed to the cell and sample, and initial volume readings were recorded in 

each VCU/HAPC. The cell was pressurized by slowly opening the cell pressure line valve 

after which the inlet (bottom back pressure) and then the outlet (top back pressure) 

line valves were opened. 

The data logger was set to take readings of imposed pressures and changing volumes at 

10 min intervals. The AP test was continued until a steady state flow was reached both 

in and out of the sample plus an extra minimum duration of 2500mins to ensure 

linearity of flow plots and that the top and bottom plots are roughly parallel. 
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4.4.4 Ramped Accelerated Permeability Test Procedure 

As part of this investigation an alteration to the existing Accelerated Permeability Test, 

the Ramped Accelerated Premeability Test (RAP test) was conducted in conjunction 

with the AP and BS Tests, to allow an assessment of an improvement or alternative to 

the AP testing method. 

The RAP test involves ramping pressures over a given time to final pressures. The finial 

pressures applied and resultant hydraulic gradient and effective pressures for testing 

correlate with those pressures applied in the permeability stage off BS tests and those 

applied in AP tests, ultimately producing an upward flow of permeant through the 

sample. 

As pressures are required to be ramped at a given rate, achievable using HAPCs or a 

similar device, only System 2 (figure 4.19) could be used to carry out RAP tests in this 

investigation . 

Initially, cell, bottom and top back pressure lines (with line valves closed to the cell and 

sample) were set to 60, 20 and 0 kPa, and initial volume readings were recorded in 

each HAPe. The cell pressure line valve was then opened, to pressurize the cell and left 

momentarily to equalize before the bottom, followed by top, back pressure line valves 

were then opened . Cell, inlet and outlet HAPCs were set to ramp to finial pressures of 

660kPa, 620kPa and 600kPa, respectively, at a rate of 8.33kPa/hr (equating to a total 

ramping duration of 72 hrs or 3 days) . 

The data logger was set to take readings of imposed pressures and changing volumes at 

10 min intervals. On completion of ramping, final imposed pressures remain stable 

without further user interaction; however, permeant volumes in the HAPCs were 

regularly checked, and if required altered, to ensure they did not reach maximum or 

minimum capacity. As with AP and BS tests, the RAP test was continued until a steady 
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state flow was reached both in and out of the sample plus an extra minimum duration 

of 2500mins to ensure linearity of flow plots and that the top and bottom plots are 

roughly parallel. 

4.5 Post Test Analysis 

As detailed previously in Table 4.1, a number of fabric observations were made on 

selected specimens from post permeability tested samples to analyze the effects of the 

permeability testing method on soil fabric. In addition analysis was made on analogous 

compacted samples that had not under gone permeability testing. This was done using 

a Scanning Electron Microscope (SEM). In addition further analysis was carried out 

using Mercury Intrusion Porosimetry (MIP) tests on a select number of specimens in an 

attempt to quantify any changes in Biomodal structure as a result of the permeability 

testing method adopted. 

On completion of permeability testing, cell pressure was reduced to zero in one 

immediate stage with both drainage pressure lines closed to stop the ingress of pore 

water into samples, thus preventing sample swelling and retaining the fabric of 

samples unaltered from that present at the end of the permeability test. 

Samples were then removed from the triaxial cell, with great care taken to limit 

deformation of the sample during handling and subsequently weighed to record the 

finial wet mass. Were detailed in Table 4.1, specimens for post test analysis were 

procured . 

4.5.1 Post-test Specimen Production and Freeze Drying 

Samples were trimmed in a temperature controlled laboratory using a wire saw to 

produce a 20 x 20 x 20mm specimen from the sample centre, as shown in figure 4.20. 

Due to the structural non-homogeneity of the dynamically compacted samples 

(discussed previously in section 4.3), cuts with the wire saw were strategically made to 
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ensure that specimen was taken directly from the centre of the sample, thereby 

allowing direct comparison of fabric analysis between analogous compacted samples. 

-- --

~---
Figure 4.20 - Production of post test specimen 

On completion of post test specimen production, the wet mass of specimen and the 

remaining sample (i.e. the cuttings) were recorded separately. The cuttings were then 

oven dried at a temperature of 75 - 800
( for a minimum duration of 72 hours to allow 

an assessment of finial moisture content and calculation of initial dry density for the 

sample . It was found that there was a small amount of weight reduction attributed to 

moisture loss during the cutting of samples due to evaporation; to take account of the 

evaporation a percentage of this loss was subsequently added to the wet mass of 

specimen cuttings based on the ratio of 'mass of cuttings' to 'mass of specimen' for the 

calculation of finial wet mass and dry density. It should be noted that the initial dry 

density of samples were calculated using the assumption that the moisture content 

present in the specimen was the same as that measured from the cuttings. 

After production each post test specimen was subsequently wrapped in Parafilm, 

sealed in an air tight container and stored in a temperature controlled laboratory until 

such time when equipment became available to prepare the specimen for fabric 

analysis. 
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Specimen preparation is an important aspect of fabric analysis. Both SEM and MIP 

studies require the pore fluid to be removed. SEM equipment is operated under a high 

vacuum in excess of 10.
6 

atm (in which any pore water pressure would turn to gas 

thereby annulling a test), and MIP requires dry void spaces to allow accurate measured 

replacement by mercury. 

The extraction of pore water without causing disturbance to soil fabric is a difficult 

process and in addition there is no way of measuring if disturbance has taken place. It 

is well established that freeze drying, due to the rapid rate of freezing has much less 

effect on soil fabric than traditional air or oven drying methods. Ahmed (1973) 

reported no significant change in sample dimensions following freeze drying, while air 

and oven drying leads to soil shrinkage. Delage and Lefebre (1984) recorded substantial 

differences between MIP experiments on soil samples alternately oven-dried and 

freeze-d ried. 

Freezing drying of specimens was carried out at the School of Chemistry laboratories at 

Queens University Belfast. To freeze dry a specimen, it was firstly placed in a large 

laboratory test tube, and then immersed in liquid nitrogen for one minute. The test 

tube containing the soil sample was then subsequently attached to a bench top 

laboratory freeze dryer where a vacuum is applied to the sample for 72 hours. Freeze 

drying works under the principal that as any remaining frozen water in the soil pores 

thaws under laboratory room temperature it turns directly to gas and is dispersed. 

After freeze drying, specimens became substantially more brittle and it was possible to 

expose the inner structure by partially cutting around the outer surfaces of the 

specimen with a razor and carefully breaking of each side . Latex gloves were worn at all 

times while handling each specimen and the operation was carried out as quickly as 

possible to ensure minimal hydration from the laboratory environment. Using this 

method specimens were reduced to approximately 8 x 8 x 8 mm with undisturbed sides 
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(previously the outer edges of the specimen were disturbed during cutting by wire saw) 

thereby exposing the structure of the specimen on every surface. Each specimen was 

subsequently placed in a small sealable bag, kept in an airtight container with 

dehydrated amorphous silica gel {acting as a drying and dehumidifying agent} and 

stored in a temperature controlled laboratory, to await preparation for SEM analysis. 

4.5.2 Scanning Electron Microscope Analysis 

SEM imaging of specimens was carried out using an JEOL JSM-6500F Field Emission 

Scanning Electron Microscope, at the Material Physics Cleanroom, Department of 

Physics, Queens University Belfast {pictured in figure 4.21}. Though a trained technician 

operated the SEM device; installing and removing mounted samples, the author 

selected and refined appropriate images to be captured, using navigation, 

magnification/focus and contrast/brightness controls. 

Figure 4.21 - JEOL JSM-6S00F Field Emission Scanning Electron Microscope 
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To prepare specimens for SEM analysis they were mounted on a 2cm diameter 

mounting stub using a minimal amount of colloidal silver glue. To speed up SEM 

analysis a total of three specimens were mounted on each stub. The upper surface of 

each specimen was then coated in a thin film of gold to increase surface electrical 

conductivity and enhance SEM imaging. Each specimen was viewed in detail using the 

SEM with a large quantity of images captured for each specimen. Selected 

representative images for each specimen analyzed are presented and discussed in 

Chapter 6. 

4.5.3 Mercury Intrusion Porosimetry Analysis 

On completion of SEM analysis a number of specimens were prepared for MIP analysis, 

as detailed in Table 4.1. Specimens were carefully removed by hand from the mounting 

stubs; in general, samples broke away easily from the colloidal silver glue adhesive, 

with a minimal thin soil particle residue left on the surface of the adhesive. It is 

assumed that there was negligible disturbance to the fabric of the specimen during this 

procedure due to the brittle nature of the specimens. To ensure the free intrusion of 

mercury to all sides of the specimens, the thin gold film was carefully scrapped from 

the upper surface using a razor blade; again, this procedure removed only a thin layer 

of soil particles, with assumed negligible disturbance to the specimen. 

As previously stated, MIP analysis requires dry void spaces to allow accurate measured 

replacement by mercury. Due to the fact that specimens had been subject to direct 

contact with the humidity of the laboratory during SEM preparation and analysis, it was 

possible that specimens could have absorbed a small amount of water from the 

surrounding environment, thereby effecting mercury intrusion. As a precautionary 

measure all specimens we again freeze dried and stored as detailed previously prior to 

MIP analysis. 
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Mercury intrusion involves the measured volume of progressive intrusion of mercury 

into the pore spaces of a given medium, under known increasing pressures. Mercury is 

a non wetting fluid to soil particles, and as such, molecular repulsion exists between 

the liquid mercury and the soil surface. For mercury to enter a given soil pore it must 

overcome the surface tension of the liquid. The Washburn Equation {Wash burn, 1924} 

relates the Absolute Pressure, P, required to push a non wetting liquid into pores with 

a apparent pore diameter, x: 

4Tscos8 
X = - ----"-

p [4.5] 

where Ts is the surface tension of the intrusion of the liquid, and () is the contact angle 

between the liquid and the pore wall. This equation assumes a cylindrical pore model. 

In the results reported in this thesis, to convert applied pressure to apparent pore 

diameter, the surface tension and the contact angle were taken as 0.484 N/m and 14r 

respectively {ASTM 04404-10, 1984; Diamond, 1970}. 

MIP analysis was carried out at the School of Civil Engineering and Geosciences at 

Newcastle University, Newcastle Upon Tyne using a Micromeritics Autopore 11 9220 

Porosimeter pictured in Figure 4.22. Due to the large range of pressures applied two 

sets of ports are used to facilitate the analysis. The four low pressure and 2 high 

pressure ports are pictured in figure 4.23. 
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Figure 4.22 - Micromeritics Autopore 11 9220 Porosimeter 

Figure 4.23 - Four low pressure and two high pressure ports available on the Porosimeter 

To carry out the analysis the dry specimen weight is recorded to an accuracy of 
±O.OOOl g and the specimen is placed inside a penetrometer. The penetrometer 
chamber consisting of a capillary steam and specimen chamber is then sealed at 
chamber end with a metal cap, held in place using a screw on plastic restraint, shown in 
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figure 4.24. Air pressure is applied to the external end of the capillary steam, displacing 

the mercury inside and forcing mercury into the specimen; therefore, the volume of 

the capillary steam represents the maximum amount of mercury that can be intruded 

into the sample. 

Figure 4.24 - MIP Penetrometer 

Initial analysis takes place in the low pressure port. The penetrometer is inserted 

horizontally into the port which connects to a mercury reservoir, vacuum line and air 

pressure line. To remove the air from the pores and to prevent mercury from intruding 

into the sample prior to the commencement of test, pressure inside the penetrometer 

is slowly reduced to 0.05 Torr (approximately 5 mmHg) absolute pressure. On removal 

of the air, mercury is allowed to saturate the penetrometer and pressure may be 

increased in desired increment to intrude the pore spaces with mercury. 

The inflow of mercury is measured using a capacitance detector which senses changes 

in the electrical properties of the penetrometer as mercury within the capillary steam is 

displaced with pressurized air entering from the external end. Mercury inflow is 

monitored after each pressure increment to insure maximum intrusion relative to the 

applied pressure (indicated by a cease in mercury inflow) prior to any further increase 

in pressure. Once the highest pressure is achieved for the low pressure run, the 

pressure is reduced back to atmospheric. 

175 



Chapter 4 - Accelerated Permeability: 
Testing Program, Sampling, Equipment and Experimental Setup 

On completion of the low pressure analysis the penetrometer is inserted vertically into 

the high pressure port, and again subjected to increments of increasing pressure, as 

detailed above, up to maximum value. As the penetrometer is positioned vertically in 

the high pressure run, small pressure corrections are carried out to account for 

gravitational pressure in the column of mercury. 

A cumulative pore size distribution curve can be produced from the pressure versus 

intrusion data using equation 4.3 . As the pressure range cover 5 orders of magnitude, 

the resultant calculated pore diameters are plotted on logarithmic scale. Cumulative 

intruded pore volume is normalized by sample weight (Le. ml/g) to allow direct 

comparison between analogous samples. 

An additional method of presenting the results of MIP tests is to use the pore density 

function as defined by Juang and Holtz (1986). This method allows an assessment of 

pore volume attributable to pore size. To approximate the pore size density function a 

relative frequency histogram is plotted from the pore size distribution data. For good 

approximation the class width 6(log d), has to be an appropriate constant. For clayey 

soils Juang and Holtz (1986) recommend a class width, c, of 0.2. 

The pore size density function can be approximated by connecting the points of 

(Jog d l ,[(logdl )), where log d l , the midpoint of each class, is approximated as 

follows: 

1 
log dl = '2 (log Xi-l + logxa [4.6] 

and {(logd i ) is the probability density at log di , which is calculated as follows: 
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~(Vt - V) 
Vt 

fClogdJ = ~(log x) c [4.7] 

Where V is cumulative volume at x, and Vt is defined as the void volume that has been 

intruded by the pressured mercury. Vt differs from the total void volume that exists in 

the soil specimen as there is generally a proportion of unintruded pore space 

attributable to small pore diameters outside the maximum pressure of the Mercury 

Porosimeter. It is noted that the effect of the unintruded pore space is probably 

insignificant because the pore channels through which permeant pass during 

permeability testing, are almost always larger than the lower limit of the pore sizes 

investigated by MIP. 

In the MIP tests carried out as part of this research, the pressure increments utilized 

yielded pore diameters with variable class spaces that were, in general, far below the 

appropriate 0.2, and in some cases as low as 0.014 (Le. pressures utilized were not 

spaced at logarithmically equal increments and were closer than required for the 

appropriate approximation of the pore size density function as defined by Huang and 

Holtz (1986)). For this reason results presented in this thesis using the pore density 

function, use vertices with class points of 0.2 and the associated probability density 

values interpolated from the cumulative pore size distribution curve, accomplished by a 

computer program. 

A permeability model, developed by Garcia-Bengochea et al. (1979) and based on the 

pore size density function, has been applied to results of MIP analysis to derive an 

estimation of the saturated coefficient of permeability, k. Equation 4.8 presents the 

permeability model: 

pgn2 f oo 
k = -- x 2 f(x)dx 

32/1 0 
[4.8] 
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where: p is the density of the permeant 

9 is acceleration due to gravity 

n is the soil porosity 

11 is the coefficient of viscosity of the permeant 

x is the pore size diameter 

[ex) is the pore size density function 

Pore size density plots of specimens from the analogous compacted samples (as 

detailed in Table 4.1) are presented and discussed in Chapter 6 in conjunction with post 

test SEM images and presentation of permeability test results derived from the above 

relationship. 

4.6 Chapter Summary 

This chapter has provided detail and justification of the experimental and sampling 

procedures adopted for the investigation into Accelerated Permeability testing carried 

out as part of this research . In addition the necessary quality control measures 

employed have been explained and results presented. 

Results and discussion of the permeability testing and post test analysis outlined in this 

chapter are presented in chapter 6. 

The next chapter provides detail of the design and procurement of equipment for 

centrifuge permeability testing as part of this research project. A method of analysis of 

test results for calculation of the coefficient of permeability is presented and results of 

preliminary proof tests are discussed in comparison with analogous 19 permeability 

tests. 
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Chapter 5 - Centrifuge Permeability Testing Apparatus 

Chapter 3 included a summary of previous research into the use of centrifuge 

permeability testing and highlighted its ability to successfully measure the coefficient of 

permeability of fine grained materials in a shorter duration than currently feasible by 

standard methods. With this in mind, a novel centrifuge permeameter, was designed, 

fabricate, and where necessary, refined as part of this research. 

In this chapter, a discussion of the design process utilized for production of the 

prototype Centrifuge Permeameter is given, followed by a detailed presentation of the 

integral components produced and/or used . Then presented is a discussion of the 

mathematical model derived to allow interpretation of the results for calculation of the 

coefficient of permeability and an assessment of the stresses applied to the specimen 

during the test . Results of preliminary proof tests from the apparatus are presented 

and discussed in comparison with analogous Ig permeability tests, to provide an 

assessment of the feasibility of this alternative testing method, and allow 

recommendations for further research . 

Firstly presented is a brief discussion of the design approach utilised in the production 

of the Centrifuge Perm ea meter. The desired features and constraints of the testing 

apparatus have been defined. 

5.1 Design Approach and Specification 

For the production of any component, whether it is a novel testing apparatus, civil 

engineering structure (embankment, foundation, high rise tower block etc.), a new 

software package, etc., a clear design strategy is paramount to the success of the 

component being produced. The appropriate design approach utilised is dependent 

upon the component being designed, and in general, there are major differences in the 
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approaches commonly used within different engineering disciplines {i.e. civil, 

mechanical, electrical/electronic, software and chemical}. 

Harwood {1999} provides an interesting and detailed discourse on the differences in 

these design approaches and suggests a design methodology for the production of a 

soil testing apparatus. A similar methodology, to that specified by Harwood (1999) has 

been utilised in the design of the Centrifuge Permeameter within this research, and is 

detailed in this section. 

S pecifi catio n 

Conceptualise 

Draw 

2aIcUlate) 

/ 

/ 
Test 

'-- Prototype 
Production 

Figure 5.1- Cyclical Design Approach (Modified after Harwood, 1999) 

Figure 5.1 illustrates the cyclical design process used in the production of the 

Centrifuge Permeameter. The specific design processes can be generalized in to three 

main groups: 

1. Specification - where the desired features and constraints of the apparatus are 

defined . 

2. On Paper Stage - this is an iterative/looped stage comprising conceptualisation, 

drawing and calculation processes. 
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3. Manufacturing and testing Stage - at intervals within the on paper stage it may be 

appropriate to use the drawings to construct and test a prototype against the 

requirements defined in the specification. 

From the results of the testing it is possible to resume the conceptualise/draw/ 

calculation loop to provide improvements or solutions to noted problems. 

The mechanics of performing the individual tasks are described in more detail in the 

following subsections. 

The required attributes derived from the production of a design specification are 

deta iled; however a detailed description of the components of the apparatus and 

details of their subsequent improvements derived from the design process is presented 

in Section 5.2. 

5.1.1 Specification 

To allow a detailed design of the components within the Centrifuge Permeameter, a 

specification was first derived taking into account the constraints of the testing 

environment/conditions and the desired features/conditions under which the 

apparatus should perform. 

The specific design attributes of the Centrifuge Permeameter, produced as part of this 

research, are listed below: 

• The device produced, and therefore the sample size tested, should be small 

enough to accommodate housing within the lidded centrifuge cups used with the 

laboratory centrifuge available at Queens University Belfast, soil testing laboratory. 

As detailed in section 2.3.4, the specimen size can affect the permeability value 

derived, and therefore the components used should be small and compactly 
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arranged to generate maximum space to accommodate as large a sample as 

feasibly possible. 

• The total weight of the Centrifuge Permeameter and the range of accelerated 

gravitation applied during testing should be such that it is within the specified safe 

working range of the laboratory centrifuge. 

• Stock items should be employed wherever possible to reduce cost, ordering time 

and manufacture time . Normal machining/production techniques as found in the 

Mechanical and Electronic workshops at Queens University Belfast should be 

sufficient for the device's manufacture. 

• Although testing of the designed prototype within this research is confined to 

reconstituted samples, both remoulded and undisturbed samples should be 

capable of being tested. The device should be compatible with samples with a 

circular cross-section, for ease of preparation from standard sampling tubes. 

• The materials used to construct the components, and the connections between 

components, should be designed to resist deformation or shearing under the range 

of increased gravitational accelerations applied in testing. 

• The device should be compatible with the permeant used (i.e. de-aired tap water), 

as per relevant British Standard Guidelines. 

• The device should include chambers to hold reservoirs of sufficient quantities of 

permeant for inflow and outflow volume. These reservoirs should be positioned to 

allow an initial head/pressure differential to be applied between inflow and 

outflow lines across the sample to generate a significant and measurable flow 

through the sample. From the review of previous literature it is acceptable to 

utilise variable head flow techniques. 

• The device should allow the measurement of permeant inflow and outflow and an 

estimation of the hydraulic gradient/pressure differential applied across the 

sample during testing. As the centrifuge utilised in this investigation does not 
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contain a window to allow manual observation of changes in volume inflow or 

outflow, the Centrifuge Permeameter must include inbuilt sensors and a data 

logging system housed within the centrifuge cup to measure volume and pressure 

changes, for both the inflow and outflow of permeant. 

• The device should accommodate flexible lateral boundary conditions, to negate 

the inaccuracies in permeability values derived due to preferential flow (i.e. side 

wall leakage). 

• As the permeameter utilises a flexible boundary condition, the sample sides should 

be enclosed within a latex membrane (similar to permeability testing in a triaxial 

cell) and the centrifuge permeameter device should accommodate the application 

of a confining pressure in excess of the applied permeant pressures (i.e. an 

effective confining pressure - minimum of 20.0kPa) to ensure no preferential flow. 

The device should incorporate the ability to control and vary the confining stress 

component under gradual increases in accelerated gravity. 

• When the effective confining pressure is low (i.e. during setup, and under 

conditions of low gravitational acceleration), the device must incorporate a valve 

to stop permeant flow via preferential flow paths. This valve must automatically 

open when a suitable effective confining pressure has been reached to negate side 

wall leakage. 

• As the permeameter is not rigid, applied vertical stresses caused by other 

components (Le. inlet/outlet chambers or data logging device) to the sample 

during centrifugation should be minimized and the confining pressures applied to 

the sample sides should be comparable to any applied vertical pressures to limit 

sample deformation/shearing under high levels of accelerated gravitation and 

resultant force . As such, centrifuge permeameter should contain a separate and 

light weight top cap and a base pedestal to be fixed and sealed to the sample ends 

via the membrane and o-rings (similar to permeability testing in a triaxial cell). 

183 



Chapter 5 - Centrifuge Permeability Testing Apparatus 

• Leakage to or from the primary flow circuit should be minimised, and as far as 

practicable, eliminated. 

• The set-up, assembly and use of the device should be as simple and straight

forward as possible, increasing productivity and minimizing chances of operator 

error and sample disturbance. The device should be capable of being de-aired, and 

spaces in which air may become trapped should be eliminated from components 

and tube runs. 

• The device should be able to be easily disassembled for modification, cleaning and 

maintenance. 

• The test duration should be minimized to allow a greater productivity of results. 

• The accuracy of the outputted permeability values, and the values themselves 

should be assessed and compared with a conventional method of permeability 

testing to evaluate the feasibility of the device as an alternative method of 

permeability testing. 

The desired features and constraints derived for this apparatus have been drawn 

largely from the experience of others via literature review. The review included 

academic geotechnical literature to firstly develop an understanding of permeability, 

the factors affecting it, and general approaches to its measurement (detailed in 

Chapter 2), and secondly, to assess the failings and advantages of previously designed 

centrifuge permeameters by other researchers (detailed in Chapter 3). 

5.1.2 Conceptualisation, Drawing and Calculation 

On defining the required design attributes of the Centrifuge Permeameter, it was then 

possible to produce a detailed conceptual design of the device and its integral 

components. 
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During the conceptual design, in addition to drawing on the experience of others 

through literature review (as detailed above), an initial review of brochures and 

standards was carried out to establish the performance, cost, sizes and availability of 

various components that would be useful for inclusion in the Centrifuge Permeameter 

device. This information was drawn on throughout the design process to minimise the 

need for over-expensive items with long delivery times. 

It was often found that technologies/components available in other disciplines (i.e. 

medical, chemical, electrical etc.) had the potential to cross over and assist the design. 

In addition, the conceptual design process was aided by discussion with colleagues in 

and out of the immediate subject area, where the insight of members of different fields 

provided intuitive debate of various possible solutions. 

As the conceptual design became firmer, it was possible to produce construction 

drawings of the proposed physical elements, allowing design solutions to be visualized 

and created a greater understanding of the physical possibilities and constraints of the 

design as it developed. In addition, drawing allowed testing of dimensions, fits and 

alternative arrangements, to maximise the available space for the sample. This task 

was greatly aided using a computer-aided drawing (CAD) package; allowing several 

possible solutions and alternative arrangements to be tested for fit and assembly; 

common sub-components need only be drawn once and copied as necessary. 

Discussions with members of the mechanics workshop, who machined the physical 

components of the permeameter, was paramount in the conceptual design to ensure 

the components designed were compatible with the machining processes available for 

production. 

As the components produced within the design are used within an accelerated 

gravitational environment, the physical elements procured and their connections will 

be subjected to increased loading due to self weight and the weight of any 
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supported/attached components. Under-evaluation of the loadings applied may lead to 

shearing of connections between components or unsatisfactory deformation of 

components under increased bending moments. In many cases, the components 

produced have a complex three dimensional shape, with many sharp apertures and 

threaded connections inducing stress concentrations. Calculating stress distributions 

under increased and variable gravitational acceleration would have proven difficult 

without resorting to lengthy finite element analysis. Instead, simplified calculations 

were preformed based on simplified geometry and non-variable gravitational 

acceleration, and a large factor of safety was applied to account for uncertainties over 

stress distribution. 

Further calculations were required to assess the likely stresses (from components 

resting on the sample), back pore water pressures (from the head of water exposed to 

the sample ends) and imposed confining pressures (generated from a chosen design 

solution) on the sample during centrifugation . As stated in the specification: the 

confining pressure applied had to be greater than the applied back pore water pressure 

along the entire length of the sample to impose a suitable effective confining pressure 

and negate preferential flow; and the confining pressures applied to the sample sides 

should be comparable to any applied vertical pressures to limit sample 

deformation/shearing under high levels of accelerated gravitation and the resultant 

force . 

To enable the assessment of the above criteria, a mathematical model was generated 

that provided an interpretation of weight/pressure distribution along the length of the 

conceptually designed centrifuge permeameter and sample, taking into account the 

variability of increasing gravitational force with distance from the centre of rotation (as 

detailed in section 3.2.3). This model is detailed further in section 5.3. 
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If the design was shown to have any notable failings during the production of the 

drawings and respective calculations, then alterations were made, and new drawings 

and calculations were produced. Only when the author was satisfied with conceptual 

design was a physical prototype constructed; drawings were issued to the electronic 

and mechanical workshops within the school to produce the designed components and 

orders were made to acquire other outsourced materials and off-the-shelf 

components. 

5.1.3 Manufacturing a Prototype and Testing 

As with the design of any relatively complex or novel equipment, it is impossible to 

anticipate all problems associated with the design. No matter how much detailed 

calculation and drawings have been used to alter and improve a conceptual design in 

the 'on paper' stage, generally further problems are revealed during the testing of the 

produced prototype. 

The outcome from testing of the prototype was often fairly simple: either the 

centrifuge permeameter performs as expected, or it does not. If not, the resultant 

problem is firstly identified; where applicable, if the cause of a problem is not 

immediately apparent (e.g. a leak in the system), components were isolated and tested 

individually to aid identification and gain confidence in the assessment of the cause. 

The design procedure then reiterates through further conceptual design, drawing and 

calculation to find a solution before required alterations are applied to the prototype 

apparatus and further testing is preformed. 

It was found that testing of the prototype centrifuge permeameter throughout the 

research period highlighted numerous problems that were not initially anticipated 

during the conceptual design (as detailed in the following sections). As such, the cyclical 

design approach illustrated in figure 5.1 was iterated many times during this research 
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investigation, and continual prototype testing proved an invaluable and necessary 

method of the apparatus development. 

It should be noted that in many cases, an outright 'full test' (i.e. running a sample in the 

fully assembled centrifuge permeameter) was not initially necessary to prove the 

effectiveness of design alterations; instead, where a problem was noted within a 

specific component (e.g. the data logging system or the gravity spring valve), design 

alterations where made to that component, and it was tested in isolation to gauge the 

effectiveness of the alterations. This method quickened the design process by negating 

the lengthy durations in test set-up and running, and increased confidence in the 

design solution for a particular component prior to its use in a full test. 

Although the above cyclical design approach is a necessary inevitability, it does induce 

relatively slow progress in the design of a system. In general, the testing of the 

prototype or specific component was generally a short duration task in comparison to 

the time spent identifying the causes of problems and conceptualizing possible 

solutions. However, the greatest proportion of the design duration can be attributed to 

tasks outside the authors control, such as the time taken to manufacture, alter or 

repair components, or the required waiting time for the delivery of specialised 'off-the

shelf' materials or components. 
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5.2 The Centrifuge Permeameter 

This section is devoted to a detailed presentation of the Prototype Centrifuge 

Permeameter designed as part of this research. The components of the device are 

discussed in addition to the details of the laboratory bench top centrifuge utilised. 

Where changes/improvements have been made to individual components due to 

problems highlighted during prototype testing, these are detailed in the text. 

To gain an understanding of the use and required performance of individual 

components, it is advantageous to gain an understanding of their performance within 

the apparatus as a whole. As such, a general overview of the Centrifuge Permeameter 

is detailed in the following subsection. 

5.2.1 General Arrangement and Overview 

The general arrangement of the prototype apparatus is pictured in Figure 5.2(a) prior 

to insertion in the centrifuge cup, and presented schematically in Figure 5.2(b). The 

main components of the apparatus can be defined as follows: 

1. The bench top laboratory centrifuge and associated ancillaries; centrifuge cup 

and lids 

2. The Sample to be tested 

3. Inlet and outlet chambers and associated hanging bracket 

4. Top cap and bottom cap, inclusive of detachable recessed porous disks and a 

top cap extension 

5. Connecting tubing and associated fixtures and fittings (omitted from Figure 

5.2b) 

6. Permeameter base support (omitted from Figure 5.2b) 

7. Gravity Spring Valve (shown at a reduced scale in Figure 5.2b) 

8. High Density liquid (HDL) 
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9. Confining Membrane (omitted from Figure S.2b) and attachment O-rings 

compatible with the top and bottom caps. 

10. Electronic component comprising a data logger and detachable pressure cells 

(data logger not pictured in Figure S.2a) 

As shown, the apparatus allows cylindrical soil samples of 75 mm diameter to be 

tested. The sample is axially confined between the bottom and top caps and laterally 

confined by a 75 mm diameter rubber membrane which is held in place using 2 o-rings 

secured by groves on both the bottom and top caps. Porous stones are built into both 

the top and bottom caps. A drainage line is provided in the bottom cap to facilitate the 

entrance of permeant from a flexible drainage line connected via a designed spring 

gravity valve from the inlet chamber. A hole is also provided through the base plate to 

facilitate permeant flow through the sample to the outlet chamber via a flexible 

drainage line. 
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Centrifuge Cup Lid 

Data logger 

1.---+--1f---1 n I et Chamber 

~-+---+--- Outlet Chamber 

• 

Hanging Bracket 

Centrifuge Cup 

Gravity Spring Valve 
(at a reduced scale) 

Top Cap Extension 

'---'----l-I-III-I--l----I n I et and Outlet 
Pressure Cells 

SAMPLE 
Diameter : 75mm 

Height: 30mm 

a -Ring 

'---~+---4--- Top Cap including 
Porous Disk 

.r----..... +--1f----Bottom Cap including 
Porous Disk 

r-----.... J t-.+--+--- a -Ring 

'--------------,..t.~---High Density liquid 

Inlet pressure line 

Outlet pressure fine 

(Iectronlc cabl" 

Nexe: 
To provide darl ty w ithin thiS schema tic some components of the 
appara tus have been ommlted. Including details of the fixtures and 
fillingS. the permeameter base support and the confll1lng membrane. All 
de tailed components arc drawn to sca le With the exception of Gravity 
Spring Valve which has been reduced to allow cla rifica tion of fl ow path s. 

Figure 5.2 -Centrifuge Permeameter (a) pictured assembled and prior to insertion in the centrifuge 
cup, (b) Schematic Illustration 

The inlet and outlet chambers consist of two concentric cylinders, permanently 

connected to a circular base. These chambers are suspended above the sample by a 
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hanging bracket supported by the top of the centrifuge cup. To provide a flow through 

the sample, the inlet chamber is filled with permeant to a higher level than that in the 

outlet chamber, thereby producing a pore water pressure differential (Le. an energy 

gradient as detailed in section 3.2.3) across the sample. Under elevated gravitational 

acceleration, this energy gradient will increase, producing an increased flow of 

permeant from the inlet chamber upwards through the sample, and into the outlet 

chamber. As such, the flow condition applied during the test is essentially a falling head 

rising tail water condition. Negating the effects of head loss through the system and 

sample, flow will continue until the permeant levels in the chambers equalise. 

Miniature pressure transducers incorporated into the base of both chambers facilitate 

the measurement of pressure head generated from the volume of water retained in 

each chamber while under elevated gravitation during centrifugation. Using the 

pressure obtained from each pressure cell, and knowing the rotational speed of the 

centrifuge, a mathematical model derived for this device (as detailed in section 5.3) 

allows calculation of changes in inlet and outlet volumes during testing, and calculation 

of water pressures applied to the sample base and top. Resultantly, pressure changes 

monitored by the miniature pressure cells can be directly correlated to the 

permeability of the tested sample. 

Both pressure transducers are connected to a data logger (via plug-in sockets) which 

can be secured to the top of the permeant chambers, after permeant levels within the 

inner and outer chamber have been filled as necessary during set-up. The centrifuge 

permeameter can be set to take readings at specific intervals during the test using 

software written to a microprocessor, a component of the data logger. 

To prevent preferential flow between the sample side and its adjacent boundary, the 

permeameter has a flexible boundary. As previously detailed, during centrifugation 

vertical stress within the sample will increase due to the increasing gravitational 
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acceleration, both from its own self weight and the applied load from any mass resting 

on top of the sample. This in turn could lead to lateral straining, and in extreme cases, 

shearing of the sample, which may affect the permeant flow and therefore yield 

unrepresentative permeability results. 

To minimise loading of the sample, the inlet and outlet chambers and data logging 

component are suspended using the hanging bracket shown in Figure 5.2, and the 

permeant line connections between chambers and the sample are highly flexible. 

To ensure minimal lateral straining of the sample during centrifugation, the vertical 

stresses imposed by the top cap and the sample self weight are to be balanced using 

lateral confining pressures surrounding the flexible membrane covered sample. This 

confining pressure is generated using a High Density Liquid (HDL), corresponding to the 

bulk density of the soil sample, positioned inside the centrifuge cup laterally 

surrounding the sample, top cap and bottom cap. As the material used for the 

production of the top caps has a relatively higher density than the sample or HDL, to 

allow equalization of vertical and horizontal pressures at the sample top, the top cap 

has been designed with elongated walled sides (and a light weight top cap extension to 

be used where necessary dependent upon the length of sample to be tested), to allow 

an appropriate increased head of HDL to be used . 

This setup facilitates the balance of stresses within the sample under varying 

gravitational accelerations. The lateral stresses imposed by the HDL will increase 

proportionally with the vertical stresses imposed by the top cap and sample weight, 

under increased rotational speeds applied in the centrifuge. 

Under flexile boundary conditions, a requirement to ensure no preferential flow 

between the membrane and sample sides is a minimum effective confining pressure of 

15 kPa (Mitchell, 1994). The effective confining pressure is the difference between the 
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pore water/permeant pressure in the sample and the total confining pressure applied. 

The maximum permeant pressure applied to the sample is defined by permeant head 

level existing in the Inlet chamber at the start of the test. As the confining pressure 

generated by the HDL increases laterally from the top to the base of the sample, to 

account for the required effective confining pressures and minimise the divergence in 

effective pressure across the sample length, inlet flow is applied to the base of the 

sample. Hence an upward flow is generated through the sample during testing. 

The layout (i.e . permeant levels and HDL level) within the Centrifuge Permeameter 

where continuously checked by calculation using the mathematical model (detailed in 

Section 5.3) during conceptual design stages, to ensure that sufficient effective 

confining pressure would applied to the sample during the test. 

However, a sufficient effective confining pressure can only be applied under a high 

level of gravitational acceleration, and as such the performance of the HDL is 

compromised when normal or low gravitational accelerations are applied (i.e. during 

set up and during the initial ramp up in rotational speed in the centrifuge). Therefore, a 

solution was devised to prevented permeant flow from the inlet chamber until a 

rotational speed in the centrifuge reached a level high enough to generate a sufficient 

effective confining pressure of 15kPa to negate preferential flow. 

As a form of controlling the inflow of permeant, a Gravitational Spring Valve was 

designed and fabncated, and is shown (at a reduced relative scale) in Figure 5.2. This 

valve allows the permeant flow to start and stop at a set gravitation, and could be 

regulated by an adjustment bolt . A detailed description is provided later in this section. 

The detailed drawings produced and presented to the mechanical workshop for the 

machined components of the apparatus are included in Appendix B. Individual 

components are pictures and described in further detail in the following subsections. 
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5.2.2 The Laboratory Centrifuge 

The Centrifuge Permeameter procured as part of this research was designed for use in 

a Sigma 6K15 centrifuge and its associated lidded aluminium screw top cups. 

The Sigma 6K15 laboratory centrifuge can be fitted with a variety of different rotors 

and other ancillaries. The model at Queens University is fitted with a four drum rotor 

capable of spinning four cups simultaneously (Part numbers: 13550 and 11150), as 

pictured in figure 5.3. The drum is encased by an armoured concave aluminium base 

and motorized lockable lid; providing a solid safety case around the rotary chamber. 

There is an inbuilt refrigeration unit within the centrifuge to ensure a constant 

temperature in the chamber during centrifugation, and for this investigation was 

maintained at 20°C during operation. 

An electronic display and operation knob, and start and stop buttons situated on the 

front face of the centrifuge allows rotational speeds to be set, and are displayed in 

Rotation Per Minute (rpm) and the resultant gravitational acceleration (this value 

pertains to the base of the cup - a distance of 214mm from the point of rotation). The 

centrifuge can be set to run continuously until manually stopped or for a given time 

period after which it will automatically stop. An additional feature of centrifuge is that 

a run can be programmed, allowing automatic changes in rpm at specified run 

durations. 
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Figure 5.3 - Sigma 6K15 Laboratory Centrifuge: (a) Internal (b) External 

The centrifuge has a number of safety devices incorporated into its design including: 

• A lid lock sensor ensuring that the centrifuge will only rotate when the lid is closed, 

and the lid can only be opened after the centrifuge decelerates to a complete stop. 
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• An imbalance monitoring system ensuring that in the case that the rotor is 

unevenly loaded (i.e . masses in diametrically positioned cups are uneven) the 

rotating drive will shut down when resultant vibrations in the rotor exceed a given 

tolerance. 

• A rotary monitoring device system checks that the entered rotational speed is 

compatible with that allowed for the installed rotor and associated cups. 

The cylindrical centrifuge cups, compatible with the centrifuge, are constructed from 

aluminium and rest on dual hinges positioned on the outer edge of the centrifuge 

rotor. The cups have an outer threaded on their upper edge to facilitate placement of 

screw on lids. During operation the lids are required to be fitted to limit eddies of air 

currents with in the cup during centrifugation. In addition, the placement of lids limits 

evaporation of any liquids from the cup during centrifugation. 

The internal diameter of the cups is 86mm and the height restriction (including the 

additional height afforded by the lids), is 168mm. As such cylindrical soil samples tested 

within the Centrifuge permeameter are limited to a diameter of 75mm. This is one of a 

number of standardized diameters commonly used in soil laboratory testing (e.g. 

oedometer tests, shear strength triaxial tests), and as such, testing ancillaries (Le. 

membranes, sampling tubes, o-rings, stretchers etc) are generally present in 

established soil laboratories, and if not, are readily available from soil laboratory 

testing equipment manufactures/suppliers. 

The specified allowable maximum speed for the rotor and cups used in this 

investigation is 4700 rpm (equating to an approximate N of 5285). However, the Sigma 

6K15 user guide stipulates that 'If the density of the material exceeds 1.2 g/cm
3
, the 

mox. speed of the centrifuge must be reduced'. The weight of the Centrifuge 

permeameter used in this investigation produces an average density of approximately 

2.8 g/cm3 with in the centrifuge cup, and as such, the maximum applied rpm in this 
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investigation was limited to 1209 rpm (equating to an approximate N of 350); a value 

deemed to be conservatively within the safety constraints of the equipment. This was 

approved in discussion with the centrifuge repair and maintenance professional. 

At Rest Full Speed 

Ramping Up 

Figure 5.4 - Alignment of the centrifuge cup and Permeameter during centrifugation 

During the setup of centrifuge for testing, the inserted cups are positioned vertically 

inside the centrifuge. On the application of rotation, the centrifuge will ramp up to full 

speed, and the cups will rotate along their hinges to a horizontal position. As illustrated 

in figure 5.4, during the initial ramp up of speed, where the generated centrifugal 

acceleration is comparable to normal gravitation, the cups are aligned at an acute 

angle between horizontal and vertical. It should be noted that the hinges between the 

rotor and cups where lubricated before use, and at all times during centrifugation 

(including the ramp up stage) the attributable vector of gravitational accelerations is 

applied along lateral alignment of the cup, and as such standing Permeant and HDL 

levels can be considered to remain at perpendicular to the alignment of the cup (i.e. 

there is no spillage of permeant out of the chamber, and no spillage of HDL onto the 

top cap). 
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However, the point of rotation around the rotor hinges and the alignment of the cups 

during ramping did cause previously unanticipated problems to be brought to the 

author's attention during prototype testing. The problems and designed solutions are 

as follows: 

• In the initial design the machined components (i.e. base and bottom cap, inlet and 

outlet chambers, hanging bracket and gravity ball valve casing) were constructed 

from stainless steel because of the materials high strength, resistance to corrosion 

and ready availability within the mechanical workshop. During preliminary testing 

the device when installed in the centrifuge cup was noted to be 'top heavy' (Le. 

the components lateral centre of gravity was very close to the point of rotation on 

the hinges). Centrifugation under these conditions would have lead to gross 

instability, and possible detachment of the cups from the rotor during 

centrifugation. To overcome this problem the devices lateral centre of gravity was 

brought closer to the base of the cup by reconstructing the upper components (Le. 

inlet and outlet chambers, hanging bracket and gravity ball valve casing) from 

lower density plastic, specifically high-density polyethylene (HDPE). In addition, a 

new component, the Permeameter Base Support (detailed further in this section), 

machined from stainless steel added additional mass to the base of the cup. 

• In the initial design only one centrifuge permeameter was constructed. The 

intention was to balance the weight of the diametrically positioned cup with sand 

and/or lead pellets. However, during ramping up of the centrifuge, when cups are 

aligned at an acute angle, the lateral variation in density along the centrifuge 

permeameter, when diametrically balanced by cup contents of a uniform density, 

caused a variation in the imposed forces along the rotor (due the fact that imposed 

gravitational acceleration is dependent upon the radius of rotation). The non 

equilibrium of forces lead to continuous imbalance in the rotor, tripping the 
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imbalance monitoring system and causing automatic shut down of the centrifuge 

prior to horizontal cup alignment being reached. To overcome this problem a 

second and identical Centrifuge Permeameter apparatus was constructed to 

ensure diametric balance within the centrifuge. A second device also allowed the 

added benefit of duel tests to be run at one time. 

In common with many individual and highly expensive items within any given research 

laboratory, the centrifuge in Queens University Soil Testing Laboratory is in regular use 

by a number of research staff and students, for a variety of different geotechnical and 

geo-environmental research applications. As such, although the author was its primary 

user during the period of this research, the time allocated for prototype testing using 

the centrifuge was lim ited due to the high demand from other users. 

It was the author's experience that the centrifuge, although a useful and highly safe 

instrument, was relatively prone to malfunction and breakdown. Over the course of the 

research investigation, a total of five different breakdowns were noted, generally due 

to broken or malfunctioning safety sensors/system (detailed above), leaving the 

centrifuge unusable until such time when a designated laboratory repair and 

maintenance professional was available to repair or replace broken parts. On one 

occasion, a catastrophic failure, caused by the shearing of a restraining bolt, that 

attaches the rotor to the drive motor, lead to the detachment of cups during 

centrifugation during use by another researcher. Dependent upon the type of the 

malfunction and whether or not specific replacement parts required delivery, the down 

time requ ired for each repair varied between approximately 1 to 4 weeks. 

5.2.3 The top and bottom caps 

The top cap and bottom cap of the Centrifuge Permeameter are pictured in Figures 5.5 

and 5.6 respectively, and detailed construction drawings of these components (as 

submitted to the mechanical workshop) are available in Appendix B. 
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Figure S.S - Centrifuge Permeameter Top Cap 
(a) showing walled upper edge, (b) showing recessed underside with porous stone installed 

Figure 5.6 - Centrifuge Permeameter Bottom Cap 
(a) showing drainage groves, (b) showing underside (c) showing porous stone installed 

Both caps are constructed from stainless steel and have a diameter of 75mm. The 

depth of each cap (excluding the top cap walls) has been minimized as much as feasibly 

possible to reduce the space within the centrifuge cup and the loading on top of the 

sample. 

Recesses have been provided at the sample end of each cap to accommodate porous 

stones/disks of 6Smm diameter and 4mm thickness. Four porous stones were 

machined by the author in the mechanical workshop using a lathe and diamond cutter 
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to decrease the turnaround in manufacturing. The porous stones allow an even 

distribution of permeant to the sample ends. The stones produced provide a tight fit in 

the caps but can, however, be removed to allow cleaning of the components and 

drainage channels. In addition, drainage groves were procured in the base cap to 

further provide even distribution of flow for the inflowing permeant. 

A circular grove of 3mm diameter and 3mm depth is provided around the outer edges 

of each cap to accommodate placement of 2.7mm thick O-ring, used to fasten and seal 

the laterally confining membrane around the sample. This design ensures that the 

outer edge of the o-ring remains flush with the cap and sample sides so as not to 

encroach upon the limited available space required for the inlet permeant line (as 

shown in Figure 5.2). 

Drainage holes have been provided in the top cap and bottom cap and have been 

threaded (MS) to allow attachment of miniature fittings connecting to inlet and outlet 

drainage lines. As shown in the construction detail drawings, the base of the bottom 

cap has a significantly reduced diameter of 3Smm, to allow room for the connection of 

the miniature fitting. The permeameter was found to be relatively unstable due to the 

reduced footing of the base cap and, as such, the Permeameter Base Support (as 

previously discussed, and detailed later in this section) was designed to provided added 

support to the permeameter during both setup and while in the centrifuge cup. 

As previously discussed the top cap has elongated walls, of low thickness (l.Smm) to 

allow an increased head of HDL to be used to generate sufficient lateral pressures to 

accommodate its weight and the effective confining pressures required during testing. 

Where the sample size decreases, so will the allowable head of HDL, and as such an 

extension to the top cap wall, constructed from lower density HDPE material, was 

procured to ensure sufficient confining pressures can be generated. 
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S.2.4 Inlet and Outlet chambers and Hanging Bracket 

The combined inlet and outlet chambers component is pictured in Figure 5.7 while the 

hanging bracket, supporting this component in the centrifuge cup is shown in Figure 

5.8. Detailed construct ion drawings of these items are presented in Appendix B. 

Figure 5.7 - Centrifuge Permeameter Inlet/Outlet Chambers and Hanging Bracket 
(a) top Side, (b) underside (inc. Spring Gravity O-ring) 

Figure 5.8 - Inlet/Outlet Chambers supported by Hanging Bracket. Voids provided in Hanging 
bracket to allow transducer cable passage to data logger 

204 



Chapter 5 - Centrifuge Permeability Testing Apparatus 

The inlet and outlet chambers consist of two concentric cylinders, permanently 

connected to a circular base. The inner (inlet) chamber has an internal diameter of 

32.0mm (yielding a cross sectional area of 803mm 2
), while the outer (outlet) chamber 

has maximum and minimum internal diameters of SO.Omm and 38.0mm, respectively 

(yielding a cross sectional area of 829mm). The chambers were designed to be similar 

in cross sectional area (3.1% difference) to maximise the volume of permeant flow 

through the sample, i.e. a decrease in head and volume of water level in the inflow 

chamber leads to a comparable increase in head and volume in the outflow chamber. 

The base of each chamber has a M4 threaded embossed hole for connection of the 

inlet and outlet pressure cells. The chambers have been designed based on the length 

of the cells to ensure that the sensors are flush with the base of each chamber. 

An additional threaded (MS) hole is present at the base of the outlet cell to facilitate a 

drainage connection to the top cap via a miniature fitting. 

As previously discussed, outflow from the inlet chamber is via a Gravity Spring Valve. 

There is a 3mm diameter unthreaded hole in the base of the inlet chamber with an 0-

Ring grove surrounding the hole on its under-side to ensure a water tight seal with the 

Gravity Spring Valve. The Gravity Spring Valve is bolted to the underside of the 

chamber via three M3 partially drilled threaded holes, spaced at equal radii around the 

outlet hole . 

The upper edge of the outer chamber is recessed to allow a secure fit for the 63mm 

diameter circular Printed Circuit Board (i.e. the underside of the data logging 

component) . This ensures minimal movement of the circuit board caused by possible 

agitation during centrifugation . 
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The lower end of the outer chamber is recessed to allow support by the hanging 

bracket. Similarly the outer edge of the Hanging Bracket is recessed to allow a tight fit 

into the top of the centrifuge cup. The Hanging Bracket has voids provided to 

accommodate connection of the pressure cells to the data logger via an electronic 

cable. 

5.2.5 Permeameter Base Support 

The Permeameter Base Support is constructed of stainless steel, is pictured in figure 

5.9, and detailed in a construction drawing presented in Appendix B. 

Figure 5.9 -Centrifuge Permeameter Base Support 

The Permeameter Base Support performs a number of roles within the apparatus, two 

of which have been previously detailed; to lower the center of gravity of the device 

thereby increasing overall stability during centrifugation, and to provide an increased 

footing at the permeameter base to increased stability on set up and prevent lateral 

movement of the device during centrifugation . 
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The permeameter base support is essentially a cylinder of diameter nominally smaller 

than the internal diameter of the centrifuge cup. It has a concave under-side outer 

edge, matching that of the internal base of the centrifuge cup, and has a recess and 

inner hole to allow the base to set and fitted inside it. There is a slit in the base support 

to account for the fixture and inlet permeant line that attaches the base cap. 

In addition, the Permeameter base support is an important component in the setup 

and removal of the device from the centrifuge cup. It was found during initial testing 

that inserting and removing the permeameter from the centrifuge cup relied on lifting 

the sample via the top cap, which induced stretching in the membrane and 

deformation of soft soil samples. To overcome this problem, two diametrically placed 

threaded holes were drilled in the upper outer face of the base support into which two 

thin threaded carrier rods could be screwed. These carrier rods (pictured in Figure S.2a) 

were long enough to fit into the spaces provided in the hanging bracket and as such 

were used to lift the assembled permeameter and sample into the centrifuge cup 

during setup. Once in the centrifuge cup, the rods were unscrewed and removed 

during testing. On test completion the rods were again screwed into the base support 

to remove the apparatus (with the exception of the HDL which remained in the cup). 

5.2.6 Gravity Spring Valve 

To prevent the inflow of permeant to the sample, two possible solutions were 

considered during conceptual design consisting of; a solenoid valve, and a Gravity 

Spring Valve . 

A solenoid valve is an electromechanical valve controlled by an electric current, widely 

used in various mechanical devices for the automatic flow control of liquids and gases. 

It was deemed plausible in the early conceptual design stages of this research that the 

batteries and microprocessor situated on the data logger could be used to operate a 

solenoid valve situated on the inlet line. It was speculated that the solenoid valve may 
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have been triggered to open at a specified duration after the data logger had been 

switched on, or alternatively when readings of the pressure transducer in the inlet 

chamber reached a reading that indicating the generation of sufficient gravitational 

acceleration to provide a suitable confining pressures in the HDL. 

However, further research of available solenoid valves indicated their unsuitability for 

use given the following reasons: 

• They require a relatively high voltage which was outside the available voltage 

range of the batteries used in the data logger - higher voltage batteries are larger 

and could not be accommodated in the allocated space for the data logger 

• They are relatively expensive components 

• They are relatively large components and would encroach significantly on the 

available space for a sample. 

• The programming and set-up for their application was deemed to relatively 

complex and as such was unsuitable for use within a prototype design. 

As such, an alternative and novel solution, the Gravity Spring Valve, was deemed a 

Simpler and more suitable component for use. The valve casing was constructed of 

HDPE, and miniature stainless steel springs and ball bearings where sourced and 

purchased for use. The component is pictured in figure 5.10 and is detailed in a 

construction drawing presented in Appendix B. 

The setup of this valve consists of a stainless steel ball bearing positioned on top of a 

spring enclosed in a water tight casing attached to the base of the inlet/outlet 

chamber. Under low or normal gravitational forces, the spring compresses the bearing 

upwards into a tapered hole in the base of the inlet chamber, thereby preventing 

permeant percolation into the sample . The upward force exerted on the ball bearing is 

directly proportional to the compressed length of the spring, which can be varied using 

the adjustment bolt at the base of the valve casing. During centrifugation, the weight 
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exerted by the mass of the ball bearing and the spring self weight will increase to 

surmount the force exerted by the original compression of the spring. At this point, the 

bearing will move downwards allowing a flow of permeant out of the inlet chamber, 

and into a drainage line that is attached via a miniature fitting to the side of the gravity 

spring valve and subsequently connected to the base cap. 

Figure S.10 -Gravity Spring Valve (a) showing casing ball bearing, spring, adjustment bolt and 
connection to inlet chamber, (b) showing top edge of casing and e!bow fitting attached 

Prototype testing has shown that the gravity valve works as designed but for one minor 

flaw: continuous leaks were noted via the adjustment bolt. Consequently, the bolt was 

adjusted and sealed against leaks at a working gravitational acceleration of 

approximately 70g (a suitable value for the generation of sufficient effective confining 

pressure as indicated by the mathematical model detailed in the section 5.4). 

5.2.7 High Density liquid 

As with the problem of controlling fluid inflow (as solved by the procurement of a novel 

gravity density valve), the generation of suitable confining pressures to allow flexible 

boundary conditions under the highly restrictive space provided by the centrifuge cup, 

proved a difficult problem to solve and significant research and careful consideration of 

a range of possibilities was required to find an appropriate solution. 
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The method of providing lateral confining pressures as provided in the apparatus 

detailed by Theriault and Mitchell (1997) and shown in Figure 3.8, was deemed to be a 

suitable solution . However, their device was not restricted by the space constraints of a 

small laboratory centrifuge cup, and the use of this methodology in this research 

application was deemed implausible. In addition, the set-up required for such a system 

was deemed relatively complicated for routine/commercial permeability testing. 

Other solutions considered included the use of a weighted piston and sealed fluid filled 

membrane arrangement, where increasing gravitational acceleration acts upon a 

ringed piston to compress a sealed membrane of liquid confining the sample. After 

initial conceptual design (including drawings and calculations), this idea was abandoned 

due to its relatively complicated set-up and the relatively large amount of space 

required for its accomplishment. 

Through a significant amount of research and discussion with colleagues from other 

disciplines (significantly those with a chemistry background), the existence of a number 

of High Density Liquids were discovered, though their manufacture is highly specialized 

and limited to only a relatively small number of companies across the world 

(specifically the US and Australia) . No laboratories/manufacturers within the UK, 

reviewed during the research investigation, were found to supply Liquids to the High 

Density Required . 

An American based manufacturer, Cargille Laboratories, specialise in producing 

precision calibrated density liquids used to determine the bulk density of non-porous 

solids, and the specific density of porous solid materials - an object that sinks is 

obviously greater in density than the liquid; conversely, an object that floats is lower in 

density. Their use is generally refined to applications in Geology, Mineralogy and 

Gemology for the quick sorting and identification of different density compounds (e.g. 
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gems); in quality control, where the minimum or maximum density of plastics, 

insulation, ceramics and many other compressed items can be quick determined; and 

in for use in manometers and other control components. 

Heavy Liquids are formulated to a specified requested density to a tolerance of ±D.DDS 

g/cm
3 

and are divided into two Series: Aqueous and Organic. The Aqueous Series is 

subdivided into three Groups according to formulation: Inorganic Salts, Thallium 

Malonate Formate, and Melts. The Aqueous Series is water soluble, while the Organic 

Series is miscible with most organic solvents and does not mix with water. 

The defining features required for any HOL to be used in this research application were 

as follows: 

• Most importantly, the HOL should not pose a hazard to the user or any other 

laboratory user. 

• The HOL should remain uniform when under centrifugation, {i.e. compounds in the 

liquid must not separatedjsedimented during centrifugation. 

• The HOL should be chemically compatible with the materials used in the 

permeameter, specifically, stainless steel, HOPE and the latex rubber membrane. 

Initially, a sample of the Organic Series liquid was purchased at 2.2g/cm 3
. Initial 

prototype testing revealed incompatibility with the confining latex membrane; the 

membrane submerged in the Organic Series Liquid lead to a notable warping of the 

membrane over the course of several days. 

Consequently, an Aqueous based liquid (formulated with Inorganic Salts) was 

purchased for use at the maximum available density of 2.5g/cm3
. Prototype testing has 

shown compatibility with the confining latex membrane and the components of the 

Centrifuge Permeameter. 
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Safety data sheets for the liquid indicate that the liquid does not pose a threat to users 

under conditions of its intended use. The intended use is defined as 'a density liquid at 

normal room pressure, temperature at re to 40°C, in a non misted/airborne state, in a 

trained and supervised laboratory, and using normal precautionary Personnel 

Protective Equipment' (i.e. polythene gloves and safety glasses). 

This liquid also had the added benefit of being miscible with water so, where necessary, 

the density of the fluid could be reduced by mixing with distilled water. Where, leaks 

occurred into the HDL during prototype testing (a continuous problem encountered in 

the early parts of this research), the resultant density would reduce. To counter this 

problem, more of the originally solution could be added to increase its density. The 

densities of batches of the HDL were labelled and routinely checked and altered as 

necessary to the nearest O.Olg/cm3 using a pykonometer (i.e. a specific gravity bottle) 

prior to test set-up. 

5.2.8 Tubes and Fittings 

The Standard nylon tubing used in normal geotechnical applications was found to be to 

rigid to allow the tight twists and turns required of the inlet and outlet permeant 

connections between chambers and caps. As such lengths of 4mm external diameter 

2.5mm internal diameter Po lyurethane tubing were used, due to its high flexibility and 

relatively high strength. 

Originally the miniature fittings used to attach the tubing to individual components was 

via miniature push in valves, allowing relatively quick assembly. As the push in valve is 

designed for use with nylon (or other rigid tubing materials) a rigid attachment was 

procured using a short end length of nylon tubing, connected using small diameter 

tubbing (outer diameter of 2.Smm - correlating to the inner diameters of the nylon and 

polyurethane tubing), sealed using Araldite adhesive. Prototype testing noted continual 

leaks from both the push-in connections (thought to be effected by the increased 
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gravitational acceleration) and the procured seals, and as such this connection 

arrangement was abandoned for a simpler solution. 

Alternative screw tight fittings (pictured in Figure 5.11) were procured from pneumatic 

and hydraulic equipment manufacturers, SMC, to attach the polyurethane tubing to the 

required components . Accompanying gaskets, shown in Figure 5.11, sealed against the 

flush edges of component to which they were screwed into. Prototype testing indicated 

a significant decrease in leaks using these alternative fittings. 

Figure 5.11- Screw tight Miniature Fittings used in the Centrifuge Permeameter 
(a) Straight fitting (b) Elbow fitting (After SMC catalogue) 

5.2.9 Electronic Component - Pressure Cells and Data logger 

The electronic component associated with the Centrifuge Permeameter is relatively 

simple in design and operation. The design, construction and any required alterations 

were carried out by technicians in the Queens University Belfast Electronics Workshop, 

with continual comments and additional ideas suggested by the author. 

The design consists largely of the selection and integration of off-the-shelf 

components, with the exception of the printed circuit board (PCB) which was designed 

and procured within the workshop. With review of the data sheets for a particular 

component, their requirements (e.g. voltage) their predicted behavior (e.g. power life 

of battery, pressure range of a pressure sensor) and their size, can be ascertained and 

suitability assessed prior to purchase. 
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The major restriction for the selection of electrical components was their size, given 

the relatively small space in which the data logging component was to be housed 

(shown in figure 5.2). The geometry of the data logging device is largely restricted to 

two dimensions for the layout tracks on the PCB, and much consideration and 

conceptual design changes were required to produce a suitable layout for the 

electronic components. 

As previously discussed there where two complete centrifuge permeameters 

constructed. The general form is common to both, with the exception of the pressure 

cells utilised. To differentiate between the two centrifuge permeameters they where 

labeled CPl and CP2. Alternative pairs of pressure cells manufactured by two different 

companies, Micron (in CP1) and Entran (in CP2), pictured in Figure 5.12, where 

procured for use. Although similar in size, requirement, and specified performance 

under 19 conditions, the performance of the sensors under accelerated gravitational 

forces was notably different. The effect of gravitational acceleration on the Micron 

pressure cells lead to the unreliable and inconsistent outputted results (detailed at the 

end of this sub-section). 

Figure S.12 - Entran pressure cells 
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Figure 5.13 - Electronic Data Logging component 

The electronic data logger is pictured in 5.13 . The following paragraphs briefly detail 

the workings, capabilities and failings of the designed electronic data logging 

component. 

During centrifugation the head of water within each chamber generates a pressure 

which distorts a membrane situated on the outer upper edge of the pressure cell. The 

pressure cell then outputs a voltage dependent upon the amount of distortion in the 

membrane. The higher the pressure, the greater the voltage outputted, and as such 

knowing the rotational speed of the centrifuge, the level of water within the chamber 

can be directly correlated (through calibration and using the mathematical model 

discussed in the next section) to output data from the pressure cells. 

The two load cells are connected to separate amplifiers, which amplify the voltage 

outputted by the pressure cells. The amplification can be adjusted by gain and by zero 

point. Zero point is adjusted by a resistor within the circuit. Orginially, fixed resistors 

were installed to adjust the gain of the amplifier. Due to difficulties encountered in 

setting the appropriate gain, fixed resistors were replaced with adjustable/variable 

resistors (i.e . potentiometers) to allow quick and easy amplification setting. 

215 



Chapter 5 - Centrifuge Permeability Testing Apparatus 

The amplified signal from both load cells is feed into one analog to digital converter 

(ADC) via capacitors. Capacitors are installed within the circuit at this point to minimise 

electrical noise picked up by the metal components of the circuit (essentially, they act 

as an aerial, picking up unwanted electrical signals in the atmosphere surrounding the 

device), prior to entering the ADC. A capacitor allows an Alternating Current (AC) signal 

through and blocks any unwanted Direct Current (DC) signal, by grounding the 

unwanted current to the negative terminal of the batteries. 

The role of the ADC is to convert the input analog voltage to a digital format 

proportional to the magnitude of that voltage. This digital signal then goes to a 

microprocessor, known as a BASIC Stamp, via a resistor. Contrary to capacitors, the role 

of the resistor is to allow free passage of the DC signal and limit any AC signal coming 

through the ADC. Again, any unwanted AC current (generated by electrical noise) is 

grounded to the negative terminals of the batteries. 

The BASIC Stamp, is an off-the-shelf component, manufactured by Parallax Ine. It is 

essentially an extremely small Printed Circuit Board that contains the essential 

elements of a microprocessor system, including: 

• A Microcontroller containing the CPU, a built in ROM containing the BASIC (Le. 

programming language) interpreter. 

• Memory 

• A clock 

• External input and output 

• Voltage regulator 

The Stamp accepts digital signal from the ADC, converts the value into bits and stores 

that recorded value in a memory bank. The Stamp is set up with two different memory 

banks to separate the readings from individual pressure cells. This information can be 
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subsequently down loaded from the Stamp, directly to a computer on completion of the 

test via a data cable connected to an external input/output port on the device. 

Software written to the Stamp (via the external input/output port) controls the 

sequence and timing of readings. At a designated durations (regulated by the on board 

clock) the stamp sends a signal to the ADC via a communication line (i.e. a transmit and 

receive line) to initiate the collection of data package from the ADC, pertaining to a 

given channel (i.e. one load cell only), which is delivered to the Stamp via a data line. 

The data package (i.e. a given number of bits pertaining to the pressure acting on the 

pressure cell) is then stored within the Stamp. This process is then immediately 

repeated, and by alternating the specified 'channel selection' within the written 

software, a data package pertaining to the alternate load cell is received and stored in a 

separate bank. 

In addition to the storage of data the Stamp performs a number of other roles, and 

essentially controls the workings of the data logging unit. Two 3.6 Volt lithium batteries 

supply a 7.2 volt power directly to the Stamp. The Stamp contains a regulator, and 

therefore redistributes a regulated 5 Volt power supply to the remaining circuit (i.e. the 

two load cells, two amplifiers, and the ADC). It was found that continuous power supply 

to these other components led to a greatly shortened battery life, (incompatible with 

the required test duration). As, such the software written to the STAMP controls the 

power supply to these additional components, which are 'powered up' and 'powered 

down' immediately before and after a reading is taken. 

To allow a conversion of outputted bits from the data logger, to the actual pressure in 

the cell (which can subsequently be used to estimate the level and volume of permeant 

in each chamber), a calibration is necessary. Each load cell was routinely calibrated 

using a desk top pressure calibrator, both periodically and after any adjustment was 

made to the circuit. The pressure values applied ranged from 0 to 30 kPa to the 
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nearest O.OlkPa, during calibration which was within the range of the calculated 

maximum pressure applied to the inlet pressure cell i.e. 20.82kPa when full filled, at 

rotation of 1209rpm or 350g. 

The linearity of each pressure cell output was checked by plotting output values (in 

bits) against the respective applied pressures from the desk top pressure chamber (an 

example of which is shown in Figure 5.14). On application of linear regression to the 

plots the coefficient of determination, R2, values were found to ~ 0.99 for all sensors. 

The appropriate calibration factor to convert outputted bits to pressure (kPa) is 

gleaned from the gradients of the plots. As shown in figure 5.14 this calibration factor 

was not the same for paired pressure cells, and was dependent upon the set up of the 

electron ic device (specifically, the setting in the potentiometers and amplifiers). 
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Figure 5.14 - Example of Electronic System Calibration (bit values zeroed at OkPa) 

As the Centrifuge Permeameter is a standalone device, the electronics cannot be truly 

grounded . Although electrical noise picked up during the test is minimised by being 
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outputted (via resistors and capacitors) to the negative terminal of the battery, the 

inability to ground the device leads to a variation in the zero value (i.e. readings under 

atmospheric pressure) of outputted readings over long durations of time. Attempts 

were made to ground the electronics to the aluminum cup, to disperse excess voltage 

to the ground however preliminary testing showed that this did not work. 

In addition, the zero readings attained from load cells are dependent upon the contact 

between the transducer thread and the orifice into which it is screwed. As such the 

slight inconsistencies generated during machining of the threads between the 

attachment for the desk top pressure calibrator and base of the chambers, or 

inconsistencies in the torque applied during tightening, will led to an offset in the zero 

value. 

However, it should be noted that calibrations of the Centrifuge Permeameters under 

centrifugation (as detailed below) have shown that neither the linearity or gain of the 

output values is significantly affected by interference and careful observation of initial 

zero readings (i .e. readings taken prior to the application of increased gravitational 

acceleration) at the start of each test allows a representative zero value to be 

ascertained . 

As a method of checking the above mentioned calibration, the apparatus (excluding a 

sample, caps and HDL) was tested in the centrifuge, both periodically and after any 

adjustment was made to the circuit. Known quantities of water measured (to the 

nearest 0.01 cm3) were placed in both the inlet and outlet chambers and set to run at 

various accelerated gravities. The base of both chambers where sealed and therefore 

there was no change in inlet or outlet during these tests. After zeroing the outputted 

readings, they can be converted to pressures using the calibration factor provided by 

the desk top pressure calibrator. Furthermore, comparision of the outputted values 

(converted to pressures) with the expected pressures derived from calculation 
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pertaining to the known volume/head of water in the chamber, allows an assessment 

of the validity of outputted data. 

The following figures and text detail an example of this calibration check. The figures 

shown relate to the check test for the inlet pressure cells of (Pi and (P2 only. The 

outlet pressure cell readings have been omitted for brevity, however these results are 

similar (after applying the appropriate calibration factors) to their paired inlet 

counterparts . Figure 5.15 and 5.16 show the raw data obtained from the calibration 

test. The legend for each plot details the amount of water in the chamber while the g 

values presented correlate to the N value applied in the centrifuge. 

Comparison of Figures 5.15 and 5.16 highlights the difference in performance under 

conditions of accelerated gravity for each transducer type utilised. As shown, both 

transducers show variation in the initial zero value when set up for each run. 

CPl (utilising Micron pressure cells) consistently produced much greater variability in 

outputted results in comparison with CP2, with the results shown to drift from those 

expected over the course of the run. This drift was shown to increase, with results 

becoming more variable, over the course of the research investigation. As such it is 

impossible to ascerta in a suitable zero value pertaining to atmospheric pressure, and 

the data could not be reliably converted to pressure readings. It is thought that the 

forces applied to the Micron pressure cells, while under increased gravitational 

acceleration, resulted in yielding and permeant deformation/softening of its 

component parts leading to a reduction in the accuracy of the data outputted. As such, 

readings from the (Pi apparatus were deemed unreliable. 

220 



Chapter 5 - Centrifuge Permeability Testing Apparatus 

- 6 OOcm3 in chamber - 12.00cm3 in chamber - 18.00cm3 in chamber -24.00cm3 in chamber 

.. .. 

900 

800 

700 

600 

e SOO .. 
1ii 
o 

1 400 

0:: 

300 

200 

lOO 

o 
o 

18 11008 11508 1 200g 1 250g 1 3008 

10 20 30 40 50 

TIme (mln) 

60 70 80 90 100 

Figure 5.15 -Calibration test for Inlet Chamber of CPl (Micron pressure cells) 
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Figure 5.16 -Cal ibration test for Inlet Chamber of CP2 (Entran pressure cells) 
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Conversely, CP2 (utilising Entran pressure cells) produced results of a much greater 

reliability. The drift attained in CP! was not noted in CP2 and as such, data from each 

run could be zeroed, and directly correlated using relevant calibration factors. 

Comparison of outputted values (converted to pressures) with the expected pressures 

derived from calculation, showed good correlation for the CP2 apparatus. As such a 

high degree of confidence in the out putted results of this device was gained, and was 

therefore deemed suitable for permeability testing. 

5.3 Mathematical model of Sample Stressing and Results Analysis 

Methodology 

5.3.1 Mathematical model of Sample Stresses 

As previously discussed a mathematical model was utilised to ascertain the applied 

stresses on the sample given the testing variables that could be applied. This model 

was produced using an Excel Spreadsheet and allows the user to input testing variables 

and visualise the resultant stresses imposed on the sample taking into account the 

variance in gravitational acceleration with distance from the point of rotation. The set

up of this model is based on a segmented approach, where the weights of the solid 

component parts and the pressures of the liquids (Le. permeant and HDL) are 

calculated over small integral distances along the axis of the permeameter, pertaining 

to the rotational speed of the centrifuge. 

The inputted values into this model are detailed in Table 5.1, while some of the 

dimensional variables are depicted in figure 5.17 (available in the following subsection). 

The outputted values allow a visual assessment of the stress conditions applied to the 

sample and graphical outputs take the following forms: 
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1. A comparative assessment of vertical stress in the sample (imposed by the top 

cap weight and sample weight) and horizontal stress in the sample (imposed by 

the pressure of the High Density Liquid), along the length of the sample. 

2. Effective confining pressure across the sample - lateral pressure created by the 

high density liquid minus the estimated pore water pressure ascertained from 

permeant pressures/levels at the inlet (bottom) and outlet (top). 

Using trial and error methods this allows the user to ascertain the appropriate testing 

variables to use during test set up to ensure that: 

1. The sample does not experience large differences in applied lateral and axial 

stresses, and; 

2. Effective confining pressures are sufficient (given the setting of the Gravity 

Spring Valve) to negate preferential flow conditions. 

Table S.l-Input variables for sample stress calculation 

Variable Description Units label in Figure 5.17 

~ational speed of Centrifuge rev/min w - -~ 

Length of Sample mm L 

Inlet Chamber Permeant Level mm Yi 
Outlet chamber Permeant Level mm Yc 
RadiUS to the bottom of the sample mm rb 
Radius to the bottom of Chamber mm R 

Density of the HDL g/cm' -

HDL Level (distance below the top of the top cap) mm -
Soil Bulk Density g/cm' -
DenSity of the Permeant g/cm' -

DETAILS OF TOP CAP: 

Dlamete!.. of top cap mm -
Total length of top cap mm -

Thickness of top cap extension wall mm -

Length of top cap extension wall mm -

Thickness of porous disk mm -
Diameter of porous disk mm -

Density of top cap material (Stainless Steel) g/cm' -

Density of Porous Stone g/cm' -
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5.3.2 Results Analysis Methodology 

As previously detailed in chapter 3, interpretation of permeability values from results 

of a Centrifuge Analysis, neglecting the changes in gravitational acceleration with 

distance from the point of rotation can lead to errors in the outputted values. As such 

the energy gradient method of permeability flow (shown in equation 3.11), taking into 

account the changing gravitational acceleration with distance from distance from 

rotation has been derived and inputted into a spreadsheet to directly ascertain the 

results gained from the Centrifuge Permeameter designed as part of this research 

investigation . The derivation is given in the following text and the reader should make 

reference to Figure 5.17, for the symbols used in the derived equations. 
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Figure 5.17 - Dimensional Parameters of the Centrifuge Permeameter 
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As previously discussed a relationship between Darcy's coefficient of permeability and 

energy gradient per unit volume of fluid can be defined as: 

k 1g li(u + zgp) 
v=-x-----

Y1g L 
[8.1] 

Where k1gand Ylgare Darcy's coefficient of permeability at 19 and the unit weight of 

the permeant at 19 respectively. The use of equation 5.1 allows the interpretation of 

the coefficient of permeability under conditions of elevated gravitational acceleration 

and is fundamental to the accurate analysis of centrifuge permeability tests. 

To establish an expression for pressure u, consideration must be given to the pore 

water pressure along the apparatus with varying radius. At any point below the water 

table with radius r from the point of rotation water pressure can be defined as: 

J 
pw2r2 

u(r) = pw2 rdr = 2 + Cl [8.2] 

where p is the density of the permeant used, w is the angular velocity of the centrifuge 

and Cl is a constant of intergration established by considering the boundary condition 

of zero pressure at the water table established from permeant level, y inside the inlet 

or outlet chambers. From Figure 5.17 it can be seen that at the water table the 

radius, r = R - y, therefore: 

pw2 
Cl = -2-+ (R - y)2 [8.3] 

Substitution of equation [5.3] into equation [5.3] establishes an expression for pore 

water pressure at any point along the permeameter at radius, r, dependent upon the 

permeant level y inside the inlet or outlet chamber. 

[8.4] 
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At the base of the sample T = Tb and Y = Yi, therefore: 

2 
pw [ 2 2 

Ubot = -2- Tb - (R - yJ ] [8.5] 

Similarly at the top of the sample T = Tb - Land y = Yo, therefore: 

[8.6] 

Because of the linear change in gravitational acceleration, it is not correct to assume 

that elevation head component at the top of the sample is simply equal to the length of 

the sample, L, (i.e. the distance from the datum), instead an expression representing 

potential energy P at any distance d from the datum is required. As such, the potential 

energy can be defined as: 

P(d) = zpg = J pu/ (Tb - d)dd [8.7] 

Where C2 is a constant of integration found by considering the boundary condition 

d = 0 when P = O. Therefore C2 = 0 and, 

[8.8] 

At the top of the sample d = L and at the bottom of the sample d = 0, therefore: 

P'op = pw' (rb L - ;) [8.9] 

and 

[8.10] 
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From Equations [5.5], [5 .6], [5 .9] and [5.10], the energy gradient per unit volume of 

flow can be expressed as: 

~[U + zpg] _ ~[Ubot - (Utop + zpgtop)] 

L L 

= w2
fy. f~ [Tb 2 - (R - yy ] - ~ [(Tb - L)2-(R - Yo)2] - Pw (TbL - ~)} 

L 
[8.11] 

Considering equations [5.1] and [5.11] an expression for determining permeability for 

the Centrifuge Permeability System designed as part of this research can be defined as: 

[5.12] 

Where k ilt is the permeability of the sample at normal gravitational acceleration, Q is 

the discharge in specified time {(Le. time between permeant level readings in the inlet 

and outlet chamber, y, and Yo respectively), A is the cross sectional area of the 

sample, rill is the unit weight of the permeant under normal gravitational acceleration, 

OJ is the rotational speed of the centrifuge, L is the length of the sample, Pw is the 

density of the permeant, rb is the radial distance between point of rotation to the 

bottom of the sample, and R is the radial distance to the base of the inlet and outlet 

chambers. 

As a check on dimensional unity, equation 5.12 can be expressed as: 

I 1 1 1 1 
kl ex::: Q xrl x-x-x Lx-2 X - X -2 

K It AI Cl) pr [5 .13] 
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Inserting dimensions into equation [5 .13]: 

[5.14] 

As Darcy' s coefficient has units of m/s the unit checks shows dimensional unity for 

Equation [5.12]. 

As shown in section 5.29, during testing values of permeant level in the inlet 

chamber y, and outlet chamber Yo can be accurately correlated with data outputted 

from the pressure cells. Knowing the cross sectional area of both the inner chamber a , 

and outer chamber a" it is possible to calculate the flow into and out of the sample 

between readings, i.e. for a given time interval set by the software written to the 

electronics component. Correspondingly, using the above equation and the appropriate 

calibration factors for pressure cell output, a value of coefficient of Permeability can be 

calculated using a generated spreadsheet. 

5.4 Results and Discussion of Centrifuge Preliminary Testing 

Over the course of the research period, a total of approximately forty preliminary tests 

ranging in duration from 2 to 5 days were carried out using CP2 apparatus on various 

different samples. Of these, only four yielded valid results that could be interpreted to 

derive a coefficient of permeability for the tested sample. 

The reason for the relatively low proportion of valid tests was generally due to 

continuous problems attained from various components within the apparatus. The 

major cause of the associated problems where attributable to leaks in the apparatus, or 

malfunction of the electronic data controller. Systematic checks and identification of 

the problems generally lead to modifications to system or the set-up procedure. 
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However, frustratingly, it was often the case that problems were reoccurring, as the 

specific identification of the cause was difficult. Where a specific problem was 

identified and fixed under normal 19 conditions, under the application of increased 

gravitational acceleration, it was often found that the problem reoccurred. 

Tests on samples of well graded fine sands with an approximate permeability of lxlO-6 

(derived from Hazen's formula - Equation 2.5 in chapter 2), showed that the flow of 

permeant was so high that the majority of the flow had occurred between the duration 

when the Gravity Valve opened (at approximately 70g) and when the centrifuge had 

ramped up to full speed rotation (which in these tests was lOOg). As such, meaningful 

data could not be gleaned from the centrifuge permeameter, due to the variation in 

rotational speed applied during the duration of the test. 

Using the mathematical model derived for the analysis of results, dummy results can be 

entered to ascertain the likely times required to allow full equalisation of permeant 

levels in the chamber. This analysis indicates that for a sample with a permeability of 

lxl0 6 the estimated duration to reach full equalisation of in permeant levels, at an 

applied gravitational acceleration of lOOg is approximately 1.2mins. 

Consequently, it can be stated that the Centrifuge Permeameter is unsuitable for 

permeability testing of samples with a relatively high permeability, and should be 

restricted to testing fine grained materials only. Via further exploration of the 

mathematIcal model the su itability of the Centrifuge Permeameter to measure samples 

of various permeabrlities can be ascertained. 

The suitable upper bound and lower bound permeabilities than can be measured are as 

follows: 

• 5xlO 8m/ s - taking an approximate test duration of 37.5min under an applied 

gravitatIonal acceleration of lOOg; to 
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• 5xl0-
11

m/s - taking an approximate test duration of 7_5 days under an applied 

gravitational acceleration of 350g. 

As discussed in chapter 2, the threshold permeability value for a compacted mineral 

liner is a minimum of lxlO-
9 

m/so Consequently, the estimated range of permeability 

values that can be measured by the Centrifuge Permeameter is within the range of 

permeabilities of samples that are normally investigated for mineral liner Construction 

Quality Control testing. 

The above presented durations represent the time taken to reach 90% volume 

equilibrium between the inner chamber and outer chamber, when the inlet chamber is 

initially full and the outlet chamber empty. It should be noted that a minimum test 

duration requirement of 90% equilibrium may be over excessive and as such lower 

permeability materials could be measured in a similar time frame if lower percentage 

equilibrium is deemed suitable. 

Four successful permeability tests were carried out using the Centrifuge Permeameter 

at an applied gravitational acceleration of 250g, on reconstituted samples of kaolin 

clay, and compared with British Standard Triaxial permeability tests. Two sample types 

were produced by consolidating kaolin slurry of 90% moisture content to pressures of 

2S0kPa and 500 kPa for a period of 72 hours, in a one dimensional consolidation 

chamber, to produce samples of 150mm height by 100mm diameter. A total of three 

samples for testing (one for BS Tests and one for each of the Centrifuge Permeameters) 

where then procured from the consolidated Kaolin, using a sample cutter of 75mm 

internal diameter and trimmed to a height of 30mm. 

The results of these tests are tabulated in Table 5.2, as shown, two sets of tests for 

each sample type where carried allowing an assessment of repeatability. As previously 
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indicated results from CHi where deemed unreliable and therefore the outputted data 

from this device could not be accurately interpreted. 

Corresponding to the average applied confining, inlet and outlet water pressures 

applied in Centrifuge Permeameter tests, the two BS tests were carried out at cell, inlet 

and outlet pressures of 75, 33 and 25kPa, yielding an effective pressure of 30kPa and 

an hydraulic gradient of 26.7 producing an upward flow through the sample. These 

tests were carried out in a standard Triaxial cell compatible with a 75mm diameter 

sample using the HAPCs detailed previously in Section 4.3. 

Table S.2 - Results of Permeability Tests on reconstituted samples of Kaolin Clay 

Initial 
Initial Final 

consolidation Test Finial Dry 
Initial Measured 

Wet Wet Moisture 
Initial 

Coefficient of 
pressure of Type-

Mass (g) Mass (g) 
mass (g) 

Content % 
Void Ratio 

Permeability (m/s) 
Sample 

250 CP 219.2 21B.9 144.B 33.9 1.425 4.32E-1O 

250 CP 21B.5 21B.1 144.4 33.9 1.432 4.44E-10 

250 BS 219.4 219 144.9 33.9 1.423 4.63E-10 

500 CP 230.2 230.5 14B.7 35.4 1.361 9.BOE-ll 

500 CP 231.1 231.5 14B.5 35.7 1.365 1.12E-10 

500 BS 230B 231.6 14B.7 35.5 1.361 9.B9E-ll 

·CP - Centrifuge Permeameter Del/ice, and BS - British Standard Constant head Triaxial Test 

As shown in the table, permeability results from BS and CP tests, show good 

correlation, with factors of divergence in test method on analogous samples ranging 

from 1.01 to 1.13, and indicate high repeatability in the results derived from Centrifuge 

Permeameter apparatus. As a result, based on these selected tests it can be suggested 

that the Centrifuge Permeameter, and its correlating method of analysis, produce 

reliable and repeatable results on samples of reconstituted fine grained material. 

The test duration for each of the CP tests was a total of 4 days, which was deemed 

sufficient for accurate calculation of permeability value for the 500 kPa consolidated 
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samples. For the 250kPa consolidated samples, results indicate equilibrium of water 

levels after duration of approximately 2000min (1.35 days). Compared to the normal 

testing duration required for BS tests these durations indicate a significant saving in 

test duration. It should also be noted that if additional Centrifuge Permeameters were 

procured, then using a standard laboratory centrifuge, like that detailed in this thesis, a 

total of four tests could be carried out in tandem. Resultantly, based on the limited 

results gained in this preliminary test investigation, it can be suggested that the 

Centrifuge Permeameter offers a reliable short duration method of permeability 

testing. 

It should be noted that the results gained from the centrifuge permeameter are 

limited, and therefore the suggestions made regarding its abilities, need to be 

rigorously scrutinised via further testing before concrete conclusions can be made to its 

feasibility as an alternative short duration method of permeability testing. Due to the 

time constraints of this research investigation, and the time taken to produce a device 

that preformed as envisaged, additional permeability testing was not possible under 

the time frame allocated. However, the preliminary testing detailed shows good 

promise, and the following recommendations can be made for further research into 

this apparatus : 

• The effective of varying the applied gravitational acceleration on the results 

obtained should be investigated. 

• An assessment of the apparatus ability to perform under higher gravitational 

acceleration should be ascertained, in the case that this yields a decreased 

duration in test time required for soils of a very low permeability. However, it is 

envisaged that extremely high differential permeant energy gradients applied 

across the sample could lead to piping and may produce unrepresentative 

results . WARNING: the gravitational acceleration applied should always be 
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careful considered with the forces restrictions in the centrifuge as dictated by 

the manufactures - If in doubt, err on the side of caution. 

• The effective of varying sample length on the permeability results should be 

investigated. 

• Only samples of reconstituted material have been successfully tested using the 

Centrifuge Permeameter as part of this research program, and as such, all 

samples were fully saturated prior to testing. It is expected that samples that 

are not fully saturated (e.g. compacted samples) may pose a problem to the 

assessment of permeability values, due to the relatively low pore water 

pressures applied (i .e. samples cannot be saturated by back pressure). As such, 

compacted samples should be tested to ascertain the ability and the durations 

required to saturate an unsaturated sample. 
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Chapter 6 - Accelerated Permeability: Results, Analysis and Discussion 

As detailed in Chapter 3, results of previous investigations into permeability tests 

indicate a divergence in permeability results between those of AP and BS tests. It 

has been hypothesized that this observed divergence is due to effects on the soil 

fabric resulting from the stress paths applied to samples by each test method. In 

both Chapters 3 and 4 the potential influences that most readily effect soil fabric 

have been discussed and a testing program is presented that represents general 

worst case scenario of conditions that would typically found in industry, for 

comparability of permeability results between AP and BS test. 

In addition, as detailed previously, an alternative testing method of permeability 

testing, the Ramped Accelerated Permeability (RAP) Test, has been hypothesized as 

an improvement to the existing AP test. As such, this test has been performed in 

conjunction with AP and BS tests on a variety of compacted samples as listed in the 

testing program in Table 4.1. Results of BS, AP, and RAP, tests are detailed and 

discussed in this Chapter. 

As discussed in Chapter 4, the need for control of imposed testing variables, and the 

desire to assess the hypothesized worst case scenario for compatibility of results 

between AP and BS testing, has lead to a change between the applied pressures 

imposed during testing in this investigation, and those stipulated for AP testing by 

the Environmental Agency. To analysis the effects of this change in applied 

pressures (particularly the effects of reducing hydraulic gradient), on both testing 

duration and value of permeability derived, a number of additional AP tests were 

carried out on samples of BUBC as detailed in Table 4.2. Results of these additional 

tests on samples of BUBC are discussed in this Chapter. 

The procedures used for soil fabric analysis on selected post test specimens 

(detailed in Table 4.1) and analogous non tested specimens, using SEM and MIP 

techniques are presented at the end of Chapter 4. Results of this fabric analysis are 
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presented in this chapter and comparison is made between corresponding 

permeability results derived. The effects of utilised testing methodology on soil 

fabric are discussed in addition to the possible sources of errors and required 

assumptions of the post fabric analysis adopted. 

Chapter 4 detailed the rigorous quality control procedures implemented during 

sampling and highlighted important factors arising as a result of compaction; 

namely, non-uniformity along both horizontal and vertical planes of the sample and 

elastic swelling on removal from the compaction mould and during subsequent 

curing. The implications of these factors on the analysis of permeability results and 

sample state during testing are detailed in this chapter. 

This chapter is presented in the following format. Results of measured elastic 

expansion of compacted samples are presented and factors pertaining to this 

expansion and the non-uniformity of samples with regard to permeant flow and 

sample state are discussed. The possible sources of error in permeability tests are 

discussed to allow an appraisal of the accuracy and meaning of the experimental 

data obtained . The results and discussion of permeability tests as outlined in Table 

4.1 are then detailed; with results from different testing methods discussed 

separately for each material. Results and discussion of preliminary permeability 

tests, as outlined in Table 4.2 are then discussed. Results, observations and analysis 

are presented of post test fabric analysis and discussion is given to the assumptions 

and errors associated with the analysis to allow an appraisal of the results obtained. 

The finial subsection correlates findings of permeability results with post fabric 

analysis and discusses the effects and validation of AP and RAP tests with respect to 

Construction Quality Assurance and material suitability testing for landfill mineral 

liners. 

Due the large quantity of tests preformed, results of individual permeability tests 

are presented in datasheets available in Appendix A. These datasheets include 

details of changes in sample state throughout the test, flow measurements and 
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stage durations; however, compiled presentations of results are shown throughout 

the text to aid discussion. 

6.1 Sample Compaction and Initial Conditions 

Chapter 2 highlighted the high influence that initial compaction conditions have on 

the fabric, and therefore the permeability, of a soil. Resultantly, a rigorous quality 

control procedure (as detailed in Chapter 4) was followed during the production of 

samples investigated in this research. 

The compaction method adopted for samples tested as part of this investigation 

was dynamic (standard proctor) compaction. The reasoning behind this choice was 

that dynamic compaction is the most common method employed for compaction of 

samples for permeability testing in industry, and reviewed literature indicates that 

standard proctor compaction offers best compliance with typical degrees of 

compaction found in mineral liners. 

6.1.1 Non-Uniformity of Compacted Samples 

An important issue raised with the use of dynamic compaction for the production of 

samples for permeability testing, is the fact that samples produced will ultimately 

be non-uniform . As discussed in section 4.2.3, the direct impact of the rammer 

during compaction leads to direct remoulding of clay clods producing a region of 

higher density (Iow macro-void prevalence) in the upper area of a compacted layer 

and a lower density region (high macro-void prevalence) at the base of the layer. 

In general, were material is selected for compaction in the laboratory for 

permeability testing, either as part of a material suitability investigation, or as part 

of construction quality assurance program, it will be compacted in a standard one 

liter compaction mould. One liter moulds have a nominal diameter of 100mm, and 

subsequently a height of approximately 12Smm. It is common place for samples to 

be compacted to the full height of the compaction mould, thereby allowing 
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appraisal with results of British Standard compaction (dry density - moisture 

content relationship) testing. On removal from the compaction mould samples may 

be subsequently trimmed to a height of 100mm, to produce a sample size in 

accordance with recommendations stated in BS 1377: pt 6: 1990 for permeability 

testing. 

Material suitability testing provides a correlation of permeability results with the 

density of the samples. As part of quality control assessment during the 

construction of the mineral liner, it is the density of the material, due to its quick 

and easy measurement (e.g. using a nuclear density meter, or sand replacement 

testing) that is routinely analyzed to initially ensure construction compliance. 

Concerns arise when the above methodology is utilised for the production of 

samples for permeability testing. It can be postulated that the non-uniformity of 

dynamically compacted samples will affect the results of material suitability testing 

if the sample is subsequently trimmed, and the resultant effect will be dependent 

on where the trimming occurs. 

Trimming from the top of a compacted sample, as positioned during compaction in 

a one liter compaction mould, to produce a sample length of 100mm will lead to the 

removal of a high density region of soil with a low prevalence of macro-voids and 

low permeability. Although the sample may correlate with a targeted weight 

obtained from compaction (dry density - moisture content relationship) testing, 

subsequent trimming will lead to a reduction in density from the targeted value. 

The permeability of the sample will be higher as a result of the trimming and if the 

initial targeted density is correlated to the resultant permeability value, then the 

permeability of constructed mineral liner, as correlated from in-situ density tests, 

may be over-estimated. 

Conversely, trimming from the base of the compacted sample will remove a low 

density region of soil, leading to an increase in density from the initial targeted 

value, and a subsequent under-estimation of permeability if initial targeted density 
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values are correlated with in-situ density tests. Logically, this scenario may present 

a false confidence in a mineral liners ability to achieve a lower bound permeability, 

and where permeability values are close to the stipulated threshold value, may 

incorrectly conclude that the material (or the mineral liner compacted at targeted 

density) is suitable for use. 

For the construction of mineral liners on site, material is compacted in a series of 

lifts. Logically, a degree of non-uniformity will exist, and the vertical density 

distribution obtained in mineral liners is not dissimilar from that of dynamically 

compacted samples in the laboratory. Where samples are obtained insitu for 

permeability compliance testing, logically samples obtained from the upper area of 

a lift will have a higher density and lower permeability than those samples at the 

base of a lift. 

As discussed in chapter 4, for the production of BUBC samples tested in this 

investigation, samples were compacted using the standard proctor method to the 

height of the mould and subsequently trimmed from the top of the sample. This 

leads to the production of samples with densities lower than targeted values. 

Subsequently alterations in production methodology of LC, GT and AMC samples 

were made. 

The production procedure was altered firstly by compacting a wet soil mass 

correlating to that of a sample of 100mm length (plus 10% to allow for limited 

sample trimming to produce an even surface at the top of the sample) as deduced 

from target densities and moisture content from related moisture content / density 

criteria . Following standard proctor procedures the required wet mass of soil, plus 

the 10% excess, was divided into three equal quantities for compaction in layers. 

The hammer blows applied to each layer were reduced from 27 to 23, to allow for 

the reduction in sample mass and retain the imposed energy per unit mass applied 

in standard proctor compaction . As detailed in Section 4.2.3, utilisation of this 

method produced sample with an average density corresponding to that of targeted 
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values from SS standard proctor compaction (dry density - moisture content 

relationship) tests. 

6.1.2 Elastic Expansion of Compacted Samples 

A further issue, highlighted in section 4.2.3, with the production of compacted 

samples was the elastic expansion of samples on extrusion of the expansion mould 

and during subsequent curing. For the samples produced in this investigation the 

elastic expansion caused by the removal of the confining stress imposed by the 

compaction mould lead to a notable reduction in density from targeted values 

derived from compaction results. 

The elastic expansion is thought to be partially dependent on the high pressures 

present in restricted air voids induced during the compaction of samples. It can be 

hypothesized that the higher the air voids present the greater the likelihood for 

elastic expansion, and resultantly samples compacted dry of optimum may 

experience higher quantities of elastic expansion than samples compacted at higher 

moulding moisture contents, due to a higher prevalence of air filled macro voids. As 

such, a smaller quantity of elastic expansion is expected in samples compacted wet 

of optimum due to the smaller quantity of macro voids present. 

However, samples compacted dry of optimum have a greater strength, than 

samples compacted at higher moulding moisture contents and resultantly inter

particle bonds present a higher resistance to elastic expansion. For this reason 

elastic expansion is not directly proportional to the quantity of air voids present, but 

instead partially dependant on a number of factors including material composition, 

compaction effort applied, and compaction method utilised. 

During dynamic compaction, due to the high shear stains imposed and the greater 

tendency for the remoulding of clay clods as a result of direct impact of the 

compaction rammer, it can be postulated that higher initial pressures may exist in 

the air voids of dynamically compacted samples than those of comparative statically 

compacted samples. Resultantly, the degree of elastic expansion experienced by 
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dynamically compacted samples may be higher than for comparative samples 

compacted using static methods. 

The factors that affect the elastic expansion of compacted samples are numerous, 

variable, and inter-dependant, and onus is given to an accurate measurement of 

sample volume prior to permeability testing to allow calculation of initial density 

and measurement of actual cross sectional area, as well as other initial sample state 

conditions {e.g. void ratio, degree of saturation}. 

Prior to permeability test setup sample diameter was measured at five locations 

along the sample length to an accuracy of ±O.OSmm, using a long toothed digital 

vernier caliper. Similarly sample length was measured at three locations around the 

circumference. Average values of diameter and length were taken to calculate initial 

sample volume prior to testing. It should be noted that there is a degree of 

uncertainty induced in the measurement of sample dimensions to the accuracies 

reported . The critical components of the induced uncertainty may be defined as; 

the variability in sample dimension caused by the uneven surface of a soil sample, 

and minute deformation of sample surface on contact with the teeth of the vernier 

calliper. 

By observing careful control when making measurements and by taking an average 

of a range of measurements, uncertainty in recorded values has been reduced, 

allowing a relatively high degree of confidence in the initial sample state conditions 

presented for all samples produced. 

Table 6.1 presents the results of these measurements, and indicates the amount of 

elastic expansion {represented by the percentage increase in total volume} 

measured in each sample and the resultant reduction in dry density. Figure 6.1 

illustrates the variability in the sample volume recorded for each sample type 

compacted . In general, measured expansions during removal from the mould and 

during subsequent curing are relatively consistent. In addition, average values of 

measured expansions per sample type are plotted, and give credence to the 

240 



Chapter 6 -Accelerated Permeability: Results, Analysis and Discussion 

previously stated hypothesis that, for a given material type, the lower the moisture 

content at compaction the higher the elastic expansion experienced. 

Table 6.1- Elastic expansion of compacted samples 

Moulding 
Dry Density 

Average 
Average 

Initial Dry Elastic 
Moisture 

immediately 
measured 

measured 
Density - Expansion -Sample ID after Diameter Content Height after after curing Volumetric 

(%) 
compaction 

curing (mm) 
after curing 

(Mg/m3) (%) (Mg/m3
) (mm) 

BUBC-o-AP 23.04 1.S35 100.5 102.5 1.495 2.7 

BUBC-o-AP(c260) 22.98 1.525 100.4 102.4 1.489 2.4 

BUBC-o-AP(h40) 23.53 1.527 100.4 102.4 1.491 2.4 

BUBC-o-AP(h70) 23.25 1.526 100.5 102.5 1.486 2.7 

BUBC-o-APr 23.36 1.527 100.5 102.5 1.487 2.7 

BUBC-o-BS 23.43 1.527 100.5 102.7 1.481 3.1 

BUBC-o-BSr 23.24 1.526 100.4 102.4 1.491 2.4 

BUBC-o-RAP 23.39 1.526 101.1 102.4 1.480 3.1 

LC-d-AP 19.03 1.517 lOLl 102.4 1.471 3.1 

LC-d-BS 18.97 1.518 101.3 102.6 1.463 3.7 

LC-d-RAP 18.93 1.523 101.3 102.6 1.469 3.7 

LC-d-none 19 1.519 lOLl 102.5 1.471 3.3 

LC-o-AP 22.23 1.570 lOLl 101.9 1.538 2.1 

LC-o-APr 23.12 1.563 lOLl 102.4 1.522 3.1 

LC-o-BS 23.38 1.S73 101.3 102.6 1.516 3.7 

LC-o-RAP 23.2 1.570 101.3 102.6 1.514 3.7 

LC-o-none 23.16 1.577 101.2 102.2 1.534 2.8 

LCw-AP 26.15 1.540 101.0 101.6 1.519 1.4 

LCw-BS 26.21 1.546 101.3 102.6 1.491 3.7 

LC-w·RAP 25.99 1.542 101.3 102.6 1.487 3.7 

LC·wnone 26.07 1.543 101.3 101.9 1.508 2.3 

AMC-d-AP 25.15 1.408 100.4 103.3 1.351 4.2 

AMC·dBS 25.46 1.409 100.5 103.8 1.337 5.3 

AMCd-RAP 25.12 1.406 100.4 103 1.357 3.6 

AMC·dnone 2524 1.409 100.4 103.7 1.342 5.0 

AMC-oAP 28.71 1.415 100.6 103.1 1.361 4.0 

AMC-o BS 28.6 1.414 100.7 103.3 1.353 4.5 

AMC-o ·RAP 28.51 1.419 100.4 103 1.370 3.6 

AMC·o· none 28.9 1.413 100.4 103.3 1.356 4.2 

GT·d ·AP 12.47 1.949 100.3 102.8 1.890 3.1 

GT-d·BS 12.55 1.953 100.5 103.1 1.880 3.9 

GT·d·RAP 12.32 1.955 100.5 102.7 1.896 3.1 

GT-dnone 12.43 1.954 100.4 102.9 1.890 3.4 

GT-o-AP 13.4 1.972 100.4 102.1 1.937 1.8 

GT·o ·BS 13.56 1.970 100.4 102.3 1.927 2.2 

GT·o-RAP 13.52 1.970 100.5 102.6 1.915 2.9 

GT·o ·none 13.3 1.973 100.5 102.6 1.917 2.9 
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Figure 6.1- Percentage increase in sample volume on removal from 
compaction mould and during curing. 

With relevance to production of samples for material compatability or construction 

quality assurance testing in industry, if elastic expansion is not accounted for 

inaccuracies will arise were samples are compacted in the laboratory to a given 

target density and subsequently tested to provide a correlation permeability value. 

In general, densities derived from SS compaction (dry density - moisture content 

relationship), are based on calculations using the internal volume of the compaction 

mould . Guidelines do not stipulate the intact extrusion of the sample nor 

measurement/monitoring of any possible elastic expansion on removal or during 

any subsequent curing period . 

Due to a decrease in density/void ratio, permeability derived from a sample that 

has undergone elastic expansion is likely to be higher than if such expansion had not 

occurred . In such cases, where permeability is correlated with the 'target density', 

values of permeability are likely to be over estimated. Similarly, as mineral liners 

compacted insitu do not experience the restrictive confining pressures of a 
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compaction mould, it is unlikely that target densities will be achieved on site using a 

similar compactive effort (applied energy per mass of soil), as soil can deform 

laterally to a higher degree during compaction. 

6.1.3 Comments on the effects of sampling issues highlighted 

As a result of the issues highlighted during this investigation the following 

recommendations can be made for construction quality assurance testing and 

material suitability testing of a landfill mineral liner in relation to the production of 

dynamically compacted samples for permeability testing: 

• It should be anticipated that a degree of elastic expansion may occur in samples 

on removal from a compaction mould and during any subsequent curing. This 

expansion will be directly related to the quantity of air voids present in the 

sample in addition to other soil properties that influence the swelling of a 

sample (e.g. material composition), and will lead to a reduction in sample 

density. To account for any density reduction sample dimensions should be 

accurately measured (as detailed earlier in this section) on removal from the 

compaction mould after a standardized period of time (correlating to the curing 

period allowed for samples produced for permeability testing). These 

measurements should be carried out on both samples produced from moisture 

content - dry density relationship testing and for all samples compacted for 

permeability testing. Were soil density is used as an index-value for mineral 

liner construction compliance, the density value used should be calculated 

using the sample volume measured and not in the internal volume of the 

compaction mould. 

• Where material is compacted to specific target density, non-uniformity of 

density along the length of the compacted sample should be considered. 

Subsequent trimming of the sample to a length below that of the compaction 

mould will lead to a change in average density and resultant change in the 
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permeability value measured. To obtain best compliance with target densities 

the following options are recommended: 

1. Do not trim the sample to a length shorter than the compaction mould prior 

to permeability testing; instead accurately calculate applied hydraulic 

gradient accounting for a sample length in excess of 100mm, and use this 

value in calculation of permeability values. 

2. Compact a total mass of material correlating to a sample height of 100mm 

and targeted bulk density, plus an additional 5 to 10% (to allow trimming to 

a flush upper surface). Compact the sample in layers of equivalent soil 

mass. Reduce the compaction blows applied to each layer to account for 

the reduction in compacted soil mass using the following equation: 

BCo x 100 
BC=---

lo 
[10.1] 

Where BC is the required blow count per layer, and BCo and lo are the 

blow count per layer and compaction mould height (mm) utilised in 

compaction (dry density - moisture content relationship) testing to obtain 

the targeted bulk density. A reduction from 27 to 23 blows per layer was 

found to be suitable for the compaction of 100mm samples to target 

densities derived from standard proctor compaction in a nominal 100mm 

diameter, one liter mould. 

The main focus of the investigation into Accelerated Permeability was to investigate 

the effect of different testing methodology on the permeability values derived. As 

such, the comments made in this section are derived from observations made 

during the stringent sample production and quality control procedures adopted, 

coupled with the logical assumption (confirmed by previous related literature) that 

a reduction in sample density will lead to a reduction in permeability values derived. 
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Further research, incorporating permeability testing on a range of dynamically 

compacted samples that are trimmed from the base, trimmed from the top and not 

trimmed, is recommended to quantify the deviance in permeability values obtained. 

It is thought that elastic expansion of soil samples will result in an increased volume 

of macro-voids; further research is recommended to establish the soil 

characteristics and compaction conditions that effect elastic expansion, and to 

recommend a methodology to allow accurate measurement of elastic expansion. 

Laser profiling of soil samples may prove useful in future research to accurately 

measure dimensions of samples or verify measurements made using vernier calliper 

on selected samples. 

6.2 Sources of Error and Applied Corrections in Permeability Test Data 

To allow an appraisal of both the accuracy and meaning of the experimental data 

gained, it is necessary to consider possible sources of error that may arise during 

permeability testing, and apply appropriate corrections were possible. 

The sources of error that may affect the permeability test data yielded in this 

investigation are numerous and diverse, and range from effects of human 

influence/error in sample preparation and test setup, to limitations in the accuracy 

of measurement of instrumentation used . Throughout Chapter 2 a number of these 

errors have been discussed. The methodologies, equipment and calibrations utilised 

in this research for both sample preparation and permeability test set up (detailed 

in Chapter 4) have been designed to limit these errors to the highest achievable 

degree. 

The Environmental Agency R&D Technical report Pl-398/TR/l - "Validation of the 

Accelerated Permeability Test as an Alternative to the British Standard Triaxial Cell 

Permeability Test" presents a review of probable sources of error for both AP and 

BS tests, detailing the probable effects on experimental data obtained. Resultantly 
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this section is confined to listing the sources of error generated during permeability 

test setup and subsequent testing and, where applicable, details of the resultant 

corrections made to the data are given. 

6.2.1 Errors effecting the volume change calculation of the sample 

As detailed previously the initial volume of a sample has been based on 

measurements made before insertion in the triaxial cell. After set up, subsequent 

changes in cell volume were used to evaluate changes in sample volume, allowing 

interpretation of sample compression/expansion, and calculation of sample dry 

density, void ratio and degree of saturation, throughout the duration of each 

permeability test. Detailed below is a list of the potential errors that may affect 

volume change results obtained in permeability testing, followed by an assessment 

of each possible error with relevance to this investigation: 

1. Cell swelling on application of cell pressure 

2. Cell pressure line swelling on application of cell pressure 

3. Leaks from the cell, cell pressure line, cell volume change unit, or any 

connection or valve between these components 

4. Air bubbles trapped in the cell, cell line or cell volume change unit 

S. Air bubbles trapped between the sample and membrane during set up 

6. Sample bedding errors 

7. Membrane penetration into void spaces at the sample surface 

8. Permeation of air and/or water through the membrane 

Errors 1 and 2 were accounted for by application of a calibration correction to 

measured cell volume changes, as detailed in section 4.3.2. This correction is 

referred to as Correction 1 in any further discussion in the remainder of this 

chapter. 

Error 3 was assessed by careful study of volume change indicators results and by 

carrying out leak tests as part of a system check during the initial stages of the 

research. An indication of cell fluid leaks would be given by uncharacteristic 
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measurement of continued sample swelling. This was not noted in any of the tests 

carried out and no correction was deemed necessary. 

Errors 4 - 6 were negated by detailed attention to test set-up procedures. Volume 

change indicators and HAPes were flushed a minimum of three times using de

aerated water prior to sample set-up to ensure the removal of air bubbles. Triaxial 

cells were assembled under de-aerated water and air bubbles attached to the cell 

or membrane were carefully jetted out using a de-aerated water line. Any air 

pockets between the sample and membrane were carefully removed by lightly 

stroking upwards along the membrane surface. Bedding errors were eliminated by 

ensuring the production of samples with flush and level ends, and by ensuring not 

to entrap air between sample and pedestal or top-cap and sample during set-up. 

Error 7 is generally deemed negligible for permeability testing of fine grained soils 

(Head, 1994). Due to the fined grained nature of the compacted samples, sample 

sides were generally smooth and visually free from cavities into which a membrane 

could penetrate. 

Similarly, error 8 was deemed negligible in the current investigation, as air and 

water migration through the membrane is deemed relatively small in comparison to 

sample volume change (or inflow/outflow sample change). As part of test set-up 

procedures the permeability of the membrane was reduced by soaking in water for 

a period of 24 hours prior to use, as suggested by Head (1994). 

6.2.2 Errors effecting the net water inflow calculation of the sample 

Net water inflow is calculated by monitoring changes in both permeant inflow and 

outflow using corresponding volume change indicators, and allows interpretation of 

sample swelling/consolidation in addition to calculation of changes in moisture 

content and degree of saturation during the test. Detailed below is a list of the 

potential errors that may affect net water inflow results obtained in permeability 
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testing, followed by an assessment of each possible error with relevance to this 

investigation: 

9. Leaks from the back pressure lines, inlet and outlet volume change units, or 

any connection or valve between these components. 

10. Air bubbles trapped in the inlet/outlet lines or volume change units. 

11. Inlet & Outlet back pressure line swelling on application of pressure. 

12. Water uptake by the sample during test at the end of a test. 

13. Water uptake by the sample during test set up. 

14. Air flushed from the sample into the outflow volume change indicator. 

Similar to error 3, error 9 was assessed by careful study of volume change indicators 

results and by carrying out leak tests as part of a system check during the initial 

stages of the research . An indication of inlet or outlet fluid leaks would be given by 

uncharacteristic measurement of continued sample consolidation/swelling and flow 

plots being significantly non-parallel. This was not noted in any of the tests carried 

out and no correction was deemed necessary. 

Similar to error 4, error 10 was negated by detailed attention to test set-up 

procedures. Volume change indicators and HAPes, and subsequent back pressure 

lines were flushed a minimum of three times using de-aerated water prior to 

sample set-up to ensure the removal of air bubbles. 

Error 11 was accounted for using a correction for inlet and outlet tube expansion. 

Increases in inlet and outlet back pressures of the duration of a test will lead to an 

expansion in tube dimensions in the inlet and outlet lines. This expansion, if not 

accounted for would result in a small overestimation of net water inflow and 

consequently, the degree of saturation and moisture content calculated. Where 

possible, during large changes in applied back pressures (e.g. the single application 

of back pressure applied in AP tests) the back pressure line was allowed to expand, 

prior to opening the drainage valve (VOl and VII detailed in figures 4.17 and 4.18) to 

the sample and any tube expansion noted was accounted for in calculation of water 

inflow or outflow during interpretation of results. 
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Were the above methodology was not possible (e.g. the ramped increase of back 

pressures during RAP tests or the increase in backpressure due to application of cell 

pressure increments in the saturation stage of BS tests), the error in back pressure 

line expansion was not accounted for throughout the test but, instead, a correction 

based on an estimate of the expansion was applied to the initial inflow and/or 

outflow readings of the sample. As the final back pressures applied in BS and RAP 

tests correlate with those applied in AP tests, the estimated correction applied to 

net water inflow in BS and RAP tests were based on those expansions recorded 

during the application of applied back pressure in AP tests. 

The estimated correction, as derived from corrections applied to AP results, 

pertaining to applied pressures of 600kPa in top back pressure line and 620kPa in 

bottom back pressure line, differed between systems due to the differences in 

tubing length utilised . For System 1 the correction of Error 11 to net water inflow 

was estimated as -3.5cm 3
, while for System 2 the correction was estimated as -

4.0cm3
. With regards to the significance of this correction, calculations indicate that 

a reduction in net water inflow of 4.0cm3 leads to an approximated reduction of 

1.0% in both moisture contents and degree of saturations reported. 

This correction is referred to as Correction 2, in further discussion in the remainder 

of this chapter. 

The above correction does not take account of swelling in top back pressure line 

internal to the cell; however, expansion in this region of tubing is governed by the 

relatively small differential pressure applied (i.e. cell pressure - top back pore water 

pressure) as opposed to total pressure applied. As such, any expansion in this tubing 

will be small and has been neglected as a contributable error to the data obtained 

within this investigation. 

Errors 12 - 14 have been, in so far as feasibly possible, limited by the careful set-up 

methodology used; however estimation of a required correction for these errors is 
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relatively complex, is based on some assumptions, and resultantly, may be prone to 

small inaccuracies. In the following paragraphs the causes and implications of these 

errors are discussed and details of the methodology used to minimise, highlight and 

correct these errors is presented. 

Error 12: On reducing the cell pressure at the end of a test (with the inlet and outlet 

lines closed) a sample will exhibit suction due to the decrease in pore water 

pressures in the sample relative to water pressure in the non-compressible porous 

disc. This will lead to an un-measurable uptake of water from the porous discs at 

both ends. As a result of this error, the final moisture content/degree of saturation 

calculated on the sample removed from the triaxial cell from final wet mass 

measurements will be greater than the moisture content/degree of saturation of 

the sample on termination of flow in the permeability test. The magnitude of this 

error is expected to relate to the sample fabric, material composition, applied cell 

and back pressures at the end of a test and the duration in which the sample 

remains the cell prior to deduction of confining pressures. 

Error 13: On compaction of a sample, a degree of positive suction will exist caused 

by the difference in pore air pressures and negative pore water pressures. 

Resultantly, during test set-up, when inserting an unsaturated sample onto the 

pedestal and when inserting the top cap onto the sample, there will inevitably be a 

tendency for the sample to take up water from the saturated porous discs. It is not 

possible to measure the quantity of this water uptake in this current investigation, 

and without the measurement of pore water or pore air pressure, it is not possible 

to theorise the quantity. This error is likely to affect at least the top and bottom 

extremities of a specimen and will result in an underestimation of initial water 

content in the sample prior to commencement of permeant flow, and resultantly 

will affect both calculation of moisture content and degree of saturation throughout 

the test . The magnitude of this error is expected to relate to the sample fabric and 

material composition . 
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Error 14: It is likely that during the course of a permeability test, air present in the 

sample will be flushed from the sample into the outlet volume change indicator. In 

addition, were back pressure is reduced (e.g. in the application of pressures for the 

permeability stage of BS tests), it is expected that a small proportion of air will be 

liberated from solution inside the outlet volume change indicator. As air is 

compressible, the net result of this error will be an over estimation in water 

outflow, an under-estimation of net volume inflow, and an assessment of moisture 

content and degree of saturation less than actually exists. The magnitude of this 

error is related to the initial air void content of the sample, and as such, is 

dependent upon material properties and conditions during compaction. 

The combined of effect of errors 12 - 14, result in unacceptable inaccuracies (an 

underestimation) in the determination of finial moisture content, and more 

importantly, degree of saturation during steady state flow. As discussed in section 

2.2.5, the degree of saturation in a sample will affect permeability results obtained, 

and in any review of alternative permeability methodology, regard must be given to 

degree of saturation in the soil at conditions of 'steady state' flow, to allow an 

assessment of the permeability value calculated . 

As it is expected that water up-take will occur at the end of each permeability test it 

is not possible to calculate the degree of saturation from measured finial wet mass. 

Instead, a measurement of net water inflow throughout the duration of test, along 

with knowledge of initial sample conditions, are used to obtain a value for degree of 

saturation (and other sample conditions) during permeability testing. Resultantly a 

methodology is needed to estimate the magnitude of water uptake during test set

up and the compression of air in the volume change indicator (Le. errors 13 and 14). 

It is expected that BS tests will be near to or fully saturated after the end of the 

saturation stage and during the subsequent consolidation stage. For BS tests, after 

the application of Correction 1 and Correction 2 (detailed above), when a plot of 

calculated dry density (based on initial conditions and sample volume change 

measurement) against moisture content (based on initial conditions and 
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measurement of net water flow in t%ut of the sample} is drawn, the resultant 

path should traverse along the 0% air voids line {based on the specific density of the 

material tested} . Due to errors 13 and 14, there is an underestimation of moisture 

content throughout the test and resultantly this line will be to the left of the 0% air 

voids line {as shown in figure 6.2}. 

Calculation of the magnitude of net water inflow required to shift the consolidation 

line to the 0% air voids line, will obtain the correction factor for errors 13 and 14. 

This correction is referred to as Correction 3 in any further discussion in the 

remainder of this chapter. 

--Saturation line 

--P rm ability lin 

0% Air 
Voids 

- Consolidat ion line 

A Final condit ion (wet mass ca lc) 

Moisture Content ''') 

Figure 6.2 - Generalised plot of Dry Density vs. Moisture Content for a BS test showing the 
methodology for calculation of the magnitude of Correction 3 

As previously discussed the magnitude of errors 13 and 14, are thought to be 

dependent on material properties, sample fabric and compaction conditions, more 

so than the testing methodology utilised. Concordantly, justification can be given to 

the assumption that the magnitude of errors 13 and 14 are 'sample dependant', 

and therefore relatively similar between analogous compacted samples. Resultantly 

Correction 3 derived from observation of BS tests has been applied to the test data 

of AP and RAP tests on analogous compacted samples. 

252 



Chapter 6 -Accelerated Permeability: Results, Analysis and Discussion 

The assumptions made in the implementation of correction 3 are as follows: 

• Samples undergoing SS tests are fully saturated during the consolidation 

stage 

• Magnitude of errors 13 and 14 are wholly 'sample dependant' 

• The sample production procedure utilised in this research produces identical 

compacted samples 

• Measured and calculated initial conditions are correct 

• Results of specific density tests are non variable and accurate for each 

material utilised for the production of compacted samples 

Even with the stringent measures of sample production and testing control 

observed throughout this investigation, it is inevitable that a number of the above 

assumptions are inaccurate to a small degree. Resultantly calculations of sample 

conditions cannot be justifiably reported to a high degree of accuracy; however, 

they are useful in allowing comparison of the effects of permeability testing 

methodology on the sample. 

On application of Correction 3, the finial conditions at the end of a permeability test 

can be ascertained. This allows a comparison between the finial conditions at 

permeability stage obtained from test data with calculated conditions from final 

wet mass measurements. Calculation of the difference in water content in this 

comparison allows an estimation of the water inflow into the sample on reduction 

of confining pressure (i.e. error 12). The comparison is illustrated in figure 6.3. 
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Figure 6.3 - Generalised plot of Dry Density vs. Moisture Content for a SS test showing the 
result of water inflow at the end of test (error 12) 

It should be noted that water uptake in samples at the end of tests was reduced by 

ensuring that the sample was removed from the cell as quickly as feasibly possible 

after the reduction in confining pressure. 

6.2.3 Errors affecting the Permeability Calculation 

The permeability of the sample is calculated by obtaining the flow through the 

sample derived from monitoring inflow and outflow rates using the volume change 

indicators. Detailed below is a list of the potential errors that may affect the 

permeability calculation, followed by an assessment of each possible error with 

relevance to this investigation : 

15. Head losses through the permeability system 

16. Variances in cross-sectional area and length of the sample during testing 

17. Degree of saturation 

18. Temperature variation 

19. Insufficient Test Duration 
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Error 15 is considered negligible in this investigation. For the low permeability 

materials tested, flow velocities are very slow and head loss due to friction and 

turbulence in the testing systems can be neglected (Head, 1994). 

Error 16 is neglected in accordance with routine permeability testing practice. The 

calculation of permeability is dependent on sample cross-sectional area and length 

(affecting the calculated hydraulic gradient). Changes in both of these values 

inevitably occur during permeability testing due to swelling or consolidation of the 

sample. However, changes in these values are not normally accounted for in 

permeability testing, and instead, values derived from initial measurements of 

sample dimensions are used. The same procedure has been adopted in this 

investigation. 

Similar to error 16, error 17 has been neglected in accordance with routine 

permeability testing practice. The saturation of a sample is not normally calculated 

in permeability testing, and as shown in the previous investigation is relatively 

difficult to do so using standard permeability test equipment. Instead, the finial 

degree of saturation as calculated for samples in AP and RAP tests is presented and 

allows a discussion of the effect on results and the validity of the test methodology 

as an alternative to the BS test. 

Error 18 has been negated by careful adherence to test set-up procedures. As 

detailed in section 2.3.6 permeability is influenced by temperature changes and 

resultantly all tests were carried out in a temperature controlled laboratory (at 

20°C}. Deaerated tap water, used as permeant and cell fluid was left in the 

temperature control laboratory to equalise with room temperature prior to use in 

testing. As such, no correction was deemed necessary in permeability calculation 

for variation in temperature. 

Error 19 has been negated by allowing relatively long testing durations for 

permeability tests and by careful observation of inflow and outflow from the 

sample to assess the possibility of significant microbial growth. The duration of the 
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BS, AP and RAP tests have been extended beyond that normally employed in 

commercial laboratory testing, This has allowed a proportion of continual steady 

inflow and outflow to be measured, However, it should be noted that influences 

may exist that will cause very gradual changes in flow, that are not readily apparent, 

but will inevitably cause a difference between inflow and outflow rates observed 

under conditions of 'steady state', 

These influences include: 

• long term consolidation or swelling 

• minute increases in sample saturation 

• chemical imbalance caused by soil particle and permeant interactions 

• microbial growth 

• minute inaccuracies (such as deviation in linearity) in the instrumentation or 

instrumentation calibrations for volume change measurement 

• slow absorption of trapped air (such as air flushed from the sample into the 

outlet volume change unit/HAPe) trapped in the closed system, into the 

permeant liquid under high applied pressures, 

Observations of inflow and outflow data indicate relatively good compliance for all 

tests, which provides satisfaction that none of tests reported in this investigation 

were terminated prematurely. The ratio of inflow to outflow or outflow to inflow 

varies between 1.00 and 1.95, for all tests. In general these ratios were lower for BS 

tests than for AP or RAP tests, indicating an influence of gradual increase in sample 

saturation or long term consolidation or swelling influenced by AP and RAP testing 

methodology. Permeability values were derived from an average of the measured 

steady state inflow and steady state outflow. 

6.2.4 Summary of Utilised Corrections 

The majority of the potential errors arising during the course of permeability testing 

and test set-up have been satisfactorily minimised or overcome by detailed 

adherence to test and set-up procedures. The interpretation and checking strategy 

256 



Chapter 6 -Accelerated Permeability: Results, Analysis and Discussion 

utilised in this investigation, as outlined in the preceding subsections has been 

aimed at identification of any possible anomalies in obtained data, allowing their 

erad ication. 

The foregoing appraisal of errors suggests that the net uncorrected condition will 

result in an underestimation of sample volume (and hence an under estimation of 

dry density, void ratio and degree of saturation), and an underestimation of net 

water Inflow (and hence an underestimation of moisture content and degree of 

saturation), as obtained from cell and back pressure volume change measurement. 

The following corrections have been applied in the sequence outlined. Correction 1 

applies to the calculation of sample volume change, while Corrections 2 and 3 

applies to the calculation of net water inflow: 

Correction 1: A correction has been applied for the expansion of the cell and 

associated lines under cell pressure . The correction applied is system dependant 

and is detailed in section 4.3.2 for both System 1 and System 2. 

Correction 2: A correction has been applied for the expansion of the back pressure 

lines under applied back pressure. The correction, applied to each test, is derived 

from observation of tube expansion in AP tests prior to the application of cell 

pressure . 

Correction 3: A correction has been applied for the un-measurable uptake of water 

during system set up and for the flushing of air from the sample into volume change 

indicators. The correction is derived from observation of moisture content - dry 

density pathway for the consolidation stage in BS tests. Corrections calculated from 

BS tests are applied to AP and RAP tests on analogous samples. Further detail is 

provided in the previous sub-section. 

The permeability test data presented, both in datasheets available in Appendix A 

(presenting test data individually per test) and in the figures and tables available in 
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the following sections (generally summating the data from mUltiple tests), have 

been corrected to account for known test errors, as detailed in this section. 

6.3 Results and Discussion of Permeability Tests 

The following presents the results and discussion of all BS, AP and RAP permeability 

tests carried out as part of this investigation. An analysis of the behaviour of each 

material investigated, with regard to testing methodology and results obtained, is 

presented and discussed separately. A discussion on the effects and validity of AP 

and RAP testing methodology is then presented and assessed from generalised 

behaviours observed pertaining to the testing methodology adopted. 

With the exception of some additional tests carried out on samples of BUBC 

(detailed in section 6.3.5) the final total pressures applied in each test were 600, 

620 and 660kPa for the outlet (top) back pressure, inlet (bottom) back pressure, 

and cell confining pressure, respectively. Therefore, an applied pressure differential 

of 20kPa, created an upward flow through each sample equating to a nominal 

hydraulic gradient, i, of 20 (for a sample at nominal length of 100mm). The average 

effective pressure experienced during steady state flow was SOkPa. 

I Table 6.2 - Sample state Key used in Dry Density - Moisture Content plots e-- ____ _ 

Marker AP test BS test RAP test 
~---r----------

x 

o 

<> 
I-

+ 

Sample conditIon on completion of compaction, prior to extrusion from mould. 

Sample condition after curing period, calculated from dimensions measured during 

permeability test set-up. 

Sample condition after 
Sample condition at the end Sample condition at the end 

application of inttial cell 
of saturation stage. of pressure ramp. 

pressure. 

Sample condition at the end -------- of consolidation stage. 

Sample Condition at the end of permeability test, prior to cell disassembly. 
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As a visual aid to the interpretation of results, where applicable, plots of 

summarised test results have been coloured pertaining to the test method utilised; 

the colours blue, red and green are used for BS, AP and RAP tests, respectively. In 

plots of dry density against moisture content (both in the summary plots presented 

in this chapter and in individual datasheets available in Appendix A) markers have 

been utilised pertaining to stages throughout a test; the key for each stage is shown 

in Table 6.2 above. 

6.3.1 Permeability testing of London Clay (Le) samples 

The discussion in this section concentrates on the permeability tests for the LC 

material. This includes BS, AP and RAP tests carried out on samples of London Clay 

compacted at optimum, dry of optimum and wet of optimum moulding moisture 

contents, as detailed in Table 4.1. The results of individual tests are presented in 

data sheets in Appendix A; however, to aid discussion summation of data is 

presented in the following figures in this sub-section. 

Table 6.3 presents the Test details and results of permeability tests carried out on 

compacted samples of LC material. Figures 6.4, 6.5 and 6.6 presents combined plots 

of dry density against moisture content for BS, AP and RAP tests, for samples 

compacted at dry of optimum, optimum and wet of optimum, respectively. 

Table 6.3 - Summary of results for Permeability tests on le Samples 
I--

I Ratio of Duration to Degree of 
Void Ratio at 

Saturation at Inflow/Outflow Permeability reach steady 
Test 1.0. Start of Steady 

Start of Steady rates during steady (m/s) state flow 
State flow 

State Flow (%) state flow (min) 

LC-d'AP 10000 0.82 99.0 1.31 1.56E-1O 

LC-d-BS 16300 0.94 100.0 1.01 1.23E-09 

LC-d-RAP 22100 0.86 99.4 1.08 6.73E-10 

LC-o-APr 16800 0.81 99.4 1.57 5.66E-ll 

LC-o-BS 17500 0.87 100.0 1.00 2.08E-10 

LC-o-RAP 18900 0.81 100.0 1.21 1.09E-1O 

LC-w'AP 18100 0.75 99.7 1.58 3.13E-ll 

LC-w-BS 16750 0.84 100.0 1.01 7.12E-ll 

LC-w·RAP 17800 0.79 96.9 1.28 4.07E-ll 
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Figure 6.4 - DD vs. MC plot for LC samples compacted at Dry of Optimum Moulding MC 
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Figure 6.S - DD vs. MC plot for LC samples compacted at Optimum Moulding MC 
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Figure 6.6 - DD vs. MC plot for lC samples compacted at Wet of Optimum Moulding MC 

Examination of the tabulated test data indicates that permeability value decreases 

with increaSing moulding moisture content at compaction. This confirms the 

findings of other research that stipulates the lowest permeability is achieved at a 

moulding moisture content slightly wet of optimum moisture content (see section 

2.3.2). 

During the AP test on London Clay sample compacted at optimum moulding 

moisture content (LC-o-AP), the cell pressure volume change unit reached its 

maximum readable capacity due to sample swelling between 2180 and 6890 min. 

This was not detected and led to an approximate 30kPa increase (i.e. 690 kPa total 

confining pressure), and uncertainty in calculation of total sample volume. 

Resultantly the test was ceased and repeated with a new sample, as detailed in the 

datasheet labelled LC-o-APr, available in Appendix A. 

For all analogous samples of compacted London Clay, assessment of flow 

measurements indicate that permeability values derived from BS tests are 

consistently higher than those derived from AP or RAP tests. 
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Comparison of calculated permeability results indicate that values derived from AP 

tests underpredict corresponding values from BS tests by a factor of 7.9, 3.7 and 

2.3, for samples compacted at moisture contents dry of optimum, optimum, and 

wet of optimum, respectively. The magnitude of these under-prediction factors give 

credence to the previously made hypothesis that results from AP tests more greatly 

underpredict those of comparative BS tests when carried out on samples with a 

more prevalent aggregation or macrostructure (Le. those samples compacted dry of 

optimum moulding moisture content). 

AP test, LC-d-AP, yields a value of 1.56xiO-10m/s, indicating a relatively high degree 

of confidence in its suitability for use as landfill mineral liner material. In contrast 

the BS test carried out on an analogous sample, LC-d-BS, yields a value of 

1.23xiO 9m/ s, indicating a compacted material very close to the threshold upper 

limit (1.0xiO 9m/ s), and on the verge of unacceptability. 

The underprediction of BS test permeability results, when tested using RAP test 

methodology, is to a comparatively smaller degree than those of AP tests; with 

under predication factors being 1.8, 1.9 and 1.7, respectively. 

Calculations of degree of saturation at the observed time of steady state flow, 

based on initial sample conditions, net water inflow and volume change 

measurements, generally indicate high degrees of saturation (> 99%). The exception 

to this was the RAP test carried out on London Clay compacted wet of optimum (LC

w-RAP), where test data indicates a degree of saturation of 96.9%. It should be 

noted that this value meets the requirements of typical standard testing guidelines, 

as BS Test procedure indicates that a B value of >0.95 (usually taken as ensuring a 

degree of saturation of 95%) is normally required in the saturation stage prior to 

carrying out the consolidation and permeability stages. It is conjectured that a 

96 9% degree in saturation is not so low as to significantly alter the permeability 

value derived; it is likely the air present exists as isolated bubbles as opposed to a 
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continuous phase that could block flow channels between particles, significantly 

reducing permeability values derived (Head, 1994). 

Evaluation of dry density versus moisture content plots illustrates the effects of 

elastic expansion and/or sample swelling on extrusion from the compaction mould 

and during subsequent curing. During this process dry density decreases from 

targeted values without change in moisture content, and as shown in figures 6.4 -

6.6, the decrease in dry density experienced is relatively similar for analogous 

compacted samples. The increase in sample volume results in a higher volume of air 

within the sample prior to permeability testing. 

For AP tests, the decrease in dry density (or increase in total sample volume) due to 

elastic expansion is recovered during the initial application of cell pressure, where 

the sample is compressed (due to the compressibility of the air voids present in 

collapsing macro voids) to a volume at or above that experienced during 

compaction in the compaction mould . This indicates that the pressure present in air 

voids during compaction is at or below the initial applied cell pressure (Le. 660kPa). 

Subsequent application of inlet and outlet back pressures results in a rapid increase 

in moisture content, (encouraged by high suction values present due to the 

unsaturated nature of the soil and high air pressures present). As samples approach 

full saturation, air is being absorbed in the permeant and pore water pressures 

increase, and samples exhibit a gradual decrease in dry density caused by swelling 

of the sample. When steady state flow is reached samples are very close to full 

saturation and further deviation in moisture content or dry density is relatively 

small . 

For BS tests, the decrease In dry density due to elastic expansion is not recovered, 

as there is no Immediate application of a large confining pressure. Instead, all 

samples exhibit an increase in moisture content, coupled with an overall expansion 

and reduction in dry density, consistent with the uptake of water and swelling of 

unsaturated soils under the low initial cell pressures applied at the start of a BS test. 

The drier the sample initially, the greater the increase in moisture content and the 
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greater the decrease in dry density exhibited. Incremental increases in alternate 

applications of confining pressure and pore water inflow during the saturation stage 

are clearly illustrated in the dry density versus moisture content plots. In all tests B 

values recorded at the end of the saturation stage were greater than the value of 

0.97 required by the test procedure. Subsequently, during the consolidation stage 

there was an increase in dry density of the specimens with all BS plots running along 

the 0% air voids line. During the subsequent permeability stages, observed steady 

state flow was reached in a short period of time, and there was little change in 

moisture content or dry density during this stage. 

For RAP tests, as with BS tests, the decrease in dry density due to elastic expansion 

is not recovered. Both LC-d-RAP and LC-w-RAP tests indicate a small initial 

compression of the sample on the application of ramped pressures, which was not 

observed in LC-o-RAP. It is conjugated that the initial application of ramped 

pressures in LC-d-RAP and LC-w-RAP, lead to an increase in moisture content and 

initial minor collapse of air filled void space at the sample extremities. The 

application of ramped cell pressures in LC-w-RAP lead to an observed decrease in 

sample volume, as illustrated by the plot of Sample Volume Change on the 

respective datasheet available in Appendix A. All samples subsequently exhibit an 

increase in moisture content, coupled with an overall expansion and reduction in 

dry density. On completion of pressure ramping, all samples continue to exhibit 

continued swelling with further gradual decrease in dry density and increase in 

moisture content prior to observed steady state flow. 

Comparison of void ratios at steady state flow for each sample, as presented in 

Table 6.3, indicate dependence upon the testing methodology utilised, with values 

for BS tests greater than those for respective AP tests and RAP tests on analogous 

samples. This indicates, as supported by the variance in net water inflow and 

sample volume change plots available on respective datasheets, that the different 

testing methodologies utilised have varying effects on the resultant structure and 

void space within the sample, which ultimately leads to divergence in permeability 

values obtained. 
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6.3.2 Permeability testing of Ampthill Clay (AMC) samples 

The discussion in this section concentrates on the permeability tests for the AMC 

material. This includes BS, AP and RAP tests carried out on samples of Ampthill Clay 

compacted at optimum and dry of optimum moulding moisture contents, as 

detailed in Table 4.1. The results of individual tests are presented in datasheets in 

Appendix A; however, to aid discussion summation of data is presented in the 

following figures in this sub-section. 

Table 6.4 presents the results of permeability tests carried out on compacted 

samples of AMC material. Figures 6.7 and 6.8 presents combined plots of dry 

density against moisture content for BS, AP and RAP tests, for samples compacted 

at optimum and wet of optimum moulding moisture contents, respectively. 

Table 6.4 - Summary of results for Permeability tests on AMC Samples 

I Duration to Void Ratio Degree of Ratio of 

reach steady at Start of Saturation at Inflow/Outflow Permeability 
Test 1.0. 

state flow Steady Start of Steady rates during steady (m/sI 

(minI State flow State Flow (%1 state flow 

t-
AMC-dAP 18100 0.96 98.7 1.95 5.70E-ll r-
AMCd as 19200 1.08 100.0 1.02 2.53E-10 

AMC d RAP 22200 0.99 98.5 1.26 9.14E-ll 
r-

AMCo AP 
r- 23000 0.96 99.6 1.72 2.87E-ll 

AMC-o -BS 19200 1.06 100.0 1.00 9.69E-ll 

AMC-o ·RAP 23700 0.98 99.5 1.23 4.85E-ll 

Examination of the tabulated test data indicates that permeability values of AMC 

samples compacted at moisture contents dry of optimum moisture content are 

lower than those compacted at optimum moisture content. 

As with LC compacted samples, permeability values derived from BS tests on AMC 

compacted samples are consistently higher than those derived from AP or RAP tests 

on analogous samples. The factors by which BS tests are under-predicated when 

using AP test methodology are 4.4 and 3.4 for samples compacted dry of optimum 

mOisture content and optimum moisture content, respectively. Again, these factors 

are smaller for RAP tests; where factors of 2.8 and 2.0 have been obtained. 
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Calculations of degree of saturation at the observed time of steady state flow, 

indicate relatively high degrees of saturation (> 98%), thereby meeting the 

requirements of typical British Standard testing guidelines (as detailed previously), 

and thought not to affect the permeability values derived. 

Plots of dry density versus moisture content during AP, BS and RAP tests for AMC 

samples correlate with those observed for LC sample compactions, as detailed 

above. Sample compacted at dry of optimum exhibit a greater increase in moisture 

content and greater decrease in dry density over the duration of each permeability 

test than those compacted at optimum moisture content. 

Comparison of void ratios at steady state flow for each sample, as presented in 

Table 6.4, indicate values for BS tests as greater than those for respective AP tests 

and RAP tests on analogous samples. Again this indicates that the test method 

employed results in structural changes within the sample, which ultimately leads to 

divergence in permeability values obtained. 

6.3.3 Permeability testing of Glacial Till (GT) samples 

The discussion in this section concentrates on the permeability tests for the GT 

material. This includes BS, AP and RAP tests carried out on samples of Dunleer 

Glacial Till compacted at optimum and dry of optimum moulding moisture contents, 

as detailed in Table 4.1. The results of individual tests are presented in datasheets in 

Appendix A; however, to aid discussion summation of data is presented in the 

following figures in this sub-section. 

Table 6.5 presents the results of permeability tests carried out on compacted 

samples of GT material. Figures 6.9 and 6.10 presents combined plots of dry density 

against moisture content for BS, AP and RAP tests, for samples compacted at 

optimum and wet of optimum moulding moisture contents, respectively. 
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Table 6.5 Summary of results for Permeability tests on GT Samples 
Duration to Degree of Ratio of Void Ratio at 

Test 1.0. 
reach steady 

Start of Steady 
Saturation at Inflow/Outflow Permeability 

state flow Start of Steady 
State flow rates during steady (m/s) 

(min) State Flow (%) state flow 

GT-d-AP 11400 0040 98.8 1.15 1.87E-1O 

GT-d-BS 18500 0.43 100.0 1.01 3.67E-10 

GT-d-RAP 25700 0041 97.0 1.09 1.90E-11 

GT-d-RAP 
10000 

(shortened) 
0041 96.7 1.02 l.25E-10 

GT-o-AP 1100 0.37 100.0 1.06 9.63E-11 

GT-o-BS 17200 0.37 100.0 1.02 1.88E-10 

GT-o-RAP 5500 0.39 100.0 1.02 1.26E-10 

As expected, and in correlation with LC and AMC samples, tabulated test data 

indicates that permeability values of GT samples compacted at moisture contents 

dry of optimum moisture content are lower than those compacted at optimum 

moisture content. 

Permeability values derived from BS tests are consistently higher than those derived 

from AP or RAP tests on analogous samples. The factors by which BS tests are 

under-predicted when using AP test methodology are 2.0 for both samples 

compacted dry of optimum moisture content and optimum moisture content. 

Comparing RAP tests with BS tests the underprediction factor is 19.3 for GT-d-RAP 

and 1.5 for GT-o-RAP. Observation of water inflow and outflow for GT-d-RAP (see 

datasheet in Appendix A) indicates permeability values were influenced by 

microbial growth during permeability testing, due to the long duration for testing 

allowed . Dark staining was noted at the sample extremities on removal from the 

cell, and SEM analysis on post test specimens taken from the centre of the sample 

show microbial growth on soil particles (see figures 6.10 and 6.11). 

Reanalysis of the results of GT-d-RAP, (labelled as GT-d-RAP (shortened)), was 

carried out using recorded flow readings measured prior to the observable onset of 

microbial growth (see datasheet in Appendix A) . As detailed in Table 6.5, this 

proportion of the flow plot yields a much higher permeability, and comparison with 

the respective BS test result Indicates an under-prediction factor of 2.9. It should be 
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noted that void ratio and degree of saturation as calculated at designated durations 

of steady state flow for both GT-d-RAP and GT-d-RAP (shortened), do not deviate 

significantly. No signs of microbial growth were observed for any other GT 

compacted sample. 
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Figure 6.11- SEM image of Microbial growth on specimen lC-d-RAP 

Figure 6.12 - SEM close up of Microbial growth 
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Calculations of degree of saturation at the observed time of steady state flow for GT 

samples, indicate relatively high degrees of saturation {> 96%}, thereby meeting the 

requirements of typical British Standard testing guidelines {as detailed previously}, 

and thought not to significantly affect the permeability values derived. 

Plots of dry density against moisture content clearly illustrate the reduction in 

sample dry density during sample extrusion and subsequent curing. The DD-MC plot 

lines for BUBC samples follow the general trend observed previously in LC and AMC 

samples, where, the decrease in dry density due to elastic expansion is recovered 

during the initial application of cell pressure, followed by an increase in moisture 

content coupled with a gradual decrease in dry density as the sample swells. When 

steady state flow is reached in the AP tests samples are very close to full saturation 

and further deviation in moisture content or dry density is relatively small. 

As with observations for tests in LC and AMC samples, BS and RAP tests in GT do not 

initially recover the decrease in dry density due to sample swelling. However, in 

contrast to tests on LC and AMC samples, on the application of back pressures, 

samples exhibit an increase in dry density with increasing moisture content. This 

alternate response is likely to be a result of differences in material properties, 

specifically the relatively high sand content present in GT material (27%). It is 

possible to conjecture that on wetting of the compacted GT material under low 

confining pressures {Le. under lower suction values than initially experienced in AP 

tests}, the influence of the wetting front leads to a loss in aggregate (clod) strength, 

making aggregates relatively more deformable during expansion (in comparison 

with aggregates of LC, AMC and BUBC material) leading to a deformation into inter

aggregate pore space as opposed to an outward expansion of the sample on 

wetting (these processes are detailed further in section 6.3.6). Ultimately this 

process leads to a reduction in inter-aggregate space, reducing available macro void 

space and permeability. 

The subsequent consolidation stage in the BS tests leads to a further increase in dry 

density, and for GT samples compacted at optimum moulding moisture content, the 
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void ratio experienced at steady state flow in the BS test is marginally less than that 

experienced in AP and RAP tests. The permeability values calculated contradict the 

general relationship that states that a decrease in void ratio leads to a decrease in 

permeability. 

It can be conjectured that the different testing methodologies utilised have 

considerable and variable effects on sample fabric (i.e. macro voids and micro 

voids), which ultimately effect the permeability values derived. Although there has 

been an overall increase in void ratio, it is possible that the increase is attributable 

to micro void space only, and that macro void space has decreased. This effect 

although leading to increased void space, could result in increased quantity of un 

mobile water in inter-aggregate space and reduction in available pore space for 

fluid flow (i .e. the effective porosity), leading to increase tortuosity in fluid flow and 

resulting in a decrease in measured permeability 

6.3.4 Permeability testing of Belfast Upper Boulder Clay (BUBe) samples 

The discussion in this section concentrates on the permeability tests for the (BUBC) 

material. This includes BS, AP and RAP tests carried out on samples of Belfast Upper 

Boulder Clay compacted at optimum moulding moisture contents, as detailed in 

Table 4.1. The results of individual tests are presented in datasheets in Appendix A; 

however, to aid discussion summation of data is presented in the following figures 

in this sub-section . 

The results and discussion of additional permeability tests, as detailed Table 4.2, 

entailing the variation of applied hydrauliC gradient and total confining tests, are 

not included in this section. Instead, these results, and their interpretation, are 

presented in following subsection (Section 6.4), in addition to repeat AP and BS 

tests also carried out on samples of BUBC. 

Table 6.6 presents the results of permeability tests carried out on compacted 

samples of BUBC material. Figure 6.13 presents combined plots of dry density 
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against moisture content for BS, AP and RAP tests, for samples compacted at 

optimum moulding moisture content . 

As with all other tests in this investigation, the permeability result derived from the 

BS test are greater than those derived from AP and RAP tests. The under

predication factors for AP and RAP tests for BUBC samples compacted at optimum 

moulding moisture content are 2.8 and 5.0, respectively. 

Table 6.6 - Su mmary of results for Permeability tests on BUBC Samples 

Duration to Void Ratio at Degree of Ratio of 

reach Start of Saturation at Inflow/Outflow Permeability 

steady state Steady State Start of Steady rates during steady (m/s) 
Test 1.0. 

flow (min) flow State Flow (%) state flow 

BUBC-o-AP 12000 0.80 99.1 1.56 6.09E-ll 
----

BUBC-o-BS 13800 0.82 100.0 1.00 2.66E-10 

BUBC-o-RAP 15000 0.88 99.4 1.12 1.09E-10 

As with all other AP, BS and RAP tests carried out in this investigation, calculations 

of degree of saturation at the observed time of steady state flow for BUBC samples, 

indicate relatively high degrees of saturation (> 99%), thereby meeting the 

requirements of typical British Standard testing guidelines (as detailed previously), 

and thought not to significantly affect the permeability values derived. 

As detailed in sections 4.2.3 and 6.1 the compaction procedure utilised for 

production of BUBC samples differs from that used for LC, AMC and GT samples. As 

shown on the plot of dry density versus moisture content, the effect of trimming 

the upper high density region of a dynamically compacted sample leads to a 

reduction in dry density from the targeted value. Subsequent removal from the 

compaction mould and sample curing has lead to a further reduction in dry density. 
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Figure 6.13 - DD vs. MC plot for BUBC samples compacted at Optimum Moulding MC 

Plots of dry density versus moisture content during AP, BS and RAP tests for BUBC 

samples tested correlate with those observed for tests on LC and GT samples, as 

detailed previously. 

6.3.5 Additional tests on BUBC Samples 

As discussed previously, the need for control of imposed testing variables, and the 

desire to assess the hypothesized worst case scenario for compatibility of results 

between AP and BS testing, has lead to a change between the applied pressures 

imposed during testing in this investigation, and those stipulated for AP testing by 

the Environmental Agency. It may be possible that the change in applied pressures 

will have an effect on the results of AP tests, with regard to both permeability 

values derived and test duration. To analysis the effects of this change in applied 

pressures (specifically, changes in hydraulic gradient), a number of additional AP 

tests were carried out on samples of BUBC compacted at optimum moulding 
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moisture content as detailed in Table 4.2. Results of these additional tests on 

samples of BUBC are discussed in this section. 

To access the repeatability of results with regard to permeability System utilised, 

two additional repeat tests, (one AP test and one BS test) where carried out on 

BUBC samples compacted at optimum moisture content using the alternate 

Permeability Test System. Comparisons of the repeated tests are discussed in this 

section. As RAP tests require the use of Automatic pressure control, only one testing 

system (System 2) can be utilised to carry out these tests; as such, a repeat test 

using RAP methodology has not been done. 

Influence of Hydraulic Gradient 

The results of AP tests, investigating variation of hydraulic gradient, are presented 

in Table 6.7. Plots of dry density vs. moisture content, cumulative flow, net water 

inflow and sample volume change are presented on individual datasheets available 

in Appendix A. 

Table 6.7 - Summary of AP tests on BUBC (variation in hydraulic gradient) 

Applied Pressures Duration to Effective Nominal 
Test 1.0. Outlet! Inlet! Pressure Hydraulic 

reach steady Permeability 
Cell state flow (m/s) Top Bot (kPa) Gradient 

(kPa) (kPa) 
(kPa) (min) 

BUBC-o ·AP 600 620 660 50 20 12000 6.09E-ll 

BUBC-O·AP(h40) 590 630 660 50 40 24200 4.28E-ll 

BUBC-o ·AP(h70) 575 645 660 50 70 14000 5.42E-ll 

ExaminatIon of the tabulated test data above indicates that permeability values of 

BUBC samples compacted at optimum moulding moisture content are not 

signrficantly affected by the variation in the hydraulic gradient within the ranges 

examined in this investigation. The maximum variation in permeability value is 

calculated to be of the order of 1.4, this variation is considered negligible and within 

the appreciable variations encountered between analogous permeability tests. This 

confirms the findings published in the Environmental Agency R&D Technical Report 

(pl-398/TR/l), that indicates that variation in hydraulic gradient within the normal 
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working ranges employed in industry have little influence on permeability values 

derived from AP tests provided the average effective stress remains constant. 

It should be noted that during the test on BUBC-o-AP(h40) cell, inlet and outlet 

pressures dropped momentarily, due to a planned shutdown of school's air 

compressor (for maintenance works). Due to preemptive closure of pressure lines 

to the sample and cell and the quick reestablishment of pressures, the permeability 

value derived is not expected to have been significantly affected. However, the test 

duration to steady state flow was increased due a minor release of air from 

permeant solution in the top volume change unit on reduction of applied pressure. 

Considering the value for duration to reach steady state flow in BUBC-o-AP(h70}, 

and the fact that cumulative flow plots for BUBC-o-AP(h40) closely mimic those of 

both BUBC-o-AP and BUBC-o-AP(h70) (prior to compressor shutdown), then 

indication is given that there is no time savings gained in the application of 

increased hydraulic gradient. 

Concordantly it may be conjectured that the results of AP tests carried out in this 

investigation provide a sound representation for both permeability value and 

duration to reach steady state flow, regardless of the change in hydraulic gradient 

from that stipulated in Environmental Agency R&D Technical Report (pl-398/TR/2). 
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Influence of testing System Utilised 

The results of repeated AP and BS tests, investigating the influence of testing 

System Utilised and the repeatability of results, are presented in Table 6.8. Plots of 

dry density vs. moisture content, cumulative flow, net water inflow and sample 

volume change are presented on individual datasheets available in Appendix A. 

Table 6.8 - Summary of repeat AP and SS tests on BUBC 

Duration to 
Void Ratio 

reach 
Degree of Ratio of 

Test 1.0. steady 
at Start of Saturation at Inflow/Outflow Permeability 

state flow 
Steady Start of Steady rates during (m/s) 

(min) 
State flow State Flow (%) steady state flow 

BUBC-o-AP 12000 0.80 99.08 1.56 6.09E-ll 

BUBC-o-APr 14000 0.82 99.48 1.35 3.07E-ll 

BUBC-o-B5 13800 0 .82 100.00 1.00 2.66E-10 

BUBC-o -BSr 19500 0.80 100.00 1.00 3.04E-10 

Comparison of permeability values from duplicate AP tests, indicate a divergence by 

an order of 2.0. This divergence, although significantly lower than the divergence 

attained when comparison is made with results from analogous RAP and BS tests, is 

higher than expected. However, observation of initial sample conditions in Dry 

Density Moisture content plots show that the BUBC samples compacted for these 

samples vary slightly; with BUBC-o-APr shown to have a marginally lower density 

and higher initial moisture content . It is postulated that the divergence attained 

may be due to differences in initial sample condition rather than significantly 

Influenced by the testing system employed. As detailed in section 4.2.3 the sample 

production procedure was altered and improved for the production of LC, AMC and 

GT compacted samples, and as such, more stringent control was placed on the 

production of samples, reducing any possible divergence in permeability values due 

to initial sample condition . 

Comparison of permeability values from duplicate BS tests indicate a high degree of 

repeatability, with a divergence between results in the order of 1.1. 
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Given the relatively low degree in divergence between repeat AP and BS tests, it can 

be concluded that testing system utilised in this investigation do not have a 
significant variable influence on the permeability values derived. Confidence in the 
validity and repeatability of permeability test data is gained when considering the 
continual trends visible on interpretation for the wide range of tests completed; 
being both consistent and logical. 

6.3.6 Comments derived from the interpretation of Permeability Results 

Generalisation of permeability values derived 

As shown in figure 6.14, the permeability value derived from results of BS tests are 

continuou sly higher than those derived from analogous AP and RAP tests for all 

samples tested in this investigation. 
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Figure 6.15 shows a plot of normalised permeability values against sample initial 

moulding moisture content at compaction. The normalised permeability values 

shown are derived by normalising the permeability value measured for a given test, 

by the permeability value measured in the respective BS test (corresponding to 

analogous compacted samples), thereby negating the affects of material variability 

and allowing an illustration of the degree of underprediction of permeability values 

caused by AP and RAP testing methodology for all samples investigated. Resultantly, 

all BS tests have normalised permeability value of 1. The lower the normalised value 

the higher the degree of under predication in permeability value obtained. 

As moulding moisture content is also material dependant and, as such, is variable 

across the samples produced this value has been represented as its percentage 

deviation from optimum. Positive values indicate wet of optimum moulding 

moisture content, while negative values indicating dry of optimum moulding 

moisture content. 

0 

.. 
l 
~ 
E " ~ to 

~ " j;~ 

>';;i 

E~ --------- --
-Ill 
~ID 0 " .. E ~ 
~l! 
:. 8 
"" ,. 
~ " 
'i~ 
E"? 
~ a 
z " GC 

E .. 
" ~ 

0.1 

· 20 · lS 

0 ~ )(6 

0 
RAP Test 

0 ..-dl-to 
trendlin 

-----

0 
to 

x 

· 10 ·S 0 S 10 

Mould!", moisture content· 

Percentace devl.tlon from optimum ("I 

O AP - AMC 

X AP - BUBC 

O AP - GT to -
t. AP lC 

trendllne O BS - AMC 

X BS - BUBC 

O BS - GT 

t. BS l C 

RAp · AMC 

RAp · BUBC 

RAP GT 

15 20 
RAp ·lC 

Figure 6.15 _ Normalised Permeability Value vs. Moulding Moisture Content (Percentage 
deviation from Optimum) 

279 



Chapter 6 -Accelerated Permeability: Results, Analysis and Discussion 

Linear trend lines plotted for the normalised permeability results of both AP and 

RAP tests are illustrated in Figure 6.14. Results indicate that in general utilisation , , 

of AP test methodology underestimates permeability values derived from BS tests, 

to a higher degree than utilisation of RAP test methodology. Furthermore, for AP 

tests the degree of divergence increases with decreaSing moisture content from 

compaction . 

As discussed previously, BS and RAP tests carried out on samples of GT exhibit an 

alternate response to the application of back pressure wetting, in comparison to 

that observed from the same tests carried out on LC, AMC and BUBC samples. It can 

be conjectured that the observed response is a result of material properties (high 

sand content ), and as such, it is likely that the affects of testing methodology on the 

so il structure of GT material will vary from those experienced for the other 

investigated materials. Reassessment of normalised permeability values shown in 

figure 6.16, excluding the values obtained for AP tests on GT material, yields a trend 

line for AP testing that is visually more representative of the collated data, with a 

70% increase in the coefficient of conformity (R2 Value) calculated. 
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The effect of BS test methodology on sample structure 

Figure 6.17, showing aggregates within an element of soil, illustrates the probable 

divergence encountered in sample response on wetting of soil aggregates (clods), in 

a BS tests. Figure 6.17(a) represents an element of compacted soil, showing 

aggregates (soil clods) and inter-aggregate void space (Le. macro vOids) 

representing the initial condition of the aggregate structure prior to permeability 

testing. On the application of back pressure, permeant will slowly fill the inter

aggregate pore space, leading to a resultant increase of aggregate volume on 

absorption of the permeant (i.e. aggregates will swell), due to the negative pore 

water pressures existing within aggregates. The resultant changes in soil volume 

and inter-aggregate pore space, due to aggregate swelling, is partially dependent 

upon the material properties of the compacted soil. 

Permeability data obtained indicate that the effects of aggregate swelling during 

sample saturation differs during BS tests carried out on samples of LC, AMC and 

BUBC compacted samples than for GT compacted samples. 

During the saturation stages of BS tests on compacted samples of LC, AMC and 

BUBC material, samples exhibit an immediate expansion, shown by the increase in 

sample volume, on the application of back water pressures. As illustrated in figure 

6.17, it is conjectured that as the aggregates of these materials absorb water, the 

swollen aggregates provide a high resistance to deformation, with the net effect 

being that inter-aggregate contacts are pushed apart causing an overall increase in 

volume. This response leads to only minor deviances in the quantity of inter

aggregate pore space (i .e. macro voids). 

Conversely, during the application of back water pressures in the saturation stages 

of BS tests on compacted samples of GT material, samples exhibit compression, 

indicated by the measured decrease in sample volume. It is conjectured that as the 

GT samples absorb water, the aggregates reduce in stiffness and readily deform into 

the inter-aggregate pore space causing a gradual decrease in sample volume. 

Expansion of the aggregates will be into the inter-aggregate pore space. This 
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response leads to a significant reduction in the quantity of inter-aggregate 

space (i.e. macro vOids) leading to a reduction in permeability value derived. 
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Figure 6.17 - Element of compacted soil subject to saturation/wetting under low confining 
pressures (during BS test Saturation Stage) : (a) before application of back pressures (wetting), 

(b) volume expansion response, and (c) volume reduction response 

The reason for the reduction in aggregate stiffness of GT material on wetting is 

unknown; however, it may be speculated that the relatively high content of inert silt 

(28%) and sand (27%) particles results in an increased reduction in the strength of 

particle bonds within aggregates during absorption of water to the diffuse double 

layer surrounding clay particles. 

The mechanism for aggregate swelling and increased aggregate deformability can 

be explained by increased water absorption to clay particle surfaces. During the 

wetting of a soil aggregate, there is an increased absorption of water molecules to 

negatively charged clay particles, resulting in clay particles moving apart (swelling), 
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leading to a lessening in the aggregate strength (increased deformability) due to a 

reduction in the number of clay - water - clay bonds. When a high content of sand 

or silt particles are present in the clay aggregates, the reduction in the frequency of 

clay particle bonds is increased during wetting as the presence of these inert 

particles act as a hindrance to clay particle bonds as they move apart. 

Given the above conjecture the reduction in aggregate stiffness for the GT material 

tested is higher than would be otherwise encountered in a compacted material of 

higher clay content (e .g. samples of AMC, BUBC or LC material). 

Logically, the subsequent consolidation stages in BS tests will lead to the 

compression of aggregates and a reduction in macro void space for all materials, 

however where low effective pressures are utilised (like in the tests carried out 

within this investigation), the initial material response to wetting is expected to 

have a significant effect on the permeability value derived. 

Concordantly, with regard to the underprediction of permeability values derived 

from BS tests when utilising AP test methodology, the deviation from trend noted in 

samples of GT material as (illustrated in Figure 6.15), is thought not to be a 

consequence of variability in sample state derived from AP test methodology, but 

instead; a result of variability in sample state derived from BS test methodology 

dependent upon material composition. 

The effect of AP test methodology on sample structure 

As Illustrated in the summarised dry density vs. moisture content plots provided 

above and the net water inflow and sample volume change plots provided on 

individual datasheets in Appendix A, the test data obtained, from AP tests show a 

high degree of correlation . 

Figure 6.18(a) represents an element of compacted soil, showing aggregates and 

inter-aggregate void space (i.e . macro voids) representing the initial condition of the 

aggregate structure prior to permeability testing. 
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As noted in all AP tests carried out, the decrease in dry density due to elastic 
expansion is recovered during the initial application of cell pressure, where the 

sample is compressed to a volume at or above that experienced during compaction 
in the compaction mould. As illustrated in figure 6.18{b}, it can be conjectured that 
this will lead to deformation and/or reorientation of soil aggregates, leading to the 

reduction in sample volume measured, an increase in inter-aggregate contact and a 
reduction in inter-aggregate space {i.e. macro void volume}. 

As detailed in plots of net water inflow and sample volume change presented in 

each datasheet, subsequent application of inlet and outlet back pressures results in 
a rapid increase in moisture content, and to a lesser extent an increase in volume. 
As illustrated in figure 6.18{c}, it is conjectured that soil aggregates will swell on 

absorbing water, and the inter-aggregate contacts are pushed apart causing an 
overall increase in volume. It is likely that aggregates experience expansion into 
macro void space; however, due to the increased inter-aggregate contact caused by 

the initial application of high confining pressures in AP tests, the net result of 

sample expansion leads to an increase in total volume in all samples tested. 
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Figure 6.17 - Element of compacted soil subject to saturation/wetting under low confining 
pressures (during SS test Saturation Stage): (a) sample initial conditions, (b) response on 

application of confining pressure, and (c) response on application of back pressures 

Furthermore, it can be conjectured that the high air pressures present in the macro 

void space derived from the application of the high initial confining pressures 

imposed in AP tests, result in an increased suction within soil aggregates. Logically 

this will produce a higher degree of expansion in soil aggregates, leading to a net 

increase in micro pore space (intra-aggregate pores) and a decrease in macro pore 

space (inter-aggregate pores) for a given pore distribution. 

Observation of the summary dry density versus moisture content plots presented in 

this chapter indicate that, in general, the dry density of samples during AP tests 

remain at a higher level throughout the test than the dry density of samples during 

BS tests. This Signifies that the initial application of high confining pressures, when 

the sample is unsaturated, leads to a degree of unrecoverable yielding of soil 

aggregates, reSUlting in a reduction in macro pore volume and permeability value 

derived. 
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The effect of RAP test methodology on sample structure 

In general, the results of RAP tests, for both the permeability values derived and the 

changes in dry density values observed form an intermediate between results of AP 

and BS tests. 

From observations of sample volume change and net water inflow plots, it can be 

conjectured that on application of ramped back pore water pressures aggregate 

wetting leads to a similar wetting response as obtained (and detailed above) from 

BS tests. For samples of AMC, BUBC and LC material the net response to aggregate 

wetting comprises a net volume increase caused by inter-aggregate contacts being 

pushed apart as aggregates swell. Again in compliance with BS test data, results of 

RAP tests on GT compacted samples indicate an initial net volume decrease in 

sample volume indicating the deformation of GT soil aggregates into inter

aggregate void space on wetting. 

Giving consideration to the continuous underprediction of permeability values 

derived from BS tests and the general observation that dry density values yielded 

throughout RAP tests are higher than those of BS tests, it can be conjectured that 

the RAP test methodology results in an increased aggregate expansion into inter

aggregate pore space. 

The time allocated for ramping confining pressure (and resultantly back pressures) 

to maximum was considerably less (48 hours) than the time reach analogous total 

applied pressures during the saturation stage of analogous BS tests (ranging from 

108.5 - 190 hours) . It is conjectured that the relatively high ramping rate applied 

has lead to an increase in confining pressure in the centre of the compacted sample, 

where the movement of the water front and resultant increased pore water 

pressure degree of saturation has not been established prior to the increase of high 

confining pressures. Resultantly in this central region, an elevated air pressure is 

thought to exist in the air voids prior to the wetting of samples. In compliance with 

the aggregate response detailed for AP tests, the aggregates in the central region of 

the sample may be prone to undergo deformation and/or reorientation, leading to 
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a reduction in sample volume measured, an increase in inter-aggregate contact and 

a reduction in inter-aggregate space (Le. macro void volume). Furthermore, high air 

pressures present in the macro void space may result in an increased suction within 

soil aggregates, producing a higher degree of expansion in soil aggregates, leading 

to a net increase in micro pore space (intra-aggregate pores) and a decrease in 

macro pore space (inter-aggregate pores). 

Given the above assessment, it is likely the time allocated for ram ping of applied 

pressures (Le. the ramp rate) will affect the permeability values derived. The 

equalisation of applied pore pressures and the time taken for saturation of the 

sample is dependent upon the flow rate of ingressing permeant/pore water. As 

such, it may be conjectured that the under estimation of permeability values by the 

RAP test (in comparison to those derived from BS tests), is thought to be partially 

dependent upon the permeability of the material, and where the ramp rate is 

excessive and constant between tests, this underprediction of values will increase 

with a reduction in permeability of the sample. 

Variation in ramp rate applied during RAP testing was deemed out-width the scope 

of this investigation, and further research is recommended to determine the 

appropriate ramp rate necessary for a range of materials. In absence of further 

knowledge, it can be stated that for applications in industry the lower the ramp rate 

the better the prediction of permeability value, and resultantly the time allocated 

for ramping should be the maximum duration allowable, given the time constraints 

on the permeability testing and reporting of results . 

Soil fabric analysis carried out on specimens taken from tested samples and 

analogous samples that have not undergone permeability tests, are presented in 

Section 6.4. Results and observation from post fabric analysis are used to assesses 

the conjectures made in this sub-section, (derived from the interpretation of 

permeability tests data), with regard to the affect of test methodology on sample 

structure . 
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Permeability Test Duration 

The test duration of AP, BS and RAP tests carried out in this investigation have been 

prolonged for longer than would normally be deemed necessary in commercial 

practice, to ensure compliance with the requirements of steady state flow. As a 

result, the appraisal of times to carry out permeability tests are based on the 

duration required to meet steady state flow, and not the total duration of tests. 

It should be noted that, as with all permeability test analysis, determination of 

steady state flow is a subjective assessment. The minimum times for the start of 

linearity of flow for both inlet and outlet flow are highlighted on individual 

datasheets available in Appendix A, to allow the reader to scrutinise the author's 

assessment of the onset of steady state flow. 

In compliance with common commercial laboratory practice, the time taken to 

complete BS tests has been reduced by allowing outflow from both ends of the 

sample during the consolidation stage thereby reducing the time for the 

consolidation stage by a factor of 4 compared to drainage from one end only. 

Figure 6.18 compares the durations to meet steady state flow for each sample 

tested (excluding the additional tests detailed in Section 6.3). Results indicate that 

for the tests carried out as part of this research, in general, there is only a marginal 

potential saving in time gained from using AP or RAP testing methodology as an 

alternative to the BS test . Furthermore, for a number of sample types the duration 

to reach steady flow in BS tests is exceeded by that of AP and/or RAP tests. The 

average duration calculated for AP, BS and RAP test methodologies is 13800, 17300, 

and 16900min, respectively. 
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Figure 6.18 - Duration to meet steady state flow for all tests 
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6.4 Results and Discussion of Post-test Fabric Analysis 

To access the effects of permeability test methodologies investigated in this thesis 

on the fabric of a compacted sample a number of post-test fabric analysis have 

been carried out on selected specimens carefully retrieved from the centre of each 

sample, post permeability test. The specimens selected for post test fabric analysis 

are detailed in Table 4.1, however are included below for easy reference within this 

section: 

Table 6.9 - Selected Samples for post test fabric analysis 

Soil Material Permeability Testing Soil moulding moisture content at Compaction 

Method Dry of Opt. Opt Wet of Opt 

None SEM + MIP SEM + MIP SEM + MIP 

LC 
BS SEM + MIP SEM + MIP SEM + MIP 

AP SEM + MIP SEM + MIP SEM + MIP 

RAP SEM + MIP SEM + MIP SEM + MIP 

None SEM + MIP SEM 

AMC 
BS SEM + MIP SEM 

AP SEM + MIP SEM 

RAP SEM SEM 

None SEM + MIP SEM 

GT 
BS SEM + MIP SEM 

AP SEM + MIP SEM 

RAP SEM + MIP SEM 
SEM - Post-test fabric analysis by Scanning Electron Microscope 
MIP - Post-test fabric analysis by Mercury Intrusion Porosimetry 

As indicated in the above table, to allow an assessment of all permeability test 

methodologies (i.e. inclusive of the BS test), additional fabric analysis has been 

carried out on specimens taken from compacted samples that have not undergone 

permeability tests. 

Fabric analysis has been omitted for BUBC compacted samples. The relative 

correlation of material characteristics between BUBC material and LC material, 

(detailed in section 4.2.2), coupled with the close correlation of permeability test 

results obtained (observable through comparison of tables 6.3 and 6.7), indicates 

that the compacted samples of BUBC and LC investigated in this research exhibit a 

similar response to the permeability testing methodologies utilised. Furthermore, as 

previously discussed, the sample production procedure used in the compaction of 
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BUBC samples (due to the non-uniformity of dynamically compacted samples) will 

lead to uncontrollable variances in density in the specimens procured. 

SEM analysis has been carried out on specimens taken from all tested samples of 

LC, AMC and GT samples (with the exception of LC-o-AP, where the test was 

abandoned and post fabric analysis was conducted on sample from repeat test 

LC-o-APr only). 

MIP analysis has been carried out on all tested samples of LC material to allow a 

quantitative assessment of the effects of test methodology over the wide range of 

moulding moisture contents investigated in this material. Due to limitations in both 

time and funding available, MIP analysis of AMC and GT, was restricted to samples 

compacted at dry of optimum moulding moisture content, tested using BS and AP 

test methodology; as illustrated in figure 6.15 (with an addition MIP analysis 

conducted on the RAP sample of GT material), in general, these conditions 

represent the worst case scenario in the divergence of permeability results 

obtained. 

The procedures and equipment used to carry out post test fabric analysis, along 

with the specimen preparation techniques utilized are detailed in section 4.5 . 

This section presents the results of post-fabric analysis, summated for each sample 

type tested . An analysis of the results obtained is given, allowing an assessment of 

conjectures made in the previous section, regarding the effect of test methodology 

on the sample structure derived . However, firstly an assessment of the potential 

uncertainties and errors derived from the fabric analysis carried out in this research 

are addressed to allow an appraisal of the accuracy and meaning of the 

experimental data obtained . 

As a visual aid to the interpretation of results, summarised MIP analysis have been 

coloured pertaining to the permeability test method utilised; the colours blue, red 

and green are used for BS, AP and RAP tests, respectively, while the analysis for 
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specimens that are derived from samples that have not undergone permeability 

testing are coloured grey. Due to large quantity of both images and plots derived 

from post fabric analysis, the associated figures are presented at the end of this 

section . The figures are presented in the order in which they are discussed in the 

following text. 

6.4.1 Appraisal of Fabric Analysis 

Scanning Electron Microscope 

The SEM images presented have been chosen from a large number of images 

captured for each specimen observed . During SEM analysis the images observed 

and captured for each specimen where noted to be relatively variable, showing 

changeable degrees of aggregation and void space across the sample surface. As 

such, the choice of representative image, and therefore the resultant interpretation 

of the fabric observations from SEM analysis, is relatively subjective, and care must 

be taken when making definitive conclusions based on images presented. However, 

it should be noted that the images chosen for inclusion in this thesis have been 

carefully scrutinised by comparison with their counterparts, to ensure that those 

presented are, to the highest degree possible, representative of the specimen 

surface observed . 

Mercury Intrusion Porosimetry 

Due to the geometrical uncertainties within a soil structure the pore-size 

distributions obtained by MIP analysis, may not reflect the true pore size 

distribution . These uncertainties comprise (Lawrence, 1997): 

1. The applicability of the Washburn equation (Equation 4.5) which is based on a 

cylindrical pore mode, to soils materials that containing pores with highly 

variable pore shapes. 

2. Accessibility to internal pores is constrained by the filling of external pores. Due 

to the ' ink bottle effect', the volume of intruded mercury may be attributed to 

an incorrect pore size. As pressure is increased, mercury is forced through the 
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pores into adjacent pores (of larger size). The volume increment intruded is 

incorrectly assigned to the smaller pores. 

3. The possibility of pore collapse during analysis, either due to the large pore 

pressures applied or areas of differential pore pressure within the specimen. 

4. Non-measurement of mercury intruded into large surface voids/cracks under 

very low pressures created during equipment set up. Leading to the 

underestimation of macro pore quantity and porosity. 

5. Non-measurement of mercury not intruded into extremely small voids outside 

the attainable pressure range of the Porosimeter. Leading to an under 

estimation of porosity. 

Regardless of the above general uncertainties, MIP analysis is widely used for soil 

fabric analysis, and is deemed a useful technique for studying pore sizes in both the 

macro pore and micro pore range. 

Summation plots of MIP test data are presented for each post-test specimen type 

analysed . The plots presented have been previously discussed in section 4.5.3, and 

comprise cumulative pore size distribution plots and pore size density plots 

(Incremental Pore Volume vs. Pore Diameter). As previously discussed, to allow an 

appropriate approximation of the pore density plot an appropriate and constant 

class space must be utilised . This was not noted, during the completion of MIP 

analysis, and resultantly the pressure increments utilized yielded pore diameters 

with variable class spaces that were, in general, far below the appropriate 0.2, and 

in some cases as low as 0.014, i.e. pressures utilized were not spaced at 

logarithmically equal increments and were closer than required for the appropriate 

approximation of the pore size density function as defined by Huang and Holtz 

(1986). 

For this reason results presented in this chapter, use vertices with class points of 0.2 

and the associated probability density values interpolated from the cumulative pore 

size distribution curve, accomplished using a data analysis program (MATLAB). As 

the actual pressure increments utilised derived class spaces of less than 0.2, the 
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interpolation of data in this manner is not thought to alter the results or accuracy of 

MIP data, instead, only aid interpretation. 

Specimen treatment and procurement 

As detailed, in section 4.5.1, the complete removal of water from the specimen 

voids is of paramount importance for successful analysis by MIP and SEM. 

Resultantly samples were freeze dried twice; once prior to SEM analysis, and again a 

second time after removal from the SEM device, to remove any water absorbed 

from the air during SEM analysis prior to MIP analysis. The time between the two 

types of analysis was a total of three weeks, during which samples where wrapped 

in Parafilm, and sealed in a sample bag. However it may be possible that during this 

time and during setup of specimens for MIP analysis samples may have re-hydrated 

to a relatively small degree. As such, specimens may exhibit a lower degree of 

porosity based on total cumulative pore space intruded than actually exists. 

It is possible that a degree of disturbance of soil structure occurs during the 

procurement and treatment of specimens, however great care has been taken 

when handling, specimens to ensure any disturbance has been limited to the 

highest degree possible . 

As highlighted previously, there is a degree of structural non-uniformity existing 

within the dynamically compacted samples investigated. As such, stringent 

measures were taken during specimen procurement to ensure that the specimen 

was taken from the exact centre of each sample. This procedure provides a degree 

of control of the density and structural variations, thereby allowing a direct 

comparison of fabric analysis between analogous compacted samples. However, 

due to the non-uniformity of sample density within dynamically compacted 

samples, it should be noted that the fabric investigated within the small specimens 

procured are not a true representation of the entire sample. As such, permeability 

or porosity values derived from MIP analysis are expected to deviate from those 

measured directly in the specimen and care must be taken when making definitive 

conclusions based on results presented . 
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6.4.2 Fabric Analysis of Specimens derived from London Clay Samples 

London Clay compacted at dry of optimum moulding moisture content 

Figure 6.19 presents the results of MIP analysis on specimens procured from 

samples of London Clay compacted at dry of optimum moulding moisture content, 

as detailed in Table 6.5. As can be observed, bimodal void space attributable to 

both macro pores (> circa 3000nm), and micro pores « circa 300nm), have been 

intruded during the investigation, and are clearly defined in the pore size density 

plot. Due to the composition of LC material (presence of smectite clay particles, as 

detailed in section 4.2.2), the lower bound pore size for micro pores within the LC 

specimen was not attainable within the maximum working range of the MIP 

equipment utilised. Figure 6.20 provides selected representative images of SEM 

analysis of specimens procured from samples of London Clay compacted at dry of 

optimum moisture content, presented at 100x magnification. 

Observation of the void distribution for the specimen that has not undergone 

permeability testing (henceforth referred to as 'untested specimens') shows a 

relatively high prevalence of macro pores, indicating a highly aggregated structure 

within LC samples compacted dry of optimum moulding moisture content. This 

aggregated structure can be observed in the related SEM image pertaining to this 

untested specimen (shown in figure 6.20(a)) . 

Comparison of the void density distribution attained for the SS tested specimen, 

with that of the untested specimen indicates relatively little deviation in the void 

distribution to macro pore space. Comparison of the related SEM images (figures 

6.20 (a) and (b)) also indicates little divergence in aggregated structure. This gives 

credence to the initially made conjecture (illustrated in Figure 6.17(b)) that during 

the saturation stage of a SS test, the relatively low imposed confining pressures, are 

such that they do not induce collapse of aggregates into inter-aggregate voids (Le. 

macro voids) . As aggregates are wetted, they swell due to intra-aggregate suction 

forces present, leading to an increase in prevalence of micro voids (as illustrated in 

Figure 6.17(b)). During subsequent consolidation of the specimen, the maximum 
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density of macro pore space size is reduced to a smaller void space, as shown by the 

shift (to the left) in the pore size density plot. 

Conversely, observation of the void density distribution for the AP tested specimen 

indicates a large divergence in the distribution of void space to macro pores. 

Observation of the related SEM image (figure 6.20 (d)) shows a highly prevalent 

aggregated structure; however, inter-aggregate space (i.e. cracks, and visible voids) 

are shown to be visibly reduced. These observations indicate that the AP test has 

lead to increased contact between aggregates, reducing the amount of macro void 

space, and resulting in a reduction in permeability. The results give credence to the 

previously made conjecture that the initial application of high confining pressures 

lead to unrecoverable yielding of the aggregated structure from deformation 

and/or reorientation of soil aggregates, leading to the reduction in sample volume 

measured, an increase in inter-aggregate contact and a reduction in inter-aggregate 

space (i.e. macro void volume). 

Observation of the density distribution of micro pores in the AP tested specimens 

indicates an increased prevalence over that analysed in SS tested specimens. This 

indicates an increased expansion in soil aggregates during wetting, and may be due 

to the increased suction values present within aggregates due to the high air 

pressures created in inter-aggregate pore space during the initial compression of 

the sample. Aggregate swelling leads to an increase in measured void ratio, and 

decrease in density, however, as permeability is governed primarily by permeant 

flow through macro pores, this effect attributes only minor difference to the 

permeability value derived . 

In conjunction with the test data derived from permeability testing (i.e. observation 

of changes in dry density moisture content paths, and permeability results), the 

results of fabric analysis on the RAP tested specimen (derived from a sample 

compacted at dry of optimum moulding moisture content) indicate the effect of 

RAP testing on soil structure is an intermediate between that from BS and RAP 

testing. 
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The pore density distribution plot for the RAP tested specimen indicates only a 

minor decrease in the prevalence of macro voids and an increase in the prevalence 

of micro voids. The relevant SEM image indicates, when compared to those of the 

untested and BS tested specimens, little divergence in aggregated structure. 

The difference between fabric effects noted for BS and RAP tests can be explained 

by the previously made conjecture that the relatively high ramping rate applied has 

lead to an increase in confining pressure in the centre of the sample. As such, an 

'intermediate' degree of saturation exists in the centre of the RAP sample (i.e. 

intermediate between that experienced in AP and BS tested samples), leading to 

deformation and/or reorientation of aggregates into pore space. As the degree of a 

saturation is expected to be higher in the RAP tested sample (than in that of the AP 

tested sample) prior to the application of full confining pressure, the additional 

uncompressible pore water present will marginally prohibit, the high degree of 

aggregate deformation into inter-aggregate space. Furthermore, the air pressures 

present in the macro void space, are not expected to be as large as those 

experienced in AP samples, and as such the lower degree of suction present in 

aggregates leads to a lesser increase in micro voids. 

The summary cumulative volume intruded plot for specimens derived from LC dry 

of optimum compacted samples indicates different total volumes of pore space 

resulting from each testing methodology utilised. The plots, in increasing order of 

total pore space intruded, are BS, RAP and AP, which conform with final void ratios 

observed during permeability testing. 

London Clay compacted at optimum moulding moisture content 

Figure 6.21 presents the results of MIP analysis on specimens procured from 

samples of London Clay compacted at optimum moulding moisture content. The 

same bimodal structure can be observed, as has been detailed, for LC material 

compacted at dry of optimum moisture content. Figure 6.22 provides selected 

representative images of SEM analysis of specimens procured from the samples of 
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London Clay compacted at dry of optimum moisture content, presented at 100x 

magnification. 

Similar to LC material at dry of optimum moisture content observation of the void 

distribution for the untested specimen, shows a high prevalence of macro pores. 

These macro pores are clearly visible within the aggregated structure of the 

selected SEM image for the untested specimen (figure 6.22 (a)). In comparison with 

the untested specimen of the London Clay compacted at dry of optimum moulding 

moisture content, the incremental pore volume pertaining to macro pores is less. 

This conforms with previously published research (detailed in section 2.3.2), which 

indicates that, due to the increased moisture content within aggregates, aggregates 

will more readily deform during compaction, leading to a reduction in macro pore 

space. 

Similar to the observation made for dry of optimum samples, the comparison of 

MIP results on the BS tested specimen, with that of the untested specimen, 

indicates relatively little deviation in the void distribution to macro pore space. 

Comparison of the related SEM images (figures 6.22 (a) and (b)) also indicates little 

divergence in aggregated structure. Again, a slight increase in micro voids is shown 

due to intra-aggregate suction forces present. The maximum density of macro pore 

space size is reduced to a smaller void space, as shown by the shift (to the left) in 

the pore size density plot; this may be due to the consolidation of the relatively stiff 

aggregates within the sample during BS testing. 

The effects on fabric attained from MIP analysis on the AP and RAP tested 

specimens derived from LC samples compacted at optimum moisture content, 

conform with those effects previously detailed for comparative specimens derived 

from dry of optimum compacted samples. 

The AP tested specimen exhibits a comparatively large decrease in the distribution 

of macro voids and increase in the distribution of micro voids. Again, observation of 

the related SEM image (figure 6.22 (d)) shows a prevalent aggregated structure; 
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however, inter-aggregate space (i.e. cracks, and visible voids) are shown to be 

visibly reduced. 

The fabric effects noted on the RAP tested sample provides an intermediate 

between those observed from AP and BS tested specimens. The SEM image 

pertaining to the RAP tested sample (figure 6.22(c)} indicates an aggregated 

structure conforming to that observed in the BS tested specimen. 

Again, summary cumulative volume intruded plots indicate, BS, RAP and AP deviate 

in total pore space, in increasing order, respectively, which conform with final void 

ratios observed during permeability testing. 

London Clay compacted at wet of optimum moulding moisture content 

Figure 6.23 presents the results of MIP analysis on specimens procured from 

samples of London Clay compacted at optimum moulding moisture content. The 

same bimodal structure can be observed, as has been detailed, for LC material 

compacted at dry of optimum and optimum moisture contents. Figure 6.24 

provides selected representative images of SEM analysis of specimens procured 

from the samples of London Clay compacted at wet of optimum moisture content, 

presented at lOOx magnification. 

Both the respective pore density plot (figure 6.23) and SEM Image (figure 6.24(a)} 

indicated an aggregated and bimodal structure for the untested specimen. The 

degree of intruded macro voids observed is lower than that observed for samples 

compacted at optimum moulding moisture content. This is due to the low strength 

of the aggregates with a higher moisture content (as shown by the relative increase 

in micro pore volume), deforming more readily into inter-aggregate pore space on 

compaction. 

The bimodal structure observed for a sample compacted at wet of optimum 

moulding moisture content is in conflict with previously published research 

(detailed in section 2.3.2), which indicates that samples compacted at wet of 
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optimum moulding moisture content yield a uni-modal structure due to the 

elimination of macro pores during compaction. This discrepancy can be explained 

by considering the non-uniformity noted in dynamic samples (as detailed in section 

6.1) . As specimens were taken from the direct centre of each sample, it is expected 

that the specimen retrieved will be from the centre of the second compacted layer. 

As density has been shown to vary across each compacted layer, with a high density 

region at its top and low density region at its base, it is expected that the specimens 

retrieved were not in a region completely dispersed by compaction, but instead had 

a structure that retained a degree of aggregation. It should be noted that macro 

pore volume is expected to increase due to elastic expansion caused by high 

pressures present in air voids, while micro pore volume is expected to increase 

during the curing period as aggregates absorb surrounding water available in pore 

space. 

Comparison of pore density distribution for the untested and BS tested specimens 

indicate that the BS test has resulted in a relatively high reduction in macro pore 

content. This contradicts the results from BS tested specimens procured from Le dry 

of optimum and optimum compacted samples, which indicate relative good 

compliance with respective untested specimens. It is expected that the low strength 

of the aggregates present has resulted in deformation of aggregates into inter

aggregate pore space, even under the relatively low confining pressures applied 

during the saturation stage. Respective SEM images presented (figure 2.24(a)) and 

(b)) comply with the above theory and show a lesser degree of cracks and void 

space within the surface of the BS tested specimen than for the untested specimen. 

High similarity can be noted in both the pore density distribution plot and in the 

respective SEM images (figure 2.24 (cl and (d)) for the AP and RAP tested 

specimens. MIP results indicate almost complete deformation of macro void space 

resulting in uni-modal pore space structures. This effect may be attributed to the 

low strength of the aggregates present and/or the high confining pressures 

experienced during the respective permeability tests, allowing ready deformation of 

aggregates into inter-aggregate space. 
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For the RAP test it may be conjectured that the confining pressure experienced at 

the centre of the sample was relatively higher than for the RAP tests on dry of 

optimum and optimum compacted samples, due to the restrictive nature of the low 

permeability sample, slowing pore water pressure equalisation during ramping of 

confining and back pore water pressures. This conjecture is given credence by high 

degree of similarity in micro void structure between the AP and BS tested 

specimens. The similarity indicates that suction value in the aggregates was 

relatively similar between AP and RAP samples at their centre prior to an increase in 

the degree of saturation, as the suction in the aggregates is dependent upon the air 

pressure in surrounding compressed voids, this suggests that similar confining 

pressures were encountered which would lead to similar quantities of aggregate 

deformation. As such, the degree of macro void distortion caused by RAP testing, 

due to excessive ram ping rates is expected to decrease in degree with increasing 

distance from its centre. 

Analysis of respective SEM images for AP and RAP tested specimens (Figure 6.24(a)) 

and (b)) concur with MIP data obtained and show sample surfaces devoid of 

aggregation or macro pores. 

6.4.3 Fabric Analysis of Specimens derived from Glacial Till Samples 

Glacial Till compacted at dry of optimum moulding moisture content 

Figure 6.25 presents the results of MIP analysis on specimens procured from 

samples of Glacial Till compacted at dry of optimum moulding moisture content, as 

detailed in Table 6.5. As can be observed, bimodal void space attributable to both 

macro pores (lOOOOnm>circa), and micro pores (lOnm<circa<lOOOnm), have been 

intruded during the investigation, and are clearly defined in the pore size density 

plot for the untested specimen . In contrast to the Le compacted samples, due to 

the composition of GT material, the lower bound pore size for micro pores within 

the GT specimen was penetrated within the maximum working range of the MIP 
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equipment utilised. Figure 6.26 provides selected representative images of SEM 

analysis of specimens procured from samples of Glacial Till compacted at dry of 

optimum moisture content, presented at lOOx magnification, while SEM 

observations of the optimum compacted sample are shown in Figure 6.26. 

Observation of the void distribution for the untested specimen shows a bimodal 

pore structure with significant macro pores, indicating an aggregated structure 

within GT samples compacted dry of optimum moulding moisture content. This 

aggregated structure can be observed in the related SEM image pertaining to this 

untested specimen (shown in figure 6.2S{a)). 

Comparison of the void density distribution attained for the BS tested specimen, 

with that of the untested specimen indicates a relatively high deviation in the void 

distribution to macro pore space. Comparison of the related SEM images {figures 

6.26 (a) and (b)) indicates a lessening in the degree of inter aggregate 

cracks/spacing, possibly indicating the sealing of inter aggregate pore space during 

aggregate distortion and swelling during wetting. This is in contrast to the 

observations made for compacted London Clay material; however conforms with 

the observations made during permeability testing, where, instead of total sample 

swelling on compaction, dry density vs. moisture content plots and volume change 

plots indicate an initial reduction in sample density on application of back pressures. 

This gives credence to the initially made conjecture (illustrated in Figure 6.17{c)) 

that during the saturation stage of a BS test in Glacial Till Material, the composition 

of the material, when wetted leads to a loss in aggregate strength, and a resultant 

increase in the degree of deformation of aggregates into inter-aggregate voids. As 

aggregates are wetted, they swell due to intra-aggregate suction forces present, 

leading to a decrease in prevalence of micro voids, and the possible sealing of micro 

void space. 

High Similarity can be noted in both the pore density distribution plot and in the 

respective SEM images {figure 6.26 (c) and (d)) for the AP and RAP tested 
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specimens. MIP results indicate almost complete deformation of macro void space 

resulting in uni-modal pore space structures. As with similar tested samples for wet 

of optimum compacted LC samples, this effect may be attributed to the low 

strength of the aggregates present and/or the high confining pressures experienced 

during the respective permeability tests, allowing ready deformation of aggregates 

into inter-aggregate space. 

Glacial Till compacted at optimum moulding moisture content 

Comparison of SEM images for specimens derived from GT samples compacted at 

optimum moulding moisture content (figure 6.27)' correlate with those detailed for 

samples compacted at dry of optimum (figure 6.28). Specimens, listed In order of 

visible prevalence of macro voids and inter-aggregate cracks, are the untested 

specimen, the BS tested specimen, and both observed as having relatively similar 

macro voids; the RAP and AP specimens. Resultantly, it may be expected that the 

effects of testing methodology on pore size distribution for samples of GT material 

compacted at optimum moulding moisture content are similar to those observed 

for analogous tested samples compacted at optimum moulding moisture content 

(as detailed above). 

6.4.4 Fabric Analysis of Specimens derived from Ampthill Clay Samples 

Ampthill Clay compacted at dry of optimum moulding moisture content 

Figure 6.28 presents the results of MIP analysis on specimens procured from 

samples of Ampthill Clay compacted at dry of optimum moulding moisture content. 

It can be observed, that bimodal void space attributable to both macro pores (circa 

>5000nm), and micro pores (circa <200nm), have been intruded during the 

investigation, and are clearly defined in the pore size density plot. Due to the 

composition (presence of smectite clay particles, as detailed in section 4.2.2) of GT 

material lower bound pore size for micro pores within the GT specimen was not 

attainable within the maximum working range of the MIP equipment utilised. Figure 

6 29 provides selected representative images of SEM analysis of specimens 
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procured from samples of London Clay compacted at dry of optimum moisture 

content, presented at 100x magnification. 

Observation of the void distribution for the untested specimen shows a bimodal 

pore structure with significant macro pores, indicating an aggregated structure 

within AMC samples compacted dry of optimum moulding moisture content. This 

aggregated structure can be observed in the related SEM image pertaining to this 

untested specimen (shown in figure 6.29(a)). 

Comparison of the void density distribution attained for the BS tested specimen, 

with that of the untested specimen indicates a higher deviation in the void 

distribution to macro pore space. Comparison of the related SEM images (figures 

6.26 (a) and (b)) indicates a notable lessening in the degree of inter aggregate 

cracks/spacing, possibly indicating the sealing of inter aggregate pore space during 

aggregate distortion and swelling during wetting. This is similar to the effects on 

macro pore distribution noted in samples of Glacial Till compacted dry of optimum, 

and in contrast to that observed in samples of London Clay compacted dry of 

optimum. It should be noted that during permeability testing the sample showed an 

increase in total volume and decrease in density on the application of wetting. 

Given the above observations it can be stipulated the effects of wetting in 

aggregates during BS permeability testing of AMC samples represents an 

intermediate between the responses detailed in figures 6.17 (b) and (c): Due to 

small size clay particles (i.e. smectite)) present in the material composition and the 

high plasticity noted (liquid limit of 79%), the sample will be shown to actively swell 

during permeability testing as aggregates push apart at aggregate contacts on 

wetting, and at the same time aggregates will swell into the inter-aggregate void 

space, reducing the macro voids present. This theory is confirmed by observation of 

the relatively large increase in micro voids shown in the pore density plot for the 

AMC material, and is consistent with previous research, detailed in section 2.2.3, 

that Indicates that when all other factors are equal, an increase in plasticity will lead 

to a decrease in permeability derived. 
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The effects on fabric attained from MIP analysis on the AP tested specimens derived 

from the AMC sample compacted at dry of optimum moisture content, conform 

with the general effects previously detailed for other AP specimens. 

The AP tested specimen exhibits a comparatively large decrease in the distribution 

of macro voids and increase in the distribution of micro voids. Again, observation of 

the related SEM image (figure 6.22 (d)) shows a prevalent aggregated structure; 

however, inter-aggregate space (i.e. cracks, and visible voids) are shown to be 

visibly reduced. 

MIP analysis was not carried out on the RAP tested samples of AMC material, 

however observation of aggregated structure pictured in the representative SEM 

image (figure 6.29 (c)) suggests an intermediate effect between those observed 

from AP and SS (figures 6.29 (b) and (d)) tested specimens. 

Ampthill Clay compacted at optimum moulding moisture content 

Comparison of SEM images for specimens derived from AMC samples compacted at 

optimum moulding moisture content (figure 6.27), correlate with those detailed for 

samples compacted at dry of optimum (figure 6.28). Specimens, listed in order of 

visible prevalence of macro voids and inter-aggregate cracks, are the untested 

specimen, the SS tested specimen, the RAP tested specimen and AP tested 

specimen . Resultantly, it may be expected that the effects of testing methodology 

on pore size distribution for samples of AMC material compacted at optimum 

moulding moisture content are similar to those observed for analogous tested 

samples compacted at optimum moulding moisture content (as detailed above). 

6.4.5 Permeability and Porosity Evaluated from MIP Analysis 

As detailed in section 4.5 .3, MIP analysis can be used to estimate the porosity and 

the permeability of analysed specimens. A value for porosity is derived from the 

total cumulative intruded pore space, while the permeability value is derived from 
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pore density distribution function and the porosity value derived (assessed from the 

pore density distribution plot) using equation 4.8 derived by Garcia-Bengochea et 

al. (1979) . 

Table 6.10 compares the results of porosity and permeability measured from flow 

changes during permeability investigations, with those of the procured specimen 

calculated from MIP analysis. The differences in porosity values between Sample 

and Specimen, have been represented by percentage divergence and are detailed in 

Table 6.10. In addition, this table includes an assessment in the differences in 

permeability values, represented by the order of divergence. 

Table 6.10 - Comparison of Porosity and Permeability results/calculations of 
Samples/Specimens derived from Direct Measurement/Pore Density Distribution 

Porosity of Porosity of Permeability Permeability of 
FoO in Measured 
and Calculated 

Test 1.0. Sample Specimen of Sample Specimen (m/s) 
Permeability 

(m/s) [a] [b] 
([bl/[aJ) 

LC-d-BS 0.48 0.46 1.23E-09 1.55E-09 1.3 

LC-d-RAP 0.46 0.42 6.73E-10 1.30E-09 1.9 

LC-d-AP 0.45 0.33 1.56E-10 9.62E-1O 6.2 

LC-o-BS 0.47 0.44 2.08E-10 1.67E-09 8.0 

LC-o-RAP 0.45 0.42 1.09E-10 1.67E-09 15.3 

LC-o-APr 0.45 0.31 5.66E-ll 6.70E-10 11.8 

LC-w-BS 0.46 0.29 7.l2E-ll 2.20E-10 3.1 

LC-w-RAP 0.44 0.27 4.07E-ll 2.02E-10 5.0 

LC-w-AP 0.43 0.27 3.13E-ll 1.95E-10 6.2 

GT-dBS 0.30 0.29 3.67E-10 7.71E-1O 2.1 

GT-d-RAP 0.29 0.28 1.25E-10 3.60E-10 2.9 

GT-dAP 0.29 0.30 1.87E-10 3.06E-10 1.6 

AMC-d-BS 0.52 0.33 2.53E-1O 8.42E-10 3.3 

AMC·d-AP 0.49 0.32 5.70E-ll 8.78E-10 15.4 

FoD - Factor of Divergence 

In all but one case, the measured porosity of the specimen underpredicts that 

measured in permeability tests. The percentage deviance is quite variable ranging 

from -5 .0 to 39.4%, and no other trend has been noted. The possible reasons for 

this divergence have been previously outlined in section 6.4.1, and comprise; the 
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possible hydration of the specimens during specimen and/or storage, the possibility 

of pore collapse during analysis, the non-measurement of mercury intruded into 

large surface voids/cracks during equipment set up and the non-measurement of 

mercury not intruded into extremely small voids (this is a known contributing factor 

for specimens of LC and AMC material). 

In contrast, the permeability values derived from MIP analysis over predict those 

measured directly in the sample. The factors of divergence are listed in the table 

and range considerably from 1.3 to 15.4. This over prediction in permeability is 

unexpected given the under estimation in porosity - the square of the 

underpredicted porosity is used in the calculation of permeability. 

The reason for this discrepancy can be explained by acknowledging that the 

permeability values for a given compacted sample are highly dependent upon the 

low-restricting low density region within a compacted layer. As such, a permeability 

assessment preformed on a specimen taken within a higher density region will lead 

to an overestimation in the permeability value derived. 

Although it is folly to compare the results of sample and specimen permeability 

values, comparison of calculated permeability values between analogous 

specimens, shows very similar trends to those observed from direct permeability 

testing, with regard to variation in permeability test method utilised. 

In general, the calculated permeability values of specimens that have been subject 

to BS testing are higher than for those that have been subject to AP and RAP tests. 

To illustrate the deviance caused by testing methodology employed, the calculated 

permeability values from MIP analysis have been normalised and are presented in 

Figure 6.32 for each specimen . To allow a comparison with directly measured 

permeability in samples, the analogous normalised values of these results have also 

been included . 
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The normalised permeability values shown are derived by normalising the 

permeability value measured for a given test, by the permeability value 

measured/calculated for the respective BS tested sample/specimen. Resultantly, all 

BS tests have normalised permeability value of 1. The lower the normalised value 

the higher the degree of under predication in permeability value obtained. 

As previously detailed in section 6.3.6; in general, utilisation of AP test methodology 

underestimates permeability values derived from BS tests, to a higher degree than 

utilisation of RAP test methodology. Furthermore, for AP tests the degree of 

divergence increases with decreaSing moisture content from compaction. This 

general trend is also noted in the permeability derived from fabric analysis as shown 

in figure 6.32. 

The relatively high conformity of results from permeability calculations based on 

fabric analysis with those directly measured from BS, AP and RAP tests, indicates 

the following: 

• The noted divergence in the permeability values obtained from different 

testing methodologies is a result of changes in soil fabric. 

• The test methodology utilised directly influences the soil fabric derived. 

• The results of fabric analysis presented in previous subsections may be 

evaluated as being a true representation of the structural changes 

encountered within the soil samples tested. 

• The conjectures made in previous subsections, based on the results of 

permeability values, are accredited by valid and accurate fabric analysis. 

A summary of results, and the implications of, and recommendations for, the use of 

AP and RAP test as an alternative to the BS test are detailed in the following 

subsection . 
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Figure 6.19 - Results of Mercury Intrusion Porosimetry Analysis on Specimens taken from London 
Clay Samples compacted at dry of optimum moulding moisture content: 

(a) Cumulative Pore Size Distribution Plot (b) Pore Size Density Plot 
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Figure 6.20 (a) - lC-d-NONE 

Figure 6.20 (b) - lC-d-BS 
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Figure 6.20 (c) - LC-d-RAP 

Figure 6.20 (d) - LC-d-AP 

Figure 6.20 - SEM observations of Specimens taken from London Clay Samples compacted at dry of 
optimum moulding moisture content: 

(a) No permeability test, (b) as test, (c) RAP test, and (d) AP test 
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Figure 6.21 - Results of Mercury Intrusion Porosimetry Analysis on Specimens taken from London 
Clay Samples compacted at optimum moulding moisture content: 

(a) Cumulative Pore Size Distribution Plot (b) Pore Size Density Plot 
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Figure 6.22 (a) - LC-o-NONE 

Figure 6.22 (b) - LC-o-BS 
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Figure 6.22 (c) - LC-o-RAP 

Figure 6.22 (d) - LC-o-AP 

Figure 6.22 - SEM observations of Specimens taken from London Clay Samples compacted at 
optimum moulding moisture content: 

(a) No permeability test , (b) BS test, (c) RAP test, and (d) AP test 
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Figure 6.23 - Results of Mercury Intrusion Porosimetry Analysis on Specimens taken from London 
Clay Samples compacted at wet of optimum moulding moisture content: 

(a) Cumulative Pore Size Distribution Plot (b) Pore Size Density Plot 
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Figure 6.24 (a) - LC-w-NONE 

Figure 6.24 (b) - LC-w-BS 
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Figure 6.24 (c) - LC-w-RAP 

Figure 6.24 (d) - LC-w-AP 

Figure 6.24 - SEM observations of Specimens taken from London Clay Samples compacted at wet of 
optimum moulding moisture content: 

(a) No permeability test, (b) BS test, (c) RAP test, and (d) AP test 
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Figure 6.25 - Results of Mercury Intrusion Porosimetry Analysis on Specimens taken from Glacial Till 
Samples compacted at dry of optimum moulding moisture content: 
(a) Cumulative Pore Size Distribution Plot (b) Pore Size Density Plot 

318 



Chapter 6 -Accelerated Permeability: Results, Analysis and Discussion 

Figure 6.26 (a) - GT-d-NONE 

Figure 6.26 (b) - GT-d-BS 
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Figure 6.26 (c) - GT-d-RAP 

Figure 6.26 (d) - GT-d-AP 

Figure 6.26 - SEM observations of Specimens taken from Glacial Till Samples compacted at dry of 
optimum moulding moisture content: 

(a) No permeability test, (b) SS test, (c) RAP test, and (d) AP test 
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Figure 6.27 (a) - GT-o-NONE 

Figure 6.27 (b) - GT-o-BS 
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Figure 6.27 (c) - GT-o-RAP 

Figure 6.27 (d) - GT-o-AP 

Figure 6.27 - SEM observations of Specimens taken from Glacial Till Samples compacted at optimum 
moulding moisture content: 

(a) No permeability test, (b) BS test, (c) RAP test, and (d) AP test 
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Figure 6.28 - Results of Mercury Intrusion Porosimetry Analysis on Specimens taken from Ampthill 
Clay Samples compacted at dry of optimum moulding moisture content: 

(a) Cumulative Pore Size Distribution Plot (b) Pore Size Density Plot 
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Figure 6.29 (a) - AMC-d-NONE 

Figure 6.29 (b) - AMC-d-BS 
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Figure 6.29 (c) - AMC-d-RAP 

Figure 6.29 (d) - AMC-d-AP 

Figure 6.29 - SEM observations of Specimens taken from Glacial Till Samples compacted at optimum 
moulding moisture content: 

(a) No permeability test, (b) BS test, (c) RAP test, and (d) AP test 
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Figure 6.30 (a) - AMC-o-NONE 

Figure 6.30 (b) - AMC-o-BS 
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Figure 6.30 (c) - AMC-o-RAP 

Figure 6.30 (d) - AMC-o-AP 

Figure 6.30 - SEM observations of Specimens taken from Glacial Till Samples compacted at optimum 
moulding moisture content: 

(a) No permeability test, (b) SS test, (c) RAP test, and (d) AP test 
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Figure 6.31 - Comparison of Normalised Permeability Values derived f rom Samples and Specimens 

6.5 Results Summary and Test Methodology Validation 

Section 6.1 has discussed the concerns highlighted during the sample quality control 

procedure utilised in this research . Conjectures, based on logical assumptions and 

results of previous literature, have been made regarding the effects of sample 

compaction (specifically the effect of dynamic compaction) and subsequent 

preparation procedure, on the permeability derived. The implications of these 

effects in material suitability testing and Construction Quality Assessment of 

compacted mineral liners is discussed, with recommendations given both for 

industry practice and for further research. 

Sections 6.2 - 6.4 have detailed the results and provided interpretation on the wide 

range of BS, AP and RAP permeability testing carried out as part of this 

investigation . This section, firstly appraises the results, followed by a brief summary 

of the findings, and concludes with verification of, and recommendations for the 

application of AP and RAP tests as an alternative to BS tests. 
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6.5.1 Appraisal of Results 

Regard has been given to the relatively high associated variability in the coefficient 

of permeability as a soil parameter. Its many influences and their effects have been 

ascertained by a detailed literature review and unwanted variables in the 

investigation have been controlled to the highest degree achievable via the 

sampling and testing procedures utilised in the research. 

Stringent quality control during sample compaction has lead to the production of 

highly comparative samples allowing a true and representative assessment of the 

effects of testing methodology on the soil fabric, and hence, the permeability value 

derived . A careful assessment of the variation in sample state (i.e. changes in 

parameters such as dry density, moisture content, void ratio, degree of saturation, 

etc.) has been ascertained throughout the test; to allow this, careful consideration 

has been given to the large number of potential errors associated with data gained 

from permeability testing, and accordingly, a careful and consistent strategy has 

been employed to negate, or account for, the significant errors (using the 

corrections presented) . 

Concordantly, the results obtained, and trends noted, from the permeability tests 

carried out on analogous samples are deemed to be representative of the effects on 

soil fabric derived from testing methodology only. Repeat permeability tests 

indicate a high degree of repeatability in the results obtained, inducing confidence 

in the ability of quality control and testing procedures to limit the effects of 

unwanted variables. The trends noted from permeability tests appear to be both 

consistent and logical, and as such, have allowed conjectures to be made regarding 

the effects of the testing methodologies investigated on the changes in soil fabric 

derived. 

These conjectures have subsequently been appraised to high degree by the results 

of post-test fabric analysis by Mercury Intrusion Porosimetry and observations using 
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a Scanning Electron Microscope. Comparison of the permeability values derived 

using a permeability model based on MIP results, indicates similar trends to that 

noted in the results. This bestows a high degree of confidence in the results of post

test fabric analysis. 

A brief summation of the results and their associated trends follows. 

6.5.2 Summary of results 

The results of AP and SS tests have been shown to be repeatable to a relatively high 

degree. 

For all AP and RAP tests carried out within this investigation, the degree of 

saturation attained during steady state flow is deemed sufficiently high so as not to 

significantly affect the permeability value derived . 

There is only a marginal potential saving in time gained from using AP or RAP testing 

methodology as an alternative to the SS test. Furthermore, for a number of sample 

types investigated in this thesis the duration to reach steady flow in SS tests is 

exceeded by that of AP and/or RAP tests. 

Variation in hydraulic gradient, within the normal working ranges employed in 

industry, has little influence on the permeability values derived from AP tests. In 

addition, increasing the hydraulic gradient has shown to have little effect on the 

test duration . 

For all material types tested, within the ranges of moulding moisture content 

investigated, the results of AP tests and RAP tests underpredict those of 

comparative SS Test s. 
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In general, the permeability values derived from AP testing methodology 

underpredict those derived from SS tests to a higher degree than the 

underprediction attained using RAP test methodology. 

The reason for the deviance in permeability values attained from different testing 

methodologies investigated is attributed to the effects on soil fabric derived from 

differences in the sequence, rate and magnitude of the confining and back 

pressures imposed on the sample as part of the permeability test procedure 

employed. 

During the AP test, the initial application of total confining pressures results in a 

degree of unrecoverable deformation and/or reorientation of soil aggregates, 

leading to a reduction in macro voids. Subsequent application of inlet and outlet 

back pressures results in a high degree of aggregate swelling (due to increased 

suction pressures in the aggregates caused by increased pressures in the 

surrounding air voids). Resultantly, inter-aggregate contacts are pushed apart 

causing an increase in sample volume. In addition, it is likely that aggregates 

experience expansion into available macro void space. This leads to an overall 

reduction in macro voids and increase in micro voids. As permeability is primarily 

governed by flow through macro voids, the large reduction in these available flow 

channels leads to increased resistance to flow and a decrease in permeability value 

obtained . 

The relative deviance in permeability values between AP and SS testing 

methodology increases with decreasing moulding moisture content. This is due to 

the fact that decreasing the moulding moisture content leads to an increased 

prevalence in macro voids. As it has been shown that the AP test decreases macro 

voids to a higher degree than SS tests, it follows that a greater net disturbance in 

soil fabric will occur the more prevalent the content of macro voids. 

During the SS test, the saturation stage has been designed to increase the degree of 

sa turation of the sample prior to the application of large confining pressures. On 
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the application of back pressure, aggregates will swell {to a lesser extent than for AP 

tests as high air pressures are not present in the inter-aggregate space to induce 

increased suction}. The resultant changes in soil volume and inter-aggregate pore 

space, due to aggregate swelling, is partially dependent upon the material 

properties of the compacted soil: 

• For the materials investigated in this thesis, the response to wetting differs 

during the saturation stage of BS tests. During wetting of London Clay ('High 

Plasticity' classification), swelling aggregates provide a high resistance to 

deformation, with the net effect being that inter-aggregate contacts are pushed 

apart causing an overall increase in volume. This response leads to only minor 

deviances in the quantity of macro voids. 

• Fabric analysis was not preformed on samples of Belfast Upper Boulder Clay 

but, based on the similar changes in sample volume and permeability values 

noted, a similar fabric response to wetting is expected for this material. This is 

consistent with the similarities in material properties noted between BUBC and 

LC material. 

• In contrast, during wetting of Glacial Till ('Low Plasticity' classification, relatively 

high sand and silt content), aggregates exhibit relatively small amounts of 

swelling, but deform into inter aggregate void space, resulting in an initial 

decrease in sample volume. This response is thought to be a result of reduction 

in aggregate stiffness derived from a reduction in the strength of particle bonds 

within aggregates during absorption of water to the diffuse double layer 

surrounding clay particles due to the high content of inert particles {sand and 

silt} present. This response leads to a significant reduction in amount of macro 

voids . As such, the deviance between AP and BS tests will be reduced for 

materials with a significant content of sand and/or silt. 

• The volume change response exhibited during wetting of Ampthill Clay ('Very 

High Plasticity' classification), aggregates exhibit relatively large amounts of 
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swelling, resulting in both relatively large amounts of swelling into inter

aggregate space and pushing apart of aggregated. This response leads to a 

decrease in macro voids coupled with an increase in total sample volume. This 

response is thought to be a result of reduction in aggregate stiffness derived 

from a large increase in moisture content in the aggregates, due to a relatively 

large quantity of smectite clay particles present (as indicate by both mineralogy 

investigations and the high liquid limit noted). As such, the deviance between 

AP and BS tests will be reduced for materials with a very high or extremely high 

plasticity classification. 

Based on the results of previous research into the effects of effective pressure on 

the results of permeability values derived, it can be stated with a high degree of 

confidence that the consolidation stage in a BS test will lead to a reduction in the 

macro voids of the sample. Where macro voids are present initially, the 

permeability value derived from the BS test will decrease with increasing average 

effective pressure applied. This relationship will continue until the consolidation of 

the sample leads the eradication of macro voids. As a result it can be stated that, 

the divergence in BS and AP tests will decrease with increasing analogous effective 

pressures applied. This is confirmed by comparison of deviances in permeability 

noted in this investigation (where an effective pressure of 50kPa was used) with 

those of previous research into AP testing (where an effective pressure of 187.5 kPa 

was used as detailed in section 3.1.1). 

For RAP tests, similar to the saturation stage of BS tests, the ramping of pressures 

have been designed to increase the saturation of the sample prior to the application 

of total confining pressures. In general, the results of RAP tests, for both the 

permeability values derived and the changes in soil fabric observed, form an 

intermediate between results of AP and BS tests. On application of ramped back 

pore water pressures, aggregate wetting leads to a similar change in soil fabric as 

experienced in BS tests. However, the ramping rate applied has an effect on the 

resultant response of the fabric. Where the ramping rate is excessive, the 

movement of the water front and resultant increase in pore water pressure and 
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degree of saturation will not be established in the centre of the sample prior to the 

increase of high confining pressures. Where the pore water pressure/degree of 

saturation remains excessively low on application of total confining pressure, the 

fabric will exhibit a similar response to that experienced in AP tests, i.e. a reduction 

in macro voids leading to a reduction in derived permeability value. As such the 

lower the ramp rate applied the lower the deviance from BS tested permeability 

value . 

The equalisation of applied pore pressures and the time taken for saturation of the 

sample are dependent upon the flow rate of ingressing permeant/pore water. As 

such, the under estimation of permeability values by the RAP test is partially 

dependent upon the permeability of the sample. Where the ramp rate is excessive 

and constant between tests, this factor induces an increased deviation in 

permeability values (in comparison with those derived from BS tests) with an 

increase in optimum moulding moisture content (within the limits normally 

employed in mineral liner compaction). As such, in this investigation, where the 

ramp rate has been deemed to be excessive for the materials/samples investigated, 

the relative deviance in permeability values noted for AP tests with regard to 

changes in moulding moisture content has not been observed for RAP tests. 

It can be postulated that, not only does a decrease in ramp rate lead to a decrease 

in the deviation in the permeability value derived from BS tests, but also, as the 

saturation and the equalisation of pore water pressure are restricted by reduction 

in macro voids caused by excessive ramp rate, a decrease in this rate may lead to a 

lower duration to meet steady state flow and subsequently a reduction in the 

duration of permeability test. Further research is recommended to ascertain if the 

above case is true and to determine the appropriate ramp rate necessary for a 

range of soil materials suitable for use as mineral liners, compacted to densities that 

yield a range of permeabilities typically encountered in mineral liner testing. 
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6.5.3 Recommendations for the use of AP and RAP tests 

From the findings of this research, the following recommendations and comments 

can be made for the use of the AP test and the RAP test as alternatives to the SS 

test. 

The potential time savings attributed to the use of the AP and RAP as an alternative 

to the SS test are shown to be relatively small. However, without the use of 

expensive and complicated automated testing systems, the SS test requires regular 

user input and supervision (especially during the saturation stage). In contrast, both 

the AP and RAF tests require little user interaction after test set-up. As such, there 

is a potential cost saving in undertaking the AP or RAP test due to a reduced labour 

hours required to complete each test. 

Caution should be exercised in the use of the AP test as it has been shown to 

consistently underpredict the permeability in comparison to that derived in the SS 

test . Previous research into the AP test has suggested a factor of 8 should be 

applied to the AP test, representing a reasonable worst case scenario for the under

estimation of permeability values. The effective pressures utilised, and moulding 

moisture contents investigated in this research have been designed to represent 

the worst case scenario, and the largest divergence factor noted in the current 

research was 7.9 (London Clay compacted at dry of optimum moisture content). As 

such, this indicates that the AP test is still applicable for general construction quality 

control assurance testing on landfill sites as long as due consideration is given to the 

possible underprediction of permeability values derived. The contributing factors 

regarding the divergence of AP testing have been detailed in the previous section. 

The RAP test has been shown to be a better indicator of permeability values derived 

from SS tests, with the underprediction of results generally being of a considerably 

smaller factor, with the largest divergence factor noted in the current research 

being 2.9. Where the equipment is available to allow the controlled ramping of cell 

and back pressure, this test methodology should be utilised as it represents an 

improvement to the standard AP test. However, due concern should be given to the 
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ramp rate applied in the RAP tests. The rate applied in this investigation was 

8.33kPa/hr (equating to a total ramping duration of 72 hrs or 3 days), and has been 

shown to be marginally excessive for the materials tested in this investigation. 

Further research is required to ascertain suitable ramp rates for a range of soil types 

commonly employed in mineral liner construction . 

In the absence of further research, it can be stated that the lower the ramp rate 

employed the better the prediction of permeability value attained. Resultantly the 

time allocated for ramping should be the maximum duration allowable, given the 

time constraints on the permeability testing and reporting of results. It is 

recommended that a maximum rate of 8kPa/hr provides a reasonable upper limit to 

the rate that should be utilised and a factor of 3 should be applied to the RAP test 

to account for any underestimation of permeability values derived from the testing 

methodology adopted. 
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Chapter 7 - Conclusions 

7.1 Summary 

The use of landfill for waste disposal creates a possible environmental hazard. As 

such, current legislation dictates the requirement of a barrier system lining the base 

and sides of all landfills to allow the containment and subsequent control of the 

leachate produced. A major component within a landfill liner, is the low 

permeability compacted fine grained soil layer, termed the mineral liner. In many 

cases in-situ permeability tests are unsuitable for use, due to their inherent in 

accuracy and disruption to construction, and as such, relevant guidelines 

recommend the use of laboratory permeability testing, using the British Standard 

constant head triaxial permeability test {BS test}, to assess the acceptability of the 

permeability value of the compacted mineral liner. Generally this test is used during 

the initial material suitability investigation and as part of Construction Quality 

Control Program. Testing can be performed on undisturbed samples taken from the 

compacted liner or on bulk samples compacted to a relevant stipulated density. 

Difficulties are highlighted when consideration is given to the fact that the BS test is 

a relatively time consuming procedure and it is common for a waiting period of 

approximately 2 months from time of sampling to report of results . This causes 

delays and uncerta inties in mineral liner construction and in addition relatively high 

costs are induced in performing such a long duration test . More importantly, these 

long durations force the Construction Quality Engineer to rely on relatively 

unreliable indirect comparison testing to justify continuation of earthworks and/or 

land filling. Where the subsequently reported permeability values fall below the 

threshold value, in addition to the hazards posed to the surrounding environment, 

large costs are incurred in the remediation of any filled waste and replacement of 

the constructed liner system . As such, it would be highly beneficial to replace the BS 

test with a reliable short duration alternative test or testing method. 
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The overall aim of this research is to investigate and evaluate alternative short 

duration testing methods and equipment for the measurement of the permeability 

of fine grained soils. To meet this aim two individual schemes were proposed within 

the research. The first was to add to the understanding and assess the feasibility of 

an existing method of short duration permeability testing, known as the 

Accelerated Permeability (AP), and suggest improvements where possible. The 

second was to develop a novel apparatus to allow a reduction in the duration of the 

falling head permeability test using elevated gravitational acceleration produced in 

a laboratory centrifuge. 

The following sections detail the objectives and concludes the findings of each 

scheme. 

7.2 Accelerated Permeability Testing 

With regard to the first scheme, the assessment of Accelerated Permeability testing, 

the objectives of the research were: 

• To identify the influencing factors of permeability (both in terms of soil 

properties and imposed conditions derived from parameters applied both in 

testing and sample production) via a rigorous literature review. 

• Review previous research into the Accelerated Permeability test, identifying 

possible contributors for the divergence in permeability results noted in 

published literature, and propose alternatives/improvements to the test 

methodology. 

• Design a testing program to investigate the effects of these contributors and 

assess the merits of the proposed improvements, including test variables that, 

based on the literature review, would lead to a worst case scenario of 

permeability underprediction . 
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• Source and obtain a sufficiently large quantity of diverse soil materials for use 

within the testing program . 

• Characterise and classify each material, to define composition and engineering 

properties and provide an assessment of suitability for use in mineral liner 

construction. 

• Design a procedure for the procurement of analogous soil samples for 

permeability testing including defined quality control measures to be employed 

to ensure the minimization of variation in controlled variables. 

• Design, construct (where necessary) and assemble two permeability testing 

systems for use in permeability testing and complete calibrations and system 

checks to ensure the accuracy of data output. 

• Evaluate the errors derived from permeability testing and set up, define and 

follow procedures to negate or minimise these errors, and were necessary 

establish corrections to be applied to data outputted. 

• Produce sets of analogous samples from the obtained materials and perform 

permeability tests using different testing methodologies, comprising: 

1. The BS test 

2. The AP test 

3. The RAP test (a suggested improvement to the AP test) 

• Systematically interpret the data derived from each test applying appropriate 

corrections were necessary. 

• Carryout fabric analysis on the tested samples and analogous samples that have 

not been tested to ascertain the effect of each testing methodology utilised on 

the soil fabric derived . 

• Interoperate and compare the data obtain from direct permeability tests and 

post-test fabric analysis, assess the validity of results obtained, form 

conclusions on the effect of testing methodology on soil fabric and permeability 
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derived, and deduce the reasoning and significant factors in the material 

responses noted. 

• Provide recommendations for the use of both AP and RAP tests as an 

alternative to the SS test. 

Detailed conclusions of the laboratory test results are presented in the summary in 

Section 6.5 .2 and recommendations for the use of the AP and RAP test are detailed 

in section 6.5 .3. The following brief conclusions are drawn from the research 

undertaken in relation to the objectives outlined above: 

• Permeability is a highly variable soil property, and is affected by a wide range of 

soil characteristics that are, in general, complexly interrelated. 

• There are many affecting conditions, imposed during both testing and sample 

production, that affect the permeability value derived from a given soil. 

• For a compacted soil the most variable and influencing parameter of 

permeability, is the fabric of the soil. Permeability is governed largely by fluid 

flow through the macro pores (spaces between soil aggregates) . The 

distribution of macro void volume within a sample is affected by material 

composition, compaction method employed and moulding moisture content. In 

general, within the moisture contents attained during compaction of a mineral 

liner: a decrease in moulding moisture content from optimum leads to an 

increase in macro void volume and an increase in moulding moisture content 

from optimum leads to a decrease in macro void volume. 

• Dynamic compaction produces non-uniformity, with regard to density, within 

compacted layers of a sample, with increased density at the layer top and 

decreased density at the base. Subsequent trimming of the sample leads to a 

change in density and, most probably, a change in permeability. This has 

implications for Construction Quality Assurance testing (as detailed in section 

6.1). 
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• Dynamically compacted samples undergo a degree of elastic expansion on 

removal from the compaction mould. This leads to a decrease in sample 

density, and results in an increase in permeability (dependent upon the testing 

methodology utilised). The elastic expansion attained (in terms of percentage 

increase in total volume), is related to the initial moulding moisture content of 

the compacted sample. This has implications for Construction Quality 

Assurance testing (as detailed in section 6.1). 

• In general, the AP test leads to an underprediction in permeability values in 

comparison to those derived from the SS test attributed to the effects on soil 

fabric (variation in macro voids) relating to pressure applications applied during 

the test . 

• The divergences in results between SS and AP tests are dependent upon 

material composition; specifically, the influence of composition in effecting the 

material response to wetting during the saturation stage of a SS test. 

• In general the relative deviance in permeability values between AP and SS 

testing methodology increases with decreasing moulding moisture content. 

• The divergence in SS and AP tests will decrease with increasing analogous 

effective pressures applied . This means where increased effective pressures are 

applied, the divergence in results will be less. 

• AP test is applicable for general construction quality control assurance testing 

on landfill sites as long as due consideration is given to the possible 

underprediction of permeability values derived. 

• The RAP test represents an improvement to the AP test; the under predication 

of permeability values derived are significantly less. 

• The under estimation of permeability value derived from a RAP test is 

dependent upon the Ramp rate applied and the permeability of the sample and 

the lower the ramp rate employed the better the prediction of permeability 

value attained . 
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• There is only a marginal potential saving in time gained from using AP or RAP 

testing methodology as an alternative to the BS test. Increasing the hydraulic 

conductivity does not affect the required duration of an AP test. 

7.3 Centrifuge Permeameter Testing 

With regard to the second scheme, the design procurement and assessment of a 

Prototype testing apparatus, the objectives of the research were: 

• To identify methods and testing equipment commonly used in permeability 

measurement and to ascertain the advantages, disadvantages and restrictions 

of each method via a rigorous literature review. 

• Review previous research into Centrifuge Permeameter Testing, and the 

methods for the interpretation of results obtained. From this, identify and 

assess the failures and successes of other Centrifuge Permeameter designs. 

• Design and produce a novel prototype Centrifuge Permeameter apparatus to 

measure and record permeant flow through small soil specimens under flexible, 

no lateral strain conditions, using the falling head test under conditions of 

accelerated gravity, compatible with the small desktop geotechnical centrifuge 

available at Queens University Belfast soils laboratory. 

• Rigorously test the procured apparatus, making changes where necessary to 

improve the design . 

• Produce mathematical models for the analysis of permeability coefficient and 

stress conditions for samples tested using the Centrifuge Permeameter 

apparatus, taking into account independent testing variables that can be 

applied . 

• Carry out preliminary tests using the Centrifuge Permeameter on granular 

samples of varying particle sizes and saturated reconstituted samples. 
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• Evaluate the PermCent apparatus through comparison of results obtained from 

constant head triaxial permeability tests carried out on comparable samples of 

those tested using the apparatus, under equivalent stress conditions 

The following conclusions are drawn from the research undertaken in relation to 

the objectives outlined above : 

• The use of a flexible boundary permeameter is deemed more appropriate to 

the testing of fine grained soils than rigid walled counterparts, as side wall 

leakage (i.e . preferential flow) can be minimised by applied confining pressures. 

• Previous research indicates that significant reductions in testing duration can 

be attained using a centrifuge permeameter. 

• Neglecting the variation of gravitation with distance from the point of rotation 

(i.e . assuming it is constant), during the interpretation of outputted Centrifuge 

Permeameter data, has been shown to significantly affect the estimation of 

pressure distributions, and resultantly, the derived permeability values, in small 

centrifuges. 

• A Centrifuge Permeameter and associated methodology for interpretation of 

the output analysis (taking into account variable gravitational acceleration) has 

been designed for use within the centrifuge at Queens University Belfast Soil 

Testing Laboratory. 

• Preliminary testing of the device has shown that results automatically attained 

and saved by an onboard data logging device are both repeatable and 

comparable with results attained from conventional test methods for 

reconstituted samples. 

• Mathematical modeling and subsequent preliminary testing of the flexible wall 

device has indicated that suitable confining pressures can be applied to the 

sample to negate preferential flow and limit lateral deformation of the sample 
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under high gravitational forces. This is accomplished using a novel Gravity 

Spring Valve and a High Density Liquid . 

• Mathematical modeling and subsequent preliminary testing of apparatus has 

indicated that it is unsuitable for testing samples of a relatively high 

permeability (i.e. is restricted to the permeability measurement of fine grained 

soils only) . 

• The upper and lower bound permeabilities that can be suitably measured using 

the designed device (given the safe maximum rotational speed that should be 

applied in the centrifuge currently available at Queens) has been calculated as, 

5xlO-8m/s - taking an approximate test duration of 37.5min under an applied 

gravitational acceleration of lOOg; to 5xlO-llm/s - taking an approximate test 

duration of 7.5 days under an applied gravitational acceleration of 350g. This is 

within the range of permeabilities of samples that are normally investigated for 

mineral liner Construction Quality Control testing. 

• Initial preliminary prototype testing suggests that the Centrifuge Permeameter 

offers a reliable short duration method of permeability testing. 

7.4 Recommendations for Future Research 

During the program of research the following points were identified as being 

worthy of further study (points 1 to 4 relate to Accelerated Permeability test 

investigation, while points 5 to 8 relate to further required testing for the 

prototype Centrifuge Permeameter procured as part of this research): 

1. Directly determine the effects of trimming a dynamically compacted sample 

on the permeability value derived. Permeability testing on a range of 

dynamically compacted samples that are trimmed from the base, trimmed 

from the top and not trimmed, is recommended to quantify the deviance in 

permeability values obtained . 
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2. It is thought that elastic expansion of soil samples will result in an increased 

volume of macro-voids, further research is recommended to establish the 

soil characteristics and compaction conditions that effect elastic expansion, 

and to recommend a methodology to allow accurate measurement of elastic 

expansion. 

3. Further research is necessary to determine the appropriate ramp rate 

applied in RAP tests for a range of materials commonly employed in the 

compaction of mineral liners. It has been postulated that, not only does a 

decrease in ramp rate lead to a decrease in the deviation in the permeability 

but also a decrease in the necessary duration of a permeability test. Further 

research is recommended to ascertain if the above conjecture is true. 

4. Previous research has deemed the use of the AP test on Bentonite Enriched 

Soils (BES) as unsuitable without direct experimental justification. However, 

given the observed effects the wetting process during BS tests has on soil 

fabric in soils of high plasticity and prevalent sand content, it is conjectured 

that the deviation in results between AP and BS, and RAP and BS, may not 

be as large in BES soils as for other natural soils (e.g. London Clay Material). 

It is recommended that further testing is carried out on compacted samples 

of BES material to assess the suitability of AP and RAP test methodology for 

this commonly used alternative material in landfill mineral liners. 

5. With regard to the Centrifuge Permeameter testing, the effective of varying 

the applied gravitational acceleration on the results obtained should be 

investigated . 

6. An assessment of the apparatus ability to perform under higher gravitational 

acceleration should be ascertained, in the case that this yields a decreased 

duration in test time required for soils of a very low permeability. However, 

it is envisaged that extremely high differential permeant energy gradients 
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applied across the sample could lead to piping and may produce 

unrepresentative results. WARNING: the gravitational acceleration applied 

should always be careful considered with the forces restrictions in the 

centrifuge as dictated by the manufactures - If in doubt, err on the side of 

caution. 

7. The effective of varying sample length on the permeability results should be 

investigated. 

8. Only samples of reconstituted material have been successfully tested using 

the Centrifuge Permeameter as part of this research program, and as such, 

all samples were fully saturated prior to testing. It is expected that samples 

that are not fully saturated (e.g. compacted samples) may pose a problem to 

the assessment of permeability values, due to the relatively low pore water 

pressures applied (i.e . samples cannot be saturated by back pressure). As 

such, compacted samples should be tested to ascertain the ability and the 

durations required to saturate an unsaturated sample. 

7.5 The Future of Permeability Assessment 

Through the undertaking of this research, the author has gained a relative amount 

of experience in the permeability testing of fine grained soils. This has inevitably 

lead to the formation of educated views on a number of aspects which, although 

outside the investigative aims of this research, relate to the current permeability 

testing practices and legislation and allow the formation of opinions on the best 

way forward for the assessment of soil permeability. 

Current legislation and practice places a large onus and dependency on the results 

gained from SS testing methodology. This, in the authors opinion, is a flawed 

concept to a certain degree. Although it is recognised that standardisation of testing 

methodology and the stipulation of threshold permeability is a requirement to the 
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formation of legislation and an important tool to allow regulation, it should be 

noted that the BS test methodology has the potential be unrepresentative of field 

permeability measurements. 

In this thesis, both in the results of the research undertaken and the literature 

review presented, it has been shown that permeability, as a soil property, is highly 

variable and influenced by a wide variance of interrelated factors. As such, for BS 

test, where hydraulic gradient, permeant characteristics, degree of saturation and 

soil fabric (if recompacted) generally vary considerably from those experienced 

insitu (e .g. in a landfill mineral liner), the results should be treated with a due 

degree of uncertainty. 

Given the long durations associated with the BS test and the associated 

disadvantages this has in industry, coupled with the uncertainty in the results 

obtained, it is the authors opinion that alternative methods of laboratory 

permeability testing should be incorporated into legislation and/or industry 

guidelines. 

With reference to the construction quality control of mineral liners, where the sole 

goal is to ascertain whether or not the permeability of a compacted material is 

above or below a given threshold value, the accuracy of results only becomes an 

important factor when those results are close to that threshold . As such, the author 

sees no reason why simplified short duration alternative direct tests (simplified 

centrifuge permeameters etc) and/or indirect tests (oedometer consolidation, MIP 

analysis, empirical calculations based on the results of characterisation testing etc) 

could not be used to routinely assess permeability, under the condition that there is 

an inbuilt factor of safety (pertaining to the uncertainty in the utilised measurement 

technique) . 

For the practicing geotechnical engineer using alternative permeability testing 

methods, to make an informed assessment of mineral liner quality there is a 

requirement for published guidelines, approved by regulation authorities, on these 
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alternative methods. These guidelines should incorporate the associated 

inaccuracies in the testing methodologies and details on the factors (material 

characteristics) effecting these inaccuracies, for a range of material characteristics 

generally used in the construction of mineral liners. 

In conclusion, it can be justified that there is ample scope for further research into 

the permeability testing methods investigated in this research, in other alternative 

methods of testing and into permeability testing in general. 
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APPENDIX A 

SUMMARY OATA SHEETS FOR PERMEABILITY TESTING 

AMO-d-AP 

AMO-d-BS 

AMO-d-RAP 

AMO-o-AP 

AMO-o-BS 

AMO-o-RAP 

BUBC-o-AP 

BUBC-o-AP{h40) 

BUBC-o-AP{h70) 

BUBC-o-APr 

BUBC-o-BS 

BUBC-o-BSr 

BUBC-o-RAP 

GT-d-AP 

GT-d-BS 

GT-d-RAP 

GT-d-RAP{shortened) 

GT-o-AP 

GT-o-BS 

GT-o-RAP 

LC-d-AP 

LC-d-BS 

LC-d-RAP 

LC-o-AP 

LC-o-APr 

LC-o-BS 

LC-o-RAP 

LC-w-AP 

LC-w-BS 

LC-w-RAP 



AMC-d-AP 

Test Details 
Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulIC grad,ent 
Applied average effectt'lIe pressure 

Total confining pressure applied 

Soli type 
SpeclflC Density 

compact Ion MC condition 

Target compactlon MC 
Target Initial bulk density 

Target initial dry dt'nslty 

Sample State - Measured Parameters 
nltlal height 

nltlal diameter 

m{lal wet mass 

Final wet mass 

Specimen wet mass 

Cutting wet ma'lS 

(un1n, Dry mass 

1 

24/10/2008 
03/12/2008 
20.00 

kPa 50.00 
kPa 660.00 

AMC 
Mg/m 

, 
2.6 
Dry 

% 25.50 
Mg/m' 1763 
Mg/m ' 1.405 

mm 100 4 
mm 103.3 

g 1423 0 
g 1550.3 

g 1036 

g 1445.8 

R 10610 

Sample State - Calculated/Observed Parameters 
Dry mass of YrT'Iplfl' g 11370 
Volume of solid., cm' 437 3 
In,tl.1 Cond,tlon. (.fter currinll: 0 
To'.al vo'ume cm 8414 
VOlume of w.trr cm' 286.0 

"", ture Content % 2515 
8u k d"n •. ty Mg/m' 1691 
:>ry den"ty Mg/m ' 1351 
VOId ,.uo 0.924 
Ot-arff of ~hJf aUon % 708 
Conditions on .pphatlon of cell pressure <> 

• mple volume (Nnce cm ·51 22940952 
10t.llloIume cm' 790.2 
Dry Dfflltty Mg/m ' 1439 

Vr d 'alto 0.807 
. '1r .... of utur.Uon % 810 

Flnl.1 Cond,tlons: A 
.. I W.t .. r Inflow dunn, AP test cm' 127.3 

,.". le volume (ha ... dunn, AP tf!'St cm' 658 
10111 lIoI~",. cm 

, 
8560 

lv'oIulTM." of wa'" cm' 413 3 

MOI\tur. Contf'nt % 3635 

Dry Den"ty Mgfm' 1328 
If< 1'.00 0957 

" , .. ofuI .... V"" ... 987 

Calculation 
I ~ "" 18100 

m/_ 6488[ 12 
m'l_ 1 262£-11 
M ec 955406l 12 

m/' S 6999E 11 

1 50 

145 

~E 

~ 140 

! 
~ .'" c .. 
o 135 
>-o 

Appendix A - Accelerated Permeability : 

Summary Datasheets of Permeability Tests 

10°-, Air S% Air O%Alf 

VOids VOIds VOids 

1 30 • 

1 25 

100 

90 

80 

70 

60 

~ 
SO 

40 .. .. 
30 c .. 

0 10 .. 
E 10 :> 
'0 
> 

10 

20 

30 

40 

SO 

140 

120 

E 
~ 

lOO .. .. 10 c .. 
0 60 .. 
E 
:> 
'0 4" 
> 

20 ]I 2] 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 394041 4243 44 45 
Molslure Content (%) 

I , 
\ 

\ 

o 

, , , , , 
I 
I 

--Inflow from b~se 

Rat~ of Inflow 

.1 2621 xl0 "m'/,ec 

Rate of outflow 

'" .... 
• 64875 xl0 "rn'/,ec 

, , , , 

"------------------------------

.-,' 
--------

.-

SOOO 

10000 

Tlm.(min) 
15000 20000 

----------------------

-- S.mpl~ Volum~ Ch.n8~ 

- - - N~t Water Inflow 

10000 15000 20000 
TIme (mln) 



AMC-d-BS 

Test Details 
Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulic gradient 

Applied average effectIve pressure 

Total confining pressure applied 

Soil type 
SpeCIfic Density 

(ompactlon MC condition 

Target compact Ion MC 

Target initial bulk density 

Targpt initial dry dE"nslty 

Sample State - Measured Parameters 
Inlllal height 

Inlual diameter 

Initial wet mass 

Final wet ma~s 

Specimen wet mass 
CUnl". wet mau 
Cunlng Dry ma',s 

07/01/2009 
23/01/2009 
2000 

kPa 5000 
kPa 66000 

AMC 
Mg/m 26 

Dry 
% ]5 .50 
Mg/m' 1.763 
Mg/m ' 1405 

mm 100.5 
mm 1038 

g 1427.0 
g 1609.0 
g 1038 
g 15039 
g 1064 0 

Sample State - ulculated/Observed Parameters 
Dry mass of samplf g 1137.5 
Volume of solids cm' 437 5 
Inlt l.1 Condition. (.h.r currlns) 
Total volume cm 8505 
Votumf' of watf"r cm' 2895 
MOI\tvre Cont!'nt " 2546 
8uik denSity Mg/m' 1678 
Dry d('nSlty Mg/m' 1337 
VOId ratIO 0.944 
~r~ of YhJratlon " 70 I 
Condition. oher Saturotlon StoSe 
Sample volume ch.nce cm 922 
~ t 'ItIlume Inflow cm' ]1568 
Totol \loIume cm' 9426 
Volume of w"", cm' SOS 2 
~Ot\tur~ Cont.nt " 4442 

Dry~n .. ty Wig/m' 1]07 

\lOId r.11O I 155 
lOet:rH' of w.hJr .. tll"" " 1000 
Cond,t'on. Ih.r Con.ol,dotlon Stole 
Sarnplp vOl " '"".-.ct cm' -303 
Nf't volume Inflow cm' -30S3 

Tot'" VoIum<' cm' 91] J 

I Volu~ of wo.t,., cm' 4747 

.... ""tur. Cont~nt " 41 .73 

Dry~ .. ty Mum 
, 

1247 

VOId '.'10 I08S 

l~r ... 0' uturaUon " 1000 
Fin,o' Cond,tion. (Ih.r IMrmub,hty >I".) : 

Sample vOIum<' chang. cm' 4 I 

"'.t W ...... I.flo'" cm' 1 4 

To'" \loIum" cm' 'lO8 J 
l"oIutne' of w.tf'1' cm' 473 3 

.... ""ture ""'tent " 4146 

Dry~"ty Mum' I 2S2 

l"Otd ' .. uo 1076 
• ~ of utufabon 1000 

0 

<> 

+ 

A 
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--Inflow from base 

--- Outflow from top 

Rate of Inflow 
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40 --S.mple Volum .. Ch.nlf' 
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0 '>000 10000 15000 20000 

TIme (mln) 

Flow Details and Permeability ulculation 
DUfitlon of s.turatlon 
DuriUon of Consolidation 

MiXtmUm duration to re.ch steady s~te 
Ste.dy stote outflOW 
Study st.te ,nflow 
Aver e ste.dv ,t.te now 
Cot'fflclent of Permeability 

mm 
mln 
mm 
m'/set 
m'/set 
m'/set 
m/s 

10070 
1270 

19200 
4 239E 11 

4 324E 11 
4 2815E 11 

2.S2977E-I0 



AMC-d-RAP 

Test Detai ls 
Permeability test System No 2 
Te!.t comencement date 14/03/2009 
T est finish date 31/03/2009 
Applied hydraulIC gradient 20.00 

Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa 660.00 
Soil type AMC 
SpecifiC Dem.lty Mg/m 

, 
2.6 

Compact Ion MC condition Dry 
Target compactlon MC % 25.50 
Target Initial bulk denSity Mg/m ' 1.763 
Target initial dry deonslty Mg/m' 1.405 

Sample State - Measure:l Parameters 
Inltl3 height mm 1004 
Initial diameter mm 103.0 
Initial wet mass g 1420.0 
Final wet mass g 1564 0 
Sp~lmen wet mass g 1276 

(un I"' wet ma\s g 1430.7 
Cuttl", Dry ma',s R 1042.0 

Sample State - Calculated/ Observed Parameters 
Dry m~' s of \amplp I 1134 9 
v~u"..., of solids cm 4365 
In itial Conditions (after currln,): 0 
T·,tal volume cm 8366 
VOIump of watpf cm' 2851 
MOtsturp Contpnt " 25.12 

Sulk d n"ty Maim' 1 697 

Dry dt'nSlty Maim' 1.357 
VI d ratio 0.916 

o.,,'H- of ~hJUlhon " 71.3 

Conditions Ifter Rampln, <> 
I """',~e volume (h.nle cm' 265 
~I f V lume ,nnow cm' 13145 
To aI V<>Iumt' cm' 8631 
Volume of Wdtrr (m' 416.5 

M.ontur. Content " 3670 

Dry Den"ty Maim' 1.315 

Ivo;d ,.too 0.977 

I ~r~"f ~turltlon " 976 

f ln.al Condlt.on. (.ft~, permeability na,e). t:. 
~pI~ volumt' chanC. cm ' 9.0 

I"ot W.tHln'low cm' 137 

Tot" Vplum<' cm' 871 1 

I Volu~ of 'WtltM <m' 430.3 

""<>I'tur. Cont ... t " 3781 

Dry DefI .. ty Mg/m' 1.301 

I'" ~ r. kJ 0.998 

'. rHof~turallon " 988 

REMARKS : 
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--Inflow from base 

--- Outflow from top 

Moisture Content (%) 

Rate of Inflow 

.3.01255 xlO "m'/,ec 

Rate of outflow 

.3.2852 xl0 "rn'I,ec 

\, --_ ...... --_ ... ...--.. -. 
' ... _--------------

10000 15000 20000 25000 30000 35000 40000 

n me(mln ) 
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-- Sampl~ Volum~ Chancr 

100 
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80 

60 
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20 

o 10000 15000 10000 25000 30000 
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Flow Deta ils and Permeabili!'l' Calculation 
Dur~tlOn of R~mp mm 

MaXimum dUf'tlon to reach steady state mm 

5te.dy st.te outflow m'l.et 
Study st.te Inflow m'/set 

Aver e study .tate now m'/st'C 
C~fflc.ent of Permeability mls 

35000 40000 

4340 

22200 

1.347E·11 

1 700E 11 

1.52338E 11 
9.14143E-11 



AMC-o-AP 

Test Details 
Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulic gradient 

Applied average effective pressure 

Total confining pressure applied 

Soil type 

Specific Density 

Compactlon MC condItion 

Target compacllOn MC 
Target initial bulk density 

Target Initial dry density 

Sample State - Measur~d Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Final wet mass 

Specimen wet mass 

Cutting wet mass 
Cunlng Dry mass 

1 

09/12/2008 
07/01/2009 
20 .00 

kPa 50.00 
kPa 660.00 

AMC 

Ms/m ' 2.6 
Dpp 

% 29.00 
Ms/m' 1.827 
Ms/m ' 1.416 

mm 100.6 
mm 1031 

9 1471.0 

9 1561.6 

9 94.0 

9 1460.3 

9 1071.0 

Sample State - ulculated/Observed Parameters 
Dry mass of .... mpl. 

Volume of solids 

Initial Condition. (after currlnB): 

T otal volum~ 

Volume of water 
MOlsturtl Cont~nt 

Bulk denSIty 

Dry densIty 

VOid ratio 

~r« of satur anon 
Condition. on application of cell pr.ssur. : 

s.mple volume chan,. 

To,al Volume 

Dry Density 

VOId ratto 
'",rH of wturallon 

fln l.1 Condit ion. ' 

I"e, WOIerlnftow du,,", AP ,~, 

lS.mple volume c~n,~ dunn, AP '"" 

T OI~I Volume 

v<>'u~ of ~~ter 

Mon,lure Cont n, 

Ory Ofo''''ty 
Vood r ItO 

Io.oc'. of' ,tu"" 'O'\ 

g 
cm' 

cm 

cm ' 

" Ms/m' 

Ms/m' 

" 
cm' 
cm' 
Ms/m ' 

" 
cm' 
cm ' 
cm' 
cm' 

" Ms/m' 

~ 

m,n 

m'/.et 
m'/.et 
m'/set 
m/s 

1139.9 
4384 

0 
839 .9 

3311 

29 .04 
1.751 
1357 
0 .916 
82.5 

Q 
-3622786791 

8036 
1.418 
0.833 
90.7 

6 
90.6 
57.8 
861.5 
4217 
36.99 
1.323 
0 .965 
99.7 

23000 

2353E 12 
7.224[ -12 

478845E 12 
2.86786E-11 
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AMC-o-BS 

Test Details 
Permeability test System No 

Test comencement date 08/12/2008 
T est finish date 26/12/2008 
Applied hydraulic gradient 20.00 
Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa 660.00 
Soli type AMC 

SpeCIfiC Density Mglm 
, 

2.6 
Compaction MC condition Opp 

Target compactlon MC % 29.00 
Target inItial bulk density Mglm ' 1.827 
Target Initial dry denSity Mglm ' 1.416 

Sample State - Measured Parameters 
Initial height mm 100.7 
Initial diameter mm 1033 
Initial wet mass g 1468 .0 
Final wet mass g 1607.8 
SpeCimen wet mass g 92 .2 
Cutting wet mass g 1514.5 
Cunlng Dry mass g 1076.0 

Sample State - Calculated/Observed Parameters 
Dry mass of Simple g 1141.5 

lIolume of solods cm' 4390 
In it ial Conditions (after currln,): [] 

Total v~ume cm 844 .0 
Volume of water cm ' 326.5 
MOisture Content % 2860 
Bulk denSIty Mglm' 1739 
Dry denSIty Mglm ' U53 
VOId f.(IO 0.922 

~ree of ~turatlon % 80.6 

Conditions after Saturation Sta.e -~ 
Sample volume chanse cm' 95 .4 

Net volume Innow cm' 17364 
TotalllOlume cm ' 9393 
Volum~ of w.t~r cm' 500.1 

Montur. Content % 4381 
Dry DensIty Ms/m' 1215 
VOfd (,lIO 1.139 

~tH of utur.tJon % 100.0 

CondItions .fter Consolidation Stale + 
~mple vOlume wn.e cm' · 299 
Ne-t volume fnflow cm' -29.56 

TotalllOlume cm' 909 4 

V~ume: of w.t~ cm' 4706 

M tur. Content % 41.22 

Dry Den\lty Mglm' 1255 

IIOtd rotlO 1071 

Dea'H of saturotJon % 1000 
Finl.1 Cond;tlons (after permub,lotv n .. ", -~ 
~mple volume eNnse cm 46 

Net Wot"r Inflow cm' ·37 

01 1I00ume cm' 9049 
VOfunM:" of w,t,,( cm ' 466.9 

~OI\tur. Content % 4085 

Dry o.,n"ty Ms/m' 1 262 

VOtdto,1O 1.061 

." .. of Ilu •• "on % 1000 

Appendix A - Accelerated Permeability : 
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Flow Details and Permeability Calculation 
Duration of Saturation 

DUf.tfon of Consolidation 

Ma"mum duratIon to reach steady state 

Steady state outflow 

Steady state Inflow 

Avera.e steady ... te flow 
CoeffiCIent of Permeability 

min 

mln 

mln 

m'/set 

m'/set 

m'/sec 

m/s 

7170 
1710 

19200 
1.624 E 11 

1.624E·ll 
1.62422E-ll 
9 .69OO4E-ll 



AMC-o-RAP 

Test Details 
Permeability test System No 2 
Te!.t comencement date 29/05/2009 
Test finish date 01/07/2009 
Appded hydraulic gradient 20.00 
Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa 660.00 
Soli type AMC 
Speedlc Density Mgfm' 2.6 
Compact Ion MC condition Dpp 
Target compactlon MC % 29.00 
Target Initial bulk density Mgfm' 1.827 
Target initial dry density Mgfm ' 1.416 

Sample State - Measured Parameters 
Initial heIght mm 100 4 
Initial diameter mm 1030 
Initial wet mass 8 1473.0 
Final wet mass 8 1577.0 
Specimen wet mass 8 118.2 
Cutting wet mass 8 1453.7 
Cuttln~ Or)' mass g 1060.0 

Sample State - Calculated/Observed Parameters 
Dry ma\s of sample 8 1146.2 
Volume of solids cm' 4409 
In'tlol C<>nditlons (alt.r curnn,): 0 
Tot.1l v~ume cm' 836.6 
VOlume of wat~r cm' 3268 
MOl' ture Content " 28.51 
Bulk denSity Maim' 1761 
Or)'don"ty Maim' 1.370 
VOId raho 0898 

l o.~lrH' of ~turatlon " 82.6 
C<>nditlons olt.r Rompln, : <> 
toampte volume chance cm 25.6 

Net voI1Jme ,nnow cm' 90.95 
T· ,t. I VoIu,"" cm' 862.2 
\i ,mf' of lN~tf'r cm' 417 .7 
M· 'turf Contf!nt " 3644 
Iry Do-nslty Maim' 1.329 

" "bo 0.956 
~rH' of s..t..Jr4ltlon " 991 
F'nlol Cond ,tlons (olt.r perm~obl"ty sta,e): A 
lamplto \/OIUrN' chane. cm 11.1 

"N Wottr Inflow cm' 131 
ro IVO/urN' cm' 873.3 

lV'otumr of lNit~ cm' 4308 

I ~Sh,r. Cont"nt " 37.58 

i>ry ()oonslty Mgfm' 1312 
v ~ ho 0.981 
.•. ~ of ~t ... r.\ion 99.6 

REMAJU(S : 

1~0 

1 4~ 

E 

10%A,r 
Voids 
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Flow Details and Permeability Calculation 
Oumlon of R.mp mln 4370 
""'aX:lmum duration to reach steady state mm 23700 
Ste.dy state outflow m'/sec 7244E-12 
Steady state 'nflow m'/sec 8.919E 12 
Aver'8e ste.dy state flow m'/sec 8.08153E 12 
Coeff,CIent of Perme.b,lIty m/s 4.84953E-ll 



BUBC-o-AP 

Test Deta ils 

Permeability test System No I 
T e!.t comencement date 1210312008 
Test finish date 11/0412008 
Applied hydraulic gradient 2000 
Applied average effective pressure kPa 5000 
Total confining pressure applied kPa 66000 
Soli type BUBC 
SpecifiC Den<tty Mg/m' 2.66 
Compact Ion MC condition Dpp 
Target compact Ion MC " BOO 
Target initial bulk denSity Mg/m' 1.97 
TargE't Inlual dry denSity Mg/m ' 1.61 

Sample State - Measured Parameters 
Inltla! h~lght mm 100.5 
Initial d_ameter mm 102.5 
Initial wf't mass g 1525.2 
Ftnal wet mass g 1611.5 
Specimen wet mass g 376.0 
Cuttt", wet miSS g 1233.4 
(u",nR Dry m,,, R 950.0 

Sample State - Calculated/Observed Parameters 
Dry ma~ .. of \~mplf' B 12396 
Volume of solids cm' 4660 
Inl tlll Conditions (Ift.r currinll _U 
Total vrlump cm 829.3 
Volume of w~t .. r cm' 2856 
M, ,1' ture Contrnl " 2304 
Bulk dpns'ty Mum' 1839 
)ry d n"ty Mg/m ' 1495 

VOId raltO 0.780 
I :w.rf't' of ~tu,.tlon " 78.6 
Conditions on Ipplicotlon of cell pr.ssur. : Q 
~pl" volume ch.n," cm 316718106 
Total VoIum<' cm' 7976 
Dry~n .. ty Mg/m' 1554 
VI dr hO 0.712 

''IrH of utur.tlon " 861 
Flnl.1 Cond,tion.· ~ 
... , I Wife< Inflow dUM. AP test cm 86.3 
Simple voIumt> lhinrr dur n, AP test cm' 419 
r ot.1 VoIumr cm' 839.5 
v'ofuf'I'M.'I of ¥f,t., cm' 371 9 
~tur. Content " 3000 
>ry~l\Slty Mum ' 1477 

1/, , .. ho 0.801 
.• 'P< f ,I","'''''' " 996 

mm 11000 
m,'!>~ 7 8&4E 12 

m'I'''' 1224E 11 

m 'I.", 1 OOSl·lI 
m, 608971[·11 
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BUBC-o-AP(h40) 

Test Details 
Permeabllltv test System No I 

Test comencement date 28/04/2008 
Test finish date 20/05/2008 
Applied hydraulIC gradient 4000 
Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa &6000 
Soli type BUBC 
5pe<lflC DenSity Mgfm I 2.66 
(ompactlon MC condition Opp 
Target compact Ion MC % 2300 
Target Initial bulk denSity Mgfm' 1.97 
Target initial dry denSity Mgfm 161 

Sample State - Measured Parameters 
Initial he'8ht mm 1004 
Initial diameter mm 1024 
Inltllll wet mass 8 15230 
Final wet m~us g 1628.0 
Spetlmen wet mass 8 108.5 
Cutting wet m~1SS 8 1525.5 
Cutting Dry mass 8 1151.0 

Sample State - C4IlculatedjObserved Parameters 
Dry mass of \amp1e I 
Volume of solids cm' 

Inlllol Condi tion. (after currlnl) 
Total vOlume cm 
Volume of water cm' 
MOI\ture Content % 

Bulk den"ty Maim' 
Dry d<>nSlty Mgfm' 

VOId raltO 

1 04'Rr~ of \ilturatton % 

Conditions on oppllcallon 01 cell pr ... ur. : 
Sample volu"", chaca. cm 
T·_t IVoh,,"~ cm' 
)ry ~n"ty Maim' 

11, rat to 

~ 'I'~ ,I \ Ilurot,on % 

Flnl.1 Condi tions· 

",·t WotrflnflOw du"",AP test cm' 
rn 11" volum~ ch.l"tl~ dunn, AP 1nl cm' 

To,aI 1I00um. cm • 
1I00ume of ",at er cm' 
..... ""tur. Content % 

Dry ~n"ty Mgfm' 

VOId rallO 
IDq, .. "IUI'H,"",,, ~ 

C4Ilculatlon 
mm 
m'/_ 
m'/_ 
m'/,« 
m!' 

1232.9 

4635 

0 
826.8 
290.1 

2353 
1842 
1491 

0784 
79.8 

Q 

2663781872 
8002 

1.541 
0.727 

862 
6 

105.0 

61.7 
8619 
395.2 

3205 
1430 
0860 
992 

242 
1 193E 11 
1627[·11 

140988E 11 
427919£·11 
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BUBC-o-AP(h70) 

Test Details 
Permeability test System No I 

Test comencement date 11/04/2008 
T est finish date 20/05/2008 
Applied hydraulic gradient 7QOO 

Applied average effecllve pressure kPa 50.00 
Total conflnmg pressure applied kPa 660.00 
Soil type BUBC 
Specific DenSity Mg/m I 2.66 
Compactlon MC condition Opp 
Target compactlon MC % 2300 
Target Initial bulk denSity Mg/m' 1.97 
Targpt mltlal dry denSity Mg/m' 1.61 

Sample State - Measured Parameters 
nit 1.11 height mm 100.5 

Initial diameter mm 102.5 
"Itlal 'Wet mass g 15190 

Final wet m;)!.s g 16164 
Spe<:lmen wet mass g 2980 
Cutting wet m.ns g 1331.0 
Cuttlnft Dry mass R 10070 

Sample State - Calculated/Observed Parameters 
Dry m.ss of s.mpl. g 12325 
Volume of solids cm' 4633 
Inltool Conditions (o ft.r currin,)· 0 
Total volume cm 8293 
Volume of watrr cm' 286 .5 
M, .ture Content " 23 25 
Bulk denSity Mg/m' 1832 
Dry dtns.ty Mg/m' 1.486 
VOid rahO 0.790 
o.-sr~ of wturatlon " 78.3 

Condi tions on I ppllal lon of c.1I pressure : <> 
Ampl. volume chon,e cm 2816 
T otol VolUme cm' 8011 
Dry DenSIty Mg/m' 1.538 
VOId t,1tO 0.729 

OPtff'f! of ~turluon " 848 
Flnla' CondltlonJ: c.. 
.... t W.1H Inflow dun". AP t~t cm' 976 
wmpk- volum~ ,ho • dunnc AP test cm' 484 

T 0101 VoI"mp cm' 8495 
V'ofUI'1'W" of "",tf1" cm' 384 2 

MOt1ture Cont~nt " 31 IS 

Dry Density Mc/m' 1451 

Void' too 0.834 
, .rH of Uluralion 995 

mm 14000 
m,_ 2 797E 11 

m'/sec 3462[·11 

m'/sec 3 1296H 11 
m/s 5.41'19E 11 

165 

1.60 

~E 

~ 1.55 

~ 

145 

140 

90 

80 

70 

60 

50 

1 40 .. .. 30 c 

6 20 .. 
E 
" 10 
"0 
> 

10 

20 

10 

-40 

120 

100 

.. 
~ 6 60 

40 
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VOids 

Appendix A - Accelerated Permeability : 

Summary Datasheets of Permeability Tests 

S%Alr 

VOIds 

0% Air 

VOIds 

... 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Moislure Content (%) 

t 

--Inflow from basp 

--- OutOowfromtop 

Rate of Inflow 

= 3.4620 .10 "m '/Set 

Rate of outflow 

" , " 2.7972 .10 "m'/'et 
\ , 
\ 

, , , , ,.---, , , , -~------------- ---
.... ---

5000 

.... --.... ---,' 
,' 1 

, 1 

I " 
1 

, 1 

, ,' 

1 

10000 

Time (mln) 

15000 20000 

----------------------

10 ,' / -- S.mple Volume Ch,nee 
I 

5000 

- - - Net Wat.r Inflow 

10000 
Tlm. (mln) 

15000 20000 

from 0 to 6060 mm du. to pow,-, cut . o,t. fOt' thIS tlmf" ~flod tnt~r~ from manual rKOrdmgs {first avalabl~ reading after Initial was at 



BUBC-o-APr 

Test Details 
Permeability test System No . 

Test comencement date 
Test finish date 

ApPlied hydraulic gradIent 

Applied average effectIve pressure 

Total confinIng pressure appiled 

Soli type 

Specific Density 

compact Ion MC condition 

Target compact Ion MC 

Target initial bulk denSity 
Target Initial dry density 

Sample State - Measured Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Final wet mass 
Specimen wet mass 

Cuttmg wet mass 
Cutting Dry mass 

kPa 

kPa 

Mg/m 
, 

% 

Mg/m ' 
Mg/m' 

mm 

mm 

g 

g 

g 
g 
g 

02/05/2008 
21/05/2008 
20.00 
50.00 
660.00 
BUBC 

2.66 
Dpp 

23.00 
1.97 
1.61 

100.5 
102.5 
1521 
1611 .0 
118.6 
1506.8 
11430 

Sample State - Calculated/Observed Parameters 
Dry mass of sample g 
Volume of solids cm' 

Init ial Conditions (after currln,): 

Total volume cm' 

Volume of water cm' 

MOlsturf Content " Bulk denSity Mg/m' 

Dry denSity Mg/m' 

VOldrilllO 

~ree of saturanon " Conditions on appllutlon of cell prenure 
Sample volum ... chang ... cm' 
Total VoIum ... cm' 
Dry Dt'nSlty Mg/m' 

VOid ratiO 

Dt',r •• of yturatlOn " Finial Conditions: 

Net W.t.r Inflow du,,"S AP test cm 
Sample volumf! ch.ns. dUring AP test cm' 
Tot.1 Volume cm' 
Volume of "".ter cm' 
MOtsturo Content " Dry Dt'nslty Mg/m' 

VOId ratio 
1 ~'RrH of \ Itur.llon " 
Flow Details and Permeability Calculation 
M~.~",um dur'{lon to rf'"h steady state 
SI ady st.te outflOW 

Sl~ady "ate Inflow 
Av., e SI ady stale now 
CoefflC>ent of Permeability 

mm 
m'/sec 
m'/,ec 

m'/,ec 
m/. 

1232.9 
4635 

0 
829 .3 
2881 
23 .36 
1834 
1487 
0 .789 
78.8 

<) 

-2915339915 
BOO. 1 

1.541 
0 .726 
85 .6 

t:. 
90.0 
42 .8 
842 .9 
3781 
30.66 
1463 
0819 
996 

14000 

5829E 12 
4.301E-12 

506574E·12 
1.06956E-ll 

1.65 

160 

~E 

~ 1.55 

~ 
?: .;;; 
c: 

'" Cl 1.50 

g 

1.45 

140 

50 

40 

30 

20 

~E 

::. 10 .. .. 
ii 
.z: 
u 10 
'" E 
" 20 -0 
> 

30 

"'0 

50 

60 

100 
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80 

1 70 

'" 60 .. 
c: .. SO 6 ., 40 
E 
" 30 
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0 

• 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

10% Air 

VOIds 

S%Air 

VOIds 

O%Alf 

Voids 

.... 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

Moisture Content (%) 

Rate of Inflow 

= 4.30283 xlO "m3/sec 

--Inflow from base 

I --- Outflow from top 

I 
I 
1 , , , 

" Rate of outflow 

'........ = 5.8287 xlO nmJ/sec .... -- _______________ -._ .I.-.,.-~..::- .. -

5000 10000 15000 20000 

Time (min) 

------------------------

--Sample Volume Change 
--- Net Water Inflow 

5000 10000 15000 20000 
Time (min) 



BUBC-o-BS 

Test Details 
Permeability test System No 2 
Test co men cement date 18/06/2008 
Test finish date 30/06/2008 
Appiled hydraulic gradient 20.00 
Applied average effectIve pressure kPa 50.00 
Total confining pressure applied kPa 660.00 
5011 type BUBC 
SpeCIfic Density Mg/m 

, 
2.66 

Compactlon MC condition Opp 
Target compactlon MC % 23.00 
Target Initial bulk denSity Mg/m' 1.97 
Target Initial dry density Mg/m ' 1.61 

Sample State - Measured Parameters 
Initial height mm 100.5 
Initial diameter mm 102.7 
Initial wet mass g 1521.5 
Ftnal wet mass g 1612.6 
Specimen wet mass g 142.3 

Cutt ing wet mass g 1517.4 
CU"IOS Dry mass g 1127.0 

Sample State - Calculated/Observed Parameters 
Dry mass of sample g 1232.7 
Volume of solids cm' 4634 

Initial CDndltlons (aftor currlnl): 0 
Total volume cm 832 .5 
Volumr of water cm' 288.8 
MOlsturr Content " 23 .43 
Bulk denSity Mg/m' 1828 
Dry denSity Mg/m' 1481 
VOid ratio 0.796 

~8rf'e of saturit.on " 782 
CDndltlon. oftor Snurotlon StaIO : <> 
Sample volum. chang. cm' 60.8 
Nf't volume ,nnow cm' 140.15 
Total Volum. cm' 893 .3 

VoIum. of water cm' 429 .0 

MOisture Content " 34 BO 

Dry Density Mg/m' 1.380 
VOid rillO 0.928 

l~rH of saturation " 998 
CDndltlons olter CDnsolldotlon Sta,o: T 
Sample volume chan,. cm' -495 

~~t volume Inflow cm' -4817 

TotalVOium. cm' 8438 

VoIum. of wat~r cm' 3808 

MOtiture Content " 3089 

Dry DenSity Mg/m' 1.461 

Vood ra'lO 0 .821 

100·M'" of S Ilural,on " 100.0 
flni.1 CDndltlon. (.ft.r permoability .ta,e) , £:. 

~mpl' volume ch.ng. cm' 18 
N"1 Waler Inflow cm' -06 

To •. I Volume cm' 842.1 

Vooum~ of waler cm' 3802 

.... oo<tu,. Content " 30.82 

<1fY o.nwty Mg/m' 1464 

Vo..1 ratl() 0.817 

C··.:, ... of ~Iur'loon " 1000 

1.65 

160 
5%Air 

VOids 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

10% Air 0% Air 

1 1.55 

~ 

, , 
, , ~ 

.~ 1.50 
c: 
~ 
>-
Cl 145 

1 
GO .. 
c: .. 
0 

GO 
E 
" "0 
> 

1.40 

1.35 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

Moisture Content (%) 

16 

14 

12 

11000 

160 
150 
140 

Permeability Stage 

--Inflow from base 

- - - Outflow from top 

" 
, , 
, " , 

12000 

" , 
, 

, , , , 

13000 

Rate of outflow 

= 4.4137 .10 "rn ' /,et """ 

""" 

//,///' 

14000 15000 16000 17000 

Time (min) 

130 ' -
120 --' 
110 ,. -,- --
100 , 
90 I --------------
80 I 

70 I 
60 
SO 
40 
30 --Sample Volume Chance 

20 , 
- - - Net Walrr Inftow 

10 
0 

2000 4000 6000 8000 10000 12000 14000 16000 
TIme (mln) 

Flow Details and Permeability Calculation 
Duration of Saturation min 8645 
Du,atlon of CDn,olidatlon min 2705 
Ma)umum duration to reach steady state mln 13800 
Sleady state outflow m'/,ec 4.414E-11 
Steady state Inflow m'/,ec 4.401E 11 
Average .teady stale flow m'/sec 4.40744E-11 
Ceelfloenl of Permeability m/' 2.66027E-IO 



BUBC-o-BSr 

Tes t Detail s 

Permeability test System No I 
Te!.t comencement date 18/0612008 
Test finish date 04107/2008 
Applied hydraulic gradient 2000 
Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa 66000 
Sod type BUBC 
Specific DenSity Mg/m ' 266 
Compactlon MC condition Dpp 
Target compact Ion MC % BOO 
Target IMlal bulk denSity Mg/m ' 1.97 
Targf"t initial dry density Mg/m ' 1.61 

Sample State · Measured Parameters 
Initial height mm 100.4 
Initial diameter mm 1024 
Initial wet mass g 15189 
Final wet mass g 1605.5 
~Imen wet mass g 1131 
Cutting wet mass g 1535.5 
Cutting Dry mass g 11410 

Sample State· u lcu latedjObserved Parameters 
Dry mass of samplp & 1232.5 
Volume of ,olids cm' 463 .3 
Inl l l.1 Conditions (ofter turnnll : [] 

Total volume cm 826.8 
Volume of water cm' 286.4 
MOlstur~ Content " 2324 
8ulk denSity Maim' 1837 
Drydens'ty Maim ' 1491 
VOid raltO 0.785 
~r~ of ~turatlon " 788 
Condlllon> Ifter Saluratlon SlIIe <> 
Soornpie volume chonee cm 61.8 
Net volume Inflow cm' 13813 
-. It .1 VohJme cm' 888 6 
Vo ~f' of watrr cm' 4246 
Mo tur. Content " 3445 

ry Of>nslty Maim ' 1.387 
VOldrlhO 0.918 
I L>eJ'~t of utur.tton " 998 
Condition> I ft tr ConJOl,dotlon SUle . + 
l>ampW volume chanee cm · 50 I 
~el volu~ Inflow cm' .4811784189 
To ~ Volume cm' 838.5 
V ''''f'ofw 1~ cm' 376.3 

... ' lur. Conlenl " 3054 
." 1An.t1y Maim' I 470 

" rot 0.810 
I .. ,to f Itur,attOn " 1000 
Finial Cond,llon> (Ifttr IMrmub,1I1y >u,., 6 
I "' 'vc .m. (h'nl~ cm' 41 

" I Water Inflow cm' 16 
TOtalVOIulM cm' 8344 

IVoIume of wOlt'r cm' 3747 

Mobturr Co"'U~nt " 30 ]7 

Dry ~n.,1y Maim' 1477 
I .. <>id ratIO 0801 
. Dfo«r~ of utorat!on " 1000 

r EMARKS 

1.65 

160 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

, . , 
:::- 1.55 
E 

"01 
! 
l: 1.50 .. 
c 
~ 
>-

CS 145 

140 

135 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

Moislure Conlenl (%1 

1 .. .. 
c .. 
.c 
U .. 
E 
" "0 
> 

40 

Permeability Stage 

35 
--Inflow rrom b~se 

--- Outflow from top 
30 , " , " 

, 
", 

" , 

1 25 
,,' , , 

= 5.0011 xl0 Ilm l/sec ", 
Rate of outflow 

Rate of inflow .. .. 
c .. 20 0 .. 
E 
" 15 
0 
> 

10 
, , , , , , 

11000 13000 

160 

, 
, , , , 

, , 
, 

15000 

, , , 
, 

, , , , 

17000 19000 

TIme (minI 

= 5.0055 .10 "m'/sec 

21000 23000 25000 

140 ----- --- , --S.mple Volume Ch.nle 

120 
I I - - - Net W.ter Inflow 

100 
I 

80 I 

60 

40 

20 

sooo 10000 15000 

TIme (minI 

Flow Details and Permeability ulculation 
Duration of Saturation 
Duriltlon of Consolidation 
MaXimum duration to reach steady state 
Sludy state outflow 
Sleady stale mflow 
Avera,e study state flow 
CoeH'Clent of Permeability 

mm 
mm 
mm 
m'/sec 
m'/sec 
m'/sec 
m/s 

20000 25000 

10250 
1620 

19500 
5.001E·ll 
5.005E·11 

SOO327E·11 
3.03762E· l0 



BUBC-o-RAP 

Test Details 

Permeability test System No 

Test comencement date 

Test finish date 

Appded hydraulic gradient 

Applied average effective pressure 

Total confmlng pressure applied 

Soil type 
SpeCIfic DenSity 

CompactlOn MC condition 

Target compactlon MC 

Target initial bulk denSity 
Target initial dry denSity 

Sample State - Measured Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Fmal wet mass 
Specimen wet mass 
Cutting wet mass 
CutMg Dry mass 

kPa 

kPa 

Mg/m' 

% 

Mg/m' 
Mg/m 

mm 

mm 

g 

g 

g 

g 
g 

2 

22/05/2008 
16/06/2008 
20.00 
5000 
66000 
BUBC 

266 
Opp 

23.00 
1.97 
161 

100.5 
102.3 
15200 
16410 
82.5 
15594 
11700 

Sample State - Calculated/Observed Parameters 
Dry mass of ... mple g 1231.9 
Volume of soltd, cm' 4631 
Inltl~1 Conditions (~fter cUfflnc) : 

Tota volume cm 8261 
Volume of wat~r cm' 2881 
MOliture Content '" 2339 
Bulk denSity Mg/m' 1840 
Dry dens.ty Mg/m' 1491 
VOid ratiO 0784 
Delv~e of satur~tlon '" 794 
Conditions after Rampln, : 

Sample volume chance cm' 37.2 
Net volume Inflow cm' 106.53 
"'ot~1 Volumf' cm' 8632 
Volume of water cm' 3947 
Mo ture Content " 32.04 
Dry Density Mg/m' 1427 

v' .cS'illO 0864 
o._~r~ of wtur.t,on " 986 
Fin,.1 Cond,tions (aft.r ~rrMlbillty stl,e) : 

mr't' volume chance cm' 88 
N t Water Inflow cm' 136 
.... tl l Volume cm' 872 1 
v' time of wller cm' 408 3 
M· ture ConteN " 3321 

Dry ns.ty Mg/m' 1413 
Vc r tlo 0883 
. "r~ ~f saturatloo 998 

REMARKS : 

Cl 

<> 

l:t. 

1.65 

1.60 

10% Air 

VOids 

5% Air 0% Air 

Voids Voids 
~ ... -...... 

-~ ... - ~ 
" ... _;1 

" 1.55 
E .... 
::< 

, , 

?: 1.50 .;;; 

" ~ 
~ 145 

l .. .. 
" .. 
~ 
u .. 
E 

" (; 
> 

1.40 

135 

120 

100 

80 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Moisture Content (%) 

-- Inflow from base 

- - - Outflow from top 

Rate of mflow 
= 1.8876 xlO " m'/sec 

, Rate of outflow 

'. = 1.6916 x10 "m'/sec ....... 1 
, ~--~~ \ ..... .oj....-.. 

" -~ ... --~ , ----...... _-----40 

·60 • 

o 5000 10000 15000 20000 25000 30000 35000 

nrne(rnln) 

140 
130 
120 ---------------------------110 ". 
100 , 
90 I 

I 
80 I 

-- S.mple V~ume Ch~ne~ 

70 I - - - N~t W~ter Inflow 
60 
so v-40 
30 
20 
10 
0 

· 10 
o 5000 10000 15000 20000 25000 30000 35000 

nme(mln) 

Flow Details and Permeabi(i!}' Calculation 
Duralton of Ramp 

MaXimum duration to reach steady state 

Steady state outflow 
Steady state inflow 

Average steady slate flow 
CoeffICient of Permeability 

mm 
mm 
rn'/sec 

m'/sec 
rn '/,ec 

m/' 

4360 
15000 

1 692E l1 

l888E l1 

1.78959E l1 
1.08863E-10 



Test Details 

Permeability test System No 
Test comencement date 

Test finish date 

Applied hydraulic gradient 

GT-d-AP 

Applied average effective pressure 

Total confining pressure applied 

Soli type 
SpeCIfic Density 

Compactlon MC condition 

Target compact Ion MC 
Target In,tlal bulk denSity 
TargN initial dry density 

Samp le State - M easured Param et ers 
Initial heIght 

InItial diameter 

Initial wet mass 
Final wet mass 

Specimen wet mass 

Cult I"' wet mass 
(unln« Dry macos 

24/10/2008 
03/12/2008 
2000 

kPa 50.00 
kPa 660.00 

GT 
Mg/m ' 271 

Dry 

% 12.50 
Mg/m' 2.196 
Mg/m 1.952 

mm 100.3 
mm 1028 
g 1770.0 

8 1800.9 
g 1762 
g 1627 9 
g 1420.0 

Samp le State - Calculated/Observed Parameters 
Dry m." of ,"mpl~ 11 
Volume of solids cm' 
Inltl.1 Conditions (.It~r currine) ; 
Tot~lv~ume cm 
VOlume of water cm' 
MOisture Content % 
Bulk denNy Mg/m ' 
Dry d ns'ly Mg/m ' 
Voed r.lto 

~1C,rH! of S41turatJon " Conditions on .ppllcatlon of cell pressure ; 
Simpl~ yolum~ ch.n,e cm 
TOI.I Volume cm' 
?ry Ot-n"tv Mg/m ' 
Vood rallO 

1"'1Ir... ,f' ,lur'llOn " Anl.1 Conditions' 
INel Water Inflow dUM, AP te.1 cm' 
Simpic, volume (han e dunn, AP (~I cm' 
TOlal Volume cm' 
Volume of wat r cm' 
Mo"tur. Content " Dry Ot-nSlly M&lm ' 
VOId r.tl() 
'' '' • 'ft of W.",.tIM " 
Flow Details and Permeability Calculat ion 
.... " num dur.t .~.o 'e,<h \'.'idy st... mln 
I tudy .t ••• OutflOW m'/.« 
. tudy "01. Inflow m'/.« 
Av t ~ sLit. Row m 'sec 
r . '1",.(" ,. )f Perme.boltty m/s 

15737 
580 7 

0 
832.5 
196.3 
12.47 

2126 
1890 
0.434 

78.0 

<> 
·31 29956362 

8012 
1.964 
0.380 
89.0 

Il. 
306 

9.0 

8102 
226.9 
1444 

1.942 
0.395 
988 

5120 
2900E 11 
3325E 11 

3 1123l 11 
1.87419E-10 

2.00 

198 

196 

194 

~E 

~ 192 

~ 
.~ 190 
c: .. 
o 188 
~ 
0 

186 

184 

182 

180 

35 

30 

25 

20 

1 15 .. .. 
c: .5 10 .. 
E 
~ 

'0 
> 

1 .. .. c: .. 
6 .. 
E 
~ 

'0 
> 

10 

15 

35 

30 

25 

20 

15 

10 

Appendix A - Accele rated Permeability : 

Summary Datasheets of Pe rmeability Tests 

10% Air 

VOids 
S%Alr 
VOids 

, , 

10 11 12 13 14 15 16 17 18 19 
Moisture Content (%) 

-- Inflow from base 

- - - Outflow from top 

Rate of outflow 

I = 2.9001 xl0 l1m '/sec 
• ... ..... 4It ... ~1! 
, .~--~ 
\ ---
\ -----------' .... _---------

1000 2000 3000 4000 5000 6000 7000 

Time (mln) 

,,-- --------------------- ~ -------------, 
I , , , , , 

I 
I 

I 
I 

-- Sample Volume Change 

I --- Net Water Inflow 

o 1000 2000 3000 4000 5000 6000 7000 
Time (mln) 



Test Deta ils 
Permeability test System No 

Test comencement date 

Test "nl5.h dine 

ApPlied hydraulic gradient 

GT-d-BS 

Applied average effective pressure 

Total confining pressure applied 

Soil type 
SpeCIfiC Density 

Compactlon MC condition 

Target compactlon MC 

Target initial bulk denSity 
Target Initial dry density 

Sample State - Measured Parameters 
IMlalhetght 
Initial diameter 

Initial wet mass 

Fmal wet mass 

Spec:lm~n wet mass 

(utt'"B wet mass 
CuttlnR Dry mass 

2 

23/10/2008 
07/11/2008 
20.00 

kPa 50.00 
kPa 660.00 

GT 
Mg/m ' 271 

Dry 
% 12.50 
Mg/m ' 2.196 
Mg/m ' 1.952 

mm 100.5 
mm 1031 
g 1775.0 

I 18291 

I 142.9 

8 1688.0 
g 14540 

Sample State - Calculated/Observed Parameters 
Dry mass of samplf 8 1577 1 
Volume of solids cm' 5820 
Inll lal Condition. (aft.r eurrtnc): [J 

T01.1 volume cm 839.0 
Volume of water cm' 197.9 
MOIsture Content % 12.55 
BUlk deni'ty Mum ' 2.116 
Dry dens,ty Mg/m ' 1 BBO 
VOtd fOtlO 0.442 
~8rH of satlJr;nlon % 770 
Condillon. afte r Salur.tlon StaC. Q 
Sample volume ehane. cm' 77 

Net volume ,"flow cm' 6684 
To. I Volume cm' 846.7 
V~ me of water cm' 264.7 
M, lure Coni nt % 16.79 
Dry Density Mg/m' 1863 
VOid (alto 0455 

I ~r~ of Wlur'tlon " 100.0 
Conditions after Consolidat ion SlICe: + 
•• ml le volurn~ ch~nle cm ·124 

Ill/et volu"'~ ,.fIow cm' 124 
..,. ~t, Vol"",. cm' 8343 
Volu~ of 'Nit~ cm' 252.3 

I ~Shlrl Contf'n' " 1600 

II>rv Density Mg/m ' 1890 

Void r. '" 0.434 

I ~f", of uturatlon " 1000 
finial Cond itions (after permeability .IIC') ' 6. 
m~1e volurne ch.n •• cm 10 

11/ t W.ter Inflow cm' '{)2 

•• 1 VoIum cm' 8333 
Vo of ""'''- cm' 252 1 
M tUft Content " 15.9B 

'ry Den ty Maim ' 1893 
Void r~ to 0.432 
I :>.t:r .. of wtur,tlon " 1000 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

2.00 

1.98 

1.96 

1.94 

~E 

~ 192 

! 
~ 190 
v; 
c .. 
<> 188 
~ 

<> 
186 

184 

182 

180 

ID 

3~ 

30 

2~ 

1 
~ 20 
c 

6 
~ I~ 

" "0 
> 

10 

11 

lOO"" Air 
VOids 

12 13 

Permeability Stage 

--Innow from biillse 

- - - Outflow from top 

, , 

14 

S%Alr 
VOids 

I~ 16 17 
Moisture Content (%) 

Rate of outflow 
= 3.4350.10 "m'/,ee 

18 19 

12000 13000 14000 1~000 16000 17000 18000 19000 20000 21000 22000 

TIme (mln) 

80 

60 
~-- -~--, .. ' , , -, t _______ ________ _ _ 

.. 40 .. , , , , I c 

6 .. 
E 
" "0 
> 

20, 

-- \amplto "<Mum. Ch_ne. 1 _ ____ _ 
- - - ,...t Wet., ."ftow 

20 • 

10000 1~000 

TIme (mln) 

Flow Details and Permeability Calculation 
Ouritlon of Satur~tlon 

DUfat,on of ConsolldOllon 
Mi)(lmUm dur~tlon to re~ch steady state 

Steady .tate outflow 
Steady .tate ,nflow 
A •• rage .t.ady .tate flow 
Coeff'Clent of Permeability 

mm 
mln 

mln 

m'/."" 
m'/."" 
m' /."" 
m/, 

20000 

11400 
1390 

18500 
6.107E·11 
6.1S0E·11 

6.12861E-11 
3.6705E-I0 



GT-d-RAP 

Test Detail s 

Permeability test System No 

Test co men cement date 

T est finish date 

Applied hydraulic gradient 

Applied average effective pressure 

Total confining pressure applied 

Soli type 

Sp~lflC DenSity 

Compact Ion MC condition 

Target compacllon MC 

Target Inltlol bulk denSity 
Target initial dry denSity 

Sample State - Measu red Parameters 
Initial height 

Initial diameter 

i ntual wet mass 
Final wet mass 

Specimen wet mass 
Cutting wet mau 
CuttlnR Orv ma~s 

2 

14/03/2009 

31/03/2009 
20.00 

kPo 50.00 
kPa 660.00 

GT 
Mglm ' 271 

Dry 

" 12.50 
Mglm' 2.196 
Mglm' 1.952 

mm 100.5 
mm 1027 
g 1773.0 
g 1808.0 
g 76.3 
g 1679.2 

R 1510.0 

Sample State - Calculated/Observed Parameters 
Dry mass of ",mple , 1578.6 
Volume of solids. cm' 5825 
Inltl.1 Condition. (.ft., currinll: 
Total volume cm 832.5 
Votume of water cm' 1944 
MOisture Content " 12.32 
Bulk dens,ty Mglm' 2.130 
Dry ck>ns,ty Maim' 1896 
VOid ,.ho 0.429 
~r~ of wturatlon " 778 

0 

Conditions .fter Rampl':'l : Q 
~m"le volume chance cm' ·129 
Net volume Inflow cm' 34.5 
Tot I VoIumt' cm' 8196 
VoIumt' of ... ter cm' 2289 
MOIsture Cont nt '" 14.50 
Dry Derlslty Mglm' 1926 
Void ro1l0 0.407 

[ "i!r~ ".turltlon " '166 
Anl.1 Condlllons (.ftor permOlb,llty stllol A 
; .. ."pI. v ,Iume chln,e cm -07 

" t WOler Inflow cm' 0.5 

Tot" VoIutnt' cm' 818.9 
Volume of ,*"I1("f cm' 229.5 

MoIsturo Contont " 14.53 

[)ry~ty Maim' 1.928 

\" r.1O 0.406 
. ',rH of uturotlon " 97 I 

I'd to run fO(.n f'lrt~nd~ dur.tioo . VI~uallnsPf'(tlon of th~ 

mol on t~t compl~tlon Indluted high Irowth of mICrobes (blackened 

h.1 sompl .... -tr m'tiesl . lhl, ,rowth " d .... mt'd 10 ho~ hod on 

, ,fKt on ~~abil'ty '4.11... drr.ved nd ".jl~n.t'~ aiSH'm~nt of 
<mt"!>il,ty 111'" non GT d RAP (shortonodl dalo", .. 1 

Appendix A - Accelerated Permeability : 

Summary Datasheets of Permeability Tests 
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c: ., 
o 188 , , 
~ 
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186 

184 

182 10%Alf 
Vo.ds 

S%A'f 

Voids 

0% Air 

VOld~ 

180 , " 

1 ., .. 
c: .. 

s:; 
u ., 
E 
" (I 
> 

l .. .. 
c: .. 
0 ., 
E 
" '0 
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10 11 12 13 14 15 16 17 18 19 

Moisture Content (%1 
60 

--Inflow from base 
50 

- - - Outflow from top 

40 Rate of Inflow 

• 3.01255,10 " m '/,ec 

30 

20 

10 

Growth at apro)(imatly 

18000 mlns 

L------... ---........ -· 
--,," Rate of outflow 

, ", 
..",... = 3.2852 x10 l}m)/sec 

10 

20 

so 

40 

'0 

10 

\ --' .... _ ....... ' 

I 

, 
I 

5000 10000 15000 20000 25000 30000 

TIme (mini 
35000 40000 

10 -- !.amp~ Vo'um~ Chance 

- - - Nfo1 W.ter InHow 
0 

10 

20 

5000 10000 15000 20000 25000 

TIme (mini 

Flow Details and Permeability Calculation 
Duration of Ramp 
MaXimum duratIon to reach steady stale 
Steady Slale outflow 

Study slale Innow 
Averale steady Slate now 
CoeffICient of Permeability 

mln 

mln 

m'/set 
m'/set 

m'/set 
m/s 

30000 35000 40000 

4390 
25700 

3285E-12 

3013E·12 
3.14888E·12 
1.9OO62E-11 



GT-d-RAP (shortened) 

Test Details 
Permeability test System No . 

Test comencement date 
Test finish date 

ApPlied hydraulic gradient 

Applied average effective pressure 

Total confining pressure applied 

5011 type 

Specific DenSity 

Compactlon MC condition 

Target compactlon MC 
Target Initial bulk denSity 
Target initial dry density 

Sample State - Measured Parameters 
Initial height 

Inlllal dIameter 

Initial wet mass 

Final wet mass 

Specimen wet mass 
Cutting wet mass 
CU"InS Dry mass 

14/03/2009 
31/03/2009 
20.00 

kPa 50.00 
kPa 660.00 

GT 
Mg/m' 2.71 

Dry 

% 12.50 
Mg/m' 2.196 
Mg/m ' 1.952 

mm 100.5 
mm 102.7 
g 1773.0 
g 1808.0 
g 76.3 

g 1679.2 
g 1510.0 

Sample State - Calculated/O bserved Pa ra meters 
Dry mass of sompl. g 1578.6 
Volume of solods cm' 582 .5 
Init ial Conditions (aftor currlne): 

Total volume cm 832.5 
Volume of water cm' 1944 
MOisture Content " 12.32 
Bulk denSity Mg/m' 2.130 
Dry density Mg/m' 1.896 
VOId ratio 0.429 
Dt'1lr~ of saturation " 77.8 
Conditions otter ~mpln, 

Simple volume chanae cm -12.9 
Net volume Inflow cm ' 34.5 
Total Volume cm' 819 .6 
V~ume of water cm' 228.9 
MOIsture Content " 14.50 
Dry Density Mg/m' 1.926 
VOId ratiO 0.407 

1 00_r~ of Uturahon " 96.6 
Finl.1 Conditions (Iller permelbillty nlgo): 

Simpl. volume chana. cm -Cl 
N~t Watt' Inflow cm' 0.6 
Total Volume cm' 819 .5 

Volume of Wal~ cm' 229.5 

""ob tu'e Content " 14 .53 

D<yDen\lty Mg/m ' 1.926 
VOldr hO 0 .407 

l o.,,~ of ~tu"hon " 968 

REMARKS 

0 

<> 

C;. 

2.00 

1.98 

1.96 

1.94 

~E 

Appendix A - Acce lerated Permeability: 

Summary Datasheets of Permeability Tests 
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, ______ ----------- Rate of outflow 
_ = 3.2852 x10 " m' /,ec 
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5000 10000 

Time (mln) 
15000 20000 

---------------------------
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10 I 
I 

0 

10 

20 

0 

, , 

5000 10000 

Time (mln) 

-- Sample Volume Change 

- - - Net Water lnHow 

15000 20000 

Flow Deta ils and Permeabili ty Calculation 
Duration of Ramp 

MaXimum duration to reach steady state 

Steady state outflow 

Steady state Inflow 

Average steady state flow 
CoeffiCient of Permeability 

min 

min 
m'/,ec 
m'/,ec 
m'/,ec 
m/s 

4390 
10200 

2.043E-ll 
2.084E-ll 

2.06343E-ll 
1.24546E-10 



Test Details 
Permeability test System No 

Test co men cement date 

Test finish date 

Applied hydraulIC gradient 

GT-o-AP 

Applied average effective pressure 

Total confining pressure applied 

Soli type 
Specific DenSity 

Compactlon MC condition 

Target compactlon MC 
Target Initial bulk denSity 
Target initial dry denSity 

Sam ple State - Measured Parameters 
IMlal height 
Initial diameter 

Initial wet mass 

Final wet mass 

Specimen wet mass 

Cuttlnl wet mass 
Cutting Dry mass 

11/0B/200B 

17/0B/200B 
20.00 

kPa 50.00 
kPa 660.00 

GT 
Mg/m' 2.71 

Opp 
% 13.50 
Mg/m' 2.23B 
Mg/m' 1.972 

mm 100.4 
mm 102.1 
g 1B06.0 
g 1B12.0 

g 14B 5 
g 1663.0 
g 1462.0 

Sam ple State - Calculated/Observed Parameters 
Dry ma .. of sampl~ g 
Volume of sahds cm' 
Init ial Conditions (aft.r currln,': 
Tatalvalum. cm' 
Volume of wiler cm' 
MOIsture Content % 

Bulk dens'ty Mg/m' 
Dry dens,ty Mg/m' 
VOid r.110 

~Ir~ of saturation " Conditions on appllatlan of coli pr ... ur. : 
5ampl~ volum~ chan,. cm' 
Total Valum~ cm' 
Dry OfonStty Mg/m' 
VOid "hO 

I ~rH of ~tvrat'on " FInial Conditions· 
N~t Wat.r Inflow du,,", AP t.st cm' 
... mpl. volum. chan.~ du"n. AP t~st cm' 
TOI. I Valum~ cm' 
Vc)! I~ of wal~ cm' 
M (tur. Contfnt " Dry D<>ns,ty Mg/m' 

'I odr hO 

.• " .. of ,turlt'on "4 

Flow DetaIls and Permeability Calculation 
M.\)(I I"" dur,t on to r~,ch stf,dy st,tf mln 

~t~ 1 t~ ""tflaw m'/soc 
~! ady ".t~ Inlla.. m'/soc 
Ave< ne.cly nate fIo.. m '/st!< 
Ctw>'foc,."t 'f ~_.,t. 'tv m/s 

1592 6 

5877 

0 
8220 
213 4 

1340 

2197 
1.937 

0.399 

91.1 

<> 
-1926 

8027 
1.984 

0.366 

992 
6 

6.7 
47 

807.5 

2202 
1378 

1.972 
0.374 
1002 

1100 

1.52801 
1625[·11 

1.57646[·11 
9.62745E-11 
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Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 
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Test Details 
Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulIC gradient 

GT-o-BS 

Applied average effective pressure 

Total conflntng pressure applied 

5011 type 
Specific Density 

Compactlon MC condition 

Target compactlon MC 

Target Initial ~ulk density 
Target initial dry density 

Sample State - Measured Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Final wet mass 

SpeCimen wet mass 

Cutting wet mass 
Cutt ing Dry mass 

2 

10/09/2008 
24/09/2008 
20.00 

kPa 50.00 
kPa 660.00 

GT 
Mgfm 

, 
2.71 
Opp 

% 13.50 
Mgfm' 2.238 
Mgfm' 1.972 

mm 100.4 
mm 102.3 
g 1803.0 
g 1805.2 
g 153.6 
g 1651.5 
g 1455.0 

Sample State - Calculated/Observed Parameters 
Dry mass of sampl. g 1590.3 
Volume of solids cm ' 5868 
Ini t ial Condlt lo no (alter currinl) : 0 
Total volume cm 8252 
Volume of water cm' 212.7 
MOlstun~ Content " 13.37 
Bulk denSity Mgfm' 2.185 
Dry density Mgfm' 1.927 
VOid ratio 0.406 
~Ir~ of saturation " 892 
Condition. alt.r s.turotlon Stale : <> 
S.mple volume eIIance cm' -12.1 
N~t volume ,nnow cm' 13 48 
Tot~1 Volume cm' 813 1 
Volume of water cm' 226.2 
MOtsture Content " 14.22 
Dry DenSity Mgfm' 1.956 
Vo.d rallO 0 .386 

I Oqr~ of S4turatlon " 999 
Condition •• ltor ConiOlldatlon Stal e + 
S.mple volume eIIan,e cm -11 .3 
Nel volume Inflow cm' -11.04 
Tot~1 Volume cm' 801.9 
VoI .. me of w.ter cm' 2151 
Man.turf' Con~nt " 13.53 

Dry ~n"ty Mgfm' 1.983 
V",dr.too 0 .366 

!Ot"a'" of S·ltvratJon " 100.0 
Finial Condi tion. (.ltor INrmo.blhty ""'0); A 
s.mple YOIume eIIan,e cm' 08 

INot Wller Inflow cm' -0.5 

Total Volume cm' 801 .0 
VoI .. ",., of waler cm' 2146 

M-otsl\Jf. Content " 13.51 

Oty Den"ty Mc/m ' 1.985 
VOId ,.110 0.365 
10.." ... of. Ilural·on " 100.0 

2.05 

203 

201 

199 

-E 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

OOA. Air 
VOIds 
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.30 l ~ 
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Flow Deta ils and Permeability Calculation 
Duration of Saturation 
Duration of Consolidation 

MaXimum duration to reach steady state 

Sleady Slate outflow 
Steady slate Inflow 
Average .teady state flow 
CoeffICient of Permeability 

min 
mln 

mln 

m'/sec 
m

1
/sec 

m'/sec 
m/s 

20000 

10760 
1740 

17200 
3.120E-ll 
3.072E-ll 

3.09581E-ll 
1.B8323E-I0 



GT-o-RAP 

Test Details 
Permeability test System No 

Te5t comencement date 

Test finish date 

Applied hydraulIC gradient 

Appht"d average effective pressure 

Total confining pressure applied 

Soli type 

Spe<:iflc Density 

Compactlon MC condition 

Target compactlon MC 

Target initial bulk density 

Targpt initial dry dE"nslty 

Sample State - Measured Parameters 
100tlal height 

Initial diameter 
Inlual wet mass 

Final wet ma'l.S 

S~lmen wet mass 
(ultao, wet mass 
Cunlnfl Dry ma'i.'S 

2 

20/08/2009 
27/03/2009 
20.00 

kPa 50.00 
kPa 660.00 

GT 
Mg/m' 2.71 

Dpp 

% 13.50 
Mg/m' 2.238 
Mg/m ' 1.972 

mm 100.5 
mm 1026 

g 1806.0 

g 18222 
g 1520 

g 1666.7 

R 14580 

Sample State - Ca lculated/Observed Parameters 
Dry mass of sample g 15910 

Volume of wilds cm' 5871 

Init ial Condi tion. (after cu,rinll: 

Tot.I ... ~ume cm 830.9 

Vo'ume of water cm' 215.0 

""")1' ture Cont""t " 13 52 

8ulk d<-n,lty Mum ' 2174 

Iry d n"ty Mum' 1.915 

Vood '011() 0.415 

~r~ of uturatlon " 882 

Conditions. after Ramp,n. : 

.. m~e volume ctwnce cm -13 2 

Net volume Inflow cm' 15.61 

Tc.tal VoIum~ cm' 8177 

Vofum~ of watf"r cm' B06 

M.QIitur. Contpnt " 14.50 

Dry o.n"ly Mg/m' 1946 

VOtd rt\ho 0393 

IDegrH' of \iltur.ttOn " 100.0 

Finial Cond ,tlon. (aft., permeabili ty '~I.' 
Sam~ volurn. chin •• cm -0.2 

'" 1 W'l~ .nhow cm 
, 

0.2 

ro~1 Volume> cm' 8175 

!"oIurTW of ... t", cm 
, 

B08 

~UUf. Cont""t " 1453 

Dry Om\lry Mg/m • 1946 

" ,t 0.393 

'. .f ,t, ,t " 100 2 
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Appendix A - Accelerated Permeability : 

Summary Datasheets of Permeability Tests 

5% Air 
VOids 

11 12 

--Inflow from base 

- - - Outflow from top 
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Molstu,e Content (%1 
15 

, , 

16 

Rate of inflow 

= 2.1109 xl0 "m'/.ec 
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20 
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TIme (mini 

Flow Details and Permeability Calculation 
Duration of Ramp mm 4350 

MaXimum duration to r~ach st~adv slate mm 5500 

51eady ,lale outflow m'/.et 2.066E-11 

51 •• dy ,lale .nflow m '/set 2.111Ell 

Av~rag~ st~adv state flow m'/set 2.08845E ·11 

CoeffiCient of P~rmeablllty m/s 1.26302E-10 



Test Details 

Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulIC gradient 

LC-d-AP 

Applied average effective pressure 

Total confining pressure applied 

Soli type 

Specific DenSity 

Compactlon MC condition 

Target compactlon MC 

Target Initial bulk denSity 
Target initial dry denSity 

Sample State - Measured Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Final wet mass 

Specimen wet mass 

Cutting wet mass 
Cutting Ory mass 

1 

07/11/2008 

19/11/2008 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mg/m ' 2.65 

Dry 
% 19.00 
Mg/m ' 1.813 
Mg/m' 1.524 

mm 101.1 
mm 102.4 
g 1458.0 
g 1603.0 
g 119.0 
g 1483.4 
g 1134.0 

Sample State - Calculated/Observed Parameters 
Dry mass of sampl. g 
Volume of solids cm' 
Initial Conditions (after currlncl: 
Total volum. cm 
Volume of water cm' 
MOtsture Content " Bulk denSity Mg/m' 
Ory denSity Mg/m' 
VOId r,tlo 
~8ree of saturation " Condition. on oppllcatlon of cell pr ... ure: 
»mpl. volume chan,e cm' 
Total Volume cm' 
Dry o.,n"ty Mg/m ' 
VOtd ratio 

~8rH of 'Ituratlon " Finial Conditions: 

Net Water In(low dunn, AP test cm' 
Sample volume change dunn, AP test cm' 
TOI~I Volum cm' 
Volume of water cm' 
MOI,\ture Cont~t " Dry DenSity Mg/m' 

Vood ralOO 
I"' ... , ... of ,.turat,on " 
Flow Details and Permeabili Calculation 

M'~'Mum durnlon to reKh ste:~d'f sttlte 
~t.ady \late outflow 
Steady n te Inflow 

Awr • \toady lIate now 
(""ft ... ent o( Permeability 

mm 
m'/set 

m'/set 
m'/.et 

m/s 

1225.0 
462 .2 

0 
832.6 
233.0 
19.03 

1751 
1471 

0.801 
62.9 

<> 
-4464 
788.0 

1.555 
0.705 

71.5 
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145.0 

546716B325 
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Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

5% Air 

VOids 

_.,,:, -
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Moisture Content (%) 
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lC-d-BS 

Test Details 
Permeability test System No 2 
Test comencement date 24/11/2008 
Test finish date 19/12/2008 
Applied hydraulIC gradient 20.00 
Applied average effective pressure kPa 50.00 
Total confining pressure applied kPa 660.00 
Sool type Le 
SpeCIfiC Density Mg/m' 2.65 
Compact Ion MC condition Dry 
Target compacllon MC % 1900 
Target initial bulk density Mg/m' 1813 
Target Initial dry density Mglm 1524 

Sample State - Measured Parameters 
nlllal height mm 1013 
nlllal diameter mm 1026 
nlllal w~t mau g 14580 

F Inal w~t mass g 1660.7 
Sp~(J m~n wet mass g 888 
(utllnR w~t maH g 1571 7 
Cuttl", Dry mi\S g 1160.0 

Sample State - Calculated/Observed Parameters 
Dry mass of samplr g 1225.6 
Volume of solids cm' 4625 
Inlt lll Cond it ions (Ifter currln,): 0 
Total volume cm 837 5 
V~umf' of w"rr cm ' 2324 
Monturr Contrnt " 18.97 
Butk drns,ty Mg/m' 1741 
Dry d n<lty Mglm' 1 463 
VOId r4tK) 0.811 
D~rff of saturatton " 62 .0 
Conditions Ifter »turatlon Sta,e ' <> 
,.mple volume chan.e cm lOO 4 
"'~t volum. Inflow cm' ~4~ . 93 

T.t I VoIum. cm' 938.0 
Vo Im~ of watt'( cm' 4754 
M, ture Cont.nt " 3879 
Dry o.n\lty Mg/m' 1.307 
V",d "too 1028 

..;.:!'H of utur.llon " 100.0 
CondItions Ilter Consol ,dltoon Sta,e . + 

"If' volume chance cm' ·363 
Net voIumf' Inflow cm' ·36 4 

-" VoI~me cm' 9016 
11 "1\f'O('N~tM cm' 439 .0 

I ~uur. ConCfnt " 3582 

ry OPnuty Mg/m ' 1359 

" Jr. I() 0.9'>0 

'. H of utur,lfOn " 1000 
r inill Cond,tlons (.It.r IMrmeabi hty .ta,.' Co 
I ;ample voIumt (hang. cm ' 39 
"'.tW .. .,lnf.ow cm' ·14 
10.01 VoIum. cm' 8977 

IVoIumeof ...... cm ' 437 6 
tVlonturr Con,,,nt " 3551 

Dfy OPn"ty Mg/m' 1365 
IVo;d r.tlo 0941 
l DeirrH' of ut ur.tion " lOO 5 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

5% Air 0% Air 
160 10% Air VOids VOids 

VOids 

1.55 

E C) 
~ 1.50 

~ 
l: 
~ 145 

2! 
~ 
0 

140 

135 

130 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Moisture Content (%, 

120 

100 

1 80 .. .. 
c 6 60 .. 

Permeabilitv Stage 

--Inflow from b~se Rate of outflow 

--- Outflow from top = 2.0501 .10 "m '/s", 

Rate of mflow 
E 
" = 2.0260 . 10 " m'/s", 
g 40 

10 ' 

o • 
11000 12000 13000 14000 15000 16000 17000 18000 19000 20000 

Time (min) 

260 
240 
no 

--- -- -- --\ 
:;- 200 .... _--------------
5 180 
;- 160 
~ 140 

6 120 .. 100 
E 110 
" (; 60 
> 40 

10 

I , , , 

-- NmP~ votum~ Ch.ne. 

- - - Nft W.t~r In"ow 

5000 10000 

TIme (mln) 

Flow Details and Permeability Calculation 
Duration of Saturation 

Duration of Consolidation 

MaXimum duration to reach steady state 

5tudy state outflow 
Steady stote mflow 
Aver ge steady state flow 
Coeff'Clent of Permeab,lity 

mm 
mm 
mm 
m'/sec 
m' /sec 
m' /sec 
m/s 

15000 20000 

10410 
1340 

16300 
2.050E 10 
2 026f.l0 

2.03804 E-I0 
1.23253E-OO 



LC-d-RAP 

Test Deta ils 
Permeability test System No 

Test comencement date 

Test finish date 

Applied hydraulic gradient 

Applied average effective pressure 

Total confining pressure applied 

Soli type 

SpeCIfic DenSity 

Compact Ion MC condition 

Target comoactlon MC 

Target Initial bulk denSity 
Target initial dry dtnsltv 

Sample State - Measured Parameters 
n.lIal he'lht 

Initial diameter 

Inmal wet mass 

Final wet mass 

SpKlmen wet mass 
(uttlnB wet mass 
Curt to, Dry mass 

2 

29/04/2009 
17/05/2009 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mgfm' 2.65 

Dry 
% 19.00 
Mgfm' 1.813 
Mgfm' 1.524 

mm 1013 
mm 1026 
g 1463.0 
g 1627.0 
g 1372 
g 14990 
g 11270 

Sample State - CalculatedjObserved Parameters 
Dry ma" of ~mpl. , 12302 
Volume of solids cm' 464 2 
Inltl.1 Conditions (.ftor currln,' 
Total volume cm 837 5 
Volume of w,tftr cm' 2328 
M()tsture Content " 18.93 
Bulk dens,ty Ms/m' 1 747 
Ory d ""ty Mgfm' 1469 
Vo.d ratio 0.804 
()qrH' of ~turatlon " 624 
ConditlonJ .fter Ramp.n, . 
~mpl. volu",. (NonC' cm' 244 
~et volume Inflow cm' 15816 
'01~1 Vel"",.. cm' 861.9 
Vo Imp of w~tt'f cm' 391.0 
MOl· tvr~ Cont.,..t " 31.79 

''''~>lly Mgfm' 1417 
VOId r~tl() 0857 
I "'-r~ of ~tur.tlon " 983 
Finl.1 Cond,tion. ('M, permub,Iity Il~,., 
)am~ voiu",.. (han •• cm' 16 

"".t W.t~ InflOW cm' 7 1 
T Olal Vel"",. cm' 863.5 
Volu~ of 'W,t,.r cm' 3981 
M.Qt\tur' Cof'Itpnt " 3226 

Dry ()Pnllty Mgfm' 1425 

I ~oid rattO 0860 
, • rH' of s.atur.llon 997 

REMARKS 

0 

<> 

t:. 

160 

1.55 

E 

Appendix A - Accele rated Permeability: 

Summary Datasheets of Permeability Tests 

5%Alf 
100-' Air VOIds 
VOids 

O%Alf 

VOids 

~ UO 

~ 
~ 
.~ 14S 

~ 
~ o 

140 

135 

130 

350 

300 

250 

... 

." 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Moisture Content (%1 

--Inflow from bue 

- - - Outflow from top 

1 200 .. .. 
c: .. 
15 .. 
E 
=> 

<5 
> 

1 .. .. 
c: .. 
6 .. 
E 
=> 
(; 
> 

150 

100 " " 
... ' 

" 

50 

------
_--,---- Rate of outflow 

,_' = 2.0501 xlO llml/sec 

50 

180 

~ 
~ 

\ ",' 
'---' 

0 5000 

~ 

10000 15000 20000 25000 30000 

Time (minI 

160 , --------------------------
140 , , 
IIO , , 
100 

80 , -- Sampte Votum~ Chance 

60 

" I 00 

10 

sooo 

- - - Net Watef Inflow 

10000 

TIme (mln) 

Flow Detai ls and Permeabili tv Ca lculat ion 
Dur.tton of Ramp 

MaXimum duration to reach steady state 

Steady s!.lte outflow 
Steady s!.lle mflow 

Avera e stt~adv state now 
Coeff'Clent of Perm.abllity 

mm 

mm 
m'/s~ 
m'/s~ 
m'/sec 
m/s 

15000 20000 

4370 
22100 

1.072E-1O 
l.lSSE 10 

1.11337E 10 
6.73326E-I0 



Test Details 
Permeability test System No 

Test comencement date 
Test finish date 

Applied hydraulic gradient 

LC-o-AP 

Applied average effective pressure 

Total confining pressure applied 

5011 type 
SpecifiC DenSity 

Compactlon MC condition 

Target compactlon MC 

Target Initial bulk denSity 
Target initial dry denSity 

Sample State - Measured Parameters 
InltlOl height 

Initial diameter 

Initial wet mass 

Final wet mass 

Speamen wet mass 

Cutting wet mass 
Cunlng Dry mass 

1 
29/10/2008 
07/11/2008 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mgfm' 2.65 

Dpp 
% 23.00 
Mgfm' 1.936 
Mgfm' 1.574 

mm 101.1 
mm 101.9 

g 1550.0 
g 1641.0 
g 75.1 
g 1564.7 
g 1210.0 

Sample State - Calculated/Observed Parameters 
Dry mass of ,ample g 
Volume of solid, cm' 
Init ial Conditions (aft., currln,): 

Total vol ume cm 
Volume of water cm' 
MOisture Content % 
Bulk denSity Mgfm' 
Dry density Mgfm' 
VOid rauo 

~r .. of .. Iumlon % 

Condition. on appllatlon of cell pressure: 
Simple volume chanae cm 
Total Volume cm' 
Dry Density Mgfm' 
Voed ratIO 

l~ree of Qturallon % 

FInial Conditions: 

Net Wller Inflow du"na AP leSI cm' 
Simple volume chan.e du"n. AP lest cm' 
Totol Volume cm' 
Volume of wOler cm' 

MOt'ture Conlent % 

Dry Density M&/m' 
Voodr liO 

l~rH of \ 'turn-on % 

Flow DeUlIs .. nd Permeability Calculation 
MaXimum durillon to reach steady it,lC! 

1 .I~ady stal~ outflOW 

SI ad'( SI~I~ Inflow 

A_~le sleady sl~le now 
Cof'ffoc'enl of Permeability 

mln 

m'/sec 
m'/sec 

m'/sec 

m/' 

1268.1 
4785 

0 
824.5 
281.9 
22.23 
1.880 
1.538 
0.723 
81.5 

Q 
-30 
794 .5 
1.596 
0.660 
892 

+ 
90.9 
48.33529237 
8428 
372 9 
2941 

1.505 
0.761 
1023 

n/a 
n/a 
n/a 

n/a 
n/~ 

1.63 

1.58 

E ... 
~ 
.~ 1.53 
e ., 
0 
> 
0 

148 

143 

130 

120 

110 

100 

90 

80 

70 

E 60 
~ 50 ., .. 40 e 

6 30 .. 20 
E 10 
" "0 0 > 

10 

20 

·30 

"'0 
SO 

60 

70 

100 

80 

E 
~ .. 60 .. 
e 

6 .. 40 
E 
" "0 
> 20 

100,,(, Air 

VOids 

, , 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

5% Air 

VOids 
0% Air 

Voids 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Moisture Content (%) 

, , 

-- Inflow from base 

- - - Outflow from top 

.. .... ...... 

Test stopped before 
reaching steady state 

--------------------------------
2000 4000 6000 8000 10000 12000 

Time (mln) 

..... --~~ 
,~ 

-------------------------
, , , , , , , , 

I 
I 

I 
I 
I 
I 

--Sample Volume Change 
- - - Net Water Inflow 

2000 4000 6000 8000 10000 12000 
Time (mln) 

t"' .. U' ptnh,r~...o6u1N" t""nc .. unit rt'khed' 'u """J(.mum re,dable Ulp.city between 2180 .nd 6890 mln This w.~ not detected and led to an approximate 30kPa increase (I e 
u .. ed.'lId ff1)f'.ttd with. PW Ymp~ rr.t ,,~ptl.ttd.) LC~APr 



Test Details 
Permeability test System No 

Test come-neement date 
Test finish date 

Applied hydrauliC gradIent 

lC-o-APr 

Applied average effective pressure 

Total confining pressure applied 

Sool type 

SpeCIfiC Density 

Compactlon MC condition 

Target comoactlon MC 

Target Initial bulk density 
Target Initial dry density 

Sample State - Measured Parameters 
Initial height 

In.t,a diameter 

InItial wet mass 

Final wet ma\s 

Spe(Jmen wet mass 
(UUI"S wet mass 

(unt"R Dry mass 

I 

21/11/2008 
03/12/2008 
2000 

kPa 50.00 
kPa 660.00 

LC 
Mg/m ' 2.65 

Opp 

% BOO 
Mg/m' 1.936 
Mg/m ' 1.574 

mm lOll 

mm 1024 

8 1560.0 

8 1654 0 

8 97.0 

8 1561.7 
g 11930 

Sample State - Calculated/Observed Parameters 
Dry man of sample g 12671 
Volume of solids cm' 478 I 
In lt lll Conditions (after cumn,): 0 
Toul votume cm' 8326 
VOlume of water cm 

, 
292 .9 

M()I'ture Content " 2312 
Suik df'ons1ty Mg/m ' 1874 
Dry d"n.,ty Mg/m ' 1.522 
VOfd raho 0.741 
'~r~ of utur.tlon " 826 

Conditions on Ippl1cotlon 01 cell preuure Q 
S<lmpl. volum" ch.",. cm' ,2141 
-:jt~IV~um~ cm I 811 2 
Dry ~n.'ty Mg/m ' 1.562 
Void rallO 0697 
Df'ltft of UhJr,tlon " 880 
Anlll Conditions: T 
""t Wlter Inllow duro"g AP t~t cm I 1000 
).>mpl" volume chane" duron, AP t~1 cm I S426550141 

To" IIDI"rM cm I 865 .5 

IIDlu",.. 01 .. 11'" cm I 3929 
~'tur~ Cont~t " 30.54 

ry Oen"ty Mum' 1464 

", "10 0.810 
. · ... ol ... t'" ,I, ... 1014 

·n 16800 

m I'I!< 7239E12 

m'/'1!< I 140[·11 
m'/sec 9 32D48E·12 
m/. 565873E-11 

E .. 
~ 

163 

1.58 

l: 153 
';;; 
c: 
~ 
> o 

148 

143 

130 

120 

110 

lOO 

90 

80 
70 

E 60 
~ SO 

" DO 40 c: .. 30 tS .. 20 
E 10 :> 
(5 0 > 

10 

20 

30 

-40 

SO 

60 

70 

100 

80 

~ .. 60 .. c .. 
tS .. 40 

10% Air 

Voids 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

/ 

/ 

S%A.r 
VOids 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Moisture Content (%) 

--Inflow from b~se 

- - - Outflow r rom top 

( 
I 
I , , 

' ... 

Rate of Inflow 

= 1.1402.10 "m'/sec 

01±2 

Rat(! of outflow 

= 7 2393.10 "m'/sec 

........ _---------------------.------_ .. __ . 

SOOO 10000 ISooo 20000 2Sooo 

Time (min) 

-----, ,,-
---------------------------

, , , , , 
I 

I 
I 

I E I :> 
(5 

, 
> 10 I 

I 
-- ~mpl~ Volume Change 
--- Net Wiler Inflow 

0 

0 sooo 10000 ISOoo 20000 2Sooo 
Time (mln) 



Test Details 

Permeability test System No 

Test comencement date 

Test finish date 

ApPlied hydraulic gradient 

Le-o-BS 

Applied average effecttve pressure 

Total confining pressure applied 

Soli type 
SpecifiC Density 

(om paction MC condition 

Target compartlon MC 

Target,M,al bulk denSity 
Target ,",tlal dry dt"nslty 

Samp le State - Measu re d Pa ra m e ters 
Initial heIght 

Initial diameter 

Initial wet mass 

Final wet mass 

Speclm~n wet mass 

Cuttl~1 wet mass 
Cun,ng Dry ma'" 

2 

07/11/2008 
21/11/2008 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mg/m' 2.65 

Dpp 
% 23.00 
Mg/m' 1.936 
Mg/m' 1.574 

mm 1013 
mm 1026 
g 1567.0 
g 16890 
g 81.5 
g 1612.5 
g 1209.0 

Samp le State - Calculated/Observed Para m e ters 
Dry mass of \ampl~ g 1270.1 
Volume of solids cm' 479.3 
Inltl.1 Condition. (.h.r currlnl): 0 
Total volume cm 837.5 
V~umf' of Wilt,", cm' 296.9 
MOtnure Content '" 23.38 
Suik denSltv Mg/m' 1871 
Dry den,.ty Mg/m' 1.517 
VOid rallo 0.747 
Df>Rr~ of wturahon '" 829 
Cond,tJon. ohor SaturotJon St ... <> 

mpl. volume th.n,. cm' 890 
... t .01"",. ",now cm' ISO 45 
Tot.1 Voi,,_ cm' 926.5 
Volume of watt'r cm' 447 .3 
MOistur~ Cont nt '" 35.22 
Ory DenSity Mg/m' 1.371 

VOId ra'tO 0.933 
[)toarH! of utur.tlOn '" 1000 
Cond'tlons ohtr Consoiidotlon St'lt + 

'mpl" voiumo than,,, cm' · 27 4 
"". t voiutT\f' Inflow cm' ·nos -., Voe.._ cm' 899.1 
VOlum~ of 'Witf"r cm' 420.3 
MoiShJf. Cont.nt " 3309 

ryo..tt .. ty Mg/m' 1413 

". ,. to 0876 

.• . "" of .. t~,.ttOn '" 100 1 
F,ni.1 Cond.l,on. (.h.r permo.bi"ty ..... , : 6 
"mplt! voiu",. (han,. (m' 2.0 

'".t W.t'" Inflow cm' ·15 
r 0 ~ Vol._ cm' 8972 
l"oIu"", of ... ,,.,. cm' 4188 

I"""",u,,, Content '" 31.98 
:>ryo..tt<ity Mllm' 1416 

,"old' 110 0872 
I ~f.t" of s.atur,hol'\ '" 1002 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

160 

155 

E 
'O! 150 

~ 
i!' 
~ 145 .. 
C 
> o 

140 

135 

1.30 

10% Air 

VOids 

5%Alr 0% Air 

VOids VOIds ,,--
l"", ..... .:: 

17 18 19 10 11 n 13 14 15 16 n 18 19 30 31 31 33 34 35 36 37 38 39 40 

Moisture Content (%1 

18 

Permeability Stage 
16 

--Inflow from base Rate of outflow " 

14 --- Outflow from top = 3.4350xlO llm J/sec " 
", 

:::- u 
E. 

", 
.. 
.. 10 c: , , 

, , , , 
.. 
6 .. 
E 
" '0 
> 

1 .. .. 
c: .. 
6 .. 
E 
" '0 
> 

, , , , , 
" = 3. 4477 xlO IlmJ/sec 

o • 

, , 
, 

, , , , 

, , 

, , , , 

11000 11000 13000 14000 15000 16000 17000 18000 19000 10000 

n me(mln) 

160 I 

140 I ----- -----I 
no , '''- ---~-----------
100 , 
80 

60 

40 

20 

I , 

5000 10000 

nme(mln) 

Flow De t ails and Permeability Ca lculation 
Duration of ~turatlon 

Duration of Consolidation 

MaXimum duration to reach steady slate 

Study ,tat" outflow 
Steady stat. ooflow 
Av.ragt st.ady state flow 
Coeff,oent of Permeability 

moo 
m,n 

moo 
m'/sec 
m'/sec 
m'/sec 
m/s 

15000 10000 

9880 
3040 

17500 
3.43SE 11 
3448E 11 

3.44134E-ll 
2.08119E-IO 



Le-o-RAP 

Test Deta il s 

Permeability test System No 

Test comencement date 

Test fin ish date 

Applied hydraulIC gradient 
Applied average effective pressure 

Total confining pressure applied 

5011 type 
SpecifIC Density 

Compact Ion MC condition 

Target cOfT\pactlon MC 

Target Initial bulk denSity 
Target initial dry density 

Sa mple State - M easured Param et ers 
Initl.1 height 
Initial diameter 

Initial wet mass 

Final wet mass 
Specimen wet mass 
Cunlng wet mass 
Cutting Dry ma .. 

2 

01/04/2009 
24/04/2009 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mg/m' 2.65 

Opp 
% 23.00 
Mg/m' 1.936 
Mg/m' 1.574 

mm 101.3 

mm 102.6 

g 1562.0 

g 1658.0 

g 1353 
g 15328 
g 1165.0 

Sample St ate - Calcula ted/Observed Paramet ers 
Dry ma .. of s.mpl~ g 12678 
Volume of solids cm' 4784 
Initial Conditions (after currlncl : 0 
Total volume cm' 837.5 
Volum~ of wat~( cm 

, 
2942 

MOlsturf Contfnt " 2320 
Bulk dens'ty Mg/m' 1865 
Dry dens'ty Mg/m' 1.514 
VOid ratio 0.751 
~r~ of ytur'tlQn " 819 
Conditions Ifter R.mplnc, Q 
Sample volume ch.n," cm' 231 
~ft volumt Inflow cm' 86.52 
Tot.1 Volume cm' 860.6 
Vcl I~ of watf'r cm' 380.7 
MOl turt Content " 30.02 
Dry Den>oty Mg/m' 1.473 
VOId rat.O 0.799 

'1f ...eofuhJr.tlOn " 996 
Flnlll Conditions (.tter J>Ormublllty st.cel 6 
Sample volum~ ch.n,~ cm 81 
"'~t W.ter Inflow cm' 114 
TOI, I Volume cm' 8687 
V mf'Ofw~trf cm' 3921 

"" turf Contfnt " 30.77 

I lrY [)rnslty Mum' 1.459 
Vood ratIO 0816 

Off'" If ytur.tlon " 1000 

REMARKS : 

160 

155 

"E 
~ 1.50 

~ 
l; 
.~ 145 .. 
o 
~ 
o 

140 

135 

130 

110 

90 

70 

1 so .. 
"" c: 6 30 .. 
E 
~ 10 

> 
10 

30 

50 

120 

100 

l 80 .. .. 
c: 60 

6 
~ 40 
:> 
"0 
> 20 

Append ix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

5%Atr 
10% Air VOids 
VOIds 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Moisture Content (%1 

, , 

--Inflow from base 

- - - Outflow from top 

Rate of outflow 
= 1.6334 xl0 Ilm'/,ec 

" --------------
\ ---',------------

5000 10000 15000 20000 25000 30000 

Time (minI 

---- ---------------------
I 

I 

10000 15000 20000 

TIme (minI 

--Sample Volume Change 

- - - Net Water Inflow 

25000 30000 

35000 

35000 

Flow Deta ils and Permeab ili!'L Calcu lation 
Duration of Ramp 
Ma)"mum duration to reach steady state 

Steady st.te outflow 
Steady st.te Inflow 
Average steady state flow 
CoeffICient of Permeability 

mm 
mln 
m' /sec 
m' /sec 
m'/sec 
m/s 

4350 
18900 

1.633E-11 
1.977E-ll 

1.80514E·ll 
1.09168E-l0 



Test Details 
Permeability test System No 

Test comencement date 

Test finish date 

Applle<t hydraulic gradient 

lC-w-AP 

Applied average effective pressure 

Total confining pressure applied 

Soil type 

5peclflc DenSity 
Compact Ion MC condition 

Target cor.lpactlon MC 

Targellntllal bulk denSity 
Targe-t initial dry denSity 

Sample State - Measured Parameters 
Initial heteht 

Initial diameter 

Initial wet mass 

F Inal w~t mass 

SPKlm~n wet mass 
Cuttl", wet mass 
Curt In, Dry mass 

1 

14/03/2009 
31/03/2009 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mg/m' 265 

Wet 
% 2600 
Mg/m' 1.944 
Mg/m' 1543 

mm 101.0 
mm 101.6 
g 1560.0 
g 15974 
g 131.0 
g 1470.3 
g 1142.0 

Sam-'ple State · Calculated/Observed Parameters 
Dry mo" of .. mple g 
Volume of solids cm' 
InlllOl Condltlono (after currln,), 
TOIOlvolu_ cm 
Volume of water cm' 
Moesturf' Content % 
BUllc densltv Maim' 
Iry denSity Mg/m ' 

VOtd raho 

"«rH: of ulurat,on % 
Condition. on apphatlon of cell pre.sure : 

"" .... volume cNn,. cm 
, ... 1 IV~ume cm' 
Dry OPn •• ty Mg/m ' 
Vr d raho 

! ~rH of sahH.t,on % 
Flnlal Conditions: 

"1.' Water Inflow dUM, AP l~t cm' 
"","" volu_ ctt.nR. dunn, AP t~t cm' 

io,oI VoIu".,.. cm' 
V, ~Of'N'11tf cm' 
... ' 'Uf.Cont~t % 

'Y OPnsiry Mg/m' 
\I , 
I ~''''' nf ... 'ur .. OOn % 

Flow Details and Permeability Calculation 
~.I . d.r '0"" to rrt .c:h c,tf'~'( \t~t. 
St • ..,y IW outflow 

l ~tUdy .tote 1nl ow 

A_ ..... te«ly .to'e flow 

le . "Ie'en, of Ptrm~~bOloty 

r EMARKS 

m.n 
m'/.te 
m'fste 

m'/.te 
m/i 

12437 
4693 

[J 

8188 
316.3 

2543 
1905 
1.519 
0.745 
90.5 

<> 
· 2192273771 
796.9 
1.561 
0698 

965 

+ 
431 
26.83488761 

8238 
3593 
1843 
1.510 
0.755 
1000 

18100 
3933E 12 
6.219E 12 

507592(.12 
313046E· ll 

E 
~ 
! 

163 

158 

~ 1.53 .;;; 
c: 
Q/ 

o 
> 

CS 

148 

143 

40 

100"(' Air 

VOids 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 

5%A,r 

Voids 
0% Air 

Voids 

~
-' 

I ,) 

-> 

.... , 
... " " ,. 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 

Moisture Con,en, (%) 

--Inflow from b~se 

30 --- Outflow from top 

1 
Q/ .. 
c: .. 
6 
Q/ 

E 
:J 

(5 

.. .. 
c: 

6 .. 
E 
:J 

"0 
> 

> 

20 

10 

10 

20 

I , 

30 • 

40 

35 

20 

\ 

" 

I 
I 

I 
I 

IS I , 
10 f 
o 

Rate of inflow 

= 6.2 192 xl0 "m'/sec 

Rate of outflow 
= 3.9327 xl0 "m'/sec 

',---------------------------------------

, "", 

10000 15000 20000 25000 
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Test Details 

Permeability test System No 

Test comencement date 
Test finish date 

Applied hydraulic gradient 

lC-w-BS 

Applied average effective pressure 

Total confining pressure applied 

Soil type 

SpeCific DenSity 

Compactlon MC condition 

Target comp"ctlon MC 

Target Initial bulk denSity 
Target Initial dry denSity 

Sample State - Measured Parameters 
Initial height 

Initial diameter 

Initial wet mass 

Final wet mass 

Specimen wet mass 

Cutting wet mass 
Cunlng Dry mass 

I 

31/03/2008 
21/04/2008 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mgfm' 2.65 

Wet 

% 26.00 
Mgfm' 1.944 
Mgfm ' 1.543 

mm 101.3 
mm 102.6 
g 1576.0 
g 1644.0 

g 158.9 

g 1484.4 
g ll28.0 

Sample State - Ca lculated/Observed Parameters 
Dry mass of sample g 1248.7 
Volume of solids cm' 471.2 
Ini t ial Conditions (.ltor currin,l: 0 
Total volume cm 837.5 
Volume of water cm' 327.3 
MOisture Content % 26.21 
Bulk denSltv Mgfm' 1.882 
Dry denSity Mgfm' 1.491 
VOldrillO 0.777 
Decree of .. tu,"toon % 89 .3 
Conditions olter Saturotlon St.,.: <> 
Sample .olume change cm SI 1 
Net volume Inflow cm' 89 .607 
Total Volume cm' 8886 
Volume of water cm' 416.9 

""?Isture Content % 33.38 
Dry DenSity Mgfm' 1.405 
VOod ratiO 0.886 

I Oqr~ of satur.tJon % 99.9 

Condition. Ilter Consolidat ion Stale : + 
Samplor .olumor chanae cm ·20 .7 
Net volume IO!'iOW cm' · 2020742603 
Total Volume cm' 8679 
Voluml' of w,trr cm' 396.7 

Mo.iturt Cont~nt % 31.76 

Dry Ot!n\ity Ma/m' 1.439 

VOod ratiO 0842 

1000rH of ~tur.llon " 100.0 
Fini.1 Condition. (alter perm«abili ty na,el Ll. 
Sample .oIume chance cm' ·39 

Nrt Water Inflow cm' 14 
fotal Volume cm' 8640 
VOlume of w,ler cm ' 3952 

MOo.luror Content % 3165 

Dry DenSity Mgfm' 1.445 

VOod r 110 0833 
. Dq:rH of walur,tlon % 1006 

Appendix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 
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Flow Details and Permeability Calculation 

Duration of Saturation 
DuratIOn of Consolidation 

MaXimum duration to reach steady slate 
Steady state outflow 

Steady state mflow 

Average steady state flow 
CoeffICient of Permeability 

min 

mm 

mm 

m'/sec 

m' /sec 

m'/sec 
m/s 

15000 20000 

6510 
4330 

16750 

1.180E-ll 
1.173E-ll 

1.17688E-ll 
7.11731E-ll 



LC-w-RAP 

Test Details 

Permeability test System No 

Test comencement date 

Test finish date 

Appded hydraulic gradient 

Applied average effective pressure 

Total confining pressure applied 

Soli type 
SpeCIfiC DenSity 

Compact Ion MC condition 

Target compattlon MC 
Target initial bulk density 
Target Initial dry dt"nslty 

Sam p le State - M easured Para m e t ers 
Initial height 

Initial diameter 
Initial wet mass 

Final wet mass 

Specimen wet mass 

Cuttm, wN mass 
(utt,nR Dry mac;\ 

2 

14/03/2009 

31/03/2009 
20.00 

kPa 50.00 
kPa 660.00 

LC 
Mg/m ' 2.65 

Wet 

% 26.00 
Mg/m ' 1.944 
Mg/m 1.543 

mm 101.3 
mm 1026 

8 1569.0 

8 16067 

8 146.3 

8 14614 

8 1132.0 

Sam p le State - Calculated/Observed Paramet ers 
Dry ma\s of Ymplf' B 1245.3 
Volume of solids cm' 4699 
Initial Condition. (alt.r currln,): 
Total volum~ cm 837.5 
V~um~ of watpr cm' 323 7 
MOisture Content " 2599 
Bulk densltv Maim' 1.873 
Dry dE'""ty Mg/m ' 1487 
VOtd ratio 0782 
)f'lfH of \'lhnatiOn % 881 

Condition. alt~r Rampln" 
Sampl~" ,Iume ch.,na. cm 01 
~et volume mtlow cm' 31.98 
To! I VoIum~ cm' 837 6 
V, 1'TIf'OfW.tf'f cm 

, 
3SS7 

M • Jr. Cont.nt " 28.56 
ry Dt-n •• ty Maim' 1.487 

Vood .. tlO 0.782 

Dfot:rH" of ut",f.Oon " 967 
f ln,al Cond,tlon. (alter permelb;lIty nl,e) 
Sampl. volume chanae cm S.3 

" t Watorlnflow cm' 60 
Tn! IVoIymE' cm' 8429 
V, "'M.'Ofwltf'f cm' 3617 
M. tur. Contf'nt " 29.02 

ty Dt-n"ty Mg/m' 1477 

VI J riho 0.794 
'", rHof~lur'tto ... 970 
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Append ix A - Accelerated Permeability: 

Summary Datasheets of Permeability Tests 
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Rate of Inflow 

= 7 5486.10 "m'/sec 

\ 
\ Rate of outflow 
" = 5.9140 xlO l]m~/sec 
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Flo w De t ails a nd Permea b ility Calcula t ion 
Ourltlon of Ramp 

MaXimum duration to reach steady state 

Steady '~Ie outflow 
Steady 'late Inflow 
Average ,teadv stat~ flow 
Cooff'oent of Permeab,lity 

mln 

mln 

m'/sec 
m'/sec 
m' /sec 
m/' 

4350 

17800 
5.914E-12 

7549E·12 

6.73128E ·12 
4.07083E-11 
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