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Abstract 

 

 

 

Despite the breakthroughs in suction control and measurement for laboratory testing of un-

saturated soils at the range of high suctions, existing equipment faces limitations in either the 

precision, the range, or the practicality. The aim of the present thesis is to develop novel ap-

paratus for establishing the swelling and water retention characteristics of compacted benton-

ite, which may exhibit very high suctions at its as-compacted state. The development of the 

equipment is based upon the best elements of existing equipment, combined in a simple and 

efficient manner and extends the range of existing suction-controlled facilities in the Geotech-

nics Laboratory of Imperial College London. 

A new humidity generator is presented, based on the principles of the divided-flow method. 

The divided-flow humidity generator (dfHG) controls the relative humidity (RH) in a sealed 

chamber, allowing suction control of soil samples through the Vapour Equilibrium Technique 

(VET). The control of RH is automated and is obtained by the proportional mixing of dry and 

wet air based on the feedback given on RH measurements in the chamber with affordable, 

individually calibrated capacitance hygrometers. Direct comparison with other suction-control 

methods, and derivation of water retention curves for reference soil materials validate the 

method. The automated control and the continuous operational range of suction provides the 

versatility of pressure generators, while the simplicity of the system is comparable to the prac-

ticality of the air-regulation method.  

The humidity generator is subsequently adapted to a newly-developed oedometer, to assist 

in the investigation of highly expansive clays, such as bentonites. The device allows the appli-

cation of continuous, automated control of suction in the range between 30 MPa and 300 

MPa, while applying complex stress and hydraulic paths for swelling tests. Equilibrium on each 

suction step is assessed through the combined evaluation of swelling stress, RH of the outflow 

air and water exchanged with the soil sample. The method is validated through successful 

investigation of the swelling behaviour of a natural sodium bentonite. 
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𝑦t measurement at time t 

Y  measurand for calibration 
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Chapter 1: Introduction 

1.1 General 

Along with the study of stability problems in natural and man-made slopes, it is the need for 

safe nuclear waste disposal that has driven research in unsaturated soils for the past 30 years, 

and more specifically the need to engineer barriers protecting waste canisters in deep geo-

logical disposal facilities (Pusch & Weston, 2015). The long-term safety of the repository relies 

on studying the sealing capabilities of the engineered barrier. Compacted bentonite is a low-

permeability clay suitable for this purpose (Delage et al., 2010; SKB, 2009; Ye et al., 2010). The 

swelling behaviour of bentonite upon resaturation, which is dependent on its as-compacted 

state (effort, water content, dry density) (Villar & Lloret, 2008), allows sealing of any installation 

gaps through homogenisation (Holton et al., 2012).  

Even though great progress has been achieved in the understanding of the processes driv-

ing the swelling behaviour of bentonite with the development of innovative equipment and 

constitutive models, there is still a need for extensive, comprehensive test data for the design 

of new disposal facilities. This is especially true in the United Kingdom, where, following pub-

lication of the White Paper “Implementing Geological Disposal” (Great Britain, 2014), deep 

geological disposal has become a priority for nuclear waste management in the UK. It is, there-

fore, important that national expertise is improved and appropriate testing facilities are devel-

oped, able to provide realistic representation of the local conditions so that processes within 

the engineered barrier can be studied in a reliable, convenient and affordable manner. 

Various forms of laboratory equipment for the investigation of unsaturated soils have been 

developed in previous PhD research projects at Imperial College London. These include ad-

vances in the measuring methods and instrumentation (Ridley, 1993; Marinho, 1994) and in-

novations in suction control (Dineen, 1997; Cunningham, 2001a; Colmenares, 2002; 

Jotisankasa, 2005; Monroy, 2006). However, these refer to ambient temperature conditions 

and have a limited suction range. The present research project aimed to provide a means of 

enabling suction control at a laboratory scale at suction levels above 30 MPa, therefore com-

plementing the existing testing capabilities of the Geotechnics Laboratory at Imperial College 

London. 
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1.2 Scope of research 

The main aim of this PhD research is to develop a suction-controlled (SC) oedometer that can 

operate at high suctions. This is achieved in two steps. In the first step, a system for controlling 

high levels of suction is developed and evaluated. In the second step, the suction-control sys-

tem is adapted to a new, appropriately designed, oedometer cell. As a secondary aim, the 

swelling and retention behaviour of a highly expansive montmorillonitic clay is examined. Each 

of these aspects has been monitored through a series of objectives and milestones, as now 

detailed.  

 

Part I – Aim: Design of a divided-flow humidity generator (dfHG) 

Objectives: 

• understanding and reviewing existing and current equipment and methods for 

controlling and measuring suction; 

• review of hygrometers and humidity generators; 

• design and assembly of a humidity generator; 

• validation and estimation of accuracy and comparison with other methods; 

• testing of the system by using it in conjunction with desiccators and deriving soil water 

retention curves (SWRCs) for a range of soils (London Clay, black cotton clay, sodium 

bentonite). 

 

Part II – Aim: Design of a high suction-controlled (hS-C) oedometer 

Objectives:  

• understanding and reviewing existing and current suction-controlled oedometers; 

• specifying the required attributes and functions of the hS-C oedometer; 

• design, manufacture and assembly of hS-C oedometer; 

• validation of functions by using the new apparatus to derive the swelling response of 

a sodium bentonite.  

1.3 Layout of thesis 

Chapter 2 summarises current methods available for measurement and control of suction, with 

emphasis on the high-suction range. The chapter sets out with the definition of suction, its 

components and its relation to relative humidity, in order to clarify the measured quantities 
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and highlight the operation and limitations of the different methods. Of the suction measure-

ment equipment, emphasis is given to the polymer hygrometers, discussing their advantages 

and shortcomings. Of the suction control methods, the vapour equilibrium technique is dis-

cussed in detail, and examples of its application in the development of soil water retention 

curves and in oedometric equipment are reviewed. Finally, the equipment and methods for 

suction control available in the Geotechnics Laboratory, on which the development of the new 

equipment builds, are described. 

Chapter 3 focuses on the properties of the materials examined in this thesis and outlines 

the aspects of their behaviour that the new equipment should be able to capture. The chapter 

deals mainly with the structure of sodium bentonites at particle level, and examines the pro-

cesses affecting their compaction, swelling and hydraulic behaviour. 

In Chapter 4, the development of the new humidity generator is described in detail. The 

general layout, the components and the operating principles of the humidity generator–des-

iccators system are presented, and the performance of the system is evaluated. Most notably, 

an in-house calibration of the capacitance hygrometers is performed, and appropriate correc-

tions are proposed for the raw relative humidity readings. Finally, the method is evaluated 

through (a) development of soil water retention curves of two reference soils and comparison 

with published data, (b) calibration of the water retention of filter papers and (c) comparison 

with the method of saturated salt solutions. 

The adaption of the humidity generator to a new suction-controlled oedometer is described 

in Chapter 5. The layout, design and modification of its components are presented, allowing 

the oedometer to sustain and control high levels of suction and load. The combined system 

of the humidity generator and the oedometer is calibrated, and shortcomings are discussed. 

In Chapter 6, the preparation and compaction of the materials used for the validation of the 

functions of the new oedometer are presented. The tests were not designed to give a full 

characterisation of the materials, however, trends in their behaviour during compaction are 

discussed. The compaction is examined first in terms of maximum dry density and optimum 

water content, and secondly in terms of the evolution of void ratio with increase of the com-

paction load, while highlighting the limitations and advantages of the equipment. Finally, con-

solidation tests and load-under-constant-suction tests were performed to gain confidence in 

the methods and showcase the further capabilities of the new oedometer. 
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Chapter 7 presents the development of SWRCs for three geo-materials using the new hu-

midity generator. Through these tests, the test method is established, and the time required 

for equilibrium is estimated for each of the soil materials. The retention behaviour at suctions 

lower than 20 MPa is obtained through the filter paper method. The resulting retention curves 

are evaluated based on their expected behaviour and are compared with each other, and with 

published data. Finally, as both reconstituted and compacted samples are examined, differ-

ences in retained water content can be interpreted as either effect of structure, mineralogy 

and void ratio, or if none of the above, as discrepancies between the test methods. 

In Chapter 8, the performance of the new oedometer at four types of swelling tests is ex-

amined, namely the free-swelling, load after swell, constant-volume wetting and pre-swell 

tests. The application of the different hydration paths is evaluated, and limitations of the 

method are discussed. Finally, the swelling behaviour of the examined bentonite materials is 

presented and compared with published data and known patterns associated with the swelling 

of compacted bentonites. 

Chapter 9 summarises the main results and conclusions of the research presented in this 

thesis, and provides suggestions for future research. 
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Chapter 2: Suction measurement and control in laboratory 

2.1 Introduction 

The complexity of unsaturated soil behaviour is caused by the coexistence of three phases 

within the soil structure, air, water and solid particles. The engineering problems examined in 

unsaturated soil mechanics involve flow, stress and deformation mechanisms, with interaction 

between all three phases. For these problems the principles of solid mechanics and hydraulics 

should be complemented by interfacial physics, while the interaction among the three phases, 

gas, liquid and solid, may take the form of thermodynamic equilibrium, phase transition or 

adsorption (Lu & Likos, 2004). 

In this chapter, the basic definitions for suction and relative humidity are given, with em-

phasis on the relation between the two quantities. The discussion on the definition of relative 

humidity, its components and the derivation of the thermodynamic relation between suction 

and relative humidity draws mainly on the relevant chapters in Lu & Likos (2004). Next, a brief 

overview of suction measurement methods is presented, and the capacitance hygrometers 

relevant to the present research are discussed. Subsequently, some of the most common 

methods for suction control are presented, including the vapour equilibrium technique (VET) 

and its shortcomings. Finally, the types of humidity generating systems are discussed and var-

ious suction-controlled oedometers are reviewed, forming the basis for the development of 

the suction-controlled oedometer described in the present thesis. 

The filter paper method, as discussed by Chandler & Gutierrez (1986), Ridley et al. (2003) 

and Marinho & Oliveira (2006), is given in Appendix A and is briefly discussed in Chapter 4, 

where it is used to validate the performance of the new system of humidity generator and 

desiccators, and again in Chapter 7, where the method complements the new method for 

obtaining the SWRCs of the examined soils. 

2.2 Suction in unsaturated soils 

The significance of suction in unsaturated soil behaviour became apparent when effective 

stress as a single state parameter was found to be insufficient to describe the volumetric and 

mechanical changes in unsaturated soils (Jennings & Burland, 1962). Bishop (1959) and Bishop 

& Blight (1963), acknowledging air and liquid water as the two pore fluids in unsaturated soils, 

suggested an extension for the formulation of effective stress, σ’:  

 𝜎′ = (𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤) Eqn. 2.1 
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The quantity (𝑢𝑎 − 𝑢𝑤), called matrix suction, represented the difference between pore-air 

pressure, ua, and pore-water pressure, uw caused by surface tension and is consistent with 

capillary flow. The expression for the effective stress parameter, χ, has been the subject of 

extensive discussion in recent years (Lade & Boer, 1997; Khalili & Khabbaz, 1998; Nuth & Laloui, 

2008; Alonso et al., 2010), but in principle its value varies from 0 – for dry soils, to 1 – for 

saturated soils. 

Based on an equilibrium analysis and “null” experiments, Fredlund & Morgenstern (1977) 

suggested that two stress state variables are required to describe the stress-strain behaviour 

in unsaturated soils and suggested total net stress (σ - ua) and matrix suction (ua - uw) as the 

most suitable pair. The advantage of this choice of variables is that normal stress is independ-

ent from changes in pore water pressure. Furthermore, the proposed variables can be con-

trolled in the laboratory and are convenient for illustrating imposed stress paths. Based on the 

interaction between water molecules and the soil, pore water in an unsaturated clay can be 

distinguished as water adsorbed by active clay minerals and capillary or meniscus water in the 

pore space. Under a state of hydraulic equilibrium, a meniscus and adsorbed water are at the 

same pressure and, therefore, matrix suction, s, is associated with both capillarity and adsorp-

tion.  

In addition to matrix suction, the affinity of pore-water to free water molecules is affected 

by the concentration of solute molecules in the pore-water, which gives rise to the osmotic 

suction, π. Osmotic suction is assumed independent of matrix suction. If all other sources of 

potential are ignored, total suction, ψ, is then obtained as the sum of the matrix and osmotic 

components: 

 𝜓 = 𝑠 + 𝜋 Eqn. 2.2 

The definition commonly used for total suction is the one provided by Aitchison et al. (1965) 

in a thermodynamic context, referring to total suction as “the free energy of pore water, meas-

ured as the ratio of partial energy of water vapour in equilibrium with pore water, over the 

partial energy of water vapour in equilibrium with free water”. It may be easier to perceive total 

suction as the tendency of pore water to absorb water molecules from the vapour phase. It is 

also possible to express suction in terms of potential, or energy per unit mass, (μ), or hydraulic 

head (H). Interchanging these terms is perfectly valid through thermodynamics if the pore fluid 

is considered to be incompressible and of constant density (Monroy, 2006). Potential, (μ), or 
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free energy, can be developed for any reason for changing the energy balance of a fluid com-

pared to pure water. In this sense, matrix suction can be defined as the potential between an 

in-situ soil solution and bulk solution, osmotic suction as the potential between bulk solution 

and pure water, and total suction as the potential between the in-situ soil solution and pure 

water. 

2.3 Relative humidity and soil suction 

Absolute humidity is the amount of water vapour in a certain volume of air, regardless of 

temperature. Relative humidity (RH) provides a measure of water vapour in a certain volume 

of air, relative to its temperature. It is equal to the amount of water vapour in the air, expressed 

as a percentage of the total amount that could be held in the air at its current temperature. It 

can also be defined as the ratio of absolute humidity of the air above an aquatic solution over 

the absolute humidity over free water, or, equivalently, as the ratio of absolute partial vapour 

pressure (�̅�𝑣) over the absolute saturated vapour pressure (�̅�𝑣0):  

 𝑅𝐻 =
�̅�𝑣

�̅�𝑣0
 Eqn. 2.3 

This definition of RH is based on three main assumptions: i) the consistency of air does not 

change, excluding the water vapour component, ii) all gas components of the air are ideal 

gases and iii) there is local thermodynamic equilibrium between all gas components, including 

water vapour. As a result of the second assumption, the ideal gas law may be applied to each 

gas component individually. Therefore, partial vapour pressure can be expressed as: 

 �̅�𝑣 =
𝜌𝑣𝑅𝑇

𝜔𝑣
 Eqn. 2.4 

where:  

R = universal gas constant (J/(mol.K)) 

T = absolute temperature (K) 

ρv (Τ)= vapour density (kg/m3) 

ωv = molecular mass of vapour (kg/mol). 

The vapour pressure of air in equilibrium with free water is called the saturated vapour pres-

sure and refers to the maximum amount of water that can be transferred from the liquid phase 

to the air. A semi-empirical approximation for the calculation of saturated vapour pressure is 

given by Wexler (1976): 
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 ln �̅�𝑣0 = ∑ 𝑐𝑖𝑇𝑖−1 + 𝑐4 ln 𝑇
3

𝑖=0
  Eqn. 2.5 

where: 

c0 = -0.60436117 x104 

c1 = 0.189318833 x102 

c2 = -0.28238594 x10-1 

c3 = 0.17241129 x10-4 

c4 = 0.2858487 x101 

The equation is plotted in Figure 2.1. It is evident that for ambient conditions (i.e. 20 oC), 

fluctuations in temperature of ±0.5 oC result in a relative change of 3% in the value of saturated 

vapour pressure. 

 
Figure 2.1. Dependence of saturated vapour pressure on temperature (Wexler, 1976) 

When the solution in equilibrium with the air is subjected to a chemical potential, surface 

tension or adsorption, as in the case of pore-water, less water is able to evaporate into the air 

phase, reducing the resulting partial vapour pressure, �̅�𝑣. 

Kelvin’s law connects the difference in potential of a solution and free water to the relative 

humidity of the air in equilibrium to the solution: 

 𝜇1 − 𝜇0 = −𝑅𝑇 ln
�̅�𝑣

�̅�𝑣0
 Eqn. 2.6 

where μ1 is the chemical potential of the solution and μ0 is the chemical potential of free water. 

Potential can be converted to pressure units (total suction) using the following expression: 
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 𝜓 =
𝜇1 − 𝜇0

𝑣𝑤
 Eqn. 2.7 

where 𝑣𝑤 is the molar volume of water. Using Eqn. 2.3 and Eqn. 2.7, Eqn. 2.6 can be written as: 

 𝜓 = −
𝑅𝑇

𝑣𝑤
ln 𝑅𝐻 Eqn. 2.8 

 
Figure 2.2. Plot of psychrometric law at 21 oC. 

 
Figure 2.3. Relative uncertainty transferred to total suction through the psychrometric law for three typical levels of 

uncertainty in RH at 21 oC. 

A schematic representation of Eqn. 2.8 is presented in Figure 2.2. As is shown later in this 

chapter, the relationship between relative humidity and suction has been applied to enable 

indirect measurement and control of total suction. One of the shortcomings, however, of Eqn. 

2.8 is the increasing transferrable uncertainty from RH to suction at low values of suction. 

Delage et al. (1998) and Oldecop & Alonso (2004) have demonstrated that the uncertainty in 
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suction can be calculated by derivation of the psychrometric law. The relative uncertainty in 

suction calculated at 21 oC for three typical uncertainty levels in RH is presented in Figure 2.3. 

Because of the non-linearity of the psychrometric law at low suction levels, it is observed that 

significant uncertainty is transferred to suction for suction levels below 10 MPa, in accordance 

with the limitations observed by Delage et al. (1998). The application of the psychrometric law 

on the suction measurements is further discussed in the following paragraphs and in Chapter 

4. 

2.4 Suction measurement  

2.4.1 Methods and devices to measure suction 

Suction measurement methods can be distinguished as direct, measuring the actual tension 

of the porous water, or indirect, converting the measured quantity to suction through appro-

priate calibration. Another way to categorise measurement methods is based on the suction 

component being measured. Non-contact methods rely on vapour equilibrium between the 

air in the pores of the soil and the measuring device to provide an estimation of total suction. 

Contact methods, on the other hand, are considered to give a direct estimation of matrix suc-

tion, without including osmotic suction. Assuming independency between the matrix and os-

motic components of suction, osmotic suction can be obtained by subtracting the measured 

matrix component from the measured total suction.  

The direct methods are limited to the pressure-plate apparatus, which involves axis-transla-

tion (Hilf, 1956) to measure compressive pore-water pressures, and the tensiometer (Richards, 

1928) which measures directly tensile pore-water pressure. Both of these methods are contact 

methods, measuring the matrix suction component.  

Indirect non-contact methods usually take advantage of the definition of suction and Eqn. 

2.8 to obtain a value of total suction through the partial pressure of water vapour in equilib-

rium with pore-water. Common examples are the psychrometers, which measure the dew-

point temperature to calculate RH, and hygrometers, which measure RH through changes in 

their electric properties. The non-contact filter paper method relies on the measurement of its 

water content and its association with RH through appropriate calibration. 

Indirect contact methods, on the other hand, measure the water content of a material in 

equilibrium with the soil, such as the contact filter paper method and the porous block method. 

Suction is then obtained from the retention properties of that material. Another type of indirect 
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suction measurement is based on previous knowledge of the appropriate soil-water retention 

curve (SWRC) to provide an estimation of suction by measuring the water content of the soil 

sample (e.g. using a thermal conductivity sensor). Selection of the appropriate measurement 

method for each practical application depends on the suction range, the equilibrium time, 

practicality and affordability. A brief overview of some of the available methods is included in 

Table 2.1. 

Table 2.1. Summary of common suction measurement methods (with information from Standing (2013) and Lu & 

Likos (2004) ) 

Device 

Suction 

component 

measured 

Practical 

Suction 

range (kPa) 

Approximate 

equilibrium 

time Indicative reference 

Thermocouple psy-

chrometer 

Total 100 – 7,500 Minutes Spanner (1951) 

Thermistor/transis-

tor psychrometer 

Total 100 – 

71,000 

Minutes Richards (1965) 

Chilled-mirror psy-

chrometer 

Total 1,000 – 

450,000 

Minutes Gee et al. (1992) 

Polymer re-

sistance/capaci-

tance hygrometers 

Total 20,000 – 

1,000,000 

Seconds Wiederhold (1997) 

Salasmaa & Kostamo (1975) 

Filter paper (in con-

tact) 

Matrix 30 – 30,000 7 days Ridley et al. (2003) 

Marinho & Oliveira (2006) 

Chandler & Gutierrez (1986) 

Filter paper (non-

contact) 

Total 400 – 

30,000 

(100,000) 

7-14 days Leong et al. (2002) 

Likos & Lu (2002) 

Thermal conductiv-

ity sensor 

Matrix 0 – 300 

(400) 

Weeks Feng et al. (2002) 

Pressure plate Matrix 0 – 1,500 Hours Hilf (1956) 

Bocking & Fredlund (1980) 

High capacity tensi-

ometer 

Matrix 0 – 1,800 Minutes Ridley & Burland (1993) 

 

The present research relies on control of total suction using feedback from hygrometers. 

Their operation is briefly discussed below and in detail in Chapter 4. A detailed review of the 

types, operation and application of high capacity tensiometers may be found in Delage et al. 

(2008) and Marinho et al. (2008). Information on other methods may be found in Ridley & 

Wray (1996), Agus & Schanz (2005) and Delage et al. (2008). 

2.4.2 Polymer hygrometers 

These sensors, like psychrometers, provide an estimation of the relative humidity of the air in 

contact with pore-water in the soil sample, and therefore are an indirect method of suction 
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measurement. The probe consists of two electrodes separated by a thin, water-retaining pol-

ymer film or coating (example in Figure 2.4). The capacitance of the electrodes and polymer 

system is affected by changes in the water content of the polymer and is calibrated against 

relative humidity. The linearity of the calibration, the response time, hysteresis and long-term 

behaviour depend on the retention properties and deterioration of the polymer. 

 
Figure 2.4. Schematic structure of thin-film capacitance "humicap" hygrometer (from Yamazoe & Shimizu (1986), 

after Salasmaa & Kostamo (1975)) 

Generally, the sensors are compact and cost-effective. The probe can be encased and with-

stand harsh operating conditions. Because of the fast response time, they cope with fluctuating 

RH. The uncertainty of some commercial hygrometers, as deduced from the respective 

datasheets, is summarised in Table 2.2.  

Fernicola et al. (2008) examined the long-term performance of 5 commercial hygrometers, 

with varying results. Most notably the measurements drifted with extreme temperature 

changes (up to 80 oC), and most of the sensors presented a non-linear hysteresis, especially at 

high values of RH. Based on their results, the authors suggested individual long-term calibra-

tion of the hygrometers by the end user, as at that time the information provided by the man-

ufacturers was found insufficient.  
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Table 2.2. Technical specifications of hygrometers, as available from the manufacturers’ datasheets (adapted from 

Fernicola et al. (2008) and updated) 

Manufacturers E+E Rotronic Testo Sensirion 
Delta 

Ohm 
Vaisala 

Model 
EE31 

PFTD 
HygroFlex HygroTest SHT21 HD48 

HMT33

0 

  HTS1 (IC-

3) 
650 PHT    

RH measurement range 

(%RH) 
0–100 0–100 0–100 0-100 0-100 0-100 

Temp. measurement 

range (oC) 

−40 to 

180 

−50 to 

200 

−20 to 

180 
-40 to 125 -20 to 80 

-40 to 

60 

Accuracy (%RH)       

(0–100)  ±1a ±2    

(0-10) ±2c   ±3a ±1.5a ±1a,b 

(10–90) ±2c   ±2a ±1.5a ±1a,b 

(90–100) ±3c   ±3a ±2.0a ±1.7a,b 

Long-term stability 

(%RH/yr) 
 <1  <0.25   

a Uncertainty at ambient temperature 
b Accuracy includes hysteresis and nonlinearity 

c At temperatures different from 25 ˚C 

Additionally, the increased uncertainty at high RH levels, results in an even larger uncertainty 

in suction (Figure 2.3), limiting the acceptable operational suction range of the hygrometers. 

Finally, condensation occurring at high RH levels may increase the water content of the poly-

mer, giving higher measurements of RH than in the actual vapour phase (Agus & Schanz, 

2005). A comprehensive review on hygrometers may be found in Farahani et al. (2014), how-

ever, that level of detail is outside the scope of the current research. 

2.5 Suction control methods 

The basic methods of suction control can be divided in three general types:  

• the axis-translation technique;  

• the osmotic method; and  

• the Vapour Equilibrium Technique.  

These are briefly discussed here, however emphasis is given to the vapour equilibrium tech-

nique, which, along with the air-regulated suction control developed in the Geotechnics La-

boratory at Imperial College London (Cunningham, 2001a; Jotisankasa et al., 2007), formed the 

basis for the development of the equipment used in the current research. 
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2.5.1 Axis-translation technique 

The most popular method for suction control involves the axis-translation technique, where 

pore-air pressure, ua, and pore-water pressure, uw, increase by the same amount keeping ma-

trix suction, (ua-uw), constant, until water pressure is positive and within the range of conven-

tional pressure transducers (Hilf, 1956). The soil sample is placed in a sealed chamber, where 

air pressure can be increased. Pore-water pressure is regulated independently through a sat-

urated interface, usually a high air-entry porous stone or a membrane, in contact with the soil 

sample. The interface separates the water phase from the air phase, being impermeable to air 

when saturated, while allowing flow of water (Lu & Likos, 2004). The operational limits of the 

method depend on the air-occlusion value of suction for the lower limit, and on the air entry 

value of the interface unit for the upper limit. The minimum suction value depends on the 

retention properties of the particular soil, however the air phase is often assumed to be con-

tinuous at degrees of saturation generally below 70%-80%.  

The two types of equipment using the axis-translation technique are the pressure plate ap-

paratus and the pressure membrane extractor. Figure 2.5 presents a typical pressure plate ap-

paratus (Fredlund & Rahardjo, 1993), showing the sample in the sealed chamber. A spring 

holds the sample in contact with the saturated High Air-entry Value (HAV) porous stone. Ow-

ing to the continuity of water in the porous stone and in the soil sample, pore-water pressure 

is measured at small cavities filled with water below the porous stone. Independent variation 

of the pore-water and the pore-air pressure allow for matrix suction control. The typical cavi-

tation value for HAV ceramic porous stones is up to 1,500 kPa. The pressure membrane ex-

tractor apparatus has an extended operating limit of up to 10,000 kPa, achieved by replacing 

the HAV ceramic plate with a cellulose membrane. 

Some of the drawbacks and experimental difficulties of the method, as summarised by 

Delage et al. (2008), include: 

• testing under air pressure is not representative of atmospheric field conditions; 

• uncertainty of the effect of pressurisation on adsorbed water; 

• uncertainty of the effect of pressurisation on occluded pore-air; 

• air diffusion below the porous interface; and  

• vapour transfer to and from the pressurised air in sealed chamber.  
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Nevertheless, Tarantino et al. (2011) demonstrated in a series of benchmark tests reasonable 

agreement between the tensiometer and the pressure plate, with the pressure plate overesti-

mating suction only at high degrees of saturation, where air is expected to be occluded. 

 
Figure 2.5. Schematic of pressure plate apparatus (Fredlund & Rahardjo, 1993) 

2.5.2 Osmotic control 

 Another way to control suction is the osmotic technique (Kassiff & Ben Shalom, 1971), where 

the sample is in contact with an aqueous solution through a semi-permeable membrane. The 

aqueous solution contains polyethylene glycol particles (PEG) that are too large to penetrate 

the membrane, creating an osmotic differential with the soil pore water. The membrane, how-

ever is permeable to other soluble ions in the pore water, therefore the chemical composition 

of the pore water remains constant as water is drawn from the soil sample and as a result the 

method controls the matrix component of suction (Delage et al., 2008). To prevent changes in 

the osmotic component of suction when lowering suction, the chemical composition of the 

water in the PEG solution should match the chemical composition of the pore water. The range 

of operating suction is controlled by the concentration of the PEG solution, and, with adequate 

membranes, it can be extended from 0 to 10,000 kPa (Delage et al., 1998). The value of applied 

suction is obtained through appropriate calibration of the PEG solution.  

It is possible to estimate the movement of water in and out of the sample by measuring 

changes in volume (Delage et al., 1992) or mass of the solution (Dineen, 1997). Dineen (1997) 

introduced a high capacity tensiometer (Ridley & Burland, 1993) into the osmotic oedometer 
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to provide feedback and direct measurement of the applied matrix suction in the soil sample, 

limiting, however, the operational suction range to that of the tensiometer. The advantage of 

independent suction measurements during oedometer testing was that the concentration of 

the solution could be calibrated against the matrix suction of the soil sample. Using this tech-

nique, Dineen (1997) showed that the matrix suction in the sample was affected by the com-

bination of the chosen solution and membrane.  

 
Figure 2.6. Schematic of the osmotic system (Monroy et al., 2007) 
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Colmenares (2002) modified the osmotic oedometer to obtain radial stress measurements. 

Monroy et al. (2007), using a combination of synthetic membrane (PES-UF) and PEG 35M so-

lution suggested by Cunningham (2001a), was able to demonstrate the long-term stability of 

the method. A schematic of the final configuration of the osmotic oedometer, as used by 

Monroy et al. (2007) is presented in Figure 2.6. 

2.5.3 Vapour equilibrium technique (VET) 

As discussed above, the value of total suction in a soil sample can be inferred from the RH of 

the pore-air when it is in thermodynamic equilibrium with the pore-water through the psy-

chrometric law (Kelvin’s law). In reverse, it is possible to control total suction by controlling the 

RH of the pore-air using humidity generators in a closed system. Water molecules are ex-

changed by vapour transfer between the elements of the humidity generator system and the 

soil sample until equilibrium is achieved. 

Because the method depends on Kelvin’s law to translate RH into suction, as Delage et al. 

(1998) point out, the absolute uncertainty in total suction is directly proportional to the relative 

uncertainty in relative humidity. As most humidity generators provide a degree of relative un-

certainty on RH in the order of 1%, it is highlighted that the transferred error in suction be-

comes significant and unacceptable for suction levels below 10 MPa.  

Further uncertainty in RH is introduced from the sensitivity of both saturated vapour pres-

sure and of partial vapour pressure to temperature, as a consequence of Eqn. 2.4 and Eqn. 2.5. 

Additionally, temperature changes directly affect the value of suction inferred from Kelvin’s 

law (Eqn. 2.8). Temperature effects can be minimised by using a water bath to limit tempera-

ture fluctuations (Salager et al., 2011). Delage et al. (2008) suggested that a difference in tem-

perature between the reference system and the sample should also be taken into account and 

proposed a correction factor equal to the ratio of the saturated vapour pressures at the two 

temperatures, assuming equilibrium of partial vapour pressure across the system. 

2.6 Humidity generators 

2.6.1 Isopiestic humidity control 

One of the simplest forms of humidity generators are the aqueous solutions. The solutions 

may be saturated or unsaturated, salt or acid. The method relies on thermodynamic equilib-

rium between the solution, the air above it, and the soil suction. Under isothermal conditions, 

RH above the solution approaches a fixed value (Lu & Likos, 2004). The potential of the solution 
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may vary with concentration, or with the dissolved substance. Saturated salt solutions of each 

dissolved salt have the advantage of maintaining a constant concentration while water moves 

in or out of the solution and therefore providing a distinct value of RH. On the other hand, 

unsaturated acid solutions may provide a continuous range of potential, however, the concen-

tration, and therefore the chemical potential, is sensitive to water exchange during vapour 

transfer to the air and the soil sample.  

The chemical potential of the solutions is also sensitive to temperature changes. There are 

extensive calibrations for various salt solutions covering a wide range of RH and temperatures, 

however the scope of the present research covers only ambient laboratory temperature. Ac-

cording to the information compiled by Delage et al. (1998), a deviation of 1oC from the am-

bient temperature of 20 oC results in a change in chemical potential of less than 1% RH. To put 

this in context, this value is comparable to the typical accuracy of hygrometers. 

2.6.2 Precision humidity generators 

As an alternative to the simple VET through salt solutions, it is possible to obtain constant 

mixtures of air and water vapour using sophisticated humidity generators. These generators 

rely on the manipulation of air streams under carefully controlled pressure and temperature 

conditions, based on divided-flow and the two-pressure methods, allowing for active control 

of relative humidity. Because of their high accuracy and stability, these systems have been used 

for calibration of RH-measuring devices. The methods and their benefits over the isopiestic 

method are discussed here briefly. 

The two-pressure method provides a range of RH between 3% and 98% (Hasegawa & Little, 

1977). In principle, it involves saturating a current of air at an elevated pressure and expanding 

it again. By carefully controlling the pressure and temperature of the saturated air stream it is 

possible to achieve the required RH. However, the equipment is complicated, comprising com-

pressors, filters and desiccants to prepare the inflow current of air, two saturators submerged 

in temperature water baths, a pressurator, an expansion valve and heat exchangers. A sche-

matic of the Mark 2 two-pressure humidity generator is presented in Figure 2.7. The complete 

list of processes are included in Hasegawa & Little (1977). The similar two-temperature method 

relies on the same principles; however, the process is performed under a single pressure, 

achieving the required RH by manipulating only temperature. 
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Figure 2.7. Schematic of the NBS two-pressure humidity generator (Hasegawa & Little, 1977) 

Although this equipment provides versatile and accurate control of relative humidity, it is 

complicated and bulky. A simpler alternative is the divided-flow method. It relies on the pro-

portional mixing of dry and saturated air, in order to obtain the required relative humidity. The 

first divided-flow humidity generator was created by Wexler (1948). As shown in the simplified 

diagram in Figure 2.8, a current of dry air was divided into two streams through a proportion-

ing valve. The two streams would be recombined in a mixing chamber, after saturating one of 

them. Under ideal conditions, the value of the obtained relative humidity would be equal to 

the mixing flow ratio of the saturated stream to the dry stream. A similar system was developed 

by Likos & Lu (2003), however all the components were upgraded in comparison to the earlier 
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version proposed by Wexler (1948) and modified to ensure ideal conditions. Among the mod-

ifications, the current of dry air was substituted with pressurised nitrogen gas (perfectly dry 

air), the proportioning valve was substituted by two individual flow controllers and the dry 

stream was subjected to desiccant to ensure it contained no water vapour. Furthermore, the 

relative humidity of the combined air was evaluated with a capacitance hygrometer. 

 
Figure 2.8. Simplified schematic of divided-flow humidity generator (Wexler, 1948). 

As mentioned earlier, these systems provided precise control of RH, based on the 

thermodynamics of air mixtures, of sufficient accuracy to calibrate humidity sensors. However, 

ensuring ideal conditions is expensive and impractical for simpler, long-term applications. A 

simpler system was developed as part of this research and is presented in Chapter 4 in detail. 

The main simplification is that control is based entirely on the reading of the capacitance 

hygrometer. This allows adjustment of the mixing ratio in non-ideal conditions, making the 

equipment more versatile and resilient against temperature and flow variations, as well as 

against shortcomings during long-term operation, such as variation on the RH of the inflow 

air and the efficiency of the saturator. 
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2.7 Application of humidity generators in soil testing 

2.7.1 Determination of water retention properties 

The VET is commonly used to determine the water retention properties of soils, by placing the 

soil samples above a solution in a sealed glass container, under constant temperature. When 

vapour equilibrium is achieved, the soil samples are placed above another solution to obtain 

the next point on the isotherm. Wadso et al. (2004) and Dueck (2008) obtained continuous 

mass measurements during equilibration by suspending the soil mass from a weighing scale 

placed above the glass jar containing the soil and the solution (Figure 2.9). By measuring the 

mass of the soil sample without removing it from the desiccator, vapour was not disturbed 

and equilibrium was accelerated. 

 
Figure 2.9. Schematic of glass jar method (Wadso et al., 2004) 

This concept was adopted by Salager et al. (2011), who manufactured a sorption bench by 

suspending multiple jars in a temperature-controlled water bath. Testing multiple soil samples 

simultaneously, rather than subject a single sample to a series of vapour pressures, the total 

testing time was significantly reduced. Furthermore, the water bath provided the required sta-

bility in temperature (±0.4 oC), minimising effects on the chemical potential, saturation vapour 

pressure and partial vapour pressure. Salager et al. (2011) also ensured vapour access to the 

base of the soil sample by placing it on a hydrophobic, Teflon porous plate. Saiyouri et al. 

(2004) obtained volume measurements by submerging the soil samples in kerosene. 
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Figure 2.10. Schematic of sorption bench (Salager et al., 2011) 

The required time for equilibrium in such vapour equilibrium systems varies from several 

days to a few months (Delage et al., 1998; Salager et al., 2011). Time is significantly reduced 

when vapour circulation is encouraged within the container (Marcial et al., 2002; Tang & Cui, 

2006), e.g. with the aid of a fan.  

2.7.2 VET oedometer 

The Vapour Equilibrium Technique has also been applied to modified oedometric equipment 

to perform tests under controlled suction. Early versions placed the aquatic solution with the 

oedometric cell in a sealed chamber and allowed for equilibrium of vapour pressure through 

diffusion. 

Esteban (1990) designed a vacuum chamber that could contain both the conventional oe-

dometer cell and a glass tray containing sulphuric acid (Figure 2.11) and could be placed on 

the conventional oedometer loading frame without further modifications of the existing 

equipment. Although the apparatus was simple and easy to use, stabilisation of the water 

exchange between the solution and the soil sample required up to two months. 

Al-Mukhtar et al. (1993) designed an oedometer where a maximum load of 30 MPa could 

be applied by a hydraulic piston at the bottom of the sample, as shown in Figure 2.12. An 

easily interchangeable chamber containing a saturated salt solution was placed above the oe-

dometer cell. Perforations in the top plate of the cell and the bottom of the solution chamber 

allowed for moisture transfer to and from the soil sample. However, as with Villar & Martin 

(1996), there were no provisions for limiting temperature variations, affecting both the chem-

ical potential and RH, there was no independent measurement of the actual RH in the cell, 
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and, finally the time required for stabilisation of the water exchange between the solution and 

the soil sample was extensive. 

Cuisinier & Masrouri (2005) attempted to increase the exposure of the soil sample to water 

vapour by using porous steel for fabrication of the components of the oedometer cell in con-

tact with the soil sample (Figure 2.13). However, the duration of the tests remained at the order 

of several months. 

Bernier et al. (1997) addressed the duration issue by using an air-circulation pump to circu-

late vapour parallel to the top and the bottom surface of the sample (Figure 2.14). This forced 

air-flow reduced the time required for equilibrium from several months to a few weeks. The 

humidity system comprised a closed air circuit (Figure 2.14). After passing through a bottle 

with a saturated salt solution, the RH of the air stream would be measured in a separate bottle 

with a capacitance hygrometer before being injected into the oedometer cell. This improve-

ment provided an independent check on the RH created by the salt solution. 

A similar approach was adopted by (Blatz & Graham, 2000) to provide suction control to a 

high-pressure triaxial cell (Figure 2.15). Vapour was allowed to flow from the bottom pedestal 

to the top porous stone along the sides of the soil sample through a stiff woven geotextile 

wrapped around the soil sample. Suction was evaluated using two thermocouple psychrome-

ters, one compacted at the centre of the soil specimen and one embedded in the top cap. 

 

 
Figure 2.11. Schematic of suction-controlled oedometer with sulphuric acid solution (Esteban, 1990; Oteo-Mazo et 

al., 1995). 
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Figure 2.12. Schematic of suction-controlled oedometer using saturated salt solution (Al-Mukhtar et al. (1999) after 

Al-Mukhtar et al. (1993)). 

 
Figure 2.13. Schematic of suction-controlled oedometer using saturated salt solutions (Cuisinier & Masrouri, 

2005). 
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Figure 2.14. Schematic of suction-controlled oedometer using saturated salt solutions with air-circulation pump 

(Bernier et al. (1997) after Esteban et al. (1988)). 

 

Figure 2.15. Schematic of suction-controlled triaxial high-pressure cell (Blatz & Graham, 2000). 
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Figure 2.16. Schematic of suction-controlled oedometer using saturated salt solutions, with local RH sensors and 

axial force transducer (Dueck & Nilsson, 2010). 

 
Figure 2.17. Schematic of suction-controlled rockfill oedometer with lateral stress measurement using saturated 

salt solutions and air-circulation pump (Oldecop & Alonso, 2004) 
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A similar arrangement was used by Dueck (2004), also allowing air flow across the extreme 

surfaces of the soil sample. In addition to the load cell in the axial direction, the oedometer 

cell was fitted with a side load cell and a capacitance hygrometer was mounted on the confin-

ing ring (see Figure 2.16) to provide radial stress measurements and verify relative humidity 

within the cell, respectively.  

Oldecop & Alonso (2004) were able to increase further the efficiency of water exchange for 

rockfill material by forcing the air through the sample (Figure 2.17). However, such modifica-

tions were not applicable in clays due to the low air permeability, compared to the applied 

flow. 

Finally, Hoffmann et al. (2007) developed a cell that could seamlessly change between va-

pour equilibrium and axis translation, thus extending suction control to the air occlusion value. 

To compromise between the coarse porous stones required for air flow in the VET method and 

the HAV ceramic stones required for the axis translation technique, a compound porous stone 

was used for the base of the cell. The outer ring of the porous stone was coarse metal, while 

the centre was made from HAV ceramic material. When operating under VET mode, perfora-

tions in the top cap and in the base allow for circulation of air across the extreme surfaces of 

the soil sample, similarly to the procedure described in the previous paragraphs. Under axis-

translation conditions, the air circuit is used to increase air-pressure in the sample and pore-

water pressure is controlled through an additional perforation with access to the centre of the 

base. 

However, the limitations of the VET regarding sensitivity to temperature changes were not 

addressed. Additionally, a significant gap remained between the minimum operational suction 

level of the VET and the maximum operational suction of the axis-translation technique. Fur-

thermore, the transition from VET to axis-translation indicates that suction levels above the 

air-entry value of the HAV stone were applied, desaturating and cavitating it, and therefore 

compromising the continuity between the pore water and the water in the porous stone. 
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Figure 2.18. Schematic of suction-controlled oedometer with two testing configurations after Hoffmann et al. 

(2007). (Left: Vapour transfer technique, Right: Axis-translation technique) 

2.7.3 Air-regulated suction control in Imperial College 

The concept of air-circulation was adapted by Cunningham (2001a) on the Imperial College 

stress-path cell (Bishop & Wesley, 1975) to develop an air-regulated system for suction control. 

Instead of using a humidity generator, Cunningham (2001a) exposed the base of the sample 

to a current of dry air for a limited amount of time, while measuring suction at the top and the 

bottom of the soil sample with tensiometers, as shown in Figure 2.19. The humidity gradient 

drove the evaporation of water from the soil sample into the air current. The flow was main-

tained until the suction measurement at the base exceeded the target value by 5 kPa. As suc-

tion within the sample equilibrated, the suction measurement at the base decreased. Flow 

would be triggered again at suction measurements 5 kPa below the target value, thus main-

taining suction at the base within a range of ±5 kPa of the target value until no further increase 

in suction was detected at the top of the sample. 

The method was limited by the range of the tensiometer to a maximum suction level of 

1,500 kPa. Additionally, the water content of the soil sample could not be measured during 
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testing. However, the most significant limitation of the equipment was its ability to apply only 

drying paths, since the humidity of the air was not controlled. 

Jotisankasa (2005) addressed most of these issues, with a number of modifications:  

• a capacitance hygrometer was introduced in the flow path to determine the relative 

humidity of the air in equilibrium with the soil sample; 

• the flow cut-off valve was replaced by an air-flow valve that would adjust the flow 

rate of the dry air; 

• a pressure transducer, was introduced in the dry air flow-path, indicating when the 

air-flow is on. 

Based on the values of flow rate, air pressure and relative humidity when applying these 

three modifications, Jotisankasa (2005) proposed a calculation method to estimate the water 

removed from the soil sample, and therefore to obtain the water content during the test. How-

ever, the maximum operational suction remained limited by the tensiometer at 1,500 kPa. Fur-

thermore, attempts to replace dry air with saturated air proved ineffective, possibly due the 

large height to diameter ratio of the soil sample, being prepared for triaxial tests, and the small 

area of the base in contact with the air. Instead, wetting was achieved through gradual expo-

sure to liquid water across the top surface of the sample.  

 
Figure 2.19. Air-regulated suction-controlled stress-path cell (Cunningham, 2001a). 
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2.8 Summary and conclusions 

The need for suction control over the years has been addressed successfully for a wide range 

of suction levels, with the main focus being at suction levels below 1 MPa, where direct inde-

pendent suction measurements can be obtained. Control at higher suction levels has been 

achieved either by the osmotic method, the Vapour Equilibrium Technique or the air-regula-

tion method, allowing efficient adaptation of traditional laboratory equipment for the investi-

gation of unsaturated soils. The benefits of air circulation include significant reduction in test 

duration, however the choice of humidity generator presents significant limitations. Traditional 

pressure generators are too complicated and expensive, saline solutions are too sensitive to 

temperature variations and provide only distinct point values of relative humidity points, while 

the air-regulation method applies only to drying paths. Based on these observations, the de-

velopment of a new simple humidity generator is presented Chapter 4, providing the versatility 

of pressure generators and the practicality of the air-regulation method. 

When developing the oedometer presented in Chapter 5, the advantages and disadvantages 

of the apparatus described in Sections 2.7.2 and 2.7.3 were taken into consideration for the 

design of the cell. The circulation of air along the surfaces of the soil sample through coarse 

porous stones was adopted to limit the duration of the tests. As the oedometer is intended 

for tests in clays, forcing the air through the sample is considered impractical. To increase 

versatility in the application of suction and limit the effect of temperature changes, the di-

vided-flow humidity method developed in Chapter 4 is preferred over saturated salt solutions 

for suction control. The method builds on the air-regulated suction control method, improving 

the accuracy of the control and enabling wetting as well as drying paths to be applied.  
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Chapter 3: Natural sodium bentonite 

3.1 Introduction 

As explained in Chapter 1, the primary purpose of the research was to develop novel equip-

ment and experimental techniques for establishing swelling and water retention characteristics 

of bentonite in the Geotechnics Laboratory at Imperial College. Due to the nature of the re-

search, a rigorous hydro-mechanical characterisation of the geo-materials was not possible in 

the available timeframe. Bentonite was selected as opposed to other unsaturated geo-mate-

rials, either naturally unsaturated or compacted, because of the need for suction control at 

ranges not covered by other apparatus available in the Geotechnics Laboratory at the start of 

this research. The decision on the choice of bentonites was based on material and data avail-

ability. 

In addition to bentonite, two other materials were used to assist in the understanding and 

development of the equipment. The first was an artificial model clay (KSS), consisting of 

Speswhite kaolin, industrial quartz silt and quartz sand. The material was used to evaluate the 

new oedometer, described in Chapter 6, and to identify and address difficulties in preparation, 

compaction and extraction of soil samples. KSS was selected due to its consistent quality and 

high reproducibility of its response to mechanical testing. The physical and mechanical prop-

erties of KSS have been presented in detail in Rossato et al. (1992) and in Menkiti (1995), 

providing a reference for comparison with the current research. London Clay is an expansive, 

highly over-consolidated clay and was used to develop and optimise the test method for ob-

taining soil-water retention curves using the new humidity generator, described in Chapter 7. 

The volumetric, mechanical and hydraulic properties of London Clay are well-defined for both 

natural and compacted samples (Burland, 1990; Ridley, 1993; Dineen, 1997; Melgarejo, 2005; 

Monroy et al., 2010; Kirkham, 2015), allowing for the evaluation of its retention behaviour in 

the new humidity system.  

However, since these two materials are well known and have been studied extensively in the 

Geotechnics Laboratory of Imperial College, this chapter focuses only on the description of the 

two bentonites. More specifically, the physical properties of Bentosund A100 and “yellow ben-

tonite” are obtained and compared with other bentonites. The processes governing the me-

chanical and hydraulic properties of the two bentonites are described, including the effect of 

compaction, dry density and water content on the soil fabric, and subsequently on the swelling, 
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permeability and water retention. Compaction, water retention and swelling are further dis-

cussed at the beginning of Chapters 6, 7 and 8 respectively. 

3.2 Classification of bentonites in this research 

3.2.1 Mineral classification 

Most bentonites are formed through diagenesis of tephra deposits in marine environments. 

Commercial bentonites are usually a blend of different mineral horizons to provide a consistent 

product, usually containing more than 80% smectite. Their colour depends on their impurities 

and their Fe content. Typically, bentonites are often light yellow or green at the surface chang-

ing to bluish at depth, with a clear boundary between the two, attributed to iron oxidation 

(Pusch, 2002b). 

The name bentonite was proposed in 1897 for a clay originally discovered in Fort Benton, 

Montana (Hauser & Colombo, 1953). However, the terms smectite, montmorillonite and ben-

tonite were often used intermittently until the term smectite was officially described as a clay 

mineral by the International Association for the Study of Clays (AIPEA) in 1980 (Bailey, 1981). 

Smectite particles comprise of an expandable, planar 2:1 clay mineral, with an aluminium oc-

tahedron sheet between two silicate sheets, and layer charge between 0.2 and 0.6 (Bailey, 

1981). Emmerich et al. (2009) suggested further classification within the smectite group based 

on i) dioctahedral or trioctahedral character, ii) layer charge, iii) charge distribution between 

sheets, iv) cation distribution within the octahedral sheet and iv) Fe content. Based on this 

classification, montmorillonite is the dioctahedral smectite species where more than 90% of 

ion substitutions occur in the octahedral sheets. The interlayer cations may be Na+, K+, Ca2+, 

or Mg2+. In contrast, beidellite is the smectite where the layer charge is concentrated in the 

tetrahedral sheets, while nontronite has high Fe content. 

According to the description given above, the bentonites used in the present research are 

clays containing over 80% smectite as their active mineral, almost exclusively of the montmo-

rillonite species, with sodium as the dominant exchangeable cation. 

3.2.2 Plasticity and dry density 

MX-80 bentonite was intended to be used throughout the research as a well-documented 

bentonite, featuring as the specified material for the construction of nuclear waste disposal 

facilities in many national proposals for underground repositories (Pusch, 2002b). MX-80 is the 

granular form of the natural sodium bentonite Volclay from Wyoming USA, available from 
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American Colloids. In addition to MX-80, Volclay is also available in finely ground powder form 

under the label SPV200. However, supply of MX-80 proved difficult. Instead, a Wyoming ben-

tonite with the brand name Bentosund A100 was purchased from LAVIOSA MPC. Bentosund 

A100 is also a natural sodium bentonite, with composition, origin and grain size distribution 

similar to MX-80. An additional bentonite was used until Bentosund A100 was obtained. The 

material was an expansive commercial yellow-grey bentonite powder (possibly Bentonex SB, 

a sodium-activated bentonite powder by RS minerals), available from previous projects, but 

with little or no previous documentation. Since its origin is not clear, it is subsequently referred 

to as ‘yellow bentonite’ (YB).  

Table 3.1. Physical properties of various bentonite materials 

Bentonite 

Montmo-

rillonite 

content Gs wL wP PI 

specific 

surface References 
 %  % % % (m2/g)  

Bentosund A100 82 2.75 392 51 341 -  

Yellow bentonite 89 2.78 335 52 283 -  

MX-80 81 2.749 474 50 424 622  average from Table 3.2 

Calcigel 60 2.72 110 39 71 57 (Schanz et al., 2013) 

Kunigel 64 2.79 474 27 447 687 (Komine & Ogata, 1994) 

Montigel 66 2.85 130 50 80 493 (Tripathy et al., 2004) 

Volclay 71 2.84 565 47.2 517.8 560 (Komine et al., 2009) 

GMZ 75 2.66 313 38 275 570 (Wen & Jintoku, 2005) 

Kunibond 80 2.71 144.5 63.87 80.6 - (Komine, 2004) 

FEBEX 92 2.7 102 53 42 725 (Lloret & Villar, 2007) 

Kunipia-G 95 2.710 - - - 592 (Massat et al., 2016) 

 

Table 3.2. Physical properties of MX-80 bentonite 

Reference Montmorillonite content Gs wL wP PI 

 %  % % % 

(Pusch, 1982) 82.5 2.65 520 62 458 

(Tripathy et al., 2004) 75 2.76 411 47 364 

(Sauzeat et al., 2001) 82 2.65 520 46 474 

(Tang et al., 2008b) 82 2.76 520 46 474 

(Komine et al., 2009) 80 2.88 437 38 399 

(Seiphoori et al., 2014) 85 2.74 420 65 355 

(Schanz et al., 2013) 75 2.80 490 48 442 

 

The two materials were subjected to a series of classification tests and the results are pre-

sented in Table 3.1, along with the reported physical properties of various bentonites reported 
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in the literature. The two bentonites have high montmorillonite content (above 80%), similar 

specific gravities (2.75 for Bentosund A100 and 2.78 for YB), a high liquid limit, wL, (above 300%) 

and a plastic limit, wP, of approximately 50%. Comparing their properties with the rest of the 

bentonite materials in Table 3.1, it is evident that their physical properties approximate that of 

MX-80. 

3.2.3 Particle size distribution 

As it was mentioned previously, the main difference between the Bentosund A100 and YB is 

that the former is in a granular form, while the latter in powder form. This difference was quan-

tified through both dry-sieving tests and hydrometer tests, as presented in Figure 3.1. Hy-

drometer tests were performed to obtain the distribution of the particles in the dispersed state. 

As expected by the high smectite content, 80% of the particles were smaller than 1 μm in size 

for both bentonites, however the Bentosund had slightly less material retained above the 

0.001-mm size. The dry-sieving tests provided a distribution of the aggregated particles, and 

therefore a grain size was obtained instead of a particle size. The materials were oven dried 

prior to sieving to ensure that the grain size is not affected by their water content. The Bento-

sund A100 has a maximum grain size of 2 mm, and the grain distribution ranged within the 

medium to coarse-sand size. The dry YB was finer than the granular Bentosund A100, with 

more than 60% of the grains being silt-sized. Note that the minimum sieve size was 0.063 mm, 

which coincides with the limit between silt and sand-sized grains. Finer distributions can be 

obtained with the hydrometer. Discontinuity between the dry sieving and the hydrometer is 

caused by dispersion of the aggregates. 

As the size of the grains depends on the relative humidity of the laboratory environment, 

and aggregation is susceptible to abrasion during handling and sieving, it is possible for the 

same material to give different grain size distributions, depending on the testing conditions. 

In Figure 3.2, the grain size distribution of the two bentonites is compared with the grain size 

distribution of MX-80 reported in the literature. The grain size of the powder bentonite YB 

seems to be in agreement with SPV200 (Pusch, 2002b), with 95% of the particles passing 

through the 150-μm sieve. Three reported grain size distributions for MX-80 give different 

ranges for maximum and minimum sizes, and are graded at different degrees of uniformity, 

with Wang et al. (2012) giving the coarser grade with D50=1 mm and Dmax=2 mm, Pusch 

(2002b) giving the finer with D50=0.33 mm and Dmax=0.9 mm, and Seiphoori et al. (2014) giving 
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the most well-graded distribution with D50=0.84 mm and Dmax=4 mm. The distribution ob-

tained for Bentosund A100 lies between the reported distributions, with D50=0.57 mm and 

Dmax=2 mm. 

 

Figure 3.1. Grain size distribution for the two bentonites used in this research, both in dispersed and in dry state. 

 
Figure 3.2. Grain size distribution from dry sieving tests on the two bentonite materials used in the present 

research. Comparison with MX80 and SPV200 (Pusch, 2002b). 
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Figure 3.3. Particle size distribution from hydrometer tests on the two bentonite materials used in the present 

research. Comparison with MX80 and SPV200 (Pusch, 2002b). 

In Figure 3.3, the dispersed particle distribution of the two bentonites is compared with the 

distribution of MX-80 and SPV200 by Pusch (2002b) and MX-80 by Saba et al. (2014). It is 

observed that the particle size distribution of YB is in better agreement with the results re-

ported in Pusch (2002b), while the finer distribution of Bentosund A100 plot closer to results 

reported in Saba et al. (2014). This suggests that the variation in particle size distribution be-

tween the two materials lies within the variation of the testing method, and the materials may 

be considered of similar distribution. 

3.3 Compaction and clay fabric 

3.3.1 Structure of smectite particles 

Compacted clays in their unsaturated state are three-phase materials, combining solid parti-

cles, a liquid phase and a gas phase. The mechanical behaviour of unsaturated clays is a result 

of all three phases and their interaction (Lu & Likos, 2004). The conceptual levels of structure 

in the fabric, from inter-particle to macroscopic level, are briefly discussed here, with emphasis 

on the interaction with water and the associated phenomena. 

The solid phase in the microscopic scale consists of crystalline unit layers (Hauser & 

Colombo, 1953). The two basic unit layers in clay soils are the silicon tetrahedron and the 

aluminium octahedron (Warshaw & Roy, 1961). The size and physicochemical properties of 

the clay depend on the active clay mineral, which is a combination of unit layers. Montmoril-

lonite particles consist of an aluminium octahedron sheet between two silica sheets (Bailey, 

1981).  
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Figure 3.4. Conventional Hofmann/Endell/Wilm (HEW) model for the crystalline structure of montmorillonite 

(Warshaw & Roy, 1961) 

 
Figure 3.5. Diagram of the Edelman & Favejee (1940) model for the crystalline lattice structure of montmorillonite 

for low temperatures with presence of Na+ or Li+ adsorbed cations (after Pusch et al. (1990)). 

The structure of the crystalline lattice is important in understanding the hydration and swell-

ing properties of the clay, as it is responsible for cation exchange capacity and for the interac-

tion with water molecules (Pusch, 2002a). Pusch et al. (1990) suggest that two types of crystal-

line structure exist for montmorillonite, depending on the temperature and the adsorbed cat-

ion. At high temperatures (above 100-130 oC) and for cations other than Li+ or Na+, they sug-

gest the silica tetrahedra are aligned towards the centre of the lattice, according to the con-

ventional model proposed by Hofmann et al. (1933). A schematic projection is presented in 

Figure 3.4. However, at low temperatures and when Na+ or Li+ are present, part of the silica 

tetrahedra would be inverted (Figure 3.5) according to the model proposed by Edelman & 
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Favejee (1940). The hydroxyl on the surface of the lattice would increases the cation exchange 

capacity of the clay without lattice substitutions. However, the existence of the second model 

has not been confirmed (Pusch, 2002a).  

When water is available, the hydration of the exchangeable cations, located on the surface 

of the layers overcomes the attractive Van der Waals forces, thus separating the clay layers. 

(Madsen & Müller-Vonmoos, 1989). The distance between the clay layers has been found to 

increase with water hydration in a stepwise manner (Kraehenbuehl et al., 1987), with a single 

layer of water molecules added at each step, as shown in Figure 3.6. The distance between clay 

layers is equal to the thickness of the adsorbed water, which depends on relative humidity 

(Likos & Lu, 2006) and varies from zero to four molecules (Kraehenbuehl et al., 1987). Stacks 

of clay layers, with or without interlayer water hydrates, constitute the clay particles. 

 
Figure 3.6. Innercrystalline swelling of sodium montmorillonite (Kraehenbuehl et al., 1987) 

3.3.2 Formation of double structure 

Studies in compacted clays at low water contents identify the existence of two prevailing pore-

size levels (Pusch, 1982; Romero, 1999), which suggests two levels of structure in the soil. In 

Figure 3.7, Mašín & Khalili (2015) present a conceptual representation of the two levels of 
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structure. The macrostructure is perceived as the interaction between silt-sized clay aggre-

gates, while the microstructure refers to the aggregates themselves and the interaction of the 

clay particles, which leads to their formation. The macro-voids describe the space between 

aggregates, while the micro-voids describe the intra-aggregation space.  

 
Figure 3.7. Structure of compacted clay and of adopted terminology (Mašín & Khalili, 2015) 

 
 (a) (b) (c) 

Figure 3.8. Microstructural features of Na-bentonites (after Pusch et al. (1990)) [(a): aggregates in compacted 

state, (b): expanded state, (c) “card house” structure.] 

Mingelgrin et al. (1978) suggested that Na-montmorillonite particles may undergo complete 

suspension in full saturation. On the contrary, in Ca-montmorillonite particles the crystalline 

attractive forces are stronger than the dispersive forces of the adsorbed anions, preventing 

the clay layers to exfoliate from the clay particles. Most early studies attribute dispersion to 

the double layer and partly explain the formation of grains at unsaturated states through the 

development of inter-particle Van der Waals forces (Lambe, 1958). As an implication of the 

crystalline lattice, Na-montmorillonite may develop double-layers between the layers of the 

particles, while Ca-montmorillonites develop double layers only at the edges of the particles. 

As a result, Na-montmorillonites tend to swell more upon saturation. However, Mingelgrin et 
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al. (1978) found that Na-montmorillonite suspensions present secondary aggregation upon 

drying. More recently, Pusch et al. (1990) suggested that in suspensions of confined bentonite 

granules, the clay particles are not fully dispersed, but rather form a gel with a cardhouse-like 

structure. A schematic diagram for the evolution of the fabric upon saturation is presented in 

Figure 3.8 (Pusch et al., 1990).  

The formation of double structure upon compaction is of particular engineering interest. 

Diamond (1970) observed that compaction of fine soils at water contents dry of optimum 

resulted in aggregation of the soil particles, whereas compaction at water contents wet of 

optimum resulted in a single distribution of thin pores. Although his observations were derived 

from oven-dried samples, they merit reference. Ahmed et al. (1974) observed an increase in 

fine pore sizes for soil compacted at or wet of optimum. In their research, they employed 

freeze-drying instead of oven-drying to limit volume change during drying. Later, Delage et 

al. (1996) confirmed the formation of aggregates for fine soil powders compacted at water 

contents dry of optimum, through combined mercury intrusion porosimetry (MIP) and scan-

ning electron microscopy (SEM) tests. They minimised the disturbance of the soil samples be-

tween compaction and SEM by freeze-drying them. Based on their observations, they sug-

gested that on the dry side suction increases the stability of the aggregates, and therefore the 

compaction load is not sufficient to break them. At higher water contents, the deformability 

of the aggregation increases, reducing interaggregate porosity. 

3.3.3 Optimum water content 

As evident from the above discussion, the water content at compaction affects the subsequent 

formation or not of aggregates in the clay structure. It becomes evident that determination of 

the optimum water content is critical not only for efficiency in achieving the highest dry den-

sity, but also for assessing the fabric structure of compacted bentonites. Delage et al. (1996) 

suggested that at water contents dry of optimum particles are aggregated due to high suction, 

with the internal cohesion in the aggregates being high enough for them to behave as grains. 

At optimum water content of the soil, the water content in the aggregates approaches the 

plastic limit, making the aggregates sufficiently deformable to give a denser microstructure. 

Finally, for water contents wet of optimum the number of stacked layers in the particles re-

duces, with the exfoliated particles filling the macro-pores and forming a clay gel on saturation. 
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In spite of its significance, there are limited data on the optimum water content of MX-80 

bentonite. Johannesson et al. (1995) performed a series of compaction tests. In their research, 

they considered a reference state of compaction for MX-80 bentonite, with a static compaction 

load of 100 MPa, applied at a rate of 0.04 mm/s and a height to diameter ratio of 2/5, and 

then varied, among other variables, the compaction water content and the compaction load. 

They obtained a maximum dry density of 1.84 t/m3 under reference conditions, for a water 

content of 10%, however they did not obtain results for lower water contents, thus it is not 

possible to identify the optimum water content. The optimum water content cannot be deter-

mined at lower compaction loads either, due to the limited experimental data. Additionally, 

Johannesson et al. (1995) obtained the maximum dry density for the powder bentonite SPV200 

under identical reference conditions at 1.87 t/m3, slightly higher than that of the granular MX-

80. 

 

Figure 3.9. Dry density and void ratio as a function of water content for two bentonites and three compaction loads 

(adapted from Johannesson et al. (1995) for ρs=2.78 t/m3). 

3.3.4 Evolution of fabric with changes in water content 

Upon wetting, the microstructure swells into the macro-structure (Gens & Alonso, 1992), oc-

cluding the inter-aggregate voids (Romero, 2013), and eventually resulting in a single mode 
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of voids. In Figure 3.10 the fabric evolution of an illitic-kaolinitic clay compacted dry of opti-

mum is presented, as obtained through SEM by Romero et al. (2011). A strong aggregation 

and large macropores are observed on the compacted state (left photo). Upon saturation 

(middle photo), the invasion of the clay particles in the form of a clay gel in the macrostructure 

is apparent. Finally, subsequent drying resulted in the formation of a network of shrinkage 

cracks, partly recovering the aggregated fabric. 

   
Figure 3.10. Evolution of fabric of compacted Boom Clay (a) upon saturation (b) and subsequent drying (c) through 

SEM photomicrographs (after Romero et al. (2011)) 

 

Figure 3.11. Evolution of fabric of compacted Boom Clay (a) upon saturation (b) and subsequent drying (c) through 

MIP tests (after Romero et al. (2011)) 

Their results were complemented by MIP tests at the three hydraulic states (Figure 3.11). 

Saturation resulted in expansion of the intra-aggregation pores and reduction of the size of 
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the macropores, giving a single peak of intermediate dominant porosity. Interestingly, subse-

quent drying resulted in the recovery of the microporosity, suggesting almost elastic swelling 

and shrinkage behaviour of the aggregates. On the other hand, the macrostructure was not 

recovered. 

Although the processes observed in Boom clay form the basis of understanding changes in 

fabric during wetting and drying cycles, they do not offer a satisfactory representation for the 

particular expansive properties of Na-bentonites. Seiphoori et al. (2014) observed that instead 

of an increase in the size of the micropores, saturation of compacted MX-80 bentonite resulted 

in a single dominant pore size equal to the one of the initial microstructure. This change was 

not affected by subsequent drying and wetting hydraulic paths, as shown in Figure 3.12. 

 
(a) 

 
(b) 

Figure 3.12. Evolution of pore size distribution for Wetting and drying hydraulic paths for compacted MX-80 

bentonite (after Seiphoori et al. (2014)) [A: as compacted state, B: Sr=0.62, D: fully saturated, E: Sr=0.64, G: end of 

drying] 
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At low water contents, water is restricted within the aggregates (Delage et al., 1996). Because 

of the small size of the micro-porosity, the air-entry value of the aggregates is high, effectively 

preventing the development of capillary suction within the aggregates. Therefore, it may be 

assumed that the aggregates remain saturated at decreasing water content, but reduce in size 

by a volume equal to the volume of the extracted water (Gens & Alonso, 1992; Romero et al., 

2011; Mašín & Khalili, 2015). 

3.4 Swelling mechanisms 

There are two main mechanisms responsible for swelling in expansive clays (Madsen & 

Müller-Vonmoos, 1989). The first is the hydration of the exchangeable cations on the surface 

of the crystal lattice of smectites and the resulting swelling is called crystalline. The second 

mechanism is the formation of the diffused double-layer (DDL), and the resulting swelling is 

called osmotic. Van Olphen (1977) and Madsen & Müller-Vonmoos (1989) distinguished crys-

talline from osmotic swelling when describing the development of swelling stress at small par-

ticle separations. They recognised that crystalline swelling occurred at an initial almost dry 

state and at high densities, and suggested that upon further wetting anions leave the mineral 

surface to diffuse in the solution, attracting water molecules and forming the DDL (osmotic 

swelling).  

3.4.1 Osmotic swelling 

The diffuse double layer (DDL) theory was developed by Gouy (1910) and Chapman (1913). In 

separate studies, they calculated the water dipoles concentration in an electrolyte solution in 

contact with a charged surface. The repulsive forces between the water dipoles themselves 

tending to diffuse to uniform concentration are countered by the attractive forces between 

the negatively charged surface and the water dipoles (Bohn & McNeal, 1983). In equilibrium, 

the concentration of cations reduces asymptotically away from the charged surface (Figure 

3.13b). As a result, there is no clear distinction between pore-water and adsorbed water in the 

DDL, but rather a transition between the two, defined by the gradient in the concentration of 

ions. 

Osmotic swelling is driven by the difference in concentration of ions held electrostatically 

on the particle surface, and the concentration in the pore water (Madsen & Müller-Vonmoos, 

1989). As a result, any increase in salinity of pore water reduces significantly the potential, and 

therefore the thickness of the double layer (Bohn & McNeal, 1983). 
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 (a) (b) 

Figure 3.13. Schematic of ion distribution within the DDL for (a) overlapping DDLs for two negatively charged 

surfaces, and (b) with distance from particle surface (after Madsen & Müller-Vonmoos (1989)) 

The interaction between overlapping DDL of neighbouring charged surfaces (Figure 3.13a) 

results in repulsive forces between them and can act over large distances (Madsen & Müller-

Vonmoos, 1989). It is possible to calculate the magnitude of the repulsive force between two 

charged surfaces as the difference in osmotic pressure relative to bulk pore water in the mid-

plane between two particles, using the Gouy-Chapman diffuse double-layer theory (Schofield, 

1946; Van Olphen, 1977; Sridharan & Jayadeva, 1982; Schanz & Tripathy, 2009).  

One of the main consequences of this model is that swelling pressure depends only on the 

dry density of the soil, under constant soil and water electrolytic properties (Sridharan et al., 

1986), and therefore it may be suggested that is reversible. However, the development of the 

DDL in Na-montmorillonite encourages repulsion between the individual layers, leading to 

delamination of the particles (Laird, 2006), and therefore changing the fabric of the soil sample. 

Additional limitations of the Gouy-Chapman theory in compacted bentonites arise, among 

other factors, from the non-uniform shape and size of the clay particles, the dominance of 

electrostatic attractive interlayer forces within the particles, the hydration of the exchangeable 

cations, as well as the variation of the cation types within the soil and the porous water (Schanz 

& Tripathy, 2009). 

3.4.2 Crystalline swelling 

At very low water contents, the interlayer distance within smectite particles is small, and there-

fore the layers are held together by the van der Waals attractive forces and the exchangeable 

cation. Hydration of the exchangeable cations introduces a layer of water molecules which 

aligns between the smectite layer, forcing them apart, resulting in swelling (Madsen & Müller-

Vonmoos, 1989). The thickness of the hydrated layer, i.e. the inter-layer spacing, depends on 
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matrix suction and varies from zero (10 Å) to four (21.6 Å) water molecules (Mooney et al., 

1952; Saiyouri et al., 2000; Devineau et al., 2006). The interlayer distance for a varying number 

of water layers, as calculated by Kraehenbuehl et al. (1987), was presented schematically in 

Figure 3.6.  

Hydration of smectites occurs progressively between 10% and 100% relative humidity, as 

shown in Figure 3.14. The figure presents the average interlayer distance calculated by Saiyouri 

et al. (2004) for a Ca-bentonite (FoCa) and a Na-bentonite (MX-80), showing that MX-80 may 

have up to four water layers at low suction levels, while FoCa can hold up to three, as the 

energy of the fourth layer is not sufficient to overcome the interlayer attractive forces of the 

divalent clay (Ca-bentonite).  

Although the average distances plot with a discreet step for suction changes, the average 

value of the interlayer distance does not completely agree with the theoretical value corre-

sponding to the respective number of water layers. This is because the number of layers in the 

hydrates varies within the sample. Figure 3.15 presents the distribution of the hydration states 

within a Mg-bentonite for increasing RH. It can be observed that at 55% RH the dominant 

interlayer distance corresponds to two-layer hydrates. As RH increases, the number of two-

layer hydrates reduces, while three-layer and four-layer hydrates start forming. 

 
Figure 3.14. Average interlayer distance against suction during hydration of two bentonites (after Saiyouri et al. 

(2004)) 
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Figure 3.15. Distribution of interlayer distances within an Mg-SPV bentonite sample at different RH levels, 

corresponding to two, three and four layer hydrates (after Laird (2006)). 

While swelling at the DDL is a reversible process, hydration is not. In the case of pure water, 

a change in the adsorbed water is a phase change, and therefore inherently hysteretic (Laird, 

2006). Mooney et al. (1952) observed that the interlayer spacing at desorption is maintained 

for lower relative pressure, indicating that the energy required to extract a water layer is higher 

than the energy required for hydration. This explains hysteresis at low water contents, where 

crystalline water dominates over double layer and capillary water. 

3.4.3 Factors affecting swelling pressure 

3.4.3.1 Final dry density 

Swelling pressure refers to the pressure required to prevent volume change of a soil upon 

wetting. Sridharan et al. (1986) summarised the methods for obtaining the swelling pressure 

in the laboratory as: (1) the Free swell and load; (2) the Swell under load; and (3) the No swell 

methods, as shown in Figure 3.16. It is widely accepted that swelling pressure of expansive 

clays increases exponentially with dry density (Villar & Lloret, 2008). For example, Figure 3.17 

presents the relationship between swelling pressure and dry density for FEBEX bentonite. The 

data points were obtained by Lloret et al. (2003) through constant volume soaking tests in 

conventional oedometers. Although there is some spread in the measurements at high dry 

densities, the exponential fit seems to describe satisfactorily the increase in swelling stress. 
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Figure 3.16. Schematic paths of different experimental methods for obtaining swelling pressure (after Sridharan et 

al. (1986) 

 

Figure 3.17. Swelling pressure versus dry density for FEBEX bentonite (after (Lloret et al., 2003)) 

Since volume change is prevented, it can be argued that the average dry density within the 

soil sample remains constant. Interestingly enough, the final swelling pressure, meaning the 

swelling pressure at full saturation, is not affected by prior changes in dry density. This was 

demonstrated by Wang et al. (2012) who obtained the swelling pressure of a bentonite/clay-

stone mixture through three different experimental paths (Figure 3.18); the swell-consolidation 

(ODD’), the constant volume (OA’) and the pre-swell (OBB’). The three methods are depicted 
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in the schematic diagram in Figure 3.18, and the results are plotted in Figure 3.19. It is apparent 

that despite the path, the swelling pressure is governed by the final dry density, with all tests 

plotting on the same exponential line. 

 
Figure 3.18. Schematic paths of different experimental methods for obtaining swelling pressure (after Wang et al. 

(2012)). 

 
Figure 3.19. Swelling pressure versus dry density for bentonite/claystone mixture, through different experimental 

methods (after Wang et al. (2012)). 

A similar exponential relationship may be obtained for mixtures of different dry densities, 

such as pellet/powder mixtures. Imbert & Villar (2006) obtained such a relationship for FoCa 

bentonite, by plotting swelling pressure against final dry density (Figure 3.20). The results were 

plotted along with swelling pressures obtained from tests on powder samples in large and 

small oedometers, with the swelling pressure from the large oedometers being in agreement 

with the pellet/powder mixture. The difference of approximately 0.5 MPa in swelling pressure 
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between the large and the small oedometers was attributed to scale effects. However, it was 

considered within the limits of experimental variation and the influence of dry density re-

mained dominant. 

 
Figure 3.20. Swelling pressure versus dry density for different forms of FoCa bentonite (after Imbert & Villar 

(2006)) 

3.4.3.2 Montmorillonite content 

Studies on the swelling properties of sand/bentonite mixtures suggest that their swelling pres-

sure depends on the equivalent dry density of the montmorillonite component. Such a study 

was performed by Agus & Schanz (2008), who suggested that swelling pressure in benton-

ite/sand mixtures is a function of the bentonite dry density in the mixture, assuming all the 

water and void space belongs to the bentonite fraction:  

 𝜌𝑑𝑏 =
(

𝐵
100) 𝜌𝑚𝐺𝑠𝑠

𝐺𝑠𝑠 (1 +
𝑤𝑚
100) − 𝜌𝑚 (1 −

𝐵
100)

 Eqn. 3.1 

where  𝜌𝑑𝑏 is the bentonite dry density; 

 𝐵 is the bentonite content in percent; 

 𝜌𝑚 is the mixture density; 

 𝐺𝑠𝑠 is the specific density of other components, e.g. sand; and 

 𝑤𝑚 is the water content of the mixture in percent. 

The suggestion was confirmed with swelling tests on mixtures with bentonite content vary-

ing from 30% to 70%, with the swelling pressure against dry density plotting on a single ex-

ponential line, in agreement even with the swelling pressure of pure bentonite samples, as 

shown in Figure 3.21.  
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.  
Figure 3.21. Swelling pressure versus dry density of bentonite component (after Agus & Schanz (2008) with data 

from Sitz (1997) and Bucher & Spiegel (1984)) 

 

Figure 3.22. Swelling pressure versus initial dry density for four different bentonite materials (after Komine (2004)) 

Komine (2004) examined the swelling properties of four bentonite materials with different 

montmorillonite content (Table 3.3). He performed a series of wetting tests at different initial 

dry densities under both confined and swell-under-load conditions. The resulting swelling 

pressure is plotted against dry density in Figure 3.22. Based on his observations, with bentonite 

C exhibiting the highest swelling pressure, closely followed by bentonite D, and bentonite A 
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exhibiting the lowest, he suggested that the swelling pressure of the bentonites depends on 

their montmorillonite content.  

Table 3.3. Properties of bentonites used by Komine (2004) 

Material 
Bentonite A 

(Kunigel-V1) 

Bentonite B 

(Volclay) 

Bentonite C 

(Kunibond) 

Bentonite D 

(Neokunibond) 

Type Sodium type Sodium type Calcium type Artificial sodium type 

Montmorillonite content (%) 48 69 80 76 

3.4.3.3 Compaction water content 

Villar & Lloret (2008) suggested that initial water content had no significant immediate effect 

on the swelling pressure. It has, though, an indirect effect on the development of swelling 

pressure. Wetting of samples compacted dry of optimum results in a non-monotonic devel-

opment of swelling pressure (Imbert & Villar, 2006; Villar & Lloret, 2008; Schanz & Tripathy, 

2009). The double peak, depicted in Figure 3.23 for FoCa clay on constant volume wetting tests 

by Imbert & Villar (2006), is present only in samples compacted dry of optimum, and is linked 

to the double structure in the fabric of the soil sample (Lloret et al., 2003). As discussed earlier 

in Section 3.3.2, the compaction water content affects the fabric of the compacted soil sample, 

with compaction at water contents dry of optimum resulting in the formation of a double 

structure, and therefore affects the evolution of swelling pressure. The evolution of swelling 

pressure and the double peak are discussed further in Chapter 8. 

 
Figure 3.23. Double peak in the evolution of swelling pressure in confined wetting tests on FoCa bentonite (after 

Imbert & Villar (2006)) 

3.4.3.4 Salinity of pore water 

Salinity of the porous water has been found to reduce swelling pressure at dry densities 

below 1.3 t/m3 (Dixon, 2000), with the swelling potential of calcium bentonites being less af-

fected by presence of saline solutions than in sodium bentonites (Komine et al., 2009). At 
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higher dry densities and low water contents, pore-water salinity has a small effect on the swell-

ing potential. However, Wang et al. (2014) suggested that, in the long term, salinity of the 

pore-water encourages the substitution of Na+ by Ca2+, reducing eventually the swelling po-

tential. 

The dependency of the influence of salinity on the swelling potential may be explained by 

the dominant swelling mechanism at each region of dry density. At low densities, the salinity 

of the pore water is responsible for incomplete development of the double layer, and therefore 

for reducing the swelling potential. At higher densities, the interlayer distance is not sufficient 

to develop the double layer, and therefore the dominant swelling mechanism is the interlayer 

hydration. As salinity does not affect the interlayer hydration, it has limited influence on the 

swelling potential. 

The influence of salinity of the porous solution on the swelling pressure on the Wyoming 

MX-80 bentonite was confirmed by Karnland et al. (2006). In their experiments, they observed 

that a NaCl concentration of 3.0 M reduced the swelling pressure by a factor of approximately 

10 at low dry densities (i.e. below 1200 kg/m3), with the ratio of swelling pressure for pure 

water over the one for saline pore-water reducing at higher dry densities, as shown in Figure 

3.24. 

 
Figure 3.24. Swelling pressure of Wyoming MX-80 bentonite, compacted at different dry densities, with various 

concentrations of NaCl (after Karnland et al. (2006)). 

3.5 Hydraulic conductivity 

Hydraulic flow in inactive soils can be assumed directly proportional to the hydraulic gradient, 

and therefore can be described by Darcy’s law. Saturated hydraulic conductivity depends on 

void ratio, which determines the cross-sectional area of the flow paths. On desaturation, oc-
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cluded air restricts the available paths for bulk water to flow, flow becomes tortuous and hy-

draulic conductivity reduces (Lu & Likos, 2004). At this point, hydraulic flow is driven by hy-

draulic head, which includes suction. At very low water contents, water vapour is transported 

through the air phase. In this case, water mass is either carried along with the air flow (advec-

tion) or is redistributed within the air mass through diffusion. 

In expansive active clays, however, there is an additional transport mechanism for water, 

driven by the hydration and adsorption potential of the clay particles. The mechanism that 

drives the water movement is total suction rather than hydraulic head, with the hydration front 

proceeding in a similar way to a diffusion process (Pusch, 1980). Kröhn (2005) also suggested 

diffusion as the dominant form of water transport as long as the clay aggregates are allowed 

to swell. Once expansion of the aggregates is restricted, liquid water fills the inter-aggregation 

space and hydraulic flow occurs through bulk water. 

Water flow also causes changes in the fabric, with hydration and breakage of the clay ag-

gregates and subsequent changes in porosity. An increase in water content results in exfolia-

tion of the clay particles and the formation of a clay gel clogging the interaggregate pore 

space. As a result, starting from high suction, hydraulic conductivity initially reduces with water 

content instead of increasing. Pusch & Kasbohm (2001) suggested that water penetration 

could be increased by increasing the salinity of the water and therefore reducing both the 

expansion of the clay particles and the resistance of the newly formed clay gel. 

3.6 Hydraulic properties of Na-bentonites 

3.6.1 Saturated hydraulic conductivity 

Because of the complexity of the process, Pusch (1980) calculated hydraulic conductivity from 

the resulting development of swelling pressure in water uptake tests under constant volume. 

Villar (2005) developed a method for estimating the saturated hydraulic conductivity by meas-

uring the volume of water flowing through a permeability cell – effectively a constant volume 

cell preventing swelling during wetting – under constant inflow and outflow water pressure. 

Karnland et al. (2008) also measured the saturated hydraulic conductivity of MX-80 to saline 

solution of 0.2 M (1.2%) using a falling-head infiltration test. Marcial et al. (2002) obtained 

indirect estimations for the hydraulic conductivity of MX-80 using data from consolidation 

tests.  
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The resulting hydraulic conductivity from the above studies is presented in Figure 3.25 as a 

function of dry density. Generally, saturated hydraulic conductivity decreased with dry density. 

The results obtained by Marcial et al. (2002) are significantly lower than the direct measure-

ments by Villar (2005), as shown in Figure 3.25. The difference may be due to the state of the 

water measured in each case, with the direct method measuring the conductivity of bulk water, 

while the indirect method relying on the dissipation of pore-water, which might include less 

mobile adsorbed states. 

 
Figure 3.25. Saturated hydraulic conductivity for MX-80 bentonite using deionised and saline solution (data from 

Marcial et al. (2002), Villar (2005) and Karnland et al. (2008)). 

In accordance with Pusch & Kasbohm (2001), the data from Villar (2005) suggest a slight 

increase in hydraulic conductivity with water salinity. The suggestion that hydraulic conductiv-

ity increases with salinity is also in agreement with the observations by Dixon (2000) on ben-

tonites using a saline groundwater solution. Dixon (2000) observed an increase in hydraulic 

conductivity of up to two orders of magnitude at low dry densities, however the influence of 

salinity seemed to diminish with dry density (Figure 3.26). A comparison between the data 

from Marcial et al. (2002) for deionised water and Karnland et al. (2008) for saline water seems 

to agree with the trend suggested by Dixon (2000). On the other hand, the hydraulic conduc-

tivity obtained by Karnland et al. (2008) is lower than the one obtained by Villar (2005), despite 

the higher salinity, suggesting an incompatibility between the test methods used for its deter-

mination. 
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Figure 3.26. Influence of groundwater salinity on hydraulic permeability of bentonite (after Dixon (2000)). 

3.6.2 Unsaturated Hydraulic conductivity 

Hydraulic conductivity for unsaturated soils may be calculated from the instantaneous profile 

method (Daniel, 1982). The method relies on wetting one end of a cylindrical soil sample, while 

measuring suction changes along its length. The water content is estimated from an appropri-

ate soil-water retention curve. Hydraulic conductivity is obtained by the integration of the wa-

ter content profile along the soil column and can be correlated to the value of suction at a 

specified section. 

Marcial et al. (2008) used this method to calculate the hydraulic conductivity in terms of 

suction along a column sample of MX-80 with an initial dry density of 1.7 t/m3. The results 

show an initial steep decrease in hydraulic conductivity at the initial wetting, however for suc-

tion levels below approximately 30 MPa hydraulic conductivity increases slightly again, as 

shown in Figure 3.27.  

Wang et al. (2013) also examined the infiltration of an MX-80 cylindrical soil sample with a 

mean dry density of 1.67 t/m3. However, the obtained hydraulic conductivity against suction, 

(Figure 3.28) varied at different elevations within the sample. The difference was attributed to 

differences in hydraulic gradient within the sample, that were not taken into account when 

using Darcy’s law. More specifically, they demonstrated that the relationship between hydrau-

lic flux and hydraulic gradient was not linear, and therefore Darcy’s law was not applicable 

(Figure 3.29). Instead, the relationship was bilinear, with a critical gradient marking a steep 
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increase in hydraulic flux. The critical hydraulic gradient was assumed to be the hydraulic gra-

dient required to mobilise the adsorbed water. Hydraulic gradients below that value resulted 

in significantly lower flux, and therefore underestimation of hydraulic conductivity. By ignoring 

the readings for hydraulic gradients below the critical, they were able to apply Darcy’s law and 

obtained a relationship between hydraulic conductivity and suction independent of the posi-

tion of the measuring section along the soil column.  

 
Figure 3.27. Hydraulic conductivity obtained from column infiltration tests on unsaturated MX-80 bentonite (data 

from Villar (2005), Marcial et al. (2008) and Wang et al. (2013)). 

 
Figure 3.28. Hydraulic conductivity versus suction for various sections using column infiltration on MX-80 (after 

Wang et al. (2013)). 
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Figure 3.29. Water flux versus hydraulic gradient at different suction levels for column infiltration test on MX-80 

(after Wang et al. (2013)). 

The corrected curve is plotted in Figure 3.27, along with the uncorrected results from Marcial 

et al. (2008) and the corresponding saturated hydraulic conductivity obtained from Villar 

(2005). For non-active materials, it would be expected that increase in suction, and therefore 

decrease in saturation, would result in a limitation of the flow paths, thus decreasing hydraulic 

conductivity. However, the results in Figure 3.27, present a U-shape in the relation between 

hydraulic conductivity and suction.  

To explain this increase in permeability at high suctions, Cui et al. (2002) examined the pro-

cesses during a wetting path. They suggested that during the first stages of exfoliation, micro-

porosity would remain constant while newly formed clay gel would fill the macroporosity, re-

ducing hydraulic conductivity. Closer to saturation, however, where the diffused double layer 

is fully developed, breakage of the aggregates created a new, intermediate pore mode, hence 

further increasing hydraulic conductivity at low suctions. 

3.7 Soil-water retention 

The Soil-Water Retention Curve (SWRC) is a relationship between suction and water content 

or degree of saturation for soils. The information provided by this relationship allows for der-

ivation of hydraulic conductivity in unsaturated porous media (van Genuchten, 1980), but also 

provides a link between mechanical and hydraulic processes and is essential for the formula-

tion of constitutive models with degree of saturation included in the definition of the consti-

tutive parameters (Gens, 2010). 
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Figure 3.30. Schematic diagram of hysteresis in SWRC paths (after Tsiampousi et al. (2013)) 

The SWRC is usually depicted against degree of saturation, or gravimetric water content, 

and has an S-shape, as shown in the schematic diagram in Figure 3.30, when suction is plotted 

in a logarithmic scale. The relationship is hysteretic (Fredlund & Rahardjo, 1993) and is signif-

icantly affected by the pore size distribution (Romero et al., 2011). Starting from a slurry state, 

the retention path follows the primary drying curve until a residual degree of saturation is 

reached, while on wetting from the residual state the retention path follows the primary wet-

ting curve. These two curves are thought to enclose all other possible paths, called scanning 

paths, beginning at a state other than the slurry. 

The water retained by compacted smectites can be distinguished as bulk pore water, me-

niscus water between aggregates, adsorbed water and water in the layer hydrates. When a soil 

is dried from a fully saturated state, suction increases without reduction in the degree of sat-

uration, until it exceeds the air-entry value corresponding to the tensile strength of the pore-

water. The force, and therefore the suction, required to remove water from its different states 

depends on the type of the forces retaining it, as described in the previous sections. For ben-

tonites, in particular, understanding the contribution of the micro- and macro-structure on the 

retaining forces is essential for the interpretation of the SWRC shape. 

A more extensive literature review of soil-water retention curves for bentonite has been 

included in Chapter 7, where the SWRCs obtained during the present research are presented 

and compared with retention curves found in the literature. 
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3.8 Summary 

The bentonites used in the present research can be classified as clays containing over 80% 

smectite of the montmorillonite species, with sodium as the dominant exchangeable cation. 

Their physical properties were determined in the Geotechnics Laboratory and were found com-

parable to the properties of the Wyoming MX-80 natural sodium bentonite. The implications 

of the clay mineralogy on the soil fabric were examined, with emphasis on the interaction 

between the different levels of structure. The formation of the double structure on compaction 

at water contents dry of optimum, and the effect of subsequent saturation on the micro- and 

macro-structure, were discussed. The different levels of structure govern the swelling mecha-

nisms present, however, the final swelling pressure depends primarily on the equivalent dry 

density of montmorillonite in the compacted sample. Finally, the hydraulic properties were 

discussed, emphasising the effect of swelling microstructure into the macro-voids and the 

presence of adsorbed water on the unsaturated hydraulic conductivity of Na-bentonites. 

The review and understanding of the microstructure of the soil was essential for evaluating 

the results of the tests presented in the following chapters, allowing for distinction between 

characteristics of soil behaviour and artefacts resulting from the method and the equipment. 
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Chapter 4: Development of humidity generator 

4.1 Introduction 

The term humidity generator refers to any system or arrangement used to produce an envi-

ronment of known relative humidity (RH), usually inside a form of test chamber. Humidity 

generators have been developed primarily to calibrate hygrometers but have found wide-

ranged application in industry fields such as the refrigeration, food and chemistry industry, 

electronics, agriculture, meteorology, colloid science. Hygrometers to be calibrated may range 

from colour indicators and filter papers, to psychrometers and electronic hygrometers. The 

accuracy of the humidity generator may vary to comply with the requirements of the potential 

application. More information on humidity generators and hygrometers is provided in Chapter 

2. 

In addition to the calibration of hygrometers, humidity generators, often in the form of 

chemical solutions, have been used in unsaturated soil mechanics to control suction through 

the Vapour Equilibrium Technique (VET) (Delage et al., 1998; Tang & Cui, 2005; Blatz et al., 

2008). VET relies in the thermodynamic equilibrium between the soil water potential at the 

surface of a soil sample and the potential of vapour in the atmosphere around the soil sample. 

The relationship between total suction at the surface of the soil sample and RH in its adjacent 

vicinity is given by Kelvin’s psychrometric law (Fredlund & Rahardjo, 1993). The total suction 

that may be applied ranges from 7 MPa to 700 MPa (Likos & Lu, 2003). However, as will be 

discussed later in this chapter, the transferrable error in total suction through Kelvin’s law in-

creases rapidly when suction levels reduce below 30 MPa. VET still provides a way to control 

suction in a range that extends significantly beyond the limits of the axis-translation and the 

osmotic techniques. The application of VET in geotechnics allows for the determination of the 

swelling and water retention characteristics of compacted expansive clays, which are proposed 

to be used as barriers in nuclear waste disposal, and where as-compacted suction may exceed 

100 MPa. 

Humidity generators have been widely used in the hydraulic and mechanical testing of un-

saturated soils in two main configurations (Blatz et al., 2008; Delage et al., 2008). In the first 

configuration, a soil sample within an oedometric cell, a constant volume cell, or a simply on 

a tray, is placed in the test chamber (Delage et al., 1998; Romero, 1999; Villar, 1999; Cuisinier 

& Masrouri, 2005; Dueck, 2008). This configuration allows for determination of the Soil Water 
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Retention Curve (SWRC). The net exchange of water molecules between the vapour in the air 

in the test chamber and the surface of the sample is monitored by measuring the mass of the 

soil sample. Equilibrium is assumed when net water molecule exchange is completed for a 

certain RH, i.e. the mass of the soil sample shows no further change. Weighing of the sample 

may be automated (e.g. Salager et al. (2011)) or manual (e.g. Menaceur et al. (2016), Tang & 

Cui (2005)). In the second configuration, the humidity generator is connected to the base or 

top of an oedometer cell. In order to decrease the time required for equilibrium, rather than 

being static, air of certain relative humidity is circulated in the porous stones in contact with 

the sample. This configuration allows the application of stress paths on unsaturated soil sam-

ples at a high suction range (Lloret et al., 2003; Blatz & Graham, 2000; Tang et al., 2011). The 

water mass exchanged between the vapour in the air and the soil sample can be determined 

by the difference in absolute humidity of the air entering and the air exiting the oedometer 

cell (Oldecop & Alonso, 2004; Jotisankasa, 2005; Jotisankasa et al., 2007; Delage et al., 2008). 

The humidity generator developed in this research was used with both configurations. In 

this chapter the first configuration is described, focusing on SWRC determination. The second 

configuration with an application on an oedometer will be discussed in the Chapter 5. 

As discussed in previous chapters, humidity generators may take the form of two-pressure 

generators (Hasegawa & Little, 1977), two-temperature generators (Heinonen, 1999), divided-

flow generators (Wexler, 1948; Takahashi & Kitano, 1996; Heinonen, 1999; Likos & Lu, 2003; 

Su & Wu, 2004; Vega-Maza et al., 2012), salt solutions or acid solutions. The chemical solutions 

are the simplest form of humidity generator, where the partial vapour pressure created above 

the solution depends on the osmotic potential of the surface of the solution. The potential is 

unique for each solution, however it is affected significantly by temperature, and control at 

different suction levels can only be achieved in a step-wise manner by changing the chemical 

solution, thus making it impossible to obtain a continuous change of RH in the chamber. The 

two-pressure, two-temperature and the divided-flow generators rely on the total saturation of 

a gas and on the accurate control of pressure and temperature. This latter group of generators 

can provide very accurate control, at the expense of simplicity. 

In this study, the principle of the divided-flow method is employed to create a simple version 

of the divided-flow generator. The humidity generator described in this chapter is an evolution 
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of the air-regulated system described in Jotisankasa (2005) and Cunningham (2001b). A satu-

rated-air-generator has been added along with a pair of computer-controlled valves which are 

used to mix the saturated air with dry air from the mains compressor. The humidity generator 

is connected to a desiccator to provide a humidity-controlled environment. 

The specifications and the components are described, and the system is evaluated through 

comparison with results from the filter paper method and the Vapour Equilibrium Technique 

using saline solutions. Finally, the accuracy and the limitations of the system are discussed. 

4.2 General layout and description of components 

The system of the humidity generator, and the desiccator that it is connected to, relies on 

mixing a stream of dry and a stream of vapour saturated air with the aid of two solenoid valves 

(Vd, Vw), controlling independently each stream (Figure 4.1). The system is connected to the 

main supply of compressed air at 5% RH (dry air). A manostat reduces the pressure of the air 

compressor. The air flow is then divided in two paths. The first one supplies valve Vd with dry 

air. The second is passed through a water tank (saturator) producing air saturated with vapour 

(wet air), which is subsequently supplied to valve Vw. Water from the saturator is prevented 

from flowing backwards to the manostat by maintaining a higher dry air pressure. An empty 

tank (collector) of equal volume to the saturator is installed between the manostat and the 

saturator to collect reverse-flowing water and to prevent water leaking to the manostat in the 

event of pressure failure in the manostat or pressure increase in the saturator tank. The RH of 

the air supplied to the desiccator can be controlled by adjusting the ratio of wet air volume to 

dry air volume (mixing ratio). Connection tubes are made of transparent plastic to detect con-

densation, with tight but not fixed connections to prevent pressure from building up. A pres-

sure gauge provides a spot check on the pressure of either the dry air supply or the saturated 

air, when attached to the relevant dead valve. A schematic depiction of the arrangement of 

the humidity generator with a single desiccator is presented in Figure 4.1. The function of the 

various components is discussed further subsequently. 

The same principle is extended to four desiccators (Figure 4.2). Each desiccator is equipped 

with an independent pair of valves. The valves are connected in parallel to a single manostat 

and a single saturator. 
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Figure 4.1. Schematic diagram of humidity generator with desiccator system. 

 
Figure 4.2. Schematic diagram of humidity generator system with four desiccators.  
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Figure 4.3. Systems involved in the servo-control process of mixing ratio based on RH feedback. 

The control of RH is automated using a system of data loggers and microcomputers (Figure 

4.3). Data loggers record temperature and relative humidity measurements made by the ca-

pacitance hygrometers in the desiccators. The acquisition system TRIAX (Toll, 1993) evaluates 

the readings and microcomputers adjust the mixing ratio at the solenoid valves.  

4.2.1 Arrangement of components 

The main components forming the system of the humidity generator with the desiccator are 

the manostat, the saturator, the mixing valves, the desiccator, and the hygrometers. The se-

quence and connection between these components affect the overall quality of humidity con-

trol. Three arrangements were evaluated for mixing the dry with the saturated air, summarised 

in Table 1.  

Table 4.1. List of examined configurations for the humidity generator and desiccator system. 

 
Position of control 

valves 

Pre-mixing 

chamber 
RH evaluation 

No. of des-

iccators 
Fan 

Setup #1 Before saturator No Desiccator 1 On  

Setup #2a Before saturator Yes Mixing chamber 1 On 

Setup #2b Before saturator Yes Desiccator 1 On 

Setup #3 After saturator No Desiccator 1 Off 

 

In the first setup (Setup #1) each of the two flow paths was controlled by an independent 

valve. The valve controlling the flow of wet air, Vw, was placed prior to the collector and the 

saturator (Figure 4.4). A T-connection was used to combine the saturated air leaving the satu-

rator with dry air, and the mixed air was supplied to the desiccator. A fan assisted the circula-

tion of vapour in the desiccator. The mixing ratio of wet to dry air was evaluated based on the 
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RH reading from the hygrometer in the desiccator. The drawback of placing Vw before the 

saturator was that there was a significant delay before any changes in the mixing ratio affected 

RH in the desiccator, causing oscillations around the target RH value.  

In the second setup the T-valve was replaced by a 500-ml mixing glass chamber (Figure 4.5). 

RH could be evaluated either by hygrometer 1 in the mixing chamber (Setup #2a) or by hy-

grometer 2 in the desiccator (Setup #2b). The purpose of the mixing chamber was to act as a 

buffer against oscillations observed in Setup #1. Setup #2a was successful in providing the 

desiccator with air of more stable RH. With Setup #2b the addition of the mixing chamber 

resulted in further delay between the control point (Vw) and the evaluation point (hygrometer 

2), increasing the magnitude and period of oscillations around the target RH. Setup #2b was 

not examined further. 

In the third and final setup (Setup #3) the mixing chamber was omitted, and the two mixing 

valves were positioned after the saturator, attached to a mixing compartment. This arrange-

ment, which as shown later provided the best control of RH in the desiccator, was chosen as a 

unit arrangement for further testing and is the one described at the beginning of this chapter 

(Figure 4.1). 

 
Figure 4.4. Schematic diagram of humidity generator and desiccator system for Setup #1. 
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Figure 4.5. Schematic diagram of humidity generator and desiccator system for Setup #2. 

A series of tests was performed on each of the three arrangements to assess on their suita-

bility. A range of RH from 10% to 90% was applied in an increasing sequence of 10% RH steps, 

holding each step for 200 minutes. The control of RH was examined in terms of oscillations 

and deviation of the average RH from the prescribed target value. The same sequence and 

control parameters were applied to all three arrangements. As the exercise aimed to compare 

the operation of the different configurations, no samples were placed in the desiccators. Figure 

4.6 presents the recorded RH of the hygrometer in the desiccator for Setup #1 and #2a (grey 

and black lines respectively), for the duration of this sequence. Figure 4.7 presents the same 

sequence of RH steps for Setup #1 and Setup#3 (grey and black lines respectively). 

In Figure 4.6, it may be observed that at low RH levels, RH in the desiccator of Setup #1 

oscillates significantly around the target RH value (i.e. ±2% RH at 20% RH). The magnitude of 

the oscillations increases upon changing the target RH and gradually reduces with time and 

increasing RH level. On the other hand, the transition of RH in the desiccator of Setup #2a 

between two target values is smooth and reaches a stable value, which was sometimes lower 

than the target RH at high values of RH. It may be concluded that the addition of the mixing 

chamber in Setup #2a affected positively the quality of the control, with the air in the mixing 
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RH. At high levels of RH, the magnitude of the oscillations is similar for both Setup #1 and 

Setup #2a. However, the fact that the value of RH in the desiccator of Setup #2a at equalisation 

was lower than the target value of RH cannot be ignored. This difference for Setup #2a is 

proportional to the level of RH (Figure 4.6) and could be the result of a pressure drop from the 
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mixing chamber, where RH is evaluated, to the desiccator. This is consistent with the definition 

of relative humidity (RH) as the ratio of the absolute partial vapour pressure (�̅�𝑣) over the 

absolute saturated vapour pressure (�̅�𝑣0), assuming that temperature does not change be-

tween the two chambers:  

 𝑅𝐻 =
�̅�𝑣

�̅�𝑣0
∴

𝑑𝑅𝐻

𝑑�̅�𝑣
=

1

�̅�𝑣0
∴

𝑑𝑅𝐻

𝑅𝐻
=

𝑑�̅�𝑣

�̅�𝑣
∴ 𝑑𝑅𝐻 = 𝑅𝐻

𝑑�̅�𝑣

�̅�𝑣
 Eqn. 4.1 

where:  

ūv0 = absolute saturated vapour pressure (kPa) 

ūv= absolute partial vapour pressure (kPa) 

A correction in the control function of the prescribed RH in TRIAX could be applied to ac-

count for this pressure difference, provided that the pressure is measured both in the mixing 

chamber and the in the desiccator. 

 

 

Figure 4.6. Control of RH with (Setup #2a) and without (Setup #1) mixing chamber. 

Figure 4.7 plots together the RH obtained in the desiccator for Setup #1 and #3 with time 

for the prescribed RH sequence. The plot of Setup #1 in Figure 4.7 is identical to the plot in 

Figure 4.6, but is included here so that the magnitude of the oscillations of the two configura-

tions may be compared. As noted earlier, the difference between Setup #1 and Setup #3 is 
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that the mixing valves in Setup #3 are combined in a mixing compartment, attached to the 

desiccator. As a result, the delay between the control point (mixing valves) and the evaluation 

point (hygrometer) is minimised. The benefit of this arrangement is evident in Figure 4.7, es-

pecially at low RH, where the magnitude of oscillations is significantly smaller for Setup #3. 

The target RH in Setup #3 was mistakenly changed from 10% to 20% to 10%. As soon as the 

mistake was noticed, the schedule was corrected to match the RH steps followed in Setup #1 

and Setup #2. 

 
Figure 4.7. Control of RH before and after saturator. Positioning control valves after the saturator reduces 

oscillations around target RH.  

The initial overshooting of RH above the target value in both Setup #1 and Setup #3 is 

mainly attributed to the use of a first-order control algorithm. A higher-order control algorithm 

(i.e. controlling the rate of RH change) could provide faster equalisation of RH in the desiccator 

eliminating the initial overshooting. Oscillations in first-order control algorithms could be de-

creased further by adjusting the controls specified in the algorithm, i.e. tolerance and number 

of steps. The 70% RH setpoint is an example of an unsuitable combination of control param-

eters, i.e. the control step is too large and tolerance is too small, resulting in an increased 

amplitude of oscillations. With the exception of the 70% RH setpoint, Setup #3 provides the 

most satisfactory control on RH, and therefore was selected for the final design. A photograph 
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of the final arrangement is presented in Figure 4.8. The schematic diagram of the same con-

figuration was shown in Figure 4.2. 

 
Figure 4.8. Final arrangement for the humidity generator and the desiccators. 1. Manostat, 2. Collector, 3. Saturator, 

4. Splitting node with dead valve, 5. Pressure gauge, 6. Mixing valves, 7. Desiccators, 8. Data logger for Sensirion 

hygrometers, 9. Data logging station for VAISALA HMT330 hygrometer, 10. TRIAX system interface, 11. Balance. 

4.2.2 Dry air 

For reasons of convenience the circulating gas in the humidity generator is compressed air 

from the main laboratory supply.  

A manostat with a simple needle flow control is used to reduce air pressure to approximately 

10 kPa, which is the minimum pressure that can be supplied by the manostat. The air flow rate 

is kept low, so that the effect of decompression on the temperature of the produced vapour 

within the air is negligible. The RH of the decompressed air at room temperature (21 ˚C) was 

measured to vary between 5% and 10% RH. Small changes in the final RH of the combined air 

due to pressure and temperature fluctuations are compensated by adjusting the mixing ratio 

of saturated to dry air. This is further discussed and explained in Sections 4.3 and 4.4.3. 

4.2.3 Water collector 

A cylindrical vessel is used before the saturator to prevent accidental migration of water to the 

rest of the system, especially to the moisture-sensitive manostat. The cylinder has the volume 

capacity to contain the entire mass of water in the saturator. Both entry and exit points are 

drilled through the top lid of the cylinder (Figure 4.9). 
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Figure 4.9. Schematic of water collector. 

4.2.4 Saturator 

The term saturator refers to an arrangement through which dry air becomes saturated. Satu-

rators can vary in form and shape. In their simplest form, dry gas is forced through containers 

or tubes filled with water. In this research, a glass cylinder is filled with water (Figure 4.10). Dry 

air (obtained from the main compressor of the Geotechnics Laboratory, at 5% RH) is injected 

at the bottom of the cylinder. An air diffuser, commonly used in aquariums, is used to reduce 

the size of the air bubbles, increasing the area of air in contact with the water as it moves 

towards the surface. Saturated air is collected at the top of the cylinder. The tube to the diffuser 

is passed through the top lid of the saturator to ensure that water will not flow backwards 

through the air diffuser under hydrostatic conditions. When the wet-air-valve, Vw, is open, sat-

urated air proceeds to the desiccator. 

 
Figure 4.10. Schematic of saturator. 

In the initial design, a 500-ml glass chamber was used as a saturator. In Figure 4.11(a) the 

path of dry air is marked with red colour. A foam diffuser was used to disperse the air in the 

water volume. The only pressure relief was through the diffuser to the desiccator. This type of 

connection increased the risk of accumulating pressure in the saturators and complicated the 

refilling process. In the final design, a larger 2,000-ml glass chamber was employed to provide 
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enough vapour for four desiccators. A metal diffuser replaced the foam diffuser and a pres-

sure-relief valve was added to the lid of the saturator. The glass surface of the saturator is 

covered with aluminium foil (Figure 4.11(b)) to protect the contained water from direct sunlight 

and limit temperature changes and microbial growth. 

  

 
Figure 4.11. Saturator – (a) initial version, (b) final version. 

4.2.5 Solenoid valves 

Two valves are used per desiccator, Vd and Vw for dry and wet air flow respectively. The two 

valves are mounted on a mixing compartment (Figure 4.12). The vapour exiting the outlet of 

the two valves is combined in the mixing compartment and injected into the desiccator.  

The valves used are 2-way Lee Interface Fluidic (LFA Series) Solenoid Valves (Figure 4.13), 

with circuit board mounts and may operate for either gas or liquid flow. When inactive, a 

spring-loaded seal is pushed against the inlet and outlet, blocking the flow path. When the 

coil is activated, the core attached to the seal retracts, releasing the flow path. Each valve op-

erates on an I/O basis, either allowing or blocking flow, with a maximum leakage of 50 

μl/minute. The maximum pressure on the spring-loaded seal is 55 kPa. The duration of each 

control cycle is controlled manually by adjusting the terminal pin. The valves have a typical life 

expectancy of 200 million cycles (The Lee Company, 2013).  

(a) (b) 
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Figure 4.12. Mixing compartment for pair of solenoid valves. 

 

 

 

 
Figure 4.13. The 2-way Lee Company LFA Series valve with circuit board mounts (a) picture, (b) section, (c) 

dimensions in inches [mm] (The Lee Company, 2013). 

The mixing ratio of the mixing compartment in the current study is defined as the ratio of 

the time each valve is active over a control cycle: 

 𝑟 =
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where: 

𝑟 is the mixing ratio, 

𝑡𝑤 is the time per cycle that Vw is active, 

𝑡𝑑 is the time per cycle that Vd is active, and 

𝑡𝑝 is the duration of a cycle, in seconds.  

4.2.6 Desiccators 

Standard, transparent plastic vacuum desiccators (supplied by Nalgene) with lid, 250 mm in-

ternal diameter and 330 mm height, are used as test chambers (Figure 4.14). Soil samples are 

placed on a rigid tray of 210 mm diameter. The desiccator tray is perforated to allow air circu-

lation in the desiccator, assisted by a fan at the base of the desiccator. Soil samples may be 

placed in the desiccator either in a drying tray, allowing for volumetric changes during changes 

in water content, or in a rigid constant volume cell, restricting volumetric strains. The number 

of samples in a single desiccator is only restricted by the size of these containers (trays or cells). 

Simultaneous testing of at least four soil samples in each desiccator is possible, considering a 

maximum diameter of 85 mm for the containers. A top view of an open desiccator is shown in 

Figure 4.15, along with the dimensions of the desiccator tray and an indicative size for the 

constant volume cell. 

The pair of mixing valves is fitted on the side of the desiccator, supplying the desiccator with 

air of controlled RH. Relative humidity and temperature are measured at the centre of the 

desiccator by a hygrometer fixed on a rod. Multiple hygrometers may be placed on the rod at 

different elevations in the desiccator. The lid provides an airtight seal, minimising the effect of 

factors external to the environment of the desiccator, such as the RH of the laboratory. For 

SWRC determination, soil samples are placed in the desiccator while applying a successive 

sequence of RH levels. Each level of RH is maintained constant until net water exchange be-

tween the surface of the soil sample and the vapour in the air within the desiccator ceases, 

and the mass of the sample stabilises. To determine the net mass of exchanged water, the 

samples need to be removed from the desiccator to be weighed on an external balance. Since 

the procedure includes opening the lid of the desiccator, frequent mass measurements tem-

porarily compromise RH control. 
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As discussed later in the present chapter, RH in the desiccator returns to the target value 

within 60 minutes. The time until net water exchange between the surface of the soil sample 

and the vapour in the desiccator ceases is significantly longer (of the order of days depending 

on the permeability of the soil sample being tested, see Chapter 7), therefore opening the lid 

has a negligible effect on the saturation of the soil samples during the time required to meas-

ure their mass. Although the time to transfer the sample from the desiccator to the balance is 

generally less than 15 seconds, the total time required to measure the dimensions of each 

sample is about 5 minutes. Assuming simultaneous testing of four soil samples, the total dis-

ruption to the desiccator may extend to 20 minutes.  

  
Figure 4.14. Schematic of desiccator fitted with RH control system. 
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Figure 4.15. Dimensions (mm) of four-compartment tray in desiccator. 
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4.2.7 Hygrometers 

4.2.7.1 Sensirion capacitance hygrometers 

Sensirion hygrometers provide an inexpensive means of measuring relative humidity. The 

SHT21 series sensors used in the set-up consist of a polymer-based capacitance relative hu-

midity hygrometer and a band gap temperature sensor. The sensors have a maximum dimen-

sion of 3 mm and may be soldered manually in the laboratory, as shown in Figure 4.16. The 

manufacturer’s calibration states a typical accuracy ΔRH of 2% RH between 20% and 80% RH, 

increasing to 3% RH above 95% RH. According to the manufacturer’s manual, the hygrometers 

suffer from hysteresis and signal drift when operated at RH above 80%. The in-house calibra-

tion of the hygrometers is presented in Section 4.5, and their accuracy discussed in detail.  

 
Figure 4.16. Sensirion SHT21 hygrometer, soldered on plastic pads. 

4.2.7.2 VAISALA hygrometer 

The capacitance hygrometers were calibrated in-house (details in Section 4.5) against model 

VAISALA HMT330, which consists of a probe and a datalogging station. The probe is equipped 

with a capacitance hygrometer and a temperature sensor, calibrated biannually by VAISALA 

(certificate in Appendix B). The cost of purchase and maintenance of the VAISALA HMT330 

hygrometer did not allow for continuous use (particularly in the configuration shown in Figure 

2, where four desiccators are connected in parallel). Instead, the VAISALA HMT330 hygrometer 

was used only as a reference standard and for calibrating the Sensirion hygrometers. 

4.2.8 Constant volume cell 

The main function of the desiccators is to create an environment of controlled air humidity for 

the development of soil-water retention curves (SWRC). As discussed previously, it is possible 

to obtain an SWRC at constant volume, by placing the soil samples in rigid cells (Villar, 2002; 

3 mm 
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Seiphoori et al., 2014). The cell should allow exchange of water molecules between the soil 

sample and the vapour in the air within the desiccator, while preventing deformation under 

the potential swelling pressure of the soil sample. Net mass measurements of the soil sample 

at successive RH levels are obtained without removing it from the cell. 

A constant volume cell was manufactured for the purposes of this study (Figure 4.17), similar 

to the one proposed by Yahia-Aissa et al. (2001). The cell comprises a stainless-steel confining 

ring and two stainless steel discs acting as base and lid. The steel used for the construction of 

the cell was the corrosion resistant AMINOX-AS-1®, to counter the corrosive properties that 

some soils may have, e.g. bentonite. Confining rings of different heights can be employed 

according to the needs of the experiment. The initial ring was manufactured at a 15mm height. 

The top and bottom discs are perforated, with a porous stone embedded within each disc, to 

allow interaction of the surface of the soil sample with the vapour in the air within the desic-

cator. The discs and confining ring are held together by six bolts. The bolt heads also prop up 

the base thus allowing circulation of air from both the top and underside of the cell. Further 

measures to promote circulation of air include the use of a perforated desiccator tray and a 

fan, as shown in Figure 4.18. 
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Figure 4.17. Dimensions of the IC constant volume cell. 1. Long bolts, 2. Top perforated disc, 3. Perforations, 4. 

Coarse porous stones, 5. Confining ring, 6. Base perforated disc. 
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Figure 4.18. Desiccator in operation, with constant volume cell (1) and soil sample dish (2) on perforated desiccator 

tray (3). Vapour circulation is assisted by fan (4).  

The choice of stainless steel as a material for manufacturing the cell was based on the avail-

ability at the time. Although it provides rigid confinement and corrosion resistance, it is heavy. 

A parametric FE analysis with a simple elastic model was performed to minimise the weight of 

the material used without compromising its ability to resist swelling pressures from the soil 

sample on wetting. The analysis of the simplified axi-symmetric geometry (Figure 4.19) showed 

that 10 mm thick walls would deform by about 0.05 mm under 15MPa of swelling pressure. 

The total mass of the cell, compared with the mass of the soil sample inside it, becomes an 

issue when measuring the net change in mass of water for determination of SWRC. In selecting 

the type of balance, a compromise has to be made between its resolution and its maximum 

load capacity. Considering that the total mass of soil and cell does not exceed 2.5kg, the cho-

sen balance has a resolution of 0.01g and a capacity of 3.2 kg (Sartorius, Entris® Precision 

Balance).  
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Figure 4.19. Parametric analysis of thickness of constant volume cell. 

4.3 RH control 

4.3.1 Servo-control system 

TRIAX is the data acquisition software used in the Geotechnics laboratory at Imperial College 

(Toll, 1993). The software uses a first-order control algorithm to control each variable, by ad-

justing the value of a digital counter linked to an actuator, in this case the valves, based on 

feedback collected from transducers, which in this case are the hygrometers. Control is 

achieved by setting the target value for the control variable, a maximum step change on the 

value of the counter, tolerance, and update time. The software allows automation of testing 

sequences by introducing user-defined sets of controls (stages) and alarms. 

In this study, the control variable is the relative humidity feedback from the hygrometer in 

the desiccator. The RH reading is compared to the set target value, and if the difference be-

tween the two is greater than the tolerance the mixing ratio is appropriately modified. A max-

imum step is applied (via the digital counter) for deviation larger than ten times the tolerance. 

The step is linearly reduced as the deviation from the target value reduces. The limitation of 

the control is the oscillations around the target value caused by overshooting or undershoot-

ing. It is possible that a second-order algorithm (i.e. control on the rate of RH change) would 

reduce oscillations and improve stability of the control. 
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An independently powered microcontroller (based on Arduino®) acts as the output actuator 

of the control system. One microcontroller is assigned to each pair of mixing valves. The con-

troller reads the mixing ratio assigned by TRIAX and assigns a duty value to each valve. The 

duty value is the time percentage that the valve operates during a specified period (control 

cycle). The duty value is maintained until a new value is assigned from TRIAX. 

The RH of the mixed dry and wet air is measured in the desiccator and logged again by 

TRIAX to be evaluated. RH is measured by Sensirion SHT21 capacitance hygrometers placed 

in the desiccator. The hygrometers are mounted on plastic pads, positioned at the centre of 

the desiccator at sample level, to avoid errors related to humidity gradient with elevation. The 

hygrometers are exposed, allowing vapour to flow freely around them. Indirect estimations of 

the total suction acting at the surface of the soil samples can be made based on the RH and 

temperature readings through the psychrometric law (Eqn. 2.8), assuming equilibrium of the 

vapour in the desiccator. 

The main advantage of this divided-flow humidity generator system is that small variations 

in RH due to pressure, flow rate or temperature are automatically accounted for by adjusting 

the mixing ratio through TRIAX. Although the range of RH control of the humidity generator 

(10% RH to 85% RH) is limited by the RH of the dry air and the efficiency of the saturator, the 

quality of the control on the combined vapour within the operating range is independent of 

the uncertainty concerning the RH of the dry air or the saturator efficiency. In contrast to other 

Vapour Equilibrium Techniques, air is not recycled. This makes the system simpler, as a flow 

pump is not necessary. 

4.3.2 Equilibrium of suction measurement 

The function of the humidity generator in this study was to create a sealed environment of 

controlled relative humidity (RH) within a desiccator. It is important to emphasize that it is the 

RH in the desiccator that is controlled and measured, not the suction of the test specimens in 

the desiccator. The determination of total suction through Kelvin’s psychrometric law (Eqn. 2.8) 

for the test specimens, i.e. either soil samples or hygrometers to be calibrated, assumes three 

levels of equilibrium in the desiccator.  

First, it is assumed that the distribution of RH in the desiccator is homogeneous, although 

small variations are expected. By definition, RH is equal to the absolute partial vapour pressure 

over the absolute saturated vapour pressure. A small partial pressure gradient is expected with 
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elevation, with denser air at the bottom of the desiccator. Additionally, saturated vapour pres-

sure is affected by variations of temperature within the desiccator. Further inhomogeneity is 

expected at the entry point of the combined vapour to the desiccators, coming from the mix-

ing valves. Furthermore, soil samples in the desiccator act as vapour sinks or as humidity 

sources, depending on the potential of water at their surface compared to the potential of 

vapour in the desiccator. As a result, the RH of the air in the vicinity of the soil samples is 

dominated by the suction of the soil samples. However, as discussed in the following para-

graphs, the differences in RH across the desiccator are smaller than the accuracy of the hy-

grometers and are assumed to be fully mitigated by the circulation of air within the desiccator 

by means of fan. 

The second assumption regards the response and equalisation time of the hygrometers. 

According to the manual for the Sensirion SHT21 hygrometers, they have a response time of 

8 seconds. However, , in-house calibrations (Section 4.5) indicate that at least 24 hours are 

required before the reading of a hygrometer fully equalises with the vapour in the desiccator 

since an application of a change in RH. Despite this, the difference is usually less than 1% RH, 

and for the purposes of controlling RH, it is assumed that the measurements of the hygrometer 

are immediately representative of the RH in the desiccator. 

Finally, in order to apply Kelvin’s psychrometric law, the potential of the soil sample’s surface 

is assumed to be in equilibrium with the potential of the vapour in the desiccator. This is only 

truly the case when total suction is in equilibrium throughout the entire sample, otherwise 

water molecules are exchanged between the surface of the soil sample and the vapour around 

it. However, the potential of the vapour may be perceived as a boundary condition in a diffu-

sion problem. Since the RH of the vapour around the sample can be prescribed at a constant 

level, a total suction boundary, according to Kelvin’s law, is applied to the soil sample. This 

suction is assumed to be representative of that in the soil sample when water exchange with 

the vapour ceases and the sample is assumed to have reached an equilibrium state. 

4.3.3 Temperature 

Temperature is one of the most significant variables in tests involving gas mixtures. As dis-

cussed in Chapter 2, the first law of thermodynamics, applied for ideal gas mixtures, suggests 

that partial pressure of a gas component in a constant volume container is directly propor-
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tional to changes in temperature. Furthermore, temperature affects the saturated vapour pres-

sure, and therefore the value of relative humidity. Additionally, the osmotic potential at the 

surface of saturated salt solutions is also affected, changing the equilibrium RH above the 

solution. Finally, temperature affects the water-retention, swelling and mechanical properties 

of soil sample itself. 

In this study, only ambient temperature was examined. The temperature in the laboratory 

room was regulated to an average of 21±0.5 ˚C. The system of the humidity generator and the 

desiccators was kept away from direct sunlight to limit further temperature variations. Changes 

in RH due to the residual variation of temperature, although would be significant in VETs using 

chemical solutions, could be mitigated successfully by the feedback control system described 

herein. 

4.4 System performance 

4.4.1 Single desiccator 

The quality of control is quantified in three measures: the amplitude of oscillations around a 

target value; the variation of the mean; and the time required for the desired RH to be achieved 

in the absence of soil samples. 

The oscillations are inherent to the system because of the first-order control of the mixing 

ratio. The combination of maximum step and tolerance as inputs in TRIAX may reduce the 

amplitude of oscillations. Oscillations are also caused by the delay between the application of 

the control and the change being recorded by the hygrometer. In this case, oscillations may 

be reduced by minimising the distance between the control point (mixing valves) and the eval-

uation point (hygrometer) in the desiccator, reducing the update time of the hygrometer or 

carefully adjusting the update period of the control. 

Errors in the mean value of RH include spatial variation of RH in the desiccator, temperature 

effects and the performance of the hygrometers. Temperature effects are discussed subse-

quently and an evaluation of the hygrometers during the in-house calibration is presented in 

Section 4.5.  

The uniformity of RH of the air in the controlled environment was investigated by placing 

capacitance hygrometers at two different elevations in three desiccators. The desiccators are 

referred to as Chambers A, B and C. Sensirion SHT21 hygrometers were fixed on a plastic ver-

tical rod in the middle of the desiccator, with the lower hygrometer placed at the level of the 
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perforated tray and the upper hygrometer 200 mm above it. Figure 4.20 shows the difference 

between the RH measurement at the upper hygrometer and the lower hygrometers for the 

three desiccators. An identical increasing sequence of RH levels was applied to the three des-

iccators, from 12% RH to 75% RH. The mixed air inlet was positioned at the bottom of the 

desiccator and air circulation was not assisted by a fan. A correction has been applied to all 

hygrometers, based on their calibration presented in Section 4.5. In Figure 4.20 it can be ob-

served that the reading at the upper hygrometer was higher than at the lower hygrometer by 

0.2% RH to 0.5% RH in all three desiccators, with the difference generally increasing with in-

creasing level of RH. This difference, however, is less than the accuracy of the hygrometers in 

the respective RH range and therefore no conclusion may be safely drawn regarding spatial 

variation. For this reason, a fan was used in every desiccator continuously and the hygrometer 

was placed at the elevation of the soil samples when developing the SWRC of different soils. 

In an empty desiccator, where neither vapour source nor sink exist, the time required for the 

desired RH to be achieved in the absence of soil samples depends on the step size of the 

control algorithm (i.e. the increase/decrease in mixing ratio of in wet to dry air), the inflow 

pressure and the volume of the desiccator. Figure 4.21 shows how the RH in a single desiccator 

changes with time, when the target value of RH changes from 10 to 50%, from 50 to 80%, from 

80 to 50% and from 50 to 10% in single steps. The test is performed at the minimum inflow 

pressure of 10 kPa, and the desiccator used is the one described in Section 4.2.6 which has a 

volume of 10 l. In all cases the target RH was achieved within 60 minutes. The direction of RH 

change, either increasing or decreasing, does not affect significantly the required time. 
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Figure 4.20. Difference between top and bottom corrected RH measurements, in three desiccators, without fan 

assistance. 

 
Figure 4.21. Time required for RH equalisation in an empty desiccator for increasing and decreasing RH steps. 

4.4.2 Desiccators in parallel operation 

Using more than one desiccator is desirable to increase productivity in developing SWRCs and 

therefore controlling them independently is essential. The main issue with the parallel connec-

tion of desiccators with a single source of saturated vapour is the efficiency reduction of the 

saturator.  
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The quality of control when a series of desiccators was run in parallel under different desired 

values of RH was tested initially in two desiccators, (referred to as Chambers A and B in Figure 

4.22), and was subsequently extended to four desiccators (Figure 4.23), connected to the same 

vapour system but controlled independently. The tests were performed using the initial satu-

rator (Figure 4.11a), which had a volume of 500 ml.  

Figure 4.22 shows the variation in RH in two desiccators with time, together with the varia-

tion of RH in the laboratory. RH in Chamber A is increased in single steps from 10% RH to 50% 

RH to 80% RH and decreased also in single steps from 80% RH to 50% RH to 10% RH, while 

RH in Chamber B remains set at 80% RH. Although the two desiccators are connected to the 

same vapour system, changing the mixing ratio of Chamber A has no effect on relative humid-

ity in Chamber B. The oscillations around the target value have a maximum amplitude of ±0.2% 

RH, suggesting that the quality of the control was not affected. It is also noticed that RH control 

in both desiccators is independent of RH changes in the laboratory environment. 

Figure 4.23 presents the variation in RH in four desiccators with time. The target RH in Des-

iccators A and B (ChA and ChB in the figure) is increased from 10% RH to 80% RH and then 

decreased again from 80% RH to 10% RH in steps of 5% RH. The target set for Desiccators C 

and D (ChC and ChD in the figure) follows the reverse sequence, from 80% RH to 10% RH and 

from 10% RH to 80% RH in steps of 5% RH. Once again, the control of RH in each of the four 

desiccators is satisfactory and independent of the value of RH in the other desiccators.  

A maximum value of 90% RH has been achieved when using a single desiccator. Parallel 

control on two desiccators reduces the efficiency on the saturator, limiting the maximum 

achievable value of RH to 80%. The addition of two more desiccators increased the demand 

for saturated vapour, limiting the maximum RH to 70%. To resolve the issue, the volume of the 

saturator was increased to 2L, allowing for achievable RH of above 80% RH in all four desicca-

tors. It was also observed that prolonged operation reduces the water level in the saturator, 

reducing the saturator efficiency and therefore the maximum achievable RH. For this reason, 

it is essential to manually keep the level of water in the saturator above a minimum limit 

throughout the duration of the tests. 
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Figure 4.22. Simultaneous RH control in two desiccators. Relative humidity in Chamber A is increased from 10% to 

50% to 80% and decreased from 80% to 50% to 10% while maintaining relative humidity in Chamber B constant. 

Comparison with humidity in the laboratory. 

 
Figure 4.23. Simultaneous control in four chambers using 500-ml saturator. Steps of 5% RH in increasing/decreasing 

sequences were applied. 
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4.4.3 Temperature effects 

Temperature variations were recorded locally with the VAISALA HMT330 hygrometer. Temper-

ature in the desiccator was equal to the laboratory temperature and was found to present a 

distinctive daily trend with lower temperature recorded during night time.  

As discussed earlier relative humidity is:  

 𝑅𝐻 =  �̅�𝑣/�̅�𝑣0 Eqn. 4.3 

Assuming that vapour is an ideal gas, the first thermodynamic law for ideal gases can be 

written as: 

 �̅�𝑣𝑉𝑣 = 𝑛𝑅𝑇  Eqn. 4.4 

where:  

R = universal gas constant (J/(mol.K)) 

T = absolute temperature (K) 

Vv = volume of vapour (m3) 

n = molarity (mol). 

If a constant volume is assumed, pressure is directly proportional to temperature, and there-

fore an increase in temperature results in an increase in absolute partial vapour pressure, ūv. 

However, at the same time the absolute saturated vapour pressure, ūv0 , also increases. A semi-

empirical approximation for the calculation of saturated vapour pressure is given by Wexler 

(1976): 

 ln �̅�𝑣0 = ∑ 𝑐𝑖𝑇𝑖−1 + 𝑐4 ln 𝑇
3

𝑖=0
  Eqn. 4.5 

where: 

c0 = -0.604 x104 

c1 = 0.189 x102 

c2 = -0.282 x10-1 

c3 = 0.172 x10-4 

c4 = 0.286 x101 

The relationship between absolute saturated vapour pressure and temperature is exponen-

tial, and therefore changes in ūv0 are more significant than changes in ūv for the same temper-

ature change, meaning that temperature changes are expected to have a measurable effect 

on RH. 
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To confirm this, an initial RH of 75% was assigned to a sealed desiccator. Figure 4.24 shows 

the RH readings in the desiccator along with temperature variation over the duration of 4 days. 

For the first two days the desiccator was isolated without RH control. The humidity generator 

was subsequently switched on for days 3 and 4. It can be observed that for the first two days, 

where the desiccator is sealed with a finite amount of vapour in the air, an increase in temper-

ature results in a measurable decrease in relative humidity, which is in agreement with Eqn. 

3.1, Eqn. 4.4 and Eqn. 2.5. When the RH control is switched on, the system responds by adjust-

ing the mixing ratio of dry to wet air at the mixing valves, compensating for the temperature 

change (Days 3 and 4). 

 
Figure 4.24. Temperature variation and effect on RH in desiccator. RH control switched on for days 3 and 4. 

4.4.4 Reliability and maintenance 

The control method relies on the computer system to record and evaluate the relative humidity 

in order to adjust the mixing ratio at the mixing valves (component 6 in Figure 4.8). The sole-

noid valves are controlled through independently powered micro-computers (Arduino) to mit-

igate an event of computer or programme failure. In the event of loss of communication be-

tween the two systems, the valves will maintain the last mixing ratio command, protecting any 

tests in progress from excessive changes in RH. 

The saturator (component 3 in Figure 4.8) is refilled manually, under atmospheric pressure. 

Any automated attempt to refill the saturator under pressure increases the risk of pressure 

building up in the saturator and flow reversing towards the manostat (component 1 in Figure 

4.8). The water collector (component 2 in Figure 4.8) between the manostat and the saturator 
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should have the same water capacity as the saturator to contain any water reversing from the 

saturator towards the manostat. Additionally, to prevent any build-up of higher pressure in 

the saturator (wet air) than at the manostat (dry air), dry air dead valves should be kept closed 

during operation while the wet air dead valves should be kept slightly open to release any 

excess pressure. Before switching off the air feed from the main compressor, the saturator 

should be disengaged from the manostat. 

The solenoid valves have a maximum operating pressure of 70 kPa. To avoid damaging the 

equipment under the potential hazard of high pressure, there is no rigid connection along the 

flow path. All connections are facilitated by plastic tubes which would disconnect at elevated 

pressure. 

The use of plastic, rather than metal, tubes and tube connectors helps detect and prevent 

condensation. In addition to replacing metal tubes and connectors with plastic ones, tubing 

lengths were reduced to avoid sagging of the tubing.  

4.5 Calibration of capacitance hygrometers 

The purpose of this exercise is not to provide a full traceable calibration of the Sensirion SHT21 

hygrometers, but rather to minimise the effect of the hygrometers’ tolerances, hysteresis and 

drift on the humidity generator by understanding their limitations and suggesting appropriate 

measures to control them. 

4.5.1 Equipment to be calibrated 

Three sets of capacitance electronic hygrometers from Sensirion are currently available in the 

Geotechnics Laboratory. The first set of eight SHT21 hygrometers (referred to as SHT21_A1 to 

SHT21_A8) was obtained in September 2014, the second set of eight SHT21 hygrometers (re-

ferred to as SHT21_B1 to SHT_B8) in June 2016 along with a set of eight SHT31 hygrometers 

which have not been used. 

The performance of the SHT21 hygrometers is reported in the manufacturer’s datasheet (see 

Appendix B). The hygrometers have a resolution of 0.04% RH. The typical uncertainty, ΔRH, in 

the range from 20% to 80% RH is ±2% RH (coverage factor k=1), with a maximum uncertainty 

of ±3% RH. Typical uncertainty below 10% RH and above 90% RH increases to ±2.5% RH with 

maximum uncertainty at ±4% RH. The maximum expected hysteresis is ±1% RH. Prolonged 

exposure to RH above 80% RH may temporarily offset the RH signal (+3%RH at 60 hours of 

exposure). The hygrometers are expected to drift with prolonged use and ageing at a rate of 
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less than 0.25% RH per year. It is possible, however, to calibrate each hygrometer individually 

to take advantage of their high resolution. 

4.5.2 Calibration equipment 

Calibration of RH transducers should be performed ideally against accurate humidity genera-

tors such as the double pressure generators (refer to Chapter 2), under perfectly controlled 

conditions, or against a significantly more accurate measuring probe, such as the dew point 

hygrometer. For the present research the SHT21 hygrometers are calibrated by comparison 

with an HMT330 electronic hygrometer from VAISALA, which has a total uncertainty of ±1% 

RH (k=2) including non-linearity, hysteresis and repeatability. The total uncertainty of the fac-

tory calibration is ±0.6% RH (k=2) in the range 0% RH to 40% RH increasing to ±0.8% RH (k=2) 

at 80% RH. The coverage factor, k, is a multiplier for standard deviation in a normal distribution. 

Calibrations are usually given at k=2 to provide a confidence level of 95%. 

The reference RH was generated by either (a) a series of humidity fixed points, facilitated by 

saturated salt solutions, or (b) the divided-flow method developed as part of this research. The 

advantages and disadvantages of each method are discussed in the following sections. 

Table 4.2. Humidity fixed point salt solutions (ASTM E104-02 (ASTM International, 2012)). 

HFP desig-

nation  

Salt name  Chemical sym-

bol 

Uncertainty 

(k=1) 

Temperature 

range (°C) 

HFP 4  Caesium fluoride  CsF  1.1 15 to 80 

HFP 7  Lithium bromide  LiBr 0.6 5 to 80 

HFP 12  Lithium chloride  LiCl  0.7 5 to 80 

HFP 23  Potassium acetate  CH3COOK  0.3 10 to 30 

HFP 33  Magnesium chloride  MgCl2 0.2 5 to 80 

HFP 43  Potassium carbonate K2CO3  0.4 5 to 30 

HFP 59  Sodium bromide  NaBr  0.5 5 to 80 

HFP 70  Potassium iodide  KI  0.3 5 to 80 

HFP 75  Sodium chloride NaCl  0.2 5 to 80 

HFP 85  Potassium chloride  KCl  0.3 5 to 80 

HFP 98  Potassium sulphate  K2SO4  0.6 5 to 50 
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For the saturated salt solutions method, six humidity fixed points were selected, indicated 

in bold in Table 4.2. Saturated salt solutions are prepared according to PD ISO/TR 18931:2001 

(ISO, 2001) and ASTM E104 – 02 (ASTM International, 2012). All necessary precautions were 

taken for handling hazardous chemicals (Appendix C). The stability of the method depends on 

temperature equilibrium. According to ASTM - E104-02, temperature variations of ±0.1 ˚C to 

±0.5 ˚C may result in instabilities in RH of ±0.5% RH up to ±2.5% RH. The uncertainty in Table 

4.2 is given as the standard deviation, assuming ideal temperature equilibrium. 

4.5.3 Calibration method 

The Sensirion hygrometers were inserted in groups of four into one sealed desiccator of 

controlled relative humidity, along with the VAISALA HMT330 hygrometer. The maximum 

number of Sensirion hygrometers to be calibrated at a time was limited by the availability of 

ports in the data logger. All hygrometers, including the reference hygrometer (VAISALA 

HMT330), are placed at the same elevation in the desiccator. The desiccators used for calibra-

tion were custom-fitted with placeholders and fittings in their lid for the hygrometers and a 

side plug for fitting the mixing valves. The desiccator used with the humidity generator had a 

volume of 1 l (picture (a) in Figure 4.25), while the desiccator used with salt solutions had a 

volume of 300 ml (picture (b) in Figure 4.25) to minimise the required quantity of salt. 

   
(a)    (b) 

Figure 4.25. Custom desiccators for calibration of hygrometers. (a) using dfHG, (b) using saturated salt solutions 

The calibration was carried out at ambient temperature (21±0.5 ˚C) and under atmospheric 

pressure. The decision on which method to use to provide the RH setpoints of the calibration 

depended on the availability of materials and equipment at the various stages of this study. 
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The final schedule followed for the calibration of the Sensirion hygrometers is presented in 

Table 4.3. 

Table 4.3. Calibration schedule for Sensirion hygrometers. 

SHT21_A1 to 

SHT21_A8 #1 #2 #3     

Method: dfHG1 dfHG 
Salt so-
lutions 

    

Interval: 1 day 3 days 3 days     

Setpoints: 

(% RH) 

5, 30, 50, 

67, 80, 70, 

50, 30, 15, 

5 

12, 50, 76, 

5, 50, 76, 

50, 12, 50 

76, 100, 

76, 12, 

76 

    

SHT21_B1 to 

SHT21_B4 #1 #2 #3 #4 #5 #6 #7 

Method: 
Salt solu-
tions 

Salt solu-
tions 

Salt so-
lutions 

dfHG dfHG dfHG dfHG 

Interval: 2 days 4 days 
6 
months 

1 day 2 days 2 days 2 days 

Setpoints: 

(% RH) 

12, 86, 59, 

45, 23, 12, 

23, 45, 59, 

76, 86, 76, 

59, 45 

45, 59, 76, 

86, 76, 59, 

45, 23, 12, 

23, 45, 59, 

76 

76 

80, 76, 

59, 45, 

23, 12, 

23, 45, 

59, 76, 

86 

80, 76, 

59, 45, 

23, 12, 

23, 45, 

59, 76, 

86 

86, 76, 

59, 45, 

23, 12, 

23, 45, 

59, 76, 

86 

86, 76, 

59, 45, 

23, 12, 

23, 45, 

59, 76, 

86 

SHT21_B6 to 

SHT21_B8 #1 #2      

Method: dfHG dfHG      

Interval: 1 day 1 day      

Setpoints: 

(% RH) 

50, 30, 20, 
10, 5, 10, 
20, 30, 50, 
70, 80, 84, 
80, 70, 50 

50, 30, 
20, 10, 5, 
10, 20, 
30, 50, 
70, 80, 
70, 58 

     

1dfHG: divided-flow Humidity Generator 

4.5.3.1 Series SHT21_A 

The divided-flow humidity generator was used initially for the generation of RH for hygrome-

ters SHT21_A1 to SHT21_A8 (sequences #1 and #2 in Table 4.3), as the salts required for the 

saturated solutions were not available in the laboratory at that time. Once NaCl and LiCl were 

acquired, a further calibration sequence was performed (sequence #3) using the saturated salt 

solutions. These hygrometers were subsequently used as part of the humidity generator for 

the oedometer described in Chapter 5 and were not calibrated further.  
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Figure 4.26 presents the calibration sequences for hygrometer SHT21_A2. The difference, bk, 

between the reference (VAISALA HMT330) reading, yRk, and the test hygrometer (Sensirion) 

reading, yk, is plotted against the average reading of the test hygrometer at each RH setpoint. 

It was decided to plot the results against the readings of the test hygrometer instead of the 

reference hygrometer (VAISALA HMT330) so that corrections can be applied directly to the 

hygrometer readings. The error bars represent the standard deviation of the observed correc-

tion at each setpoint. The calibration sequences of the other hygrometers in the series are 

included in Appendix D.  

Each setpoint in sequence #1 was maintained for 24 hours to allow for equalisation of the 

vapour in the air and at the hygrometers at each target setpoint. The difference to the refer-

ence reading, bk, (i.e. the correction that needs to be applied to the SHT21 hygrometer) gen-

erally increased for higher RH values, as seen in Figure 4.26. Also, a maximum hysteresis of 2% 

RH is observed for hygrometer SHT21_A2 at about 50% RH for this sequence. 

 
Figure 4.26. Calibration sequences for hygrometer SHT21_A2.  
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The duration of each step of sequence #2 was increased to 3 days in order to study the 

effect of equalisation time. The general trend of the correction bk is similar to the first se-

quence, although hysteresis has decreased significantly to 1% RH, indicating that Sensirion 

hygrometers require more than 1 day to equalise fully with the vapour in the air within the 

desiccator. In the tests for the determination of SWRCs described in Chapter 7, the duration 

of each RH step varied from 1 to 7 days, depending on the permeability of the material and 

the size of the soil sample. It is therefore essential to obtain the appropriate calibration for the 

duration of the steps in each test. Time effects on the response of the Sensirion hygrometers, 

and how they are accounted for, will be discussed later in this chapter.  

The setpoints 76, 100, 76, 12, 76% RH in sequence #3 were achieved with saturated solutions 

of NaCl (76% RH) and LiCl (12% RH) and distilled water (100% RH). The path is plotted in Figure 

4.26 with a dotted line as the intermediate RH values between 12% RH and 76% RH were not 

tested. The observed correction bk at the initial setpoint of 75% RH agrees with the correction 

obtained from the first sequence, however bk increases further for 100% RH. This is in agree-

ment with the temporary offset in the signal reported by the manufacturer for prolonged ex-

posure to RH above the operating limit (i.e. 80% RH). The offset in the measurements is main-

tained for the 75% RH setpoint on the decreasing path. Correction is restored once RH level is 

reduced to the minimum setpoint (12% RH). Calibration curves are obtained by fitting polyno-

mial curves to the corrections for increasing and decreasing RH sequences. The uncertainty of 

hygrometers SHT21_A1 to SHT21_A8, as derived from these tests, is discussed in Section 4.5.4, 

together with the remainder of the hygrometers.  

4.5.3.2 SHT21_B6 to SHT21_B8 

The divided-flow humidity generator was used for the generation of the RH of hygrometers 

SHT21_B6 to SHT21_B8. These hygrometers were subsequently used with the humidity gener-

ator for SWRC development and have not been calibrated further. Each setpoint on both se-

quences #1 and #2 was held for 24 hours (time effects are discussed in detail in Section 4.5.4.6). 

Figure 4.27 presents the calibration sequences for hygrometer SHT_B6. The difference in 

readings, bk, between the reference (VAISALA HMT330) and the test hygrometers (Sensirion) 

is plotted against the average reading of the test hygrometer at each RH setpoint. The error 

bars represent the standard deviation of the correction at each setpoint. 
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The two cycles plot close to each other, with similar hysteresis and a generally increasing 

trend for correction bk with RH. Calibration curves are obtained by fitting polynomial curves 

to the corrections for increasing and for decreasing RH sequences. The uncertainty of hygrom-

eters SHT21_B6 to SHT21_B8 is discussed in Section 5.5.4, together with the remainder of the 

hygrometers. 

 
Figure 4.27. Calibration sequences for hygrometer SHT21_B6.  

4.5.3.3 SHT21_B1 to SHT21_B4 

The reference RH for calibration sequences #1, #2 and #3 of hygrometers SHT21_B1 to 

SHT21_B4 was generated by saturated salt solutions, while the divided-flow humidity genera-

tor was being used for SWRC tests (see Chapter 7). Sequences #4, #5, #6 and #7 were per-

formed one year later, using the divided-flow humidity generator. 

Each setpoint in sequences #1 and #2 was held for two days to allow equilibrium of vapour 

potential in the desiccator with the chemical potential at the surface of the saturated salt so-

lution. Sequence #3 consists of a single setpoint, 76% RH, which was held for 6 months to 

examine long-term effects. The duration of setpoints in sequences #5, #6 and #7 was also set 

to 2 days to provide comparable data with sequences #1 and #2.  
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The calibration sequences for SHT21_B1 obtained with saturated salt solutions (#1, #2 and 

#3) are presented in Figure 4.28. The calibration sequences for SHT21_B1 obtained with the 

divided-flow humidity generator (#4, #5, #6 and #7) are presented in Figure 4.29. 

The difference in readings, bk, between the reference (VAISALA HMT330) and the test hy-

grometers (Sensirion) is plotted against the average reading of the test hygrometer for each 

RH setpoint. The error bars represent the standard deviation of the observed correction at 

each setpoint. The value of bk for sequences #2 and #5, obtained with saturated salt solutions 

and the divided-flow humidity generator respectively, are similar. Sequences #6 and #7 are 

pushed upwards due to prolonged exposure to the initial 86% RH setpoint. The temporary 

offset in the signal reported by the manufacturer for prolonged exposure to RH above the 

operating limit (i.e. 80% RH) was maintained for most of the decreasing path but was restored 

on the subsequent increasing path. However, the decreasing paths of these last two sequences 

were discarded due to excessive standard deviations. 

Calibration curves are obtained by fitting polynomial curves to sequences #2, #4, #5 and #6. 

The uncertainty of the hygrometers SHT21_B1 to SHT21_B4, as derived from these tests, is 

discussed in Section 4.5.4, together with the remainder of the hygrometers. 
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Figure 4.28. Calibration sequences #1, #2 and #3 for hygrometer SHT21-B1. 

 
Figure 4.29. Calibration sequences #4, #5, #6 and #7 for hygrometer SHT21_B1. 
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4.5.4 Uncertainty evaluation 

4.5.4.1 Uncertainty equation 

The uncertainties calculated for the sample hygrometers are summarised in Table 4.9. They 

can be generally distinguished between: 

• uncertainty of the reference RH, including the combined uncertainty of the reference 

hygrometer (VAISALA HMT330) and of the conditions in the desiccator, such as the 

stability of the control, the RH level and the method used for generating the humidity 

environment; 

• uncertainty of the hygrometer being calibrated, including repeatability, hysteresis 

and drifting; 

• uncertainty of the result due to incomplete knowledge of the required value of the 

correction. This may include, but is not limited to, incomplete definition of the 

uncertainty equation, human error, assumptions and approximations in the method. 

This uncertainty materialises as variations in repeated observations under apparently 

identical conditions (JCGM/WG1, 2008). 

According to JCGM/WG1 (2008), the value of the uncertainty may be obtained by statistical 

methods (Type A) or from scientific judgement based on available information (Type B), if no 

observations are available. In the present calibration, Type A are the uncertainties evaluated 

through laboratory testing, while Type B is the uncertainty of the reference hygrometer as it 

was adopted from the factory calibration. The factors contributing to the uncertainty of the 

measurement are presented in the following sections.  

The best estimation of RH is given by the equation: 

 𝑌 = y̅ − 𝑏(y̅) + Δ𝑠 + Δ𝑡(�̅�) Eqn. 4.6 

where: 

 Y is the measurand, in this case RH; 

 �̅� is an estimation of RH as a result of measurement with the test hygrometer; 

𝑏(�̅�) is the predicted correction of the calibration; 

Δs, Δt are uncertainties related to spatial variation and time effects. 

The best estimation of �̅� is: 

�̅� = �̅�𝑅 + �̅� 
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where �̅�𝑅 is an estimation of RH as a result of measurement with the reference hygrometer 

and �̅� is the average observed correction. 

For simplicity, all contributing components are assumed independent. The effect of repeat-

ability is included in the calculation of the uncertainty in calibration, since multiple independ-

ent sequences are considered, hence it has been assigned a value of 0 in Table 4.9. Similarly, 

the effect of hysteresis is considered by assigning individual calibrations for increasing and 

decreasing paths, and therefore it has been assigned a value of 0 in Table 4.9. The correction 

for increased waiting time on each setpoint is applied separately. Two separate calibrations 

are provided for increasing and for decreasing RH sequences, therefore hysteresis is excluded 

from the uncertainty equation. The combined standard uncertainty of the remaining contrib-

uting components is expressed as the positive square root of the summation of the variance, 

assuming unity sensitivity coefficients for all uncertainties: 

 𝑢𝑐(𝑦) = √∑ 𝑢𝑖
2(𝑦) Eqn. 4.7 

where  

𝑢𝑐(𝑦) is the combined standard uncertainty, and 

𝑢𝑖(𝑦) are the individual standard uncertainties, listed in Table 4.9. 

The expanded uncertainty is given for 95% confidence by multiplying the standard com-

bined uncertainty with a coverage factor k=2. 

 𝑈 = 𝑘𝑢𝑐(𝑦) Eqn. 4.8 

4.5.4.2 Calibration of testing sample 

The hygrometers were calibrated according to the schedule presented in Table 4.3. At each 

setpoint, k, the observed correction 

 𝑏𝑘 = 𝑦𝑘 − 𝑦𝑅𝑘 Eqn. 4.9 

was calculated, with yk being the measurement of the test hygrometer and yRk the measure-

ment of the reference hygrometer (VAISALA HMT330). The average value of bk, �̅�𝑘, is given at 

each setpoint with a standard deviation, u(bk), for each calibration sequence and includes var-

iations due to repeatability, fluctuations due to the control method and possibly other uni-

dentified factors. The average standard deviation of the observed correction, for all setpoints, 

k, is presented in (Table 4.4).  
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Table 4.4. Summary of standard deviation of difference bk (% RH) for all Sensirion hygrometers. 

Hygrometer max u(bk) min u(bk) u(b) 

SHT21_A01 0.51 0.03 0.23 

SHT21_A02 0.56 0.02 0.22 

SHT21_A03 0.51 0.03 0.22 

SHT21_A04 0.49 0.03 0.21 

SHT21_A05 0.41 0.00 0.19 

SHT21_A06 0.43 0.03 0.21 

SHT21_A07 0.33 0.02 0.19 

SHT21_A08 0.38 0.03 0.19 

SHT21_B01 0.71 0.05 0.32 

SHT21_B02 0.66 0.03 0.30 

SHT21_B03 0.59 0.04 0.31 

SHT21_B04 0.83 0.05 0.32 

SHT21_B06 0.39 0.04 0.25 

SHT21_B07 0.36 0.03 0.21 

SHT21_B08 0.36 0.03 0.21 

  Average 0.24 

 

Two polynomial equations were fitted to bk for each hygrometer; one for increasing RH 

sequences and one for decreasing RH sequences. The curves corresponding to these equa-

tions are the calibration curves and are plotted in Figure 4.30 for hygrometer SHT21_A2 against 

the mean measurement of the test hygrometer at each set point, �̅�𝑘 . 

 
Figure 4.30. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for hygrometer 

SHT21_A2. 
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The fitting equations are second order polynomials: 

 𝑏(y̅𝑘) = 𝑎0 + 𝑎1y̅𝑘 + 𝑎2y̅𝑘
2 Eqn. 4.10 

where: 

𝑏(�̅�𝑘) is the correction to be applied on �̅�𝑘 and 

𝑎0, 𝑎1, 𝑎2 are fitting constants. 

The fitting constants of Eqn. 4.10 are calculated by the method of least squares. The residual, 

𝑟, to be minimised is: 

 𝑟2 = ∑[�̅�𝑘 − 𝑏(�̅�𝑘)]
2

𝑛

𝑘=1

  Eqn. 4.11 

 

The variance, 𝑠𝐶
2:  

 𝑠𝐶
2 =

∑[�̅�𝑘 − 𝑏(�̅�𝑘)]
2

𝑛 − 𝑝
 Eqn. 4.12 

is a measure of the overall uncertainty of the fit. The degree of freedom of 𝑠𝐶
2 is 𝜈 = 𝑛 − p, 

where 𝑝 is the number of constants, 𝑎0, 𝑎1 and 𝑎2, that need to be determined and 𝑛 is the 

number of observations. For a linear fit 𝑝 = 2 and for a second order polynomial 𝑝 = 3. 

The fitting parameters for all hygrometers are presented in Table 4.5. The standard deviation 

of the fit, 𝑠𝑐, generally varied between 0.01% RH and 0.32% RH, with an average of 0.10% RH. 

Hygrometers SHT21_A01, SHT21_A04, _SHT21_A05 and SHT21_A06 were used to develop the 

RH-controlled oedometer. Hygrometers SHT21_B6, SHT21_B7 and SHT_B8 were used in the 

desiccators for SWRC tests. The rest of the hygrometers from series B were used to evaluate 

long-term performance. 

Table 4.5. Summary of hygrometer calibration. 

 increasing RH sequence decreasing RH sequence 

Hygrometer a0 a1 a2 sc,w a0 a1 a2 sc,d 

SHT21_A01 2.111 0.000 0.0002 0.06 1.773 0.054 -0.0004 0.03 

SHT21_A02 1.807 -0.009 0.0003 0.22 1.473 0.057 -0.0004 0.05 

SHT21_A03 1.531 -0.002 0.0002 0.32 1.215 0.053 -0.0004 0.05 

SHT21_A04 1.575 0.009 0.0001 0.03 1.265 0.064 -0.0005 0.13 

SHT21_A05 2.036 -0.020 0.0004 0.08 1.765 0.028 -0.0001 0.05 

SHT21_A06 2.334 -0.060 0.0007 0.07 1.714 0.019 -0.0002 0.01 

SHT21_A07 2.286 -0.061 0.0007 0.06 1.795 0.012 -0.0001 0.02 

SHT21_A08 3.614 -0.018 0.0002 0.18 2.649 0.059 -0.0006 0.02 

SHT21_B01 1.136 -0.023 0.0000 0.14 -0.154 0.073 -0.0008 0.25 

SHT21_B02 1.505 -0.034 0.0003 0.10 0.161 0.067 -0.0006 0.15 
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SHT21_B03 1.841 -0.055 0.0004 0.12 0.424 0.051 -0.0006 0.15 

SHT21_B04 1.987 -0.050 0.0004 0.12 0.476 0.062 -0.0006 0.16 

SHT21_B06 0.047 -0.033 0.0005 0.04 -0.218 0.021 -0.0001 0.08 

SHT21_B07 0.087 -0.030 0.0005 0.06 -0.159 0.021 0.0000 0.10 

SHT21_B08 0.482 -0.038 0.0005 0.05 0.256 0.011 0.0000 0.11 

4.5.4.3 Uncertainty of reference RH 

The uncertainty of the reference RH discussed here excludes the inherent uncertainty related 

to the reference hygrometer (VAISALA HMT330). It refers to the standard deviation of the value 

of the reference hygrometer as a result of the stability of the control, the RH level and the 

method used for generating the humidity environment (see also Section 4.6.4 and Figure 4.46).  

To demonstrate further the difference in uncertainty between the divided-flow humidity 

generator and the method of saturated salt solutions, measurements of RH obtained in the 

desiccator by the reference hygrometer (VAISALA HMT330) are presented in Figure 4.31, for a 

setpoint of 76% RH over a period of two days. The grey line represents RH produced by the 

humidity generator, while the black line represents RH produced by a saturated NaCl solution. 

The standard deviation 𝑢(𝑦𝑅𝑘) of the reference measurement is 50% lower when the humidity 

generator is used to produce this RH level instead of the saturated solution (0.20% RH for 

divided-flow, 0.38% RH for saturated sodium chloride at 21±0.5 ˚C temperature). For the hu-

midity generator, readings 𝑦𝑅𝑘 are in the form of high frequency noise around the mean value, 

with a negligible variance 𝑢2(�̅�𝑅𝑘) of the mean reading. For the method of salt solutions, RH 

is dependent on the daily variation of temperature (±0.5 ˚C), resulting in oscillations with a 

period of one day.  
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Figure 4.31. RH control using divided-flow method and the method of saturated salt solutions for similar RH values.  

4.5.4.4 Repeatability 

The uncertainty of repeatability is included in the uncertainty of the calibration fit, u(b(y)), since 

the calibration equation is derived not by one, but by multiple calibration sequences. 

4.5.4.5 Hysteresis 

Hysteresis ℎ was calculated for each hygrometer as the maximum difference between the fit 

for increasing RH sequence 𝑏(�̅�𝑘,𝑤) and the fit for decreasing RH sequence 𝑏(�̅�𝑘,𝑑) (Table 4.6). 

The average hysteresis was found to be 1.14% RH, with a maximum value of 1.54% RH, which 

is in agreement with the value of 1% RH given in the manufacturer’s manual. Note that this is 

hysteresis of the calibration fit, and is lower than the actual maximum recorded hysteresis, as 

the calibration considers several RH cycles. 

Table 4.6. Summary of hysteresis in hygrometers. 

Hygrometer 10% 20% 30% 40% 50% 60% 70% 80% 90% max h 

SHT21_A01 0.14 0.50 0.74 0.86 0.86 0.75 0.52 0.17 -0.29 0.86 

SHT21_A02 0.26 0.73 1.05 1.24 1.29 1.20 0.98 0.62 0.12 1.29 

SHT21_A03 0.18 0.55 0.81 0.96 0.98 0.90 0.70 0.38 -0.06 0.98 

SHT21_A04 0.18 0.55 0.79 0.91 0.90 0.78 0.52 0.15 -0.35 0.91 

SHT21_A05 0.16 0.48 0.70 0.83 0.85 0.76 0.58 0.29 -0.09 0.85 

SHT21_A06 0.09 0.62 0.99 1.18 1.20 1.04 0.72 0.22 -0.45 1.20 
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SHT21_A07 0.16 0.65 0.99 1.16 1.19 1.05 0.76 0.31 -0.29 1.19 

SHT21_A08 -0.26 0.28 0.68 0.91 1.00 0.93 0.71 0.33 -0.20 1.00 

SHT21_B01 -0.42 0.28 0.80 1.15 1.33 1.32 1.15 0.80 0.28 1.33 

SHT21_B02 -0.42 0.32 0.87 1.24 1.43 1.43 1.25 0.88 0.33 1.43 

SHT21_B03 -0.45 0.31 0.89 1.26 1.44 1.42 1.21 0.80 0.20 1.44 

SHT21_B04 -0.50 0.31 0.92 1.33 1.53 1.54 1.34 0.93 0.33 1.54 

SHT21_B06 0.22 0.60 0.87 1.03 1.08 1.02 0.85 0.57 0.19 1.08 

SHT21_B07 0.21 0.57 0.82 0.98 1.04 0.99 0.85 0.60 0.26 1.04 

SHT21_B08 0.21 0.56 0.80 0.95 1.00 0.95 0.80 0.55 0.21 1.00 

         Av. 1.14 

4.5.4.6 Time effects 

The time allowed for equalisation affects the calibration curve. Figure 4.26 presented the ob-

served correction, bk, of the reference hygrometer from the test hygrometer SHT21_A2, for a 

waiting period on each step of 1 day and of 3 days. It was clearly seen that the hysteresis loop 

was smaller for the sequence with the 3 days waiting time per step and justified more rigorous 

study of the time effects. 

Time effects were further examined in the calibration of hygrometers SHT21_B1 to 

SHT21_B4, especially with calibration sequences #1, #2, #3, #4 and #5 (Table 4.3). More spe-

cifically:  

• in sequences #1 and #2 each setpoint was maintained for 4-10 days, with the 

observed correction bk calculated on each RH setpoint after 1 day, 2 days, 3 days 

and 4 days of waiting time;  

• in sequence #3 a level of 75% was maintained for 6 months, examining prolonged 

exposure to high RH close to the upper limit of the operating range (10% to 80% 

RH);  

• sequence #4 is performed 1 year after sequence #2 to examine ageing effects;  

• in sequence #5 the hygrometers were exposed to 86% RH for 7 days before 

commencing the sequence, examining the effect of prolonged exposure to humidity 

above the operational range on subsequent measurements. 
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Waiting time 

Sequences #1 and #2, which were obtained with the method of saturated salt solutions, are 

plotted as a continuous path in Figure 4.32 for hygrometers SHT21_B1 to SHT21_B4. The path, 

beginning at 59% RH, forms three loops, with loop (a) and (c) extending through the entire 

operating range of the hygrometer (12% RH to 86% RH), while loop (b) is limited to between 

45% RH and 86% RH. The difference bk is presented after 1 day (grey, dashed line), after 2 days 

(grey, continuous line), after 3 days (black, dashed line) and after 4 days (black, continuous 

line), against the average RH measurement. In every case, it is generally observed that the 

hysteresis of each loop reduces with increasing waiting time allowed at each setpoint, similarly 

to SHT21_A2 (see Figure 4.26). 

A qualitative confirmation can also be obtained for SHT21_B1 by plotting the evolution of 

the difference, bk, against the logarithm of the elapsed time in each step of sequences #1 and 

#2 (Figure 4.33). Data clouds have been replaced by polynomial fits for clarity. Each curve in 

the figure corresponds to one RH setpoint and shows how |bk | generally reduces with waiting 

time, before the target RH is changed to the next setpoint. Since there is large number of 

setpoints, and therefore exponential fits, the level of the RH setpoint on each polynomial fit is 

omitted, for clarity of presentation. Generally, larger slopes represent higher RH setpoints. Set-

points on decreasing sequences are shown as grey lines and setpoints on increasing sequences 

are shown as black dashed lines. These simplifications in the representation allow collective 

observation to be made on the evolution of RH measurements. 
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Figure 4.32. Correction for hygrometer SHT21 B1 to B4. Calibration by comparison to VAISALA HMT330 hygrometer, 

with 1 day, 2 days, 3 days and 4 days of exposure over saturated salt solutions at each setpoint. 
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Figure 4.33. Change in difference bk with time for hygrometer SHT21 B1. Exponential fits on each RH setpoint of 

sequences #1 and #2.  

 

Figure 4.34. Example of procedure for construction of Figure 4.35. 
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As salt solution is placed in the desiccator at t=0, the initial absolute difference between the 

test hygrometer (Sensirion) and the reference hygrometer (VAISALA HMT330) is exaggerated, 

because of the faster reaction of the reference hygrometer to the RH change. The absolute 

difference in the readings of the two hygrometers reduces as the test hygrometer comes into 

equilibrium with the new RH in the desiccator. However, it is evident from Figure 4.33 that the 

difference |bk | keeps changing even after 10 days, especially at high RH setpoints.  

Since the observed correction kept changing with time, the question that needed to be 

answered was for which waiting time should the calibration be performed. A waiting time of 

one day was chosen arbitrarily as reference time as the minimum required equilibration time. 

To quantify the evolution of bk after the reference time, the difference in bk from the reference 

time value was calculated from the data in Figure 4.33 at t=2 days, t=3 days and t=4 days, for 

each RH setpoint, as explained in Figure 4.34. Assuming that the reference reading is constant, 

this change is attributed to a change in the reading of the test hygrometer only, and as such 

is calibrated independently in this section. However, as the reference reading actually varied 

(as shown in Figure 4.31), the evolution of bk provides an equivalent measure of the time effect, 

in addition to the uncertainties of the control method. 

Figure 4.35 presents the change in the reading of the test hygrometer for additional days of 

waiting time, in excess to the reference time value at t=1 day, for different values of RH, as 

obtained from Figure 4.33, using the method described in Figure 4.34. The Δbt value at a time 

t, increases linearly with increasing RH for an increasing sequence, while it reduces linearly for 

a decreasing sequence. 

Linear approximations have been fitted to the data in Figure 4.35 to describe the change in 

the reading of the test hygrometer across the RH range at each examined time. The fitting 

constants are presented in Table 4.7. 

It is observed that the slope of the fitting lines is proportional to the number of days, and 

therefore they can all be described by the additional proposed empirical equation: 

 |𝛥𝑏𝑡| = |(𝑦𝑡 − 𝑦𝑅) − (𝑦1 − 𝑦𝑅)| = |𝛥𝑦𝑡| = (𝑡 − 𝑡1) 0.002 𝑦1 , with t in days Eqn. 4.13 

where y1 is the RH reading of the test hygrometer for t =t1 = 1 day waiting time. The standard 

deviation of this fit is calculated as: 

 𝑢(𝑦𝑡) =
∑(𝑦−𝑦𝑡)

n−1
= 0.04% RH Eqn. 4.14 

The standard errors for the linear fit constants are given in Table 4.8. 
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Figure 4.35. Change in RH measurement of SHT21 B01 after 2, 3 and 4 days of waiting time, relative to 

measurements after 1 day of waiting time. 

 

Table 4.7. Constants (sloopes) for linear fit for change in RH readings after reference time, t0=1 day, at t=2, 3 and 4 

days. 

 t1=1 day  SHT21_B1 SHT21_B2 SHT21_B3 SHT21_B4 

increasing 
sequence 

t=2 days slope 0.0023 0.0023 0.0020 0.0020 

t=3 days slope 0.0033 0.0032 0.0029 0.0028 

t=4 days slope 0.0053 0.0054 0.0050 0.0047 

decreasing 
sequence 

t=2 days slope -0.0019 -0.0019 -0.0018 -0.0017 

t=3 days slope -0.0038 -0.0032 -0.0036 -0.0034 

t=4 days slope -0.0045 -0.0037 -0.0042 -0.0039 
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Table 4.8. Standard error of constants (slopes) for linear fit for change in RH readings after reference time, t1=1 day, 

at t=2, 3 and 4 days. 

 t0=1 day  SHT21_B1 SHT21_B2 SHT21_B3 SHT21_B4 

increasing step 

t=2 days  0.0002 0.0002 0.0002 0.0002 

t=3 days  0.0003 0.0003 0.0004 0.0003 

t=4 days  0.0006 0.0007 0.0007 0.0005 

decreasing step 

t=2 days  0.0003 0.0003 0.0003 0.0003 

t=3 days  0.0004 0.0007 0.0004 0.0005 

t=4 days  0.0003 0.0007 0.0003 0.0005 

 

Prolonged exposure to 75% RH 

In addition to the short-term change in RH readings, long-term performance of the hygrom-

eters was also examined with a view to quantify any changes with time, in order to apply an 

appropriate correction to the readings of the test hygrometers. However, due to time and 

equipment constraints, it was only possible to assess the evolution of RH readings on the test 

hygrometer for RH=75%. Figure 4.36 presents the readings from hygrometer SHT21_B1, while 

it was kept under constant RH at 75% for 6 months during sequence #3.  

As sequence #2 finished on an increasing RH step and, based on the evidence above (Figure 

4.33), bk is expected to increase while the hygrometer equilibrates. However, since the pre-

scribed RH is within the manufacturer’s stated operating range, the reading on the test hy-

grometer would have been expected to reach a constant value. Instead, the reading continu-

ous to increase for the duration of the recorded time. This observation is significant consider-

ing the long time required for suction equilibrium in soil samples. The rate of increase during 

the first 3 days matches the one observed for the short-term tests (Figure 4.33). It should be 

noted that there was no data recording between day 4 and day 40, though without disturbance 

to the test. In order to appreciate fully the effect of prolonged exposure, more tests should be 

performed at different RH values, on both increasing and decreasing steps. 

A logarithmic equation can be fitted to the data in Figure 4.36: 

 Δ𝑦𝑡 = 0.52 ln(𝑡 + 0.16), t in days Eqn. 4.15 

where Δyt is the difference between the reading at the test hygrometer after t1=1 day waiting 

time and after t days of waiting time. It is stressed again that Δyt is equivalent to Δbt when the 

reference reading is assumed constant. This equation can be used to correct the test hygrom-

eter readings at 75% RH for long-term tests.  
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Figure 4.36. Semi-logarithmic plot of change in bk value for hygrometer SHT21_B1 with time, for exposure to 75% 

RH during a period of 6 months. 

Due to the lack of other long-term data on other RH setpoints, a proposal is subsequently 

made to extend this observation to other RH levels by estimating the effect of RH based on 

the available short-term data. Based on the limited evidence from Figure 4.35, Δbt, and there-

fore Δyt, was found to be proportional to the relative humidity reading from the test hygrom-

eter (Eqn. 4.13). If this is true in the long term as well, Eqn. 4.15 can be extended to other RH 

by normalising over the current RH: 

 Δ𝑦𝑡 = 0.52 (
𝑦1

75
) ln(𝑡 + 0.16) = 0.007𝑦1 ln(𝑡 + 0.16) , t in days Eqn. 4.16 

Eqn. 4.16 (exponential fit) is plotted along with Eqn. 4.13 (linear fit) in Figure 4.37. The ex-

ponential fit underpredicts the RH change for t<8.5 days, as recorded in the short-term tests 

in Figure 4.33. However, Eqn. 4.13 overpredicts the long-term change obtained in Figure 4.36. 

The transition between short-term and long-term is selected at the intersection of the two 

equations, at t=8.5 days. Figure 4.37 may be used to provide a correction to the RH reading 

of the test hygrometer at any given RH level after any waiting time. 
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Figure 4.37. Comparison between Eqn. 4.13 and Eqn. 4.16. 

Calibration after 1 year of operation 

Further ageing effects were investigated by comparing calibration sequence #2 with calibra-

tion sequence #4, which was carried out a year later. Although the method for controlling RH 

was different in the two sequences (method of saturated salt solutions for #2, divided-flow 

humidity generator for #4), it is the difference in the readings between the test and the refer-

ence hygrometers that is examined here, rather than the variation in the reference RH. There-

fore, the following observations do not relate to the stability of each control method. The two 

calibration sequences are plotted in Figure 4.38 for hygrometer SHT21_B1. The difference be-

tween the test hygrometer and the reference hygrometer (VAISALA HMT330) against the av-

erage RH reading of the test hygrometer is reasonably repeatable after 1 year of operation, 

suggesting that there is no observable ageing effect. Furthermore, the manufacturer’s manual 

suggests that ageing occurs at a rate of less than 0.25% RH per year, which seems to be less 

than repeatability presented in Figure 4.38,  
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Figure 4.38. Comparison between calibration sequences #2 and #4. Sequence #2 obtained with method of saturated 

salt solutions. Sequence #4 obtained with divided-flow humidity generator 1 year later. 

Persistence of temporary offset 

According to the manufacturer’s manual for the Sensirion hygrometers, prolonged exposure 

to RH above the normal operating range (80% RH) may cause a temporary shift in the RH 

signal (reported to be 3% RH after 60 hours at 85% RH). The offset is slowly reversible once 

RH returns within the normal operating range. To examine this effect and the persistence of 

the offset, a value of 85% RH was maintained in the desiccator for 7 days prior to sequence 

#7. 

Figure 4.39 presents the difference bk (relative to the reference hygrometer, VAISALA 

HMT330), against the average reading of the test hygrometer (SHT21_B1) for sequences #2 

and #7. The offset in the calibration between sequences #2 and #7 begins with a magnitude 

of about 1% RH for 85% RH. The value is well below the maximum value reported in the man-

ual. The magnitude of the offset reduces to 0.5% RH towards 12% RH but increases again to 

1% when RH is reset to 85%. The magnitude of the offset is within the extended uncertainty 

of the system, but is larger than the measured standard deviation of the difference bk. The 

observation is repeatable and therefore this variation in behaviour can be attributed to a pre-

viously unidentified process. A plausible explanation might be that more time is required at 

low RH levels to counteract the effect of the signal offset than the time that was allowed in 

sequence #7 (2 days at each level). 
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Figure 4.39. Comparison between calibration sequences #2 and #7 (obtained with induced signal offset after 

maintaining 85% RH for 7 days. 

4.5.4.7 Expanded combined uncertainty 

The full list of the factors contributing to the uncertainty of the measurement is presented in 

Table 4.9. The values reported for the uncertainty are derived from the individual evaluation 

of each uncertainty, u(xi). As the hygrometers were calibrated individually, the values of uncer-

tainty provided in Table 4.9 reflect the average uncertainty across all hygrometers. 

The following terminology is used for Table 4.9: 

Xi are the input quantities; 

u(Xi) is the uncertainty of input quantity Xi ; 

ci=∂Y/∂Xi is the sensitivity coefficient for input quantity Xi ; 

ui(y)=ciu(xi) is the individual standard uncertainty for input quantity Xi ; 

uc is the combined standard uncertainty; 

U is the expanded uncertainty; and 

k is the coverage factor. 
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Table 4.9. List of uncertainties (% RH) 

Source of uncertainty Type Xi u(Xi) ci=∂Y/∂xi ui(y)=ciu(xi) 

Combined uncertainty of 

reference hygrometer 

B yR 0.5 1 0.5 

Stability of control A yR 0.20 1 0.2 

Uncertainty of observed 

correction 

A �̅� 0.24 1 0.24 

Calibration of testing sam-

ple 

A 𝑏(�̅�) 0.1 1 0.1 

Spatial variation in desicca-

tor 

A ΔS 0.2 1 0.2 

Time effects  yt 0.04 1 0.04 

Combined (excl. hysteresis)  uc   0.63 

Expanded (k=2)  U=kuc   1.26 

 

4.5.5 Sensitivity of suction to temperature and RH 

It is recalled from Chapter 2 that according to Kelvin’s thermodynamic law, total suction ψ can 

be expressed in terms of RH and temperature T: 

 𝜓 (𝑇, 𝑅𝐻(𝑇)) = −
𝑅𝑇𝜌𝑤(𝑇)

𝜔𝑣
ln(𝑅𝐻(𝑇)) Eqn. 4.17 

The partial derivative of Eqn. 4.17 with respect to temperature gives the sensitivity of suction 

to a change in temperature: 

𝜕𝜓

𝜕𝑇
 = −

𝑅𝜌𝑤(𝑇)

𝜔𝑣
ln(𝑅𝐻(𝑇)) −

𝑅𝜌𝑤(𝑇)

𝜔𝑣
𝑇

𝜕 ln(𝑅𝐻(𝑇))

𝜕𝑇
−

𝑅 ln(𝑅𝐻(𝑇))

𝜔𝑣
𝑇

𝜕𝜌𝑤(𝑇)

𝜕𝑇
 Eqn. 4.18 

For the method of saturated salt solutions, temperature instabilities cause RH instabilities 

by changing the saturated vapour pressure above the solution and affecting the physical prop-

erties of the chemical substance. For the divided-flow method, however, the system achieves 

a stable RH independent of temperature instabilities, therefore the approximation 

𝜕 ln(𝑅𝐻) /𝜕𝑇 = 0 is acceptable. At ambient temperatures, the gradient of water density with 

temperature may be approximated by 
Δ𝜌𝑤

Δ𝑇
=

995.7−999.7

30−10
= −0.2 kg/m3/oC, therefore it may be 

further assumed that 𝜕𝜌𝑤(𝑇)/𝜕𝑇 ≅ 0. Eqn. 4.18 then becomes: 

 
𝜕𝜓

𝜕𝑇
 = −

𝑅𝜌𝑤

𝜔𝑣
ln(𝑅𝐻) Eqn. 4.19 

and the relative error is:  

 
𝜕𝜓

𝜓
 =

𝜕𝛵

𝛵
 Eqn. 4.20 
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Temperature in the laboratory is controlled at t = 21 ± 0.5 ˚C and so the relative error trans-

ferred to the calculation of suction from the values of RH and temperature at 21 ˚C is ±0.5/ 

(273.15+21) = ±0.17%. 

Suction is much more sensitive to RH changes, as shown by the differentiation of Eqn. 4.17 

with respect to RH. Setting the quantity: 

 𝐴 = −
𝑅𝑇𝜌𝑤

𝜔𝑣
≅ −135.48 MPa Eqn. 4.21 

to be constant (for a constant temperature of 21 ˚C), Eqn. 4.17 becomes: 

 𝜓 (𝑅𝐻) = 𝐴 ln(𝑅𝐻) Eqn. 4.22 

Sensitivity of suction to an uncertainty in RH is given by the partial derivative: 

𝜕𝜓

𝜕𝑅𝐻
 =

𝐴

𝑅𝐻
 Eqn. 4.23 

Eqn. 4.23 suggests that the transferrable uncertainty to suction depends on quantity A and 

the RH level. It is more convenient to examine the relative uncertainty, which is independent 

of temperature: 

 
𝜕𝜓

𝜓
 = 𝐴

𝜕𝑅𝐻

𝑅𝐻

1

𝐴 ln(𝑅𝐻)
=

𝜕𝑅𝐻

𝑅𝐻 ln 𝑅𝐻
 Eqn. 4.24 

The transferrable relative uncertainty to suction is presented in Figure 4.40 for an extended 

RH uncertainty of 1.2% RH (k=2) after hygrometer calibration. The uncertainty in the obtained 

value of suction is 5.2%, at 10% RH (i.e. 16.3 MPa at 312 MPa), 3.7% at 20% RH (i.e. 8.1 MPa at 

218 MPa), 6.7% at 80% RH (i.e. 2.0 MPa at 30 MPa) and 12.7% at 90% RH (i.e. 1.8 MPa at 14.3 

MPa). The relative uncertainty in suction becomes disproportionately large outside the region 

of 10% RH to 80% RH.  

The limitation on the RH range applies not only for the humidity control method presented 

in the current chapter, but for all methods based on vapour equilibrium. Of course, the lower 

the uncertainty in RH, the wider the acceptable operating range is. Considering the increase in 

the uncertainty in RH measurements of the test hygrometers at RH levels above 80%, the ex-

pected uncertainty in suction outside the operating range is even larger than the one pre-

sented in Figure 4.40. As a result, RH in subsequent tests is limited mostly within the operating 

range. In the few cases where RH levels above the operational limit are applied, suction meas-

urements are treated with caution, keeping in mind the increased uncertainty. 
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Figure 4.40. Performance of suction control in system, for a total uncertainty of 1.2% in RH.  

4.6 Validation of soil-water retention measurements 

4.6.1 Filter paper calibration 

One of the potential applications of humidity generators is the calibration of hygrometers. 

Filter papers are a family of hygrometers that have been investigated thoroughly. In this exer-

cise, a calibration of the Whatman No. 42 filter papers was derived using the humidity gener-

ator developed in this study at suctions higher than 30 MPa (less than 80% RH). It should be 

noted that use of Whatman No. 42 filter papers in the Geotechnics Laboratory in the past has 

been limited to suctions below 30 MPa (Al Haj & Standing, 2016). 

A series of identical filter papers were placed in the desiccators and subjected to changes in 

RH in the range from 10 to 80%. More specifically, three filter papers were placed in chamber 

A (fp_A2, fp_A3, fp_A4) and subjected to consecutive RH values from 10% to 90% for an aver-

age time of 12 hours per RH step, while one additional filter paper was placed simultaneously 

in Chamber B (fp_B2) and was subjected in a single step to a change in RH from 10% to 85% 

for a total of 72 hours. All filter papers were oven-dried prior to calibration. The regime of the 

steps followed for each filter paper is listed in Table 4.10. It should be noted that the tests were 

performed before the time effects were identified. These results should be treated with care, 

using the uncertainty of the factory calibration for the hygrometers, i.e. ±2% RH. 
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To calculate the water content of the filter papers, their mass was measured on a balance 

with a resolution of 0.0001g. The filter papers were picked up with tweezers and placed in 

sealed plastic bags, to prevent changes in their water content during the measurement. The 

mass of the filter paper in Chamber B (fp_B2) was measured every 8 hours, until the end of the 

test, after 72 hours in total. It was observed that the water content of fp_B2 did not exhibit any 

significant increase in water content after the first 8 hours. Figure 4.41 shows the calibration 

curve, fitted in a semi-logarithmic scale of suction. The equation of the fit was estimated as: 

 w = 0.4497 − 0.07854 log(𝜓) Eqn. 4.25 

where ψ is the total suction in kPa. 

The results of series A have also been plotted along with calibration curves from the litera-

ture (Figure 4.42). For suction levels below 50 MPa, the calibration by Leong et al. (2002) pro-

vides the best fit to the experimental results of series A, while the calibrations by Fawcett & 

Collis-George (1967) and Hamblin (1981) provide upper and lower bounds respectively. For 

suctions larger than 50 MPa, the measured curve has a similar slope to Likos & Lu (2003), but 

with an offset of about 2%. Differences between different calibrations may be caused due to 

the quality of the filter papers, their initial conditions and the calibration method. 

Table 4.10. Testing regime of filter papers tested. 

Sample ID Testing Regime (% RH steps) 

fp_A2 01 10 30 50 70 80 83 85 90 

fp_A3 0 10 30 50 70 80 83 85 90 

fp_A4 0 10 30 50 70 80 83 85 90 

fp_B2 0 10      85 90 

1oven-dried 



Page 150 of 359 Development of humidity generator 

Vasileios Mantikos  Imperial College London 

 
Figure 4.41. Calibration of Whatman No. 42 filter papers. Fitted calibration curve presented with 95% confidence 

bands. 

 

Figure 4.42. Water content of Whatman No. 42 exposed at different suction levels. Comparison with predictions 

from literature calibrations. 

4.6.2 Soil samples 

The validity of the humidity generator system was further examined by performing a series of 

SWRC tests on well-defined soils. The two soils that were selected were a black cotton clay 
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and London Clay. The retention properties of the black cotton clay used were examined in 

detail by Al Haj & Standing (2015) and (2016). The retention properties of London Clay have 

been extensively studied by various researchers, including Dineen (1997) in the Geotechnics 

Laboratory. 

The samples cited from literature were reconstituted and consolidated to 200 kPa before 

being subjected to a drying-wetting cycle. The obtained drying SWRCs are the primary drying 

retention curves. The maximum suction that the soils were tested to in both cases was limited 

by the range of filter paper testing up to 30 MPa, which was insufficient for residual conditions 

to be reached. Thus, the subsequent wetting paths are scanning rather than primary paths for 

both soils.  

In the present study, quantities of the two soils were placed loosely on 50mm trays and in 

the desiccator. The bulk soil samples were air-dried by prescribing an initial RH level of 10% 

RH, which was then gradually increased in steps up to 90% RH. The mass of the samples was 

frequently measured on an external balance with a resolution of 0.01g, to establish equilibrium 

between the soil sample and the vapour in the air at each step before assigning a new RH 

level. The exchange of water molecules between the vapour in the air within the desiccator 

and the surface of each soil sample was assumed to have ceased when the rate of change in 

mass of the soil samples became less than 0.02g per day. The wetting curves obtained are 

expected to approximate the primary wetting curves, since the soil samples were initially dry. 

The SWRC are presented in terms of gravimetric water content, as the shape of the soil samples 

was irregular and therefore their volume and hence the void ratio could not be estimated. 

Comparing the obtained wetting curves with those of the reference soil samples (Figure 4.43 

and Figure 4.44), a good agreement can be observed at the point where the new and the 

reference data meet at 30 MPa. Water content at those points varies by less than 1% w/c, while 

the slope of the wetting curve generated in this study matches those of both reference sam-

ples. If the wetting curves obtained in this study are indeed primary wetting curves, it is not 

clear why the scanning wetting curves of the previous studies do not lie visibly above the 

primary curve. This might be an effect of the 3-dimensional nature of the soil-water retention 

surface (SWRS) (water content/degree of saturation-suction-void ratio) (Tsiampousi et al., 

2013) which cannot be captured by the produced plots of gravimetric water content versus 

total suction, i.e. the projection of the 3-dimensional primary wetting path on the gravimetric 
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water content-total suction plane plots on (or slightly above) the projection of the scanning 

wetting paths on the same plane, whereas the 3-dimensional scanning curves lie within the 3-

dimensional primary surfaces. The SWRC for London Clay is further discussed in Section 7.3.1. 

It should be noted that although the gravimetric water content does not include the void ratio 

in its definition, the mass of water retained by the soil sample (and therefore the value of 

gravimetric water content calculated) is affected by the void ratio. In any case, the good agree-

ment with previous experimental data is seen as positive and indicative of the validity of the 

proposed method.  

 

Figure 4.43. Soil water retention curve for black cotton clay. Primary wetting curve obtained with humidity 

generator in the range of 200 MPa to 30 MPa compared with SWRC for reconstituted black cotton clay obtained 

with filter paper method (Al Haj & Standing, 2016). 
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Figure 4.44. Soil water retention curve for London Clay. Primary wetting curve obtained with humidity generator 

in the range of 300 MPa to 20 MPa compared with full SWRC for reconstituted London Clay obtained with filter 

paper method (Dineen, 1997). 

4.6.3 Time to equilibrium 

The time required for the soil samples in the desiccator to reach equilibrium (as defined in 

Section 4.3.2) was examined by measuring the mass of soil samples placed in the desiccator 

on a regular basis. To measure their mass on an external balance, the soil samples had to be 

removed from the desiccator. If the measurements were taken too often, the RH of the air in 

the desiccator would tend to match the RH of the environment in the lab, the RH control would 

be compromised, and the equilibrium would be delayed significantly. It was found during 

SWRC tests (refer to Chapter 7) that London Clay samples of 50-mm diameter would require 

approximately 3 days in the desiccator between RH steps for the rate of change in mass to 

reduce below 0.02g/d. The required time was independent of the size of the step, with the 

exception of slurries. 

The time required for a soil sample in the constant volume cell (Section 4.2.8) to reach equi-

librium was also investigated. An oven-dried London Clay sample, compacted at 1.8 MPa static 

load and with an initial mass of approximately 65 g, was placed in the cell. The cell was placed 

in a desiccator, with a target RH of 80% RH. This is the maximum step that may be applied, 

and therefore the time derived from this test constitutes an upper limit for the equilibration 
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time of the sample with the prescribed RH. The sample absorbed water from the vapour in the 

desiccator, while its volume was constrained by the cell. Figure 4.45 presents the rate of change 

on mass in a semi-logarithmic scale, measured in grammars per day, for the duration of the 

test. An exponential curve is fitted to the data points. A rate of less than 0.02g/day is achieved 

after 30 days in the desiccator. It may be observed that the rate of change reduces with time 

asymptotically, and therefore the time required for a lower rate increases exponentially. There-

fore, for reasons of practicality, a cut-off rate, where equilibrium is considered satisfactory 

should be accepted. As this cut-off rate clearly depends on the hydraulic properties of the soil 

sample in the cell (permeability and water retention capability), it is not possible to assign a 

universal value, the value needs to be appropriate to the soil tested. 

  

Figure 4.45. Change in rate of mass of London Clay sample inside constant volume cell for a change in RH of the 

desiccator from 0% RH to 80% RH. 

4.6.4 Vapour equilibration with salt solutions 

The Vapour Equilibrium Technique (VET) is a well-established method for total suction control. 

In its most common form, it relies on the equilibrium in water potential between a salt solution 

or acid and the vapour in the air that is in contact with to provide an environment of constant 

RH around a soil sample. As discussed in Chapter 2, the partial vapour pressure in equilibrium 

with a solution at a defined temperature is constant for saturated salt solutions, giving a fixed 

relative humidity, even after changes in mass of water in the mixture (Young, 1967; O'Brien, 

1948). 
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A direct comparison between the VET and the humidity generator developed in this research 

project can be obtained by comparing the standard deviation of RH in a sealed desiccator 

obtained by the two methods for the same RH.  

Six pure salts were selected based on the recommendations of O'Brien (1948) regarding 

suitability and convenience in use, and their standard deviations reported by Greenspan (1977) 

and the ASTM E104-02 (ASTM International, 2012). The pure salts were obtained from Fischer 

Scientifics and the solutions were prepared according to PD ISO/TR 18931:2001 (ISO, 2001) 

and ASTM E104-02 (ASTM International, 2012), using deionised water. The tests were con-

ducted at a constant temperature of 21 ± 0.5 ˚C. The variation in temperature, although larger 

than the one suggested by ASTM standards by an order of magnitude, is representative of the 

conditions in the laboratory, since no water bath was used. The saturated salts were placed in 

a sealed desiccator and relative humidity measurements were obtained with the VAISALA 

HMT330 hygrometer. Each RH point was held for 48 hours before changing the solution. 

The same sequence of relative humidity fixed points was reproduced subsequently using 

the humidity generator and the VAISALA HMT330 hygrometer. Table 4.11 presents the stand-

ard deviation of RH in the desiccator for the two methods.  

Table 4.11. Calibration of saturated salt solutions (t=21 ± 0.5 ˚C). Comparison with humidity generator. 

  
Uncertainty 

(ASTM 

International, 

2012) 

Saturated salt solutions Humidity generator 

HFP Desig-

nation  

Chemical 

Symbol 

Average RH 

(measured) 

Standard 

deviation 

(measured) 

Average RH 

(measured) 

Standard de-

viation 

(measured) 

HFP 12  LiCl 0.7 11.3 0.09 12 0.56 

HFP 23  CH3COOK 0.3 23.3 0.31 23 0.30 

HFP 43  K2CO3 0.4 44.9 0.53 43 0.23 

HFP 59  NaBr 0.5 60.6 0.66 59 0.26 

HFP 76  NaCl 0.2 76.7 0.58 76 0.21 

HFP 86  KCl 0.3 86.2 0.58 86 0.60 
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Figure 4.46. RH readings in desiccator. Comparison between VET and humidity generator measurements for 

multiple tests per RH level at 21±0.5 ˚C. 

The average RH obtained with the humidity generator is almost identical to the required 

fixed point, as the system operates on a servo-control basis. On the other hand, the average 

RH reading with the saturated salt solutions is subjected to the quality of the salt and deionised 

VAISALA Relative humidity reading, yRk (%) 
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water used for the solution. The recorded standard deviation for the humidity generator was 

less than 0.3% RH for RH levels between 23 and 76% RH, while for the same RH levels standard 

deviation approached 0.6% RH when using the saturated salt solutions. The increased standard 

deviation for the humidity generator at 12% and 86% RH (which is the same as the standard 

deviation for the saturated salt solutions) is attributed to poor efficiency of the saturator as RH 

is outside the operational limits. 

Figure 4.46 presents the recorded RH in the desiccators for all humidity fixed points between 

24 and 48 hours after the application of a RH change. Each RH level was examined multiple 

times to examine repeatability. It can be seen that RH variations when using the humidity 

generator (black lines) are frequent but of small amplitude. On the other hand, RH variations 

above the saturated salt solutions (grey lines) are smoother, but have a larger amplitude, es-

pecially at higher RH levels. This spread of the RH readings above salt solutions is caused by 

lack of temperature equilibrium (±0.5 ˚C) and could be reduced with better temperature con-

trol. However, incorporation of water baths in the desiccators to control temperature is incon-

venient, making the humidity generator a more appropriate solution for the conditions in the 

Geotechnics Laboratory. 

4.7 Summary and recommendations 

The dfHG system described provides a simple method for controlling relative humidity which 

benefits from continuous control of suction with servo-control of relative humidity using cali-

brated capacitance hygrometers. The number of components has been reduced compared to 

traditional divided-flow humidity generators (Wexler, 1948; Likos & Lu, 2003) to provide a 

convenient, low maintenance alternative system. The stability of the control is 0.2% RH for a 

range of 10% to 80% RH. The accuracy of RH measurement is exclusively limited to the accu-

racy of the hygrometers. A series of low-cost hygrometers (Sensirion hygrometers) has been 

calibrated against a high accuracy hygrometer (VAISALA HMT330), allowing for expansion of 

the system to multiple desiccators at a minimal cost. Indicatively, at the time of purchase, the 

Sensirion hygrometers cost approximately 100 times less than the Vaisala HMT330. The Sensi-

rion hygrometers were calibrated to provide an expanded uncertainty of 1.6% RH. The relative 

uncertainty transferred to suction, dψ/ψ, varied between 5% and 10% in the range of 30 to 

300 MPa (10% to 80% RH). 
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The requirement for thermal insulation is not as crucial as in Vapour Equilibrium Techniques. 

The system self-adapts to changes in RH caused by either minor temperature changes or hu-

midity sinks and sources in the desiccator, reducing equalisation time.  

The system is modular, in the sense that any component, such as hygrometers, valves, sat-

urators, desiccators, may be added, replaced or upgraded without reducing performance. The 

simplification of the system, however, prevents a theoretical estimation of the resulting RH as 

a function of the mixing ratio. Such an estimation would allow control of RH by carefully con-

trolling the temperature, pressure and flow of the dry and saturated gases, so that the hy-

grometer would provide a reading independent of the system. However, such arrangements 

are costly and complicated. The humidity generator described in the present study relies solely 

on the feedback received by the hygrometers, emphasising therefore the importance of their 

regular calibration. 

Similarly to all Vapour Equilibrium Techniques, the minimum operating suction is limited by 

the psychrometric law to approximately 10 MPa, as discussed in Chapter 2. Suction measure-

ments below this value are subjected to exponentially increasing uncertainty for a given level 

of uncertainty in RH. 

Finally, although RH control is fully automatic, sample mass recording is still manual and 

requires transferring samples to an external balance. Opening the desiccator lid introduces 

temporary changes to RH, which, nevertheless, is fully restored within 30 minutes. 
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Chapter 5: Development of high suction-controlled (hS-C) oedometer 

5.1 Introduction 

This chapter presents the design procedure for implementing the divided-flow humidity gen-

erator on a high suction-controlled (hS-C) oedometer. Suction can be controlled in the range 

from 30 to 300 MPa with the same accuracy as presented in Chapter 4. The required functions 

and design limitations are discussed first. The design of the apparatus and how it evolved from 

conception to commissioning, in order to address limitations that became apparent only dur-

ing its development and calibration, is described subsequently. A second, mechanically iden-

tical oedometer was manufactured, without suction control, to perform flooding tests and ex-

pedite the progress of the testing programme. The discussion is primarily focused on the hS-

C oedometer, unless otherwise stated. To distinguish easily between them, the hS-C oedome-

ter is referred to as OED 1 and the second oedometer as OED 2 when both are discussed. 

5.2 General principle 

The initial design of the new S-C oedometer builds on the air-regulated S-C triaxial described 

by Cunningham (2001a), and on the osmotic S-C system applied to oedometers, as described 

in Cunningham (2001a), Colmenares (2002) and Monroy (2006) (see Chapter 2). The core con-

cept for the oedometer is maintained, with the oedometer cell placed on a frame with dis-

placement control. Nonetheless, the base of the ring is fixed to the frame, as opposed to float-

ing as in the design by Cunningham (2001a), and the rod has a fixed connection to the top 

cap, whereas in the osmotic oedometer (Monroy, 2006) the rod and the top cap have a ball 

bearing connection. In the new oedometer, the load is applied by displacing the base of the 

frame with the aid of an actuator (upward or downward displacement can be applied), while 

the piston remains fixed. The load is recorded by a load cell attached to the rod. In the design 

of Monroy (2006), the axial load is applied by an actuator, displacing the loading rod while the 

base remains fixed. The rod is also equipped with a load cell. These differences between the 

two apparatus arise from different requirements in terms of achievable mechanical loads and 

suction levels, described in the next section. As a result, the frames in the two apparatus are 

of different capacity. The maximum axial stress that can be applied in the osmotic oedometer 

is 1400 kPa (on a 75-mm sample). The maximum axial stress that can be obtained in the new 

hS-C oedometer is 18 MPa (on a 70-mm sample). 
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Suction control in the new apparatus is achieved by regulating the RH at the base and top 

of the sample with the aid of the humidity generator described in the previous chapter. This 

implies that water molecules from the soil sample are drawn to the lower RH air during drying 

(when the RH of the air at the boundary is smaller than the RH of the vapour in the soil sample) 

or that vapour water is absorbed from the air during wetting (when the RH of the air at the 

boundary is larger than the RH of the vapour in the soil sample). In the osmotic oedometer 

(Monroy, 2006) constant suction is controlled only at the bottom boundary of the sample by 

circulating a solution of specified concentration, while measuring suction at the top boundary 

with three tensiometers. Water is exchanged between the soil pores and the circulating solu-

tion through the semi-permeable membrane. In the air-regulated triaxial tests by Cunningham 

(2001a), the base of the soil sample was exposed to dry air for limited time followed by an 

equilibration time, while monitoring the suction at the top boundary with a tensiometer. The 

amount of water drawn from the soil sample could be calculated, but the method relied on 

the tensiometer reading for suction measurements. The maximum matrix suction that could 

be sustained by the combination of semi-permeable membrane and PEG solution was 730 

kPa. 

The new method does not substitute the previous equipment, but rather extends the range 

of suction that may be applied. The new equipment may operate in the range of 30 MPa to 

300 MPa. As discussed in Chapters 2 and 4, the uncertainty at suction levels below 30 MPa is 

prohibitive due to the combination of the hygrometers’ limitations and the increasing trans-

ferrable error from RH to suction through the psychrometric law. A direct independent meas-

urement of suction in the soil sample is not available in the new apparatus, as the range of 

applied suction exceeds the range of existing tensiometers (Ridley & Burland, 1993; Ridley & 

Burland, 1995; Guan & Fredlund, 1997; Tarantino & Mongiovì, 2002) and placing hygrometers 

in direct contact with the soil sample was deemed technically difficult. Instead, suction control 

with the present method relies on the application of a known boundary condition (i.e. constant 

RH) and examines equilibrium in the soil sample by (a) monitoring the development of loads 

and displacements in the soil sample with time (reaching a plateau is indicative of equilibrium); 

(b) comparing the RH of the air going in and coming out of the sample (equal values imply 

equilibrium); and (c) utilising water content information from an SWRC, as explained in Section 

5.4.3.3. 
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5.3 Required attributes and functions of the hS-C oedometer 

The new oedometer was primarily developed to examine the swelling characteristics of ben-

tonite, without excluding future applications to other geo-materials and different soil param-

eters (e.g. compressibility under constant applied suction). For this reason, allowing wetting of 

the sample under constant volume conditions and under free swelling conditions was vital for 

the current research. Additionally, the oedometer allows compression tests to be performed 

under constant applied suction in order to identify Load-Collapse (LC) curves of the soil tested. 

Load may be applied by means of either a constant rate of displacement, or in discrete dis-

placement increments. 

According to the BS EN 1997-2:2007 (British Standards Institute, 1997), the specimen in the 

oedometer should be confined laterally, to ensure one-dimensional compression. The con-

stant volume cell presented in Section 4.2.8, has a wall thickness of 10mm, and was shown 

through FE analysis to deform less than 0.05mm under 15MPa swelling pressure. The thickness 

of the confining ring in the new oedometer was increased to 25mm not only to ensure radial 

confinement of bentonite samples under a soil pressure of 15 MPa, but also to allow for future 

integration of sensors, such as hygrometers for local RH measurement, or a hydraulic system 

for measuring radial stress, similar to Colmenares (2002) (consisting of a Constant Rate of 

Strain Pump (CRSP) filled with oil, strain gauges and thin diaphragm sections in the walls. The 

hydraulic system used pressurised oil within the double-walled confining ring in order to com-

pensate for deflection caused by radial stress, maintaining an average zero strain value on the 

internal radial strain gauges).  

Knowledge of the mean net stress is significant in order to relate the oedometer results to 

constitutive models. The hardening parameters and yield surfaces in the MCC model (Roscoe 

& Burland, 1968), the BBM (Alonso et al., 1990) and BExM (Alonso et al., 1999) are expressed 

in terms of mean (effective or net depending on the model) stress and deviatoric stress. In the 

timeframe of the project it was not possible to include local hygrometers and in its current 

form, measurement of the radial pressure in the oedometer is not available. One of the prac-

tical challenges was that the instrumentation should be embedded within the confining ring 

at mid-height of the soil sample. As discussed in Chapter 6, bentonite was compacted within 

the confining ring to achieve the desired dry density using a certain dry mass of soil, hence 

the soil sample height at the end of compaction and, therefore, at the start of testing (usually 
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wetting) was not known a-priori. Furthermore, due to the high swelling potential of bentonite, 

the height of the soil sample may change significantly under free swelling tests. These un-

knowns at the start of the research rendered the inclusion of measurement of radial pressures 

impractical. However, during the course of the project most of these unknowns were studied 

and sufficient information is provided in the following chapters to enable inclusion of radial 

sensors in the future (see Recommendations for Future Research, in Chapter 9). 

 In the absence of measurement of radial stresses, Ko conditions are assumed during load 

increase and isotropic conditions are assumed during wetting under constant volume. The 

yield surface and the Load-Collapse curves are expressed in terms of vertical stress.  

As discussed in Chapter 4, suction control through relative humidity requires measurement 

of temperature and RH. Temperature in the laboratory is controlled at 21±0.5˚C. This is suffi-

cient for most tests, however, as explained in the subsequent section, there is provision in the 

design of the oedometer for a water bath in case more accurate control is required. Sensirion 

SHT21 capacitance hygrometers (see Chapter 4) were selected for the measurement of RH. 

Despite minor limitations in their accuracy identified in the previous chapter, they are inex-

pensive and allow continuous RH measurement without interrupting the test. An alternative 

option of using chilled-mirror psychrometers was examined. Chilled-mirror psychrometers are 

in principle more accurate than capacitance hygrometers (Agus & Schanz, 2005), but the size 

and complexity of the device prohibit incorporation in the oedometer. On balance, using the 

same Sensirion hygrometers as described in Chapter 4, which are conveniently compact and 

provide faster measurements than the chilled-mirror psychrometer, seemed the more sensible 

approach.  

Other requirements for the design of the oedometer originate from the properties of com-

pacted bentonite, such as its high swelling potential and very low water and air permeabilities. 

The combination of these properties limited the choice of porous stones. Brass sintered porous 

stones were selected for their ability to withstand high loads while providing sufficient drain-

age to the soil sample. For the saturated stages of testing, sufficient drainage refers to water 

permeability of the porous stones. For unsaturated stages, drainage refers to air permeability. 

Double drainage from the top and the base of the soil sample was believed to be necessary 

given the low permeability of bentonite, despite the ratio of diameter (D) to height (H) being 

close to 10 in most of the tests. Given the D/H ratio and the presence of double drainage, 
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additional side drainage was not deemed necessary or prudent as it would increase side fric-

tion, prevent the free axial deformation of the soil sample, and would be compressible, violat-

ing the assumption of lateral confinement.  

When testing under unsaturated conditions, it is essential that air of controlled RH is circu-

lated at the sample boundaries. Despite some initial concerns about the air permeability of the 

brass sintered porous stones, it was found that air flow through the porous stones is sufficient 

to change the water content of the soil samples (see results in Chapter 8). To encourage air to 

flow through the porous stones, entry and exit points for the air were accommodated in both 

the top cap and the base. 

The test duration for swelling tests in bentonite may last several months. Provisions for long-

term testing include, in addition to the usual provisions for long-term use of all instrumenta-

tion, manufacturing the cell from appropriate materials. All components potentially in contact 

with the soil sample have been manufactured from corrosion-resistant steel, AMINOX-AS-1, 

to avoid chemical effects during long-term tests, including degradation of the equipment and 

gas release due to oxidation. Additionally, the water used is deionised to prevent accumulation 

of limescale in the valves, the saturator and the flow paths. 

Saturation of the soil samples may be achieved by circulating saturated vapour, or by re-

placing vapour with deionised water. In the second case, air trapped in the system should be 

flushed out of the base and the top cap to prevent erroneous stiffness measurements. The cell 

is flooded with deionised water under atmospheric pressure. Back pressure is not measured 

and therefore saturation B-tests are not possible. 

5.4 Layout and design of components 

The oedometer consists of a 70mm inner diameter, 70 mm high, confining ring with a 25 mm 

wall thickness mounted on a loading frame for the application of vertical load. Suction control 

is provided by a humidity generator similar to the one described in Chapter 4. The thickness 

of the porous stones used is 6 mm, allowing for a maximum sample height of 58 mm. The 

maximum sample height may be defined as the initial height in compaction tests, or as the 

maximum final height in swelling tests. 

The conventional features of the oedometer are presented first and the suction control, 

which constitutes the main innovation of the apparatus, is discussed subsequently.  
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5.4.1 Frame and oedometer cell 

Load is applied using a TRI-SCAN 100 loading frame manufactured by VJ Tech (Figure 5.1). 

The maximum capacity of the frame is 100 kN. The actuator motor drive has a displacement 

rate control which is linked to TRIAX logging software. The base can be displaced at a rate 

from 0.001 mm/sec to 50 mm/sec.  

  
Figure 5.1. Layout of frame and cell 

The elevation of the frame bridge is adjustable and is locked into position by two pairs of 

nuts and washers. The loading ram is fixed to the frame bridge with three bolts which provide 

vertical compliance but allow for horizontal correction of the piston to achieve alignment with 

the oedometer ring. The verticality and alignment of the piston is checked and carefully ad-

justed at the start of each test. Load (reaction on the piston) is measured by a 70-kN STALC3 

load cell produced by Applied Measurements Ltd, which on a 70mm diameter soil sample 

translates to a maximum of 18MPa measurable load.The top cap of the oedometer is fixed to 

the piston (Figure 5.2). The fixed connection in combination with the 40-mm height of the top 

cap, minimises tilting and ensures uniform application of vertical strain. The fixed connection 

was chosen over a ball bearing connection to facilitate strain-controlled unloading tests. The 

cell is sealed with an o-ring around the top cap (Figure 5.2), which leads to potential friction 

with the wall of the confining ring. Use of lubricating silicon grease limits the value of friction 

to 10-20 kPa, which is acceptable for the range of loads applied. 
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The 70-mm confining ring is fixed to the base with a confining disc and six bolts (Figure 5.2). 

A displacement transducer with a range of 20 mm is mounted on the piston to measure the 

relative displacement of the top cap to the base. Furthermore, three miniature LVDTs of ±5-

mm range and 0.1-μm resolution are positioned around the top cap (Figure 5.3). As it will be 

discussed later, the three LVDTs provide an average value of displacement, thus eliminating 

the error of a single measurement caused by potential tilting. 

 
Figure 5.2. Oedometer cell, with confining ring bolted to base by confining disc and top cap fixed to rod. 

 
Figure 5.3. Position of displacement sensors. 

displacement 

transducer LVDTs 
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Figure 5.4. Engraved base with recess and o-ring for confining ring and o-ring for water-bath wall. 

The height of the ring (70 mm) was selected to allow for varying sample heights, large initial 

volume changes during compaction within the cell and free swelling tests of highly expansive 

geo-materials, such as bentonite. As explained above, the wall thickness of the oedometer ring 

is 25 mm to ensure radial confinement under high swelling stresses and to allow for potential 

embedment of radial strain gauges to measure radial loads. 

The base is machined (Figure 5.4 ) with a 2-mm recess to assist with the positioning of the 

oedometer ring and to prevent its lateral movement. A further 2-mm groove hosts an o-ring 

under the confining ring, further sealing the cell. The base is designed to allow for a tempera-

ture-controlled water bath around the cell, enabling temperature control in the oedometer, as 

described in Kirkham (2017). It comprises three perforated plates. The bottom two plates 

house temperature probes and allow circulation of water from the potential bath below the 

cell, creating conditions of uniform temperature. The upper base plate allows access to the cell 

through two independent perforations. The two upper-base perforations are used as inlet and 

outlet, guiding air of controlled humidity through the base porous stone. The top cap also has 

two perforations to allow for air flow through the top porous stone, similarly to the base. Air 

may be substituted with water to fully saturate a soil sample. 

5.4.2 Loading rod 

Of the steel members comprising the new oedometer, the rod and the confining ring were 

custom-made in the Geotechnics laboratory. As explained in the former paragraphs, the thick-

ness of the confining ring was chosen through a parametric analysis to provide confinement 
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under high internal radial stress. The confining rod was also recognised as a critical member 

as it transfers high axial loads from the frame to the soil sample. A circular solid section mem-

ber was used for the loading rod. The member has a total length of 35 cm, including a load 

cell at mid-height, as shown in Figure 5.5. The rod is intentionally long so that the load cell can 

be positioned outside a potential water bath, however, its buckling resistance needed to be 

assessed.  

The boundary conditions are considered as a fixed support at the upper end (bolted to the 

frame), and a pinned support at the lower end. Although the rod is fixed to the top cap, the 

top cap may rotate slightly within the confining ring, and therefore the assumption of pinned 

support is considered valid for small strains. In practice, the bottom support may be subjected 

to flexural stiffness provided by the reaction of the top cap to the soil, and as a result the 

assumption of pinned support may be conservative. The rod is designed for an axial force of 

𝑁𝐸,𝑑 = 70 kN. The suitability of a 25-mm diameter circular solid section in grade S235 steel is 

assessed for this application, in accordance with BS EN 1993-1-1:2005 (British Standards 

Institute, 2005). 

 
 

Figure 5.5. Geometry and boundary conditions of loading rod. 

 
Figure 5.6. Loading rod section properties 
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For a nominal material thickness less than or equal to 40 mm (diameter of rod is 25 mm < 

40 mm), the nominal value of yield strength fy for grade S235 steel (Table 3.1 in BS EN 1993-

1-1:2005) is 235 N/mm2. Solid circular sections can form a plastic hinge without a reduction in 

strength and are classified as Class 1. The cross-section compression strength for Class 1 sec-

tions is: 

 𝑁𝑐,𝑅𝑑 = 𝐴𝑓𝑦/𝛾𝛭0 = 491 × 235/1.00 = 115.4 kN  Eqn. 5.1 

where 

 𝑁𝑐,𝑅𝑑 is the cross-section strength in compression 

 𝐴 is the cross-section area 

 𝑓𝑦 is the nominal yield strength of steel 

 𝛾𝛭0 is a partial factor. 

The selected cross-section with a 25-mm diameter is acceptable as 𝑁𝑐,𝑅𝑑 > 𝑁𝐸𝑑 = 70 𝑘𝑁. 

The buckling resistance for Class 1, 2 or 3 cross-sections in compression is given by: 

 𝑁𝑏,𝑅𝑑 = 𝜒𝐴𝑓𝑦/𝛾𝛭1  Eqn. 5.2 

where: 

 𝜒 =
1

𝛷 + √𝛷2 − �̅�2
 , χ ≤ 1 Eqn. 5.3 

 𝛷 = 0.5[1 + 𝛼(�̅� − 0,2) + �̅�2] Eqn. 5.4 

where: 

 𝑁𝑏,𝑅𝑑 is the buckling strength in compression 

 𝜒 is a reduction factor 

 γ𝑀1 is a partial factor 

𝛷 is a value to determine the reduction factor 𝜒 

 �̅� is a non-dimensional slenderness factor 

 𝑎 is an imperfection factor. 

  

Slenderness is given by: 

 �̅� = √
𝛢𝑓𝑦

𝑁𝑐𝑟
 Eqn. 5.5 

Where 𝑁𝑐𝑟 is the elastic critical force for the relevant buckling mode, given by the expression: 
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 𝑁𝑐𝑟 =
𝜋2𝛦𝛪

𝐿𝑐𝑟
 Eqn. 5.6 

𝐿𝑐𝑟 being the buckling length. 

  

Assuming one end effectively held in position and restrained in direction and the other end 

held in position and not restrained in direction, the critical buckling length, Lcr, is reduced by a 

factor of 0.85 to account for moment distribution: 

 𝐿𝑐𝑟 = 0.85 × 𝐿 = 297.5 mm Eqn. 5.7 

where 

 𝐿 is the length of the member. 

Therefore:  

 
𝑁𝑐𝑟 =

𝜋2𝛦𝛪

𝐿𝑐𝑟
= 133.6 𝑘𝑁 

Eqn. 5.8 

and �̅� = √
𝛢𝑓𝑦

𝑁𝑐𝑟
= 0.51 Eqn. 5.9 

Buckling curve c is selected from Table 6.2 in BS EN 1993-1-1:2005 for solid circular section, 

with a corresponding imperfection factor α = 0.49 (Table 6.1 in BS EN 1993-1-1:2005). There-

fore: 

 𝛷 = 0.5[1 + 𝛼(�̅� − 0,2) + �̅�2] = 0.70 Eqn. 5.10 

 𝜒 =
1

𝛷 + √𝛷2 − �̅�2
= 0.84 

Eqn. 5.11 

and therefore: 

 𝑁𝑏,𝑅𝑑 =
𝜒𝐴𝑓𝑦

𝛾𝛭1
= 𝟗𝟔. 𝟖 𝑘𝑁 > 70 𝑘𝑁 = 𝑁𝐸𝑑 Eqn. 5.12 

 

The selected steel section of 25-mm diameter and 350 mm length provides a safety factor of 

1.38 against flexural buckling under the design load of 70 kN. 

5.4.3 Suction control system 

5.4.3.1 Divided-flow method 

Total suction control in the new oedometer is realised by exposing the soil sample in the ring 

to an environment of controlled relative humidity generated by the divided-flow method dis-

cussed extensively in Chapter 4. The potential of the pore water corresponding to total suction 

in the soil equilibrates with the relative humidity in the air circulated at the top and bottom 
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boundaries of the soil sample by condensation or evaporation. The relation between RH and 

total suction is given by the psychrometric law.  

The humidity generator described in Chapter 4 was connected to the oedometer. The gen-

erator consists of a manostat (b in Figure 5.7), a saturator (c in Figure 5.7), a pair of mixing 

valves (d in Figure 5.7) and a minimum of three hygrometers (e, i and j in Figure 5.7). The dry 

air from the compressor (a in Figure 5.7) is divided in two paths; one is directly led into the 

mixing valves, while the other is passed through the saturator before being directed to the 

mixing valve. The mixing ratio of the valves is servo-controlled based on the RH measurement 

of hygrometer e in Figure 5.7. The RH at hygrometer e corresponds to the RH at the inflow. 

The air is then divided in two streams, one for each porous stone. Once circulated through the 

porous stones, the air exits from the outlet. The RH of the air at the two outlets is measured 

by two hygrometers (i and j in Figure 5.7), i.e. the RH is controlled at the inflow and measured 

at the outflow. An oil trap at the exhaust (k in Figure 5.7) prevents any reversal in the direction 

of air flow. This creates an open system of air circulation. In this way, air of controlled relative 

humidity is circulated through the porous stones at the boundaries of the soil sample. An 

inflow pressure of approximately 2 kPa provides sufficient air flow through the porous stones.  

 

 

Figure 5.7. General layout of the finalised RH-controlled oedometer. 

The air permeability of the compacted soil samples is very low, especially near saturation. 

Studies performed within the FORGE (fate of repository gases) project (Sellin (ed.), 2014)   sug-

gest that near saturation (degree of saturation above approximately 80%-90%) the flow of gas 

a. dry air from compressor 

b. manostat 

c. saturator 

d. mixing valves 

e. inflow hygrometer 

f. brass sintered porous stones 

g. load cell 

h. o-ring 

i. upper outflow hygrometer 

j. lower outflow hygrometer 

k. oil trap 

d a 

c 
f 

k 

g 

• • 

h 

e i 

j 

b 

f 

h 



Page 171 of 359 Development of high suction-controlled (hS-C) oedometer 

Vasileios Mantikos  Imperial College London 

occurs only once the gas pressure exceeds the total stress. Since air pressure in the hS-C oe-

dometer is maintained at a maximum value of 10 kPa, the soil sample acts as a barrier between 

the upper and lower flow paths, and vapour is transferred through diffusion (Kröhn, 2005). It 

is important that adequate time is allowed for the potential of the water in the soil pores to 

come into equilibrium with the vapour in the circulated air, as discussed in Section 5.4.3.4 and 

in Chapter 7. 

5.4.3.2 Suction measurement 

For suction levels above 30 MPa, suction measurements may be obtained by indirect methods. 

Calibrated filter papers and psychrometers require interruption of the test and extraction of 

the soil sample to perform the measurement. Alternatively, capacitance hygrometers may be 

used to measure relative humidity in the soil sample. Embedding the hygrometer in the soil 

sample or in the confining ring in a manner that allows it to be in contact with the soil provides 

a local estimate of total suction. Such an arrangement should consider protection against cor-

rosion, large stress impact and waterproofing. 

In the current apparatus, there is no such local measurement of RH from which to estimate 

total suction. Sensirion SHT21 capacitance hygrometers record RH and temperature of the air 

as it enters and exits the cell (referred to as inflow and outflow air henceforth for brevity). 

When the relative humidity of the inflow and outflow air equalise, the suction in the soil sample 

is assumed to be in equilibrium with the total suction at the two boundaries. This assumption 

is further discussed in Section 5.4.3.4. 

To isolate them from the laboratory environment, the capacitance hygrometers are 

mounted on sealed screw fittings (Figure 5.8). As already explained, the RH of the inflow air is 

measured after the mixing valve, at the junction splitting the air flow to the top and base 

(Figure 5.9). Theoretically, both top and base flows should be of identical RH. Two more ca-

pacitance sensors measure the relative humidity of the outflow paths from the base (Figure 

5.10) and from the top cap (Figure 5.11). 

The hygrometers that were installed in the apparatus were selected from the calibration 

tests in Chapter 4. Although a typical RH error for Sensirion SHT21 hygrometers is 2 % RH, the 

sensors were calibrated (Chapter 4) with a standard deviation of 0.6 % RH. The calibration 

fitting curves for the hygrometers used in the hS-C oedometer are repeated from Chapter 4, 

for ease of reference, in Table 5.1. 
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Table 5.1. Calibration fitting curves for the hygrometers used in the RH-controlled oedometer (repeated from 

Chapter 4). 

  increasing RH sequence decreasing RH sequence 

Position Hygrometer a0 a1 a2 a0 a1 a2 

e SHT21_B6 0.047 -0.033 0.0005 -0.218 0.021 -0.0001 

i SHT21_B7 0.087 -0.030 0.0005 -0.159 0.021 0.0000 

j SHT21_B8 0.482 -0.038 0.0005 0.256 0.011 0.0000 

 

 
Figure 5.8. Fitting for capacitance sensors. 

 
Figure 5.9. Dividing vapour flow towards top cap and base. 

hygrometer e 

pressure 

transducer 

to base 

to top 

from mixing valve 
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Figure 5.10. Flow paths through cell and position of hygrometer j in outflow path from base. 

   
Figure 5.11. Position of hygrometer i in outflow path from top cap. 

5.4.3.3 Moisture content measurement 

Moisture content measurements are taken from sample trimmings during the test set-up, and 

from the soil sample at the end of the test. The mass of the soil sample is also measured. The 

water content evolution during the test may be estimated in two ways. In the first method 

water content is estimated from an appropriate scanning SWRC for the total suction applied 

to the soil sample and for an appropriate void ratio. In the second method, the mass of vapour 

exchanged with the soil sample is estimated from the difference between the inflow and out-

flow relative humidity readings and is added to the mass of liquid water at the beginning of 

the test.  

More specifically, assuming that water vapour behaves as a perfect gas:  

 𝑝𝑉 = 𝑛𝑅𝑇 Eqn. 5.13 

where  

p is the absolute gas pressure 

R is the universal gas constant (J/(mol.K)) 

from top 

Z

Z

Z

Z
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T is the absolute temperature (K) 

V is the gas volume (m3) 

n is the molarity (mol) 

According to Dalton’s law, the partial pressure of vapour, �̅�𝑣, is given by: 

 �̅�𝑣 =
𝑚𝑣𝑅𝑇

𝑀𝑣𝑉
 Eqn. 5.14 

where mv is the mass of vapour in the gas, and Mv is the molecular mass of water vapour. 

Because the gas is assumed perfect, the total pressure of air, 𝑝, is equal to the summation of 

the partial pressure of vapour, �̅�𝑣, and dry air, �̅�𝑑: 

 �̅�𝑣 + �̅�𝑑 = 𝑝 Eqn. 5.15 

where: 

 �̅�𝑑 =
𝑚𝑑𝑅𝑇

𝑀𝑑𝑉
 Eqn. 5.16 

where md is the mass of dry air and Md is the molecular mass of dry air. Let mv,in be the mass 

of the inflow vapour and mv,out the mass of the outflow vapour. The difference between the 

two can be attributed to interaction with the soil, assuming that any interactions with the filter 

paper, the porous stones and the cell are minimal: 

 𝑚𝑣 = 𝑚𝑣,𝑜𝑢𝑡 − 𝑚𝑣,𝑖𝑛 Eqn. 5.17 

It is apparent that using this formulation, 𝑚𝑣 is positive when water evaporates from the soil 

sample and negative when the soil sample absorbs water. It is further assumed that gas flow 

through the cell is steady (refer to Section 5.5.2.4 for gas flow measurement): 

 𝑄 =
d𝑉𝑖𝑛

d𝑡
=

d𝑉𝑜𝑢𝑡

d𝑡
 Eqn. 5.18 

Applying all the above assumptions, the mass of vapour interacting with the soil sample 

during a time period d𝑡, is given by: 

 𝑑𝑚𝑣 =
�̅�𝑣,𝑜𝑢𝑡𝑑𝑉

𝑅𝑣𝑇
−

�̅�𝑣,𝑖𝑛𝑑𝑉

𝑅𝑣𝑇
= (�̅�𝑣,𝑜𝑢𝑡 − �̅�𝑣,𝑖𝑛)

𝑄𝑑𝑡

𝑅𝑣𝑇
  Eqn. 5.19 

From the definition of relative humidity: 

 𝑅𝐻 = �̅�𝑣/�̅�𝑣0 Eqn. 5.20 

where �̅�𝑣0 is the absolute saturated vapour pressure, given by Eqn 4.4. 

Therefore: 

 𝑑𝑚𝑣 = (𝑅𝐻𝑜𝑢𝑡 − 𝑅𝐻𝑖𝑛)�̅�𝑣0

𝑄𝑑𝑡

𝑅𝑣𝑇
 Eqn. 5.21 

The total mass of exchanged vapour can be calculated as the integral: 
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 𝑚𝑣 = ∫ (𝑅𝐻𝑜𝑢𝑡 − 𝑅𝐻𝑖𝑛)�̅�𝑣0

𝑄𝑑𝑡

𝑅𝑣𝑇

𝑡𝑓

𝑡𝑖

 Eqn. 5.22 

Based on the above approach, when the inflow and outflow RH are equal, no more water 

mass is exchanged between the soil and vapour in the air circulated in the porous stones, in 

accordance with the assumption of equilibrium having been reached. By comparing the water 

content estimated from the SWRC and from the mass of vapour exchanged with the soil sam-

ple, an assessment of whether equilibrium has indeed been reached can be made.  

5.4.3.4 Suction equilibration  

For the suction in the soil sample to be considered in equilibrium with the total suction con-

trolled at the two boundaries, the following conditions need to be met: 

(a) the relative humidity of inflow and outflow vapour are equal; 

(b) the water content estimated from the mass of vapour exchanged with the soil sample 

agrees with the water content inferred from the SWRC and; 

(c) the development of loads and/or displacements (depending on the test) with time are 

indicative of equilibrium (e.g. demonstrating a plateau which, depending on the con-

ditions of the test, may be reached asymptotically, see Chapter 8).  

It should be noted that the above conditions do not necessarily indicate that the suction 

within the soil sample is uniform, but that it has reached an apparent equilibrium with the 

applied boundary conditions. This is especially so if the soil permeability is very low, as in the 

case of compacted bentonite (of the order of 10-13 m/s, see Chapter 6). With reference to 

condition (b) above, similar uncertainties regarding the uniformity of suction within the soil 

sample exist not only in the oedometer, but also during measurements of suction used to 

develop an SWRC. This is not limited to the divided-flow method, but extends to any Vapour 

Equilibrium Technique, the filter paper technique and all methods where a certain boundary 

condition is imposed at the extremities of the soil sample and time is allowed for equilibration. 

Nonetheless, similar values of water content estimated from the two different approaches ex-

plained above, indicate that the process of equilibration is either completed or that it continues 

at a rate so slow that is impractical to measure. 

Assuming equilibrium when the above conditions are met is necessitated by the long testing 

times and lack of insight regarding the internal suction in the soil sample. In this respect, nu-

merical analysis could provide useful information, but requires high quality test data and ap-

propriately determined soil parameters, including water and air permeability. 
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5.5 Instrumentation 

5.5.1 Calibration of instrumentation 

5.5.1.1 Load cell 

The 70-kN STALC3 load cell produced by Applied Measurements Ltd was calibrated using a 

Budenberg hydraulic dead-weight tester. The maximum weight that could be applied corre-

sponded to 21 kN. A linear regression is assigned to the response of the load cell (Figure 5.12). 

The residuals of the calibration were less than 5 N (Figure 5.13), which corresponds to 1.3 kPa 

in the 70-mm diameter oedometer. The uncertainty of the calibration is much lower than the 

accuracy reported by the manufacturer (±0.05% of the capacity of the load cell, i.e. ±35 N). 

Although the range of the calibration is below the 70-kN capacity of the load cell, the response 

of the load cell is satisfactorily linear (R2=1) and so is extrapolated over its full range.  

 
Figure 5.12. Simple fit for 70-kN load cell calibration. 
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Figure 5.13. Residuals from the linear regressions fitted following 70-kN load cell calibration 

5.5.1.2 LVDTs 

Three miniature Linear Variable Differential Transformers (LVDTs) of ±5-mm travel range are 

used for higher resolution strain measurements (0.0001 mm) for each oedometer (LVDT101, 

102 and 103 for OED 1 and LVDT201, 202 and 203 for OED 2). Their calibration is presented in 

Figure 5.14. A linear equation is fitted to each LVDT. The standard error in each calibration is 

presented in Table 5.2. The average standard deviation is 0.0006 mm, with the maximum 

standard deviation at 0.002 mm.  

The vertical deformation in each oedometer is taken as the average displacement recorded 

by the LVDTs. Therefore, the expanded uncertainty of the average deformation in OED 1 is: 

 𝑈01 = 2𝑢𝑐01 = 2√0.000222 + 0.000542 + 0.000262 = 0.0013 𝑚𝑚 Eqn. 5.23 

and in OED 2: 

 𝑈02 = 2𝑢𝑐02 = 2√0.000062 + 0.002362 + 0.000022 = 0.0047 𝑚𝑚 Eqn. 5.24 

where uc is the standard uncertainty (Eqn. 4.8) and U=kuc is the expanded uncertainty, for 

coverage factor k=2. 
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Figure 5.14. Calibration of LVDTs. 

Table 5.2. Standard error in calibration of LVDTs. 

Sensor name LVDT101 LVDT102 LVDT103 LVDT201 LVDT202 LVDT203 

standard error (mm) 0.00022 0.00054 0.00026 0.00006 0.00236 0.00002 

5.5.1.3 Hygrometers 

The calibration of the Sensirion SHT21 sensors has been described in Chapter 4. 

5.5.1.4 Pressure gauge 

Air pressure is measured as a precaution to avoid excessive increases resulting in potential 

hazards and damaging of the mixing valves. It is maintained at a minimal value of 10 kPa so 

that the total stress can be assumed approximately equal to net stress. An accuracy of ±1 kPa 

is considered sufficient for maintaining air pressure at 10 kPa. The pressure transducer is spot 

checked against a water column of 1 m, corresponding to 10 kPa of pressure.  

5.5.2 Range of instrumentation  

5.5.2.1 Load cell 

The critical design parameter for the structural components of the oedometer is the swelling 

pressure of bentonite. The design swelling pressure was based on data from the literature for 

Wyoming bentonite, where swelling pressure is related to dry density. Based on a dry density 

of 1.8 t/m3, a design swelling pressure of 15 MPa, corresponding to an axial load of 58 kN, was 

selected. As explained earlier, a load cell with an operating range of 70 kN is fitted to the rod, 

allowing for a safety factor of 1.2.  
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The minimum load increment is limited by the uncertainty of the load cell (35 N reported by 

manufacturer) and the friction between the top cap and the confining ring (which, as explained 

later, was measured to be approximately 80 N) 

5.5.2.2 LVDTs 

The total travel of the LVDTs is 10 mm. The test may be paused to adjust the position of the 

transducers without affecting the results. The minimum displacement increment is limited by 

the actuator and the resolution of the sensors to 0.02 mm/min. 

5.5.2.3 Hygrometers 

The range of reliable operation of the Sensirion SHT21 hygrometers was discussed extensively 

in Chapter 4. The range of RH measurement devices, as well as the method used to control 

suction, limit the range of controlled suction. The divided-flow method can be used to control 

total suction to a minimum of 5 MPa (96% RH), however, the accuracy of the sensors, in com-

bination with the sensitivity of Kelvin’s psychrometric law to temperature and RH, limit the 

reliable minimum level of suction measurement to 30 MPa (80 % RH), i.e. suction can be reli-

ably controlled and determined to a minimum of 30 MPa. Smaller values of suction can be 

applied, but their control and measurement are less reliable. Therefore, although the humidity 

generator can maintain a maximum RH of 90% when the mixing valves are in operation, and 

a maximum RH of 96% when bypassing the mixing valves and using wet air directly from the 

saturator, the range of reliable operation of the hygrometers means that suction is not actually 

controlled or determined with accuracy at such high values of RH. It is possible to switch from 

circulating wet air to circulating deionised water in order to saturate fully the soil sample in 

the oedometer, however in this case there is no control or reliable measurement of suction, 

similar to a conventional wetting test where the soil sample is flooded with no control of suc-

tion. 

5.5.2.4 Measurement of air pressure and flow rate 

The maximum safe level of air pressure allowed in the system is limited by the mixing valves 

to 60 kPa. The minimum air pressure produced by the manostat is 10 kPa, although pressure 

may drop further due to energy losses through the connections, the saturator and the valves. 

As a result, air pressure at the measurement point before the cell (position e in Figure 5.7, 

image in Figure 5.9) may vary depending on the mixing ratio of wet to dry air from 2 kPa to 4 
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kPa. Assuming that air pressure after the cell is atmospheric, the air pressure measured at point 

e corresponds to the drop of air pressure in the cell. 

The volume of air flowing through the bottom porous stone was measured at its exit from 

the cell, when allowing flow only through the base. The top flow path was sealed to simplify 

the air flow and its measurement. As long as there is free flow of air, i.e. the pressure does not 

increase when sealing the top cap, the flow rate should not be affected. This assumption is 

considered valid at the operating air pressure of 4 kPa. The flow rate was calculated by meas-

uring the required time to fill a container of known volume under atmospheric pressure. The 

container was a thin plastic sealed bag with a capacity of 3.5 l. The time required to fill the bag 

was 5.4±0.1 minutes, suggesting a flow rate of 0.65±0.01 l/min. 

5.6 Calibration of the hS-C oedometer 

5.6.1 System compliance 

Applied loads in the oedometer lead to deformations of the soil within the confining ring, but 

also to deformation of the oedometer itself, as its various components deform. Therefore, 

knowledge of the system compliance (reciprocal of stiffness) in both loading and unloading is 

essential for the correct calculation of void ratio and stiffness of the soil sample.  

Compliance of the system is measured as the deformation recorded by the LVDTs for a 

change in load in the absence of a soil sample. Deformations relating to specific loads are 

subsequently subtracted from deformation readings at corresponding loads during testing of 

soil samples. The components that contribute to the compliance of the system are the top cap, 

the steel rod below the mounting point of the LVDTs, the filter papers and the porous stones. 

Deformation of other parts of the equipment is not measured as it does not affect the estima-

tion of the relative position of the top cap to the base. 

Compliance was measured for the new hS-C oedometer (OED 1), as well as for the second, 

mechanically identical oedometer (OED 2) which was manufactured without suction control to 

expedite progress.  

A linear elastic response is expected from the steel components, which can be predicted by 

the geometry and stiffness of the steel members. The filter papers are expected to provide an 

initial soft response, until they are fully compressed, contributing towards an initial non-recov-

erable displacement. The response of the porous stones is expected to be a combination of 
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their 1-D modulus but also of their bending stiffness, due to imperfections in their manufac-

turing, such as the unevenness of their surfaces and non-uniform height. 

A Perspex dummy sample, a filter paper and a porous stone were compressed to a vertical 

load of 65 kN (Figure 5.15 and Figure 5.16). Three combinations were examined: a) only dummy 

sample; b) dummy sample between pairs of porous stones and filter papers; c) filter paper and 

porous stone without dummy. The slope in the figures is not the stiffness of the materials, as 

the vertical axis is not normalised by the height of the components in the cell, but is indicative 

of the stiffness of the system. 

It can be observed in both figures that the inclusion of filter papers in the cell results in an 

initial irreversible displacement. Along with compliance of the oedometer and the frame, the 

compression of the filter papers results in low stiffness at load levels below 2 MPa (intercept 

of linear approximations at σ=0). Once the filter paper is compressed and the surfaces of the 

porous stones are in full contact with each other and with the surface of the top cap, the slope 

Δσ/Δh of the system becomes linear and equal to the slope of the next softer material. In the 

combination without the dummy sample, this would be the porous stones. When a dummy 

sample is present, the final slope of the deformation is governed by its bulk stiffness. Further-

more, the simultaneous compression of porous stones and dummy sample introduces an extra 

contact surface with potential misalignment and tilting. Omitting the dummy sample and using 

two porous stones and two filter papers is considered the most representative arrangement 

for the oedometer tests. Generally, the unloading curve is stiffer than the loading curve. Also, 

OED 1 has a stiffer response than OED 2. 
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Figure 5.15. Load compliance of hS-C oedometer (OED 1). 

 
Figure 5.16. Load compliance of OED 2. 
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5.6.2 Side friction 

Side friction is a significant source of error during testing. First, in stress-controlled tests, such 

as compaction tests or compressibility tests, side friction results in an increase in stiffness. This 

can be accounted for by subtracting the expected friction force from the measured vertical 

load. Additionally, in free swelling tests, friction provides a resistance restricting vertical defor-

mation. In this case, expected friction may be subtracted from the prescribed load on the pis-

ton. In wetting tests under constant volume, the resistance force due to friction should be 

added to the measured vertical load. Finally, no useful information can be obtained for loads 

smaller than the friction force. It is therefore of great importance to minimise friction and es-

timate the residual friction force. 

There are two components of friction in the new oedometer; the friction between the o-ring 

of the top cap and the confining ring and the friction between the soil sample itself and the 

confining ring. The diameter of the o-ring was selected to minimise side friction while main-

taining an effective seal. Additionally, silicon grease was applied on the inner wall of the oe-

dometer ring to minimise both components of friction. 

The friction of the soil sample depends on water content (reduction of μ with liquidity index), 

swelling pressure (τ=μ σr), and height of soil sample (T=τ.πDH). The friction force upon ex-

traction of the unsaturated soil samples was measured between 100 N and 400 N, with the 

largest value measured for samples wetted under constant volume, without reaching full sat-

uration. 

The residual friction generated by the piston movement was measured in an empty cell 

across the height of the oedometer ring for three different rates of displacement (about 4, 0.8 

and 0.04 mm/min) in the upward and the downward direction. The average final value of fric-

tion for each rate is included in Table 5.3.  

The friction resistance force due to the piston movement is plotted in Figure 5.17 against 

time. The initial reading of 6.5 N of resistance in the graph corresponds to the self-weight of 

the piston and the subsequent spike to the piston entering the oedometer ring. The displace-

ment rate for the first 35 minutes is about 4 mm/min and alternates between downward (in-

dicated as positive) and upward (indicated as negative) displacement of the piston. The dis-

placement rate is then reduced to 0.8 mm/min for one cycle of downward and upward dis-

placement, before being further reduced to 0.04 mm/min for the remainder of the calibration 
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test. The displacement scale in Figure 5.17 (dashed grey line) is exaggerated by a factor of 10 

between t=40 min and t=80 min for clarity of presentation.  

At small displacement rates, the development of friction is gradual. In Figure 5.17, it can be 

observed that when the direction of movement is reversed at displacement rate of 0.04 

mm/min, the reaction on the piston does not result in instant generation of the maximum 

friction. In fact, the piston moves by approximately 0.6 mm (15 minutes at 0.04 mm/min) be-

fore friction is fully developed. This could be an effect of the o-ring acting as an interface 

material between the piston and the ring (moving in a slightly oversized slot).  

Furthermore, it is confirmed that the magnitude of the generated friction is independent of 

the direction of the piston movement. It is also observed that higher displacement rate results 

in a lower friction force (sliding friction), while small displacement rates result in higher values 

of friction tending to static friction (Figure 5.18). The assumption that the recorded values 

correspond to sliding and static friction is endorsed in Figure 5.17. From t=20 to t=30 minutes, 

it is observed that friction is not affected by a reduction in the rate of movement, suggesting 

that sliding friction has already been achieved. The static friction (approximately 80 N) was 

measured to be approximately two times larger than the sliding friction (approximately 40 N).  

The displacement rates in the tests described in the following chapters are usually below 0.2 

mm/min during compaction and below 0.04 mm/min during wetting stages. As a result, the 

sliding friction is subtracted from the recorded value in the load cell for compaction tests and 

the static friction is subtracted from the load reading during wetting tests. However, the ex-

pected swelling pressure is approximately in the range of 1 to 10 MPa, i.e. friction accounts for 

only 0.2% to 2% of the load reading. 

Table 5.3. Friction force generated by piston movement with displacement rate (upward piston movement -ve, 

downward movement +ve). 

Displacement rate (mm/min) -3.8 -3.8 -0.8 -0.04 0.04 0.9 4.3 4.2 4.3 

Friction force (N) -39.9 -39.4 -53.8 -79.4 76.3 55.2 38.6 46.1 27.8 

Corresponding vertical stress (kPa) -10.4 -10.2 -14.0 -20.6 19.8 14.3 10.0 12.0 7.2 
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Figure 5.17. Friction force generated by piston movement in empty cell. (Upward piston movement -ve, downward 

movement +ve). 

 
Figure 5.18. Friction force generated by piston movement in empty cell with fixed displacement rate. (Upward piston 

movement -ve, downward movement +ve). 
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5.6.3 Relaxation 

A reduction of load was observed during constant volume tests. As it was not clear whether 

this reduction was due to secondary consolidation of the soil sample, gradual reduction in side 

friction between the o-ring and the confining ring or the soil sample and the confining ring, a 

dummy sample was loaded to 18MPa vertical stress in OED 2. The vertical displacement was 

then fixed for 3 hours, before reducing the vertical load to 2.5MPa and keeping the vertical 

displacement fixed for a further 2 hours.  

Figure 5.19 shows the displacement measured versus the applied vertical load and Figure 

5.20 plots the vertical load with time. A relaxation of 600 kPa at 18 MPa and of 300 kPa at 2.5 

MPa, which developed over a time of 2 to 3 hours (Figure 5.20), was observed. The magnitude 

of the relaxation is significantly higher than the expected friction (approximately 20 kPa, see 

Section 5.6.2), and in the absence of a soil sample it is not caused by soil behaviour. Relaxation 

might be caused by the frame actuator when the control mode changes from constant load 

to constant volume, or by the combined hysteresis of the load cell and the LVDTs, as the po-

sition of the rod is not locked in place but rather oscillates around the target displacement. It 

should be noted that the relaxation presented here occurred after rapid application of the 

maximum load/unload increment. The effect of relaxation is less significant at smaller load 

increments, and is eliminated by maintaining the target load for the duration of three hours 

before changing control to constant volume. 

 
Figure 5.19. Relaxation under constant volume after Loading (A) and Unloading (B) stages 
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Figure 5.20. Time evolution of relaxation under constant volume after Loading (A) and Unloading (B) stages. 

5.6.4 Initial sample height measurement and identification of first contact with 

the sample 

Identification of the initial sample height is important for determining the initial void ratio. 

Although the initial sample height can be measured manually before the top cap is lowered 

into position, from the depth to the top of the confining ring, taking into account the height 

of the individual components, such as the two porous stones, an accurate initial gauge reading 

is also required. Furthermore, it is necessary to identify when the top cap comes into contact 

with the soil sample, as it is being lowered into the steel cell. As noted earlier, the top cap by 

design is attached to the rod and resistance due to side friction is recorded by the load cell 

once the top cap enters the cell. 

One possible method to identify first contact between the top cap and the soil sample, and 

consequently the sample height, is to look for the point of inflection in the stress-displacement 

graph. It might be expected that before contact with the soil sample the recorded resistance 

in the load cell would be equal to side friction. As discussed in Section 5.6.2, friction is depend-

ent on the rate of movement. Furthermore, the mobilisation of friction after a rate change is 

gradual and could be mistaken as contact with the soil sample. A change in displacement rate 

is necessary to save time during initial lowering of the top cap, when it is visibly outside the 

cell, and to increase accuracy once the top cap has entered the cell. In certain cases, the in-

flection point suggesting first contact with the soil sample may be easily obtained visually by 

observing the stress-displacement graph (Figure 5.21), but it may be difficult to be identified 

in cases of softer soil samples (Figure 5.22). 
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To assist the process of identifying contact with the soil sample a graduated metal rod was 

inserted through one of the perforations in the top cap (Figure 5.23). The rod is graduated to 

indicate the proximity of the top cap to the soil sample, allowing for timely adjustment of the 

displacement rate. An additional LVDT may be fitted to the rod to measure and record the 

distance of the underside of the top cap to the top of the porous stone in contact with the soil 

sample with increased resolution. When soil sample, porous stones and top cap are in full 

contact the rod stops moving indicating the first soil sample gauge reading (Figure 5.23). The 

two methods (stress-displacement graph and marked rod) are used to complement each 

other. 

Currently, there are only two perforations in the top cap, which are used for inflow and 

outflow of vapour during suction controlled tests, limiting the use of the extra rod to the com-

paction stage of the tests. As a future modification, the LVDT may be waterproofed and at-

tached permanently to the top cap. Such a modification would be useful during swelling and 

shrinking tests to avoid relying on the stress reaction to ensure contact and to eliminate the 

associated uncertainty introduced by friction. 

 
Figure 5.21. Identification of first soil sample reading (sample Wyoming-cv05). 
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Figure 5.22. Identification of first soil sample reading (sample Wyoming-optw08). 

  
Figure 5.23. Use of marked metal rod to indicate proximity to soil sample surface. 
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Figure 5.24. Plan view of oedometer cell with position of LVDTs. 

The necessity of using three displacement gauges was identified during compliance tests. 

For the compliance tests performed in the absence of a dummy sample (see Section 5.6.1), 

two porous stones and two filter papers were placed between the top cap and the base. The 

axial load was increased to 65 kN (16 MPa). The displacement readings of the three LVDTs are 

presented in Figure 5.25 (A) during three load-unload sequences for OED 1 and in Figure 5.25 

(B) during two load-unload sequences for OED 2. It was observed that at maximum applied 

load there was a difference of up to 0.1 mm between the readings of the three LVDTs for both 

oedometers. The difference remained consistent during multiple repetitions of the load appli-

cation and is attributed to tilting of the top cap on the uneven surfaces of the porous stones. 

As a result, use of a single displacement transducer would deviate from the average defor-

mation, with an error increasing with the distance of the transducer to the centre of the oe-

dometer cell. 
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Figure 5.25. Comparison of displacement readings of three LVDTs (A and B) and calculated tilt (C and D) during 

compression of filter papers and porous stones (no sample) in the new oedometers. 

The tilting angle in the radial direction of each LVDT was calculated with reference to the 

average displacement of the three transducers (Figure 5.26): 
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) , 𝑖 = 1,2,3  Eqn. 5.25 

where 

 θi is the tilt angle 

 r is the distance of the LVDT to the centre of the cell 

 Ri is the displacement measured at LVDTi 

 dhi is the difference of Ri from the average displacement. 

The tilt angle in the direction of each LVDT is plotted in Figure 5.25 (C) for OED 1 and in 

Figure 5.25 (D) for OED 2 against the applied axial stress. The maximum tilting angle for OED 

1 is 0.03 degrees, and for OED 2 is 0.06 degrees. The tilt shows a change in direction after 
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1,000 kPa, suggesting that the porous stone-top cap interfaces are not entirely in contact until 

that load. 

 
Figure 5.26. Geometry of tilting top cap. 

 
Figure 5.27. Schematic of bending deformation in loading rod due to tilting of top cap.  

The rotation is caused by the moment, M, applied to the bottom of the top cap due to 

eccentricity in the reaction from the soil sample. Since the top cap is fixed to the rod, its rota-
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The actual value of rotation, θ, is obtained by the interaction of the soil sample and the rod, 

assuming fixed support at the top of the rod, and a rotational stiffness of KR for the sample 

(Figure 5.27). It is evident that tilting can be reduced by increasing the bending stiffness of the 

rod. The maximum possible tilt is limited by the geometry and dimensions of the top cap and 

the oedometer cell (Figure 5.26). The width of the top cap is 1mm smaller than the inner 
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diameter of the confining ring. Maximum tilting, θ, is limited to 1.4 degrees by increasing the 

thickness of the top cap to 40 mm. 

 
Figure 5.28. Tilt occurring while compacting Wyoming to 16.5 MPa. 

Tilting was also examined during the compaction of a soil sample (Wyoming bentonite). The 

material was placed as evenly as possible in the oedometer to minimise initial tilting. The tilting 
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samples at 7 mm, the deviation from the average height caused due to tilting of the top cap 

during compaction accounts for ±5% of the sample height. 

In the tests performed in the present project, it was deemed practical to assume that the 

average deformation obtained by the three LVDTs is representative of the average sample 

height. 
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top cap), where errors could not be easily addressed by a change in design and accurate cali-

bration was necessary, the position of the hygrometers was readily adjustable during the de-

sign phase. 

 There were two concerns when deciding the position of the hygrometers. The first relates 

to their vicinity to the soil sample. Placing the sensors inside the cell in contact with the soil 

sample was rejected due to high expected swelling pressure, and the need to saturate the soil 

sample, potentially damaging the sensors. Monitoring the RH of the air exiting the cell was 

selected as more convenient in terms of maintenance. The second issue concerned isolating 

the hygrometers from external influences in the laboratory. In a preliminary version of the 

oedometer design, a hygrometer was used to seal the exit perforation through the base, al-

lowing contact with vapour in the air but blocking the air path and forcing air to flow through 

the soil sample towards the top cap.  

To assess the suitability of this initial arrangement for obtaining representative RH readings, 

saturated air (100% RH) was injected in the empty cell. Figure 5.29 shows the RH measured by 

the hygrometer against time. The reading at the hygrometer during the first 4 days remained 

below 85%. The seal was removed 4 days later, to enable bulk flow of air around the hygrom-

eter, and 100% RH was reached within 12 hours.  

This result suggests that direct flow of air accelerates the measurement process. Further-

more, equalisation at 100% RH suggests that, even without a seal, air from the laboratory does 

not infiltrate the setup from the exit perforation. This alternative setup was adopted in the final 

design. In order to prevent flow of air from the laboratory to the hygrometer and potentially 

to the porous stone through the exit perforation when the air pressure in the cell is lower than 

atmospheric (e.g. when unloading the cell), the air flow is directed from the exit to an oil trap 

with a plastic tube, as illustrated in Figure 5.7.  
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Figure 5.29. Measurement after the cell without flow (0-4 days) and after allowing flow (after 4 days) around the 

hygrometer. 

5.6.7 Air pressure effect on total stress control 

The system air pressure from the manostat affects the air pressure within the unsaturated soil 

sample, and by definition, air pressure affects net stress and matric suction. To ensure good 

control of the net stresses in the soil sample, it is necessary to either control the air pressure 

adequately or, in the absence of accurate air pressure control, to keep the air pressure and air 

pressure changes to a minimum, so that it can be assumed that total stress equals net stress. 

The latter option was preferable to avoid introducing further sources of error to the acquired 

experimental data. 

In addition to the air pressure from the humidity generator, air pressure within the soil sam-

ple may be generated by a combination of rapid volume changes and insufficient air mobility. 

It should be noted that this is not equivalent to low air permeability – air permeability may be 

large enough for the air pressure in the pores to come into fast or immediate equilibrium with 

the air pressure in the porous stones, but air displaced by rapid void ratio changes (compres-

sion) may not have a means of ventilating through the system. Therefore, sufficient ventilation 

should be provided. In the present system ventilation is allowed only through the outflow 

perforations in the base and the top cap. The dimension of inflow and outflow perforations is 

identical, creating a risk of pressure accumulation in the cell. 
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The efficiency of the vent was examined in an empty cell by measuring the increase in the 

axial load while increasing the pressure of the circulated air from 10 kPa to 100 kPa and keep-

ing the position of the piston fixed. Figure 5.30 plots the axial stress determined from reaction 

on the load cell (excess air pressure in the oedometer cell), versus the pressure of the circulated 

air measured at the pressure transducer (point e in Figure 5.7). The increase in air pressure at 

point e resulted in an increase in axial load, suggesting that air pressure in the oedometer is 

not atmospheric, and therefore the ventilation is not sufficient. An increment of 10 kPa in air 

pressure at point e resulted in 2.9 kPa increment in axial load. As this amount is insignificant 

when compared to the resolution of the load cell and the error introduced by friction, it may 

be neglected when calculating the net stress on the soil sample, provided that the source 

pressure is maintained at levels lower than 10 kPa. It is then possible to consider that the net 

stress on the soil sample is equal to the total stress interpreted from the value measured by 

the load cell.  

In the final system, air pressure is measured after the mixing valve and before splitting the 

air flow towards the top cap and the base (Figure 5.9) and is maintained at values between 2 

and 4 kPa.  

 
Figure 5.30. Increase in axial load as a result of inflow air pressure. 
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5.6.8 Error in RH readings due to pressure difference 

During equilibration, a difference in readings is observed between the inflow and outflow RH 

sensors (hygrometers e, i and j in Figure 5.7). Figure 5.31 shows the difference in readings for 

the top and the bottom outflow hygrometers compared to the inflow hygrometer for an in-

crease in the target RH from 40% to 90% in the absence of a soil sample. Evidently, the differ-

ence is almost constant for the top hygrometer, but is dependent on the RH level for the 

bottom hygrometer. The difference is beyond the standard uncertainty of the hygrometers. 

Furthermore, exchange of the position of the top and bottom hygrometers resulted in similar 

trend, with RH at the top position always being lower than the inflow, and the RH at the bottom 

getting closer to the inflow with increasing RH. In this section, a possible air pressure difference 

is examined as the cause of this observed behaviour. 

 
Figure 5.31. Plot of RH readings at three hygrometers with time, at positions e (inflow, RHin), i (top outflow, RHtop) 

and j (bottom ouflow, RHbase), for an increase in target RH. 
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Figure 5.32. Difference between readings of base and top outflow RH sensors (hygrometers). 

The difference occurred when the housing was built for the sensors and was not present in 

earlier versions of the apparatus. The geometry of the two housing compartments was differ-

ent (Figure 5.10 and Figure 5.11). The base hygrometer was positioned against the direction 

of the vapour flow, interrupting the flow and forcing it to change direction. The top hygrom-

eter, on the other hand, was placed along the direction of the flow. It is conceivable that this 

was sufficient to reduce the pressure in the immediate vicinity of the sensor. The difference 

between the RH of the top and the bottom outflow air at different levels of RH is presented in 

Figure 5.32. The trend can be approximated by a linear fit with a slope of 0.043. 

Theoretically, an increase in air pressure under constant temperature should result in an 

increase of partial vapour pressure while the saturated vapour pressure remains constant. Ac-

cording to Dalton’s law: 

 �̅�𝑣 = 𝑥𝑣𝑝 Eqn. 5.27 

where:  

�̅�𝑣 is the absolute partial vapour pressure, and 

 xv is the mole fraction of vapour, assumed constant for a constant mixing ratio.  

The ratio between the initial RH, RH0, and the RH for an increase Δp in air pressure, RH’, can 

be expressed using the definition of RH (Eqn. 4.2) as:  
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𝑅𝐻′

𝑅𝐻0
 = (

�̅�𝑣
′

�̅�𝑣0
′ ) (

�̅�𝑣0

�̅�𝑣
) Eqn. 5.28 

where:  

 �̅�𝑣 is the absolute initial partial vapour pressure 

 �̅�𝑣
′  is the new absolute partial vapour pressure, at air pressure p0 + Δp 

 �̅�𝑣0 is the initial absolute saturated vapour pressure 

 �̅�𝑣0
′  is the new absolute saturated vapour pressure. 

As the saturated vapour pressure depends only on temperature (Eqn. 4.4) and applying Eqn. 

5.27, Eqn. 5.28 can be rewritten as: 

 𝑅𝐻′ = 𝑅𝐻0 (
�̅�𝑣

′

�̅�𝑣
) = 𝑅𝐻0

𝑥𝑣(𝑝0 + 𝛥𝑝)

𝑥𝑣𝑝0
=

𝑝0 + 𝛥𝑝

𝑝0
𝑅𝐻0 Eqn. 5.29 

where  

 p0 is the initial air pressure 

 Δp is the change in air pressure. 

As a result, a decrease in absolute air pressure results in a decrease in RH. Similar observa-

tions obtained by Dueck (2004) generally agree with this trend. For a closed system with forced 

air flow through an oedometer cell, she obtained a reduction in RH from 92% to 84% for a 

differential air pressure of 6 kPa, and from 92% to 87% for a differential air pressure of 3 kPa. 

Based on the above observations, the difference in RH between the top and bottom outflow 

hygrometers in the current system could be satisfactorily interpreted by the difference in air 

pressure. From Figure 5.32, the ratio between RHb and RHt is 1.043. From Eqn. 5.29 and for 

p0=patm=101.3 kPa, this ratio could correspond to an air pressure difference of 4.3 kPa, with 

lower pressure at the base outflow. However, such a pressure difference has not been rec-

orded. On the other hand, the inflow air pressure was 4 kPa explaining the difference between 

the RH of the inflow and the base outflow air. 
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Figure 5.33. Difference in readings between the inflow and outflow RH hygrometers. 

On the contrary, the RH difference between inflow and outflow hygrometers cannot be ex-

plained by a pressure difference. In fact, as shown in Figure 5.33, the difference in readings 

between the inflow and the top hygrometer is constant for RH levels below 70 % RH, while the 

difference in readings between the inflow and the bottom outflow hygrometer decreases from 

4 % RH to 0 % RH for increasing RH. The reason for the difference in readings between the 

inflow and top hygrometer is not known. This further justifies considering the bottom outflow 

hygrometer as representative of the conditions in the cell, in the absence of a soil sample. 

During testing the readings of the hygrometers present the same trend, suggesting that it 

might be an issue of the connections and the set-up of the hygrometers. Both readings are 

required. 

5.7 Summary 

The oedometer cell has been designed to allow suction control through vapour equilibrium. 

Suction is controlled using the divided-flow method presented in Chapter 4. Air of regulated 

RH is circulated at the soil sample boundaries through the top and bottom porous stones to 

accelerate suction equilibrium. Air enters and exits the porous stones through perforations in 

the base and the top cap. The inflow air pressure is limited to 4 kPa which is adequately low 
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for the vertical net stress in the soil sample to be considered equal to the total applied vertical 

stress. 

All components have been designed to withstand the stress generated by the swelling of 

bentonite soil samples. The components in contact with the soil are manufactured from cor-

rosion-resistant steel. Any water used is deionised to prevent limescale accumulation and mi-

crobial growth during long-term testing. The confining ring is designed to limit radial strains 

and allows for large vertical strains. The confining ring is suitable for in-cell static compaction; 

however it is not suitable for setting-up intact soil samples due to the lack of a cutting ring. 

The rod length, although unusually large to keep the load cell outside a potential water bath 

for temperature control, provides a factor of safety of approximately 1.4 against buckling fail-

ure. The compliance of the system has been measured for load increase and decrease, as well 

as for maintaining constant volume. The friction of the piston against the confining ring has 

also been measured. All sensors used have been calibrated in the Geotechnics laboratory, with 

the calibration of the hygrometers detailed in Chapter 4. 

5.7.1 Limitations and conclusions 

As with other oedometers relying on the Vapour Equilibrium Technique to control suction (see 

Chapter 2), the range of applicable suction is limited by the Vapour Equilibrium Technique 

itself and the limits of the hygrometers. Measurements below 30 MPa should be treated with 

caution, as the uncertainty related to the accuracy of the hygrometers increases significantly.  

A possible variation of the equipment could modify the base to be compatible with the 

osmotic technique, so that suction levels lower than 10 MPa could be controlled. In such a 

case, RH control would be applied only through the top cap, increasing the drainage path by 

a factor of 2 and therefore the time to equilibrium by a factor of at least 4. Currently it is not 

possible to switch between osmotic and RH control at the base during a test, as the first re-

quires a semi-permeable membrane at the bottom of the soil sample, which restricts vapour 

flow, while the latter requires a porous stone, which separates the soil sample from the base. 

A compromise between the two conflicting functions has not been found yet. 

Another possible variation to achieve control at suction levels below 30 MPa (80% RH) is to 

replace the saturator with a saline solution. A saturated solution of potassium sulphate, for 

instance, provides a RH of 98%. However, RH is even more sensitive to temperature changes 

at high levels, and the transferrable relative error to suction is even larger. Furthermore, the 
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hygrometers would not be able to record an accurate measurement of the RH of the produced 

air. 

Suction is not measured directly or locally; however, the soil sample is assumed to reach 

equilibrium with the RH applied at the boundary. A future upgrade of the oedometer could 

include integration of local hygrometers into the confining ring. The hygrometers should be 

properly shielded against corrosion from the soil and the pore water, as well as against high 

radial pressure.  

In the absence of water volume measurement, the mass of water moving in and out of the 

soil sample is measured by the initial and final water content, while the water exchange during 

the test is estimated by the difference in RH of the inflow and outflow vapour. 

Furthermore, there is no direct pore pressure measurement. Pore pressure measurement 

would require water pressure equilibrium in a saturated system of pressure transducer, porous 

stone and soil sample. Such a measurement would enable effective stress tests, saturation B-

tests and extend the suction control range with the axis-translation method. The modification 

could be implemented by changing the porous stone to high-air-entry-value stones and in-

stalling a de-airing system.  

Finally, radial stress, and consequently mean stress, is not currently measured. Soil behaviour 

is considered one-dimensional axi-symmetric and is examined in terms of axial stress. A future 

modification could be to replace part of the confining ring with a double thin-wall system, 

similar to the one used for the osmotic oedometer, as described in Chapter 2, and in Section 

5.3. The soil sample should be thin enough to apply uniform radial pressure across its side, or 

alternatively, have multiple readings across the height of a soil column, as radial swelling stress 

changes with the advance of the wetting front. The stiffness of the wall should be designed 

for the radial stress expected upon wetting a bentonite sample. 

Despite the limitations identified above, the current design of the newly developed oedom-

eter has extended the pre-existing capabilities of the Geotechnics laboratory for studying the 

coupled hydro-mechanical behaviour of unsaturated soils. It complements the osmotic oe-

dometer, where suction control is limited to 1.5 MPa. Furthermore, it provides an automated 

means of applying high loads in large diameter soil samples (18 MPa at 70mm diameter), 

which can be used to statically compact soil samples in-place to a high dry density. The existing 
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alternatives for soil compaction in the Geotechnics laboratory include heavy dynamic compac-

tion and static compaction of 38-mm samples at a maximum load of 28 MPa.  

Similar to the use of the divided-flow humidity generator to measure soil water-retention 

properties in sealed desiccators, the use of the humidity generator in an oedometer has certain 

benefits over traditional salt solution methods in the sense that RH can be applied over a 

continuous range, and in that the recorded value is independent of temperature fluctuations. 

Furthermore, it allows fully automated, complex stress path control at very high levels of both 

suction and axial stress. It provides continuous control of suction, while measuring volume 

changes and estimating satisfactorily moisture content changes. 
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Chapter 6: Compaction tests 

6.1 Introduction 

6.1.1 General 

In this chapter the mechanical performance of the new hS-C oedometer (Chapter 5) – and of 

a mechanically identical oedometer – is assessed through static compaction of soil samples. It 

should be noted that in most cases, once compacted, the soil samples were straight away used 

in wetting or SWRC testing, so the experimental results in this chapter refer to the compaction 

phase of tests and not to compaction tests per se. Additionally, some of the tests were per-

formed to gain confidence in the operation of the equipment, examine different possible test 

scenarios and identify unforeseen issues. None of the tests was designed to provide direct 

information on compression response, however, the available results are assessed and ana-

lysed to identify possible patterns in soil behaviour during compaction. 

Soil samples of three materials were compacted at various initial water contents. As ex-

plained above, the samples were subsequently subjected to wetting and drying sequences, 

under different load conditions, as described in Table 6.1 and in the following chapters. The 

observed behaviour of the samples is discussed, and differences are highlighted between sam-

ples compacted with the new hS-C oedometer and samples compacted with conventional oe-

dometers. 

6.1.2 Background 

The compressibility and strength behaviour of a clay is often attributed to its intrinsic proper-

ties and the soil structure at its natural state (Burland, 1990). The intrinsic behaviour is obtained 

by the drained compression of a reconstituted soil, i.e. a soil mixed to a slurry at a water con-

tent higher than its liquid limit (1.25 wL), thus eliminating the effect of stress history. The dif-

ference between the intrinsic and natural properties is a measure of soil fabric and bonding, 

contributing to the structure of the soil, with the intrinsic properties providing a reference that 

is independent of the soil state. 

While the single stress state variable (σ-uw) is used to describe the state of saturated soils, 

the stress-strain behaviour of partly saturated soils is described in terms of a pair of stress 

state variables, most commonly the net stress σnet = (σ-ua) and matrix suction s = (ua-uw) 

(Fredlund & Rahardjo, 1993). In this context, the volumetric behaviour of partly saturated soils 
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has been described in the three-dimensional space (e, σnet, s). Alonso et al. (1990), when de-

scribing the Basic Barcelona Model (BBM) developed by them, summarised the main features 

of volumetric behaviour in unsaturated soils as: 

• Increase in stiffness with suction 

• Increase in apparent pre-consolidation stress with suction 

• Collapse upon suction reduction under constant stress 

• Existence of confining stress for which collapse strains become maximum 

• Stress-strain path after collapse following path of initially saturated sample. 

In addition to these fundamental features, suction generally decreases during compression 

at constant water content (Tarantino & Tombolato, 2005; Delage et al., 2007). Cuisinier & 

Laloui (2004) observed that the influence of suction on the bulk stiffness decreases with me-

chanical loading, with the compression line tending to the saturation compression line as void 

ratio decreases and saturation increases, however it should be noted that this observation was 

made on a sandy silt. Undrained compression tests on expansive bentonite (Tang et al., 2008a) 

showed an initial increase in total suction before linear reduction with increasing load. 

The BBM and the models that followed it require the determination of the initial state of the 

soil. The initial state of natural soils is described by the initial stresses, the initial specific volume 

and the initial hardening parameters. The model parameters for a natural soil are independent 

of its initial state parameters. For soil samples prepared by compaction rather than natural 

sedimentation, the initial structure depends, among other factors, on the compaction water 

content relative to the optimum water content. For expansive clays, compaction at water con-

tents dry of optimum results in a double porosity structure, with the microstructure referring 

to the intra-aggregate pores and physicochemical interactions, and macrostructure to inter-

aggregate pores and capillary suction (Delage et al., 1996; Romero, 2013). Samples compacted 

at water contents greater than optimum are considered as fundamentally different materials 

and cannot be described by a single set of model parameters within the BBM framework 

(Wheeler & Sivakumar, 2000). 

It is of no surprise that water content plays such a significant role. It affects not only suction, 

but also the type of interaction between particles. Furthermore, although matrix suction is a 

single state parameter, it is actually the result of the capillary and the adsorptive components 
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(Baker & Frydman, 2009). Cui et al. (2002) suggested a model considering the density of com-

pacted expansive clays, where macrostructure and capillary suction dominate the response of 

low-density clays, with physic-chemical interactions at inter-particle level becoming more sig-

nificant at higher densities. Once the soil has collapsed, swelling strains upon wetting are at-

tributed to interparticle repulsive forces. 

Tarantino & De Col (2008) also studied the effect of compaction water content on post-

compaction saturation and suction. Through Mercury Intrusion Porosimetry (MIP) tests, they 

confirmed that an increase in compaction stress at low water contents (dry of optimum) de-

creases only the inter-aggregate pore volume. They suggested that for this range of water 

content there is no water in the inter-aggregate space, and therefore the resulting post-com-

paction suction is not affected by changes in soil density. However, further reduction in water 

content was found to eliminate the intra-aggregate mode. Based on results by Simms & Yanful 

(2002) and Cuisinier & Laloui (2004), Tarantino & De Col (2008) suggest that volumetric 

changes can be represented by a single set of model parameters (‘same’ soil’) provided that 

no changes occur in the distribution between micro- and macroporosity modes. The sug-

gested coupled hydro-mechanical model predicted successfully what the authors refer to as 

virgin compression lines, at different compaction water contents. Suction changes during vir-

gin compression (static compaction) were predicted by the hydraulic model, with the method 

being unsuccessful only when fabric changed from monomodal to bimodal and the hydraulic 

model was deemed unrepresentative. 

These observations are consistent with Alonso et al. (2013), who suggest that a single state 

variable, ξm, referred to as the initial microstructural state, can be introduced in the definition 

of the initial state parameters to predict differences in volumetric behaviour related to different 

microstructure. Inclusion of this parameter captures the volumetric behaviour of reconstituted 

and compacted samples on both sides of the optimum water content, i.e. bimodal and mon-

omodal porosity for the ‘same’ soil. It is also suggested that if the microstructure variable is 

included in the formulation of the retention curves, the total number of material parameters 

of the coupled hydro-mechanical model can be reduced significantly. 

6.2 Compaction method 

Current equipment in the Geotechnics Laboratory allows for both dynamic and static compac-

tion of soil samples. Since soil behaviour is not affected by the type of compaction, provided 
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that the obtained soil samples are of similar water content and dry density (Sivakumar & 

Wheeler, 2000), the static compaction method was selected for the preparation of soil samples 

in the present research. The method is more convenient and time-efficient as it allows in-place 

compaction and the sample is ready for oedometer testing in a single step. Furthermore, it has 

been suggested that static compaction in one thin layer gives the best uniformity compared 

to dynamic and kneading compaction (Gau & Olson, 1971).  

Colmenares (2002) and Monroy (2006) developed a “floating mould” for static compaction, 

based on the work of Shackel (1970) with two pistons allowing simultaneous compaction from 

the top and bottom. The benefit of the floating mould is the minimisation of side friction 

between the soil sample and the mould, leading to a more uniform distribution of dry density 

within the soil sample. The method was not adopted in favour of compaction in the fixed-ring 

oedometer, for simplicity of the process and to avoid potential deformation caused by extract-

ing the sample from the compaction mould, which would outweigh the benefits of the floating 

mould.  

The equipment used for static compaction includes a conventional 50-mm diameter oe-

dometer, a high capacity 38-mm oedometer and the hS-C oedometer described in Chapter 5. 

The conventional oedometer used for static compaction of soil samples is compatible with BS 

1377-5:1990 (British Standards Institute, 1990). The confining ring has an internal diameter of 

50 mm and a height of 20 mm. The high pressure oedometer has a reinforced lever system 

and a confining ring of 38-mm diameter. Both oedometer frames are front loaded with a lever 

ratio of 11.214. Manual dial gauges have been replaced by displacement transducers to pro-

vide continuous recordings of sample height.  

Since the purpose of most of the tests was primarily to investigate the behaviour of the hS-

C oedometer, initial soil conditions before compaction changed throughout this research. The 

aspect ratio (H:D) for the compacted soil sample varied from 0.1 to 0.4, with the largest ratios 

obtained for soil samples compacted in the 38-mm oedometer. The majority of soil samples 

compacted in the 70-mm hS-C oedometer have an aspect ratio below 0.15, allowing for com-

paction in a single layer while maintaining the assumption of uniform density over the height 

of the compacted sample. 

Soil material was placed in the oedometer ring in powder form, with a pair of air-dried po-

rous stones below and above the sample. Filter papers were placed between the soil sample 
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and the porous stones to prevent migration of soil particles into the coarse porous stones. 

Silicon grease was applied to the sides of the confining rings to reduce side friction.  

6.3 Materials 

In this section, the response of three clays is presented: an artificial model clay (KSS), consisting 

of Speswhite kaolin, industrial quartz silt and quartz sand, mixed at 50:25:25 proportions 

(Rossato et al., 1992); an expansive commercial bentonite, dried, ground and sieved to a yel-

low-grey clay powder, subsequently referred to as ‘yellow bentonite’ (YB); and Wyoming ben-

tonite (Wy) purchased from LAVIOSA MPC, with the brand name Bentosund 100. Bentosund 

100 consists of natural sodium bentonite and is used to manufacture EXPANGEL SP swelling 

pellets. Its composition, origin and particle size distribution are similar to the VOLCLAY MX-80 

Wyoming bentonite available from American Colloids. The datasheet for both clays is included 

in Appendix E for comparison. A detailed review of the Wyoming bentonite is presented in 

Chapter 3. 

The soil samples were given an identification number, based on the type of soil and the 

diameter of the sample. The reference format is SOIL-D-##, where SOIL is the abbreviation for 

the soil type (i.e. LC: London Clay, KSS: artificial model clay, YB: yellow bentonite, Wy: Wyoming 

bentonite) and D stands for the diameter of the sample, followed by a sequence number. The 

diameter of the soil sample also denotes the equipment used for its compaction, i.e. 38 mm 

for the high capacity oedometer, 50 mm for the conventional oedometer and 70 mm for the 

new hS-C oedometer. A list of the samples examined in the present chapter is presented in 

Table 6.1. 

Table 6.1. Testing programme 

Sample Initial condition Initial state Subsequent Tests 

KSS-50-01 reconstituted pre-consolidated 200 kPa consolidation  

KSS-70-01 reconstituted slurry virgin consolidation 

KSS-70-02 reconstituted slurry virgin consolidation 

KSS-70-03 reconstituted slurry virgin consolidation 

KSS-70-04 reconstituted slurry virgin consolidation 

YB-50-01 sieved static compaction - 

YB-50-02 sieved static compaction to 560 kPa wetting under constant load 

YB-50-03 sieved static compaction to 560 kPa wetting under constant load 

YB-50-04 sieved static compaction to 2200 

kPa, unload to 560 kPa 

wetting under constant load 

YB-50-05 sieved static compaction to 2200 

kPa, unload to 560 kPa 

wetting under constant load 

YB-50-06 sieved static compaction to 560 kPa wetting under constant load 
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YB-70-01 sieved static compaction air-dry during compaction 

YB-70-02 sieved static compaction - 

YB-70-03 sieved static compaction constant volume wetting 

YB-70-05 sieved static compaction constant volume 90% RH 

YB-70-06 sieved static compaction constant volume 70% RH 

Wy-38-01 as delivered static compaction - 

Wy-38-02 as delivered static compaction - 

Wy-38-03 as delivered static compaction - 

Wy-38-04 as delivered static compaction - 

Wy-38-05 as delivered static compaction - 

Wy-38-06 as delivered static compaction - 

Wy-38-07 as delivered static compaction - 

Wy-38-08 as delivered static compaction - 

Wy-70-02 as delivered static compaction - 

Wy-70-03 as delivered static compaction - 

Wy-70-04 as delivered static compaction - 

Wy-70-05 as delivered static compaction constant volume wetting 

Wy-70-06 as delivered static compaction constant volume wetting 

Wy-70-07 as delivered static compaction - 

Wy-70-08 as delivered static compaction constant volume wetting 

Wy-70-10 as delivered static compaction constant volume wetting 

Wy-70-11 as delivered static compaction - 

Wy-70-12 as delivered static compaction free swelling 

load increase 

Wy-70-13 as delivered static compaction 10% swell 

Wy-70-14 as delivered static compaction load increase under  

constant RH 

Wy-70-15 as delivered static compaction 20% swell 

Wy-70-16 ground and sieved static compaction constant volume 

free swelling 

Wy-70-17 as delivered static compaction load increase under  

constant RH 

Wy-70-18 as delivered static compaction free swelling with saline solu-

tion 

 

6.4 Information derived from compaction tests 

The primary objective with the information obtained during the compaction stage is to estab-

lish confidence in the new hS-C oedometer, rather than provide a full characterisation of the 

soil materials tested. The aspects to be determined are:  

• Unforseen difficulties in preparation, compaction and extraction of the soil samples 

(reconstituted, trimmed, powder); 

• Comparison of compaction quality with existing oedometers (i.e. maximum density, 

homogeneity, material lost, size ratio, uniform height, side friction); 

• Comparison of derived soil properties (consolidation, compression, compaction) 

with properties derived with existing oedometers; 



Page 210 of 359 Compaction tests 

Vasileios Mantikos  Imperial College London 

• Ability to capture the expected volumetric behaviour of unsaturated soils. 

Aspects of the volumetric behaviour of the three tested soil materials during compaction 

are presented as a secondary objective. 

6.4.1 KSS 

KSS has a liquid limit, wL, of 35%, a plastic limit, wP, of 17% and a specific gravity, Gs, of 2.634 

(Rossato et al., 1992; Menkiti, 1995). 

Five KSS samples were tested in total. Sample KSS-50-1 was trimmed from a cylindrical sam-

ple (‘cake’) pre-consolidated to an axial effective stress of 200 kPa and tested in the conven-

tional oedometer. Samples KSS-70-01, KSS-70-02, KSS-70-03 and KSS-70-04 were consoli-

dated directly in the hS-C oedometer from reconstituted (‘slurry’) state. 

 Reconstituted samples were prepared at 1.25 wL (Burland, 1990). The mass of the soil in-

stalled in the cell was measured both before and after the test. The porous stones were de-

aired prior to the insertion of the soil. Filter papers soaked in distilled water were inserted 

between the soil sample and the porous stone to prevent migration of soil particles into the 

coarse porous stones. Silicon grease was applied on the inner surfaces of the oedometer con-

fining ring to reduce side friction. 

The soil was placed in the oedometer ring and an initial setting load of 60 kPa was main-

tained for 24 hours, before flooding the oedometer cell. The soil samples were loaded incre-

mentally to the maximum applied load, maintaining each increment for 24 hours to allow for 

dissipation of any excess pore pressure. The compressive strains at the end of each consolida-

tion stage are used to derive the compression line. The initial state of the soil samples is pre-

sented in Table 6.2, along with the derived compression index, Cc. 

Table 6.2. Initial state and compression parameters of KSS samples. 

Sample ID σv,0 σv,max wi (f.calc) wi (b.calc) h0 h0/D h/D e0 Sr,0 Cc 

 (MPa) (MPa) (%) (%) (mm)      

KSS-50-01 0.2 1.1 25 40 18.7 0.37 0.34 0.77 1.35 0.22 

KSS-70-01 - 4.5 49 49 50.2 0.72 0.45 1.37 0.95 0.21 

KSS-70-02 - 0.1 51 - 47.5 0.68 0.5 1.31 1.01 0.23 

KSS-70-03 - 0.5 49 48 21.3 0.30 0.22 1.20 1.04 0.21 

KSS-70-04 - 0.5 43 43 31.2 0.45 0.34 1.12 1.02 0.21 
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Different initial sample heights, h0, were examined for the reconstituted samples, obtaining 

a range of initial h0/D between 0.3 to 0.7. The size ratio at the end of the tests, h/D, did not 

exceed 0.5. 

The basic definitions of water content, w, dry density, γd , and saturation ratio, Sr , are given 

by Eqn. 2.2, Eqn. 6.2 and Eqn. 6.3 respectively: 

 𝑤 = 𝑚𝑤/𝑚𝑑 Eqn. 6.1 

 𝛾𝑑 = 𝑚𝑑/𝑉 Eqn. 6.2 

 𝑆𝑟 = 𝑉𝑤/𝑉𝑣 Eqn. 6.3 

where 

 mw is the mass of moisture in the soil sample, 

 md is the dry mass of the soil sample, 

 V is the volume of the soil sample, 

 Vw is the volume of water in the soil sample, and 

 Vv is the volume of voids in the soil sample. 

Void ratio, e, is given by the general definition: 

 𝑒 = 𝑉𝑣/𝑉𝑠 Eqn. 6.4 

where Vs is the volume of solid particles in the soil sample. Void ratio, dry density and satura-

tion are related through Eqn. 6.5 and Eqn. 6.6: 

 𝛾𝑑 = 𝐺𝑠

1

1 + 𝑒
∴ 𝑒 =

𝐺𝑠

𝛾𝑑
− 1 Eqn. 6.5 

 𝐺𝑠𝑤 = 𝑆𝑟𝑒 ∴ 𝑆𝑟 = 𝐺𝑠𝑤/𝑒 Eqn. 6.6 

The initial gravimetric water content was estimated from the excess soil sample prepared 

for each test (trimmings). Three batches of trimmings of approximately 20g each were taken 

before setting up each soil sample in the oedometer. Water content is calculated as the aver-

age ratio of mass of moisture over dry mass for each trimmings sample (forward calculation, 

wi (f.calc)). The initial water content was also back-calculated (wi (b.calc)) from the initial wet 

mass of the soil sample before installation, and the dry mass of the extracted soil sample at 

the end of the test.  

For the pre-consolidated sample, KSS-50-01, there is a significant difference between for-

ward and backward calculation of water content. Possible sources of error in the calculation of 

water content from the trimmings (‘forward calculation’) include uneven distribution of water 
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content in the consolidated cake and delay in water content measurements after trimming the 

sample. The initial saturation of 135% for sample KSS-50-01 suggests errors in the calculation 

of the initial water content, or in the measurement of sample height, therefore the backward 

calculation is selected for calculations. The water content of all other samples is the same for 

forward and backward calculations.  

Figure 6.1 presents the change in void ratio for each sample at the end of each consolidation 

stage, against the logarithm of the applied vertical stress. The compression lines for the recon-

stituted samples consolidated in the hS-C oedometer represent the virgin compression lines 

(VCL). With the exception of KSS-70-03, the VCLs of all remaining samples agree well for ver-

tical stresses higher than 150 kPa. KSS-70-01 and KSS-70-04 demonstrate a high initial com-

pressibility (for vertical stresses lower than 150 kPa) which may be due to air being present in 

the slurry (see discussion on preparation at the end of the section). The pre-consolidated sam-

ple KSS-50-01 has a bilinear response, with compressibility increasing after 200 kPa, in accord-

ance with the pre-consolidation load, approaching the virgin compression line. It is unclear 

why the compression line for KSS-70-03 lies below the VCL. The difference is about of 100 kPa, 

and it is possible that it is an effect of the reduced side friction, compared with samples of 

higher H/D ratios. Additional error may be contributed by the surface of the slurry not being 

completely flat at the start of the test and air being trapped in between the samples and the 

top cap (see discussion on preparation at the end of the section). The slope of elastic swelling 

upon unloading is similar for all samples, regardless of the maximum applied load. 

The compression index, Cc, shown in Table 6.2, was calculated disregarding the part of the 

compression lines corresponding to vertical stresses lower than 150 kPa. The compression in-

dex has an average value of 0.22. 

Figure 6.2 presents the compression lines in the e-logp space, where the mean effective 

stress, p’, is calculated as: 

 𝑝′ =
(𝜎′1 + 𝜎′2 + 𝜎′3)

3
=

𝜎′1 + 2𝜎′3

3
=

𝜎′1(1 + 2𝛫𝜊)

3
 Eqn. 6.7 

The value for the coefficient of lateral earth pressure at rest, K0, is adopted from Rossato et al. 

(1992) as 0.585. The virgin compression lines of KSS samples obtained by Rossato et al. (1992) 

are also presented in Figure 6.2 in the form of shaded area. 
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Figure 6.1. Compression of KSS samples in e – log σv space. KSS-50 pre-consolidated at 200 kPa, KSS-70 from slurry. 

 

Figure 6.2. Compression of KSS in the e - log σv space, with data from Rossato et al. (1992) 
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The reference test has lower compressibility (Cc=0.198) compared to the samples in the pre-

sent study. Rossato et al. (1992) mention that the compressibility index of kaolin mixtures is 

affected mainly by the percentage of kaolin in the mix and attribute small variations among 

samples to different initial void ratio. Considering that the KSS of the present study is prepared 

independently and taking into account possible variation in the properties or quantities of the 

constituents, the observed variation between the reported results is negligible.  

This exercise highlighted the difficulties in preparing samples in the new hS-C oedometer. 

The first issue is the absence of a cutting ring. Without the cutting ring it is extremely difficult 

to trim a sample from a pre-consolidated soil cake to fit in the ring without causing significant 

disturbance to the soil sample. A second issue arises when preparing reconstituted samples 

from slurry. Because the height of the confining ring significantly exceeds the initial height of 

the prepared soil sample, it is extremely difficult to make the surface of the slurry even before 

lowering the top cap. As a result, the risk of air pockets being trapped during preparation of 

the soil sample is high. A levelling blade could be used to assist in levelling the slurry surface 

prior to testing, subtracting the mass of soil adhering to the tool from the mass of the soil 

sample. The advantages of having such a high confining ring is that soil samples can be pre-

pared at a wide range of size ratios with no modification to the ring. 

Despite the drawbacks in sample preparation, the volumetric response of KSS was captured 

well during both loading and unloading, with the compression lines of samples compacted in 

the new hS-C oedometer (KSS-70-01, KSS-70-04) being in agreement with the results from the 

conventional oedometers (KSS-50-01, Rossato et al. (1992)). The dry mass of the soil in the 

oedometer was accurately measured. The fixed connection of the top cap to the loading rod 

allowed for a tight fit of the top cap and the porous stones within the confining ring, minimis-

ing soil losses during compression. Additionally, evaporation of water from the soil sample is 

minimised as the oedometer is sealed, apart from for the base and top-cap perforations. Fur-

thermore, the effect of side friction is reduced, as samples can be prepared at low H/D ratios. 

Finally, the top and base perforations provided sufficient drainage for the dissipation of pore 

pressure. 

6.4.2 Yellow bentonite 

The expansive commercial bentonite was obtained in powder form. It has a liquid limit, wL, of 

335% (obtained with the small cone penetrometer), a plastic limit, wP, of 52% and a specific 
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gravity, Gs, of 2.78. The optimum water content for heavy dynamic compaction is approxi-

mately 28% (Dennison, 2016). 

Five soil samples were compacted in the new hS-C oedometer. An additional sample was 

prepared in the conventional oedometer for comparison and validation of the results from the 

hS-C oedometer. Samples were prepared at initial water contents both dry and wet of opti-

mum. Samples YB-50-01, YB-70-02 and YB-70-03 were prepared wet of optimum at an initial 

water content of 33% by mixing the required mass of water in the soil and sealing it for be-

tween one to seven days. Samples YB-70-03, YB-70-05 and YB-70-06 were placed in the oe-

dometer at a hygroscopic water content of 13.6%, dry of optimum, as described in Table 6.3. 

Soil was placed in the oedometer in powder form. The mass of the soil installed in the cell 

was measured both before and after the test. The porous stones were air-dried prior to the 

insertion of the soil. Filter papers were inserted between the soil sample and the porous stone 

to prevent migration of soil particles into the coarse porous stones. Silicon grease was applied 

on the inner wall of the oedometer ring to reduce side friction. The samples were compacted 

at a rate of 0.02 mm/min. A maximum compaction load of 4.5 MPa was maintained for 24 

hours before unloading. 

The samples were further exposed to RH vapour to control suction during the compression 

stage. Sample YB-70-01 was subjected to 15% RH, sample YB-70-05 to 40% RH, sample YB-

70-06 to 65% RH. The corresponding suction was derived from the RH of the vapour circulated 

around the sample using the psychrometric law (refer to Chapter 4). It is worth noting that the 

water content of sample YB-70-05 decreased slightly during compaction, while that of samples 

YB-70-06 and YB-70-01 exhibited a significant change, suggesting that the suction corre-

sponding to the hygroscopic water content is slightly lower than the one applied on sample 

YB-70-05. Samples YB-70-02 and YB-70-03 were tested at their initial water content. The water 

content at the end of compaction is also reported in Table 6.3. 

The compacted height of the soil samples is measured after allowing elastic swelling due to 

unloading at the end of compaction. It varied from 10.3 mm to 17.1 mm, giving a size ratio 

between 0.17 and 0.25. Dry density, void ratio and degree of saturation at the end of compac-

tion are calculated using Equations 6.2, 6.5 and 6.6 respectively. As the main objective of the 

research was to develop the new equipment, there were no further fabric studies performed 
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on the soil samples, there is no distinction between intra- and inter-aggregate porosity. The 

properties of the compacted samples are presented in Table 6.3. 

Table 6.3. Properties of compacted ‘yellow’ bentonite samples. 

Sample ID σv,max wini wfinal h ρd e Sr Cc RH  Total suction1 

 (MPa) (%) (%) (mm) (t/m3)    (%) (MPa) 

YB-50-01 4.5 33.9 32.2 10.34 1.44 0.92 0.97 0.92 n/a - 

YB-70-01 4.5 33.6 6.1 13.41 1.58 0.74 0.10 0.91 15 257 

YB-70-02 4.5 33.1 33.1 15.63 1.46 0.90 1.02 0.77 n/a - 

YB-70-03 4.5 13.6 13.6 11.93 1.39 1.00 0.38 0.47 n/a - 

YB-70-05 4.5 13.6 13.1 17.09 1.37 1.02 0.37 0.48 40 124 

YB-70-06 3.0 13.6 16.4 16.73 1.27 1.18 0.39 0.55 60 69 
1Estimated from psychrometric law 

Figure 6.3 presents the void ratio response during compaction of the yellow bentonite sam-

ples against the logarithm of the applied vertical stress. The initial high compressibility of sam-

ples YB-70-05 and YB-70-06 below 56 kPa is attributed to the uneven initial distribution of 

bulk soil powder in the oedometer cell. The void ratio at 56 kPa seems to be higher with in-

creasing water content. A compression index, Cc, of yellow bentonite was calculated as the 

average change in void ratio for the load step 56 kPa to 4,500 kPa. The calculated compression 

index is included in Table 6.3.  

Changes in void ratio during compaction of unsaturated samples are attributed to the re-

duction of the inter-aggregate pore space. With increasing water content and reducing suction 

the radius of the menisci increases, resulting in higher compressibility closer to saturation. This 

can be confirmed in Figure 6.3 at loads below 1000 kPa, where plots of higher water content 

have larger slopes. The change in void ratio for samples YB-70-03, YB-70-05 and YB-70-06 

plots as a straight line in the semi-logarithmic plot, as expected for virgin compression lines. 

However, the plots for samples YB-50-01 and YB-70-02 have an S-shape, with the slope in-

creasing at 200 kPa and reducing again after 1000 kPa. The S-shape indicates saturation of the 

samples at high loads, with compressibility decreasing as there is no more air in the void space. 

The compaction curve for yellow bentonite at 4.5 MPa static load is presented in Figure 6.4, 

along with compaction curves for static loads of 0.5 MPa, 1 MPa 1.5 MPa (Liang, 2016), and 

the compaction curve for heavy dynamic compaction (Dennison, 2016). For static compaction 

tests at 0.5, 1 and 1.5 MPa the optimum water content seems to occur at a degree of saturation 

of 80%. Based on this observation, the optimum water content at 4.5 MPa may be expected at 
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around 28% water content. It is interesting to note that the dry density of soil samples com-

pacted through heavy dynamic compaction is similar to the dry density of soil samples com-

pacted statically at 4.5 MPa at the higher end of water contents tested with static compaction, 

and therefore a similar optimum water content may be assumed. 

The compaction of yellow bentonite in the hS-C oedometer has been proven to be a con-

venient method for compacting fine soils, while the integration of the humidity generator al-

lows for compaction under constant suction. Judging from the presented results, a static load 

of 4.5 MPa provides an equivalent degree of compaction to heavy dynamic compaction. Even 

higher dry densities could be obtained with the hS-C oedometer since it has a maximum ca-

pacity of 18 MPa of axial load. 

 

 
Figure 6.3. Semi-logarithmic plot of void ratio versus vertical stress during compaction of 'yellow' bentonite samples 
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Figure 6.4. Optimum water content for 'yellow’ bentonite. 

6.4.3 Wyoming bentonite 

6.4.3.1 Samples 

Wyoming bentonite samples were compacted from powder, using the 38-mm diameter high 

capacity oedometer and the 70-mm hS-C oedometer. Series Wy-38 aimed to obtain the max-

imum dry density that could be obtained for Wyoming bentonite in the laboratory with the 

current compaction equipment, while series Wy-70 investigated the maximum dry density that 

could be achieved for Wyoming bentonite with the new hS-C oedometer. Some of the samples 

in Wy-70 series were subsequently used in wetting tests, as described in Table 6.1. 

Soil was placed in the oedometer in powder form. Wyoming bentonite is used at the re-

ceived PSD, except from sample Wy-70-16 which was ground to 212 μm. The physical prop-

erties of Wyoming bentonite are given in Chapter 3. The mass of the soil installed in the cell 

was measured both before and after the test. The porous stones were air-dried prior to the 

insertion of the soil. Filter papers were inserted between the soil sample and the porous stone 

to prevent migration of soil particles into the coarse porous stones. Silicon grease was applied 

on the inner walls of the oedometer ring to reduce side friction. For the hS-C oedometer, the 
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samples were compacted at a rate of 0.02 mm/min. The maximum compaction load was main-

tained for 24 hours before unloading. A maximum vertical stress of 26 MPa was applied to 

each of the Wy-38-01 to Wy-38-08 samples, while samples Wy-70-01 to Wy-70-18 were com-

pacted to a maximum vertical stress of 17 MPa. 

The initial height before compaction depended on the water content and the initial place-

ment of bentonite powder in the confining ring, and therefore could not be pre-determined. 

Instead, the initial mass of the sample was predetermined to be approximately 50 g and 100 

g of bentonite, resulting in compacted sample heights of approximately 7 mm and 12 mm 

respectively in the hS-C oedometer, and approximately 35 g resulting in sample heights of 

approximately 15 mm in the 38-mm diameter high capacity oedometer, as described in Table 

6.4.  

Different initial water contents were obtained either by leaving the soil in the desiccator at 

controlled RH (samples Wy-38-03, Wy-38-04, Wy-38-05, Wy-70-05, Wy-70-07, Wy-70-08 and 

Wy-70-13), or by mixing the soil with water and sealing it for two weeks (samples Wy-38-06, 

Wy-38-07, Wy-38-08, Wy-70-02 and Wy-70-03). The rest of the samples were compacted at 

their hygroscopic water content (w0=10.8%-11.2% depending on the storage conditions of the 

soil before testing). 

In addition to the compacted samples, a reconstituted sample (Wy-50-01) was obtained 

from slurry. The slurry was prepared at a water content of 1.5 times the liquid limit, i.e. 

wi=580%, which is higher than the 1.25 times used for the rest of the reconstituted samples. 

The slurry was placed carefully into the 50-mm diameter mould of the conventional oedometer 

and was gradually loaded to 400 kPa. The test was performed by Lobwein (2018), but post-

processing of the results presented in the current chapter was made by the Author.  

The initial water content was estimated both before the test with forward calculation from 

bulk material and, where possible, with back-calculation from the dry mass of the sample at 

the end of the test. The water content at the end of compaction was not measured for those 

samples that were subjected to further testing. Dry density, void ratio and degree of saturation 

at the end of compaction are calculated using Equations 6.2, 6.5 and 6.6 respectively. A sum-

mary of the initial water content and the RH during preparation is presented in Table 6.4, along 

with the properties of the compacted samples. 
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Table 6.4. Properties of compacted Wyoming bentonite samples. 

Sample ID  σv,max RH (prep.) 

wi 

(f.calc) wi (b.calc) wfinal h h/D ρd e Sr 

 (MPa) (%) (%) (%) (%) (mm)  (t/m3)   

Wy-38-01 26 - 11.03 - 11.03 14.86 0.30 1.80 0.51 0.59 

Wy-38-02 26 - 11.03 - 10.79 15.53 0.31 1.79 0.53 0.56 

Wy-38-03 26 50 11.50 - 11.20 15.71 0.31 1.77 0.54 0.57 

Wy-38-04 26 80 16.59 - 15.30 14.79 0.30 1.82 0.50 0.83 

Wy-38-05 26 65 13.36 - 13.12 15.26 0.31 1.78 0.54 0.67 

Wy-38-06 26 (w)2 24.82 - 22.46 12.11 0.24 1.69 0.62 1.00 

Wy-38-07 26 (w) 2 24.52 - 17.36 12.00 0.24 1.81 0.51 0.93 

Wy-38-08 26 (w) 2 18.55 - 15.73 14.06 0.28 1.78 0.53 0.81 

Wy-70-02 17 (w) 2 24.82 25.12 17.42 11.68 0.17 1.74 0.57 0.84 

Wy-70-03 17 (w) 2 18.57 19.11 17.04 13.20 0.19 1.66 0.64 0.72 

Wy-70-04 17 - 11.10 11.60 - 6.52 0.09 1.75 0.56 0.54 

Wy-70-05 17 65 13.45 15.64 - 6.94 0.10 1.70 0.61 0.60 

Wy-70-06 17 - 11.15 12.20 - 6.52 0.09 1.78 0.53 0.57 

Wy-70-07 17 80 16.37 17.66 17.30 7.14 0.10 1.60 0.70 0.64 

Wy-70-08 17 80 16.37 17.89 - 7.12 0.10 1.62 0.69 0.65 

Wy-70-10 17 - 10.80 12.52 - 6.98 0.10 1.70 0.60 0.57 

Wy-70-11 17 - 10.80 14.32 - 6.72 0.10 1.73 0.58 0.60 

Wy-70-12 17 - 11.13 13.27 - 6.72 0.10 1.72 0.59 0.52 

Wy-70-13 17 35 8.74 8.43 - 7.07 0.10 1.71 0.59 0.40 

Wy-70-14 17 - 11.00 12.58 - 6.61 0.09 1.78 0.53 0.56 

Wy-70-15 17 - 11.00 11.27 - 6.83 0.10 1.73 0.58 0.52 

Wy-70-161
 17 - 9.34 10.48 - 12.31 0.18 1.86 0.47 0.55 

Wy-70-17 17 - 11.11 14.00 - 6.85 0.10 1.70 0.60 0.50 

Wy-70-18 17 - 9.14 9.15 - 7.12 0.10 1.68 0.62 0.40 

Wy-50-013 0.2 - 569.3 - 286.4 19.15 0.38 0.16 15.88 1.00 
1Fine fraction, ground and sieved to 212 μm. 
2Samples were mixed with water and sealed for two weeks 
3Reconstituted sample 

A few issues were identified during compaction of Wyoming bentonite in the 38-mm diam-

eter high capacity oedometer. First, the gap between the porous stone and the confining ring 

is too large for fine soils, resulting in some material being extruded out through the side of 

the top cap. The loss was excessive during consolidation of saturated samples (Wy-38-06), 

prohibiting any meaningful estimation of void ratio during compaction. Furthermore, water 

content could not be back-calculated, since the dry mass of the soil changed. Finally, the sam-

ples were subjected to evaporation, as the cell was not sealed during compaction. On the other 

hand, compaction in the hS-C oedometer did not suffer from any of these issues, while allow-

ing for a size ratio of 0.1, further reducing the effects of side friction. 
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6.4.3.2 Initial suction of samples 

A scanning retention curve can be derived from the Wyoming bentonite batches treated in 

the RH desiccators before compaction. Assuming identical initial conditions at hygroscopic 

water content for all batches, a scanning retention curve is obtained by plotting the water 

content after treatment of each batch at the corresponding suction. The curve obtained is 

presented in Figure 6.5 and is used to estimate the initial suction of all samples based on their 

initial water content. The scanning curve coincides with the drying curve for MX80 bentonite 

powder, as reported by Wadso et al. (2004). In Chapter 7 it is shown that the retention curve 

of bulk soil powder batches lies below the retention curve of compacted samples. The reten-

tion curve of a compacted sample with an initial void ratio of 0.56 is repeated here in Figure 

6.5 from Chapter 7 for reference. Since compaction is performed under constant water content, 

an upper boundary of suction for soil samples compacted to similar dry density can be ob-

tained from the drying path of the compacted sample.  

 
Figure 6.5. Estimation of suction during compaction for sample Wy-70-14 

6.4.3.3 Optimum water content 
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same soil by Pelletier (2017). For a static compaction stress of 17 MPa, the optimum water 

content obtained with the new hS-C oedometer was found at 12% with an average maximum 

dry density of 1.75 t/m3. Conveniently, the optimum water content coincides with the hygro-

scopic water content under ambient conditions in the laboratory, reducing significantly the 

required preparation time. 

The compaction curve at 26 MPa static stress (38-mm oedometer) indicates a small peak at 

15% water content, with an average value of maximum dry density of 1.8 t/m3. The increase in 

dry density (from 1.75 t/m3 to 1.80 t/m3) is small compared to the increase in the applied stress 

(17 MPa to 26 MPa). As there are small soil losses during compaction in the 38-mm oedometer, 

it is likely that the maximum dry density under 26 MPa for the Wyoming bentonite is under-

estimated. Compaction of MX-80 samples at 25 MPa by Johannesson et al. (1995), however, 

resulted in dry densities similar to the ones obtained for 17 MPa in the new oedometer. 

The maximum dry density obtained by static compaction at 7.6 MPa in the conventional 50-

mm oedometer was significantly lower, at 1.5 t/m3.  

 
Figure 6.6. Dry density of compacted MX80 samples under four static compaction loads. 
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Compaction of sample Wy-70-16, which was ground and sieved prior to compaction, gave 

a dry density of 1.86 t/m3. The increase of 0.1 t/m3 compared to the maximum dry density of 

the as-received samples (Wy-70-04, Wy-70-06, Wy-70-14, Wy-70-15) may be attributed to the 

finer particle size distribution of sample Wy-70-16, and possibly to the exclusion of non-mont-

morillonite impurities due to sieving. The point coincides with the compaction curve for 

SPV200, measured by Johannesson et al. (1995). Further evidence of particle size effects is 

considered in Chapter 3, where tests reported in the literature, comparing the otherwise iden-

tical MX80 and SPV200 bentonites, are discussed. 

6.4.3.4 Volumetric response 

The volumetric response of Wyoming bentonite during the compaction stage is presented in 

the semi-logarithmic space of e-logσv in Figure 6.7. The curves are grouped by initial water 

content. Each of the subfigures in Figure 6.7 presents the volumetric response of all Wyoming 

bentonite samples in grey colour, with only the response of the samples with the indicated 

water content highlighted in black colour. This representation allows for a comparative exam-

ination of each set of samples to the rest of the test data. 

The position of the e-logσv curve, i.e. the void ratio during compaction, depends on the 

water content, rather than the initial density during placing of the material in the oedometer. 

At maximum load, samples at optimum water content have the lowest void ratio, as expected. 

The volumetric response seems to be bi-linear in the semi-logarithmic scale shown in Figure 

6.7, with the slope increasing after a transition stress, σv,t. Since all samples are compacted in 

place, the observed behaviour corresponds to virgin loading and therefore the transition stress 

cannot be associated with a yield stress. A compression index, Cc1, is used to describe the slope 

before the transition and a compression index, Cc2, is used to describe the slope after the 

transition. The index is defined as: 

 𝐶𝑐 = −
Δ𝑒

Δ log(𝜎𝑣)
 Eqn. 6.8 

It is worth mentioning that Cc is usually calculated for saturated conditions. In this case, it is 

applied in unsaturated conditions, and therefore the definition given above may not be theo-

retically sound, however it was chosen as a convenient tool to describe the observed patterns 

during compaction. It is possible to examine the compressibility of unsaturated soils with re-

gards to the generalised effective stress, however no such attempts have been made here. 
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Compression index Cc1 is calculated for load levels between 0.01 and 1 MPa and compres-

sion index Cc2 for load levels between 1 and 10 MPa. The values of the compression index are 

presented in Table 6.5, along with the transition stress. 

Table 6.5. Compression parameters for compacted Wyoming bentonite samples. 

Sample ID Final w/c Cc1
 Cc2

 

Transition 

stress, σv,t 

 (%)   (MPa) 

Wy-38-01 11.03 0.484 0.675 1 

Wy-38-02 10.79 0.355 0.622 1.1 

Wy-38-03 11.20 0.387 0.635 1.1 

Wy-38-04 15.30 0.619 0.588 0.5 

Wy-38-05 13.12 0.447 0.649 0.8 

Wy-38-07 17.36 0.703 0.633 0.4 

Wy-38-08 15.73 0.677 0.629 0.4 

Wy-70-02 17.42 0.388 0.672 1.1 

Wy-70-03 17.04 0.360 0.656 0.2 

Wy-70-04 11.10 0.204 0.600 0.9 

Wy-70-05 13.45 0.155 0.711 0.5 

Wy-70-06 11.15 0.298 0.626 1.1 

Wy-70-07 16.37 0.354 0.624 0.3 

Wy-70-08 16.37 0.408 0.667 0.3 

Wy-70-10 12.60 0.179 0.678 0.9 

Wy-70-11 12.60 0.323 0.676 1 

Wy-70-12 11.13 0.278 0.672 1 

Wy-70-13 8.74 0.272 0.729 0.65 

Wy-70-14 11.00 0.316 0.714 0.9 

Wy-70-15 11.00 0.235 0.678 0.9 

Wy-70-16 9.34 0.414 0.568 - 

Wy-70-17 11.11 0.243 0.703 0.8 

Wy-70-18 9.14 0.244 0.654 1.2 

 

Figure 6.7B presents the void ratio change for Wyoming bentonite samples compacted in 

the 38-mm high-capacity oedometer at an initial water content of 11%. The initial void ratio 

of samples Wy-38-01, Wy-38-02, Wy-38-03 and Wy-38-05 is lower than the void ratio of sam-

ples compacted at different water content. The compression index before transition is also 

lower. After the transition, void ratio plots above the other samples, suggesting lower dry den-

sity. Figure 6.7E presents the void ratio change for Wyoming bentonite samples compacted in 

the 38-mm high-capacity oedometer at an initial water content of 15%. Samples Wy-38-04 

and Wy-38-08 start from higher void ratio than samples compacted at 11% water content, 

however are denser after the transition stress. This behaviour is also depicted in Figure 6.6, 
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where the compaction curve for 26 MPa has an optimum water content of approximately 15%. 

Void ratio values at vertical stresses between 30 kPa and 1000 kPa were not recorded for sam-

ples Wy-38-01 to Wy-38-05 and therefore the response during compaction at stresses below 

the transition stress is not well defined. 

Figure 6.7A presents the void ratio change for Wyoming bentonite samples compacted in 

the 70-mm hS-C oedometer at an initial water content of 9%, Figure 6.7C presents the void 

ratio change at an initial water content of 11%, Figure 6.7D presents the void ratio change at 

an initial water content of 13% and Figure 6.7F presents the void ratio change at an initial 

water content of 17%. As the samples in the hS-C oedometer were compacted at a constant 

displacement rate (approximately 0.02 mm/min) there are continuous readings of void ratio 

and stress.  

The differences between the responses of samples compacted at different water contents is 

not as evident as it was during compaction of the yellow bentonite. Most samples plot close 

to each other, especially after the transition stress. The only trend that can be observed is the 

higher initial void ratio for samples compacted at high water content (Wy-70-02 and Wy-70-

03).  

The compressibility of the fine bentonite sample, Wy-70-16, is compared in Figure 6.8 

against the samples compacted as received, and in Figure 6.9 against virgin compression of 

reconstituted samples. The reduction of void ratio is linear with the logarithm of vertical stress, 

unlike granular samples, with the fine sample also having a lower void ratio (higher dry density) 

throughout the compaction process. This resistance to compaction of the granular samples 

could be an indication of the shear resistance of the clay aggregates, with the transition stress 

corresponding to yielding of the aggregates (similar to high compression of sands). Although 

the fine material is expected to result in bimodal pore distribution upon compaction, as the 

water content is dry of optimum, the linear reduction of void ratio with compaction load sug-

gests that either aggregates have not formed, or that they do not yield during the compaction 

process. The slope of the compaction curves of the aggregated and the fine samples converges 

at loads higher than 10 MPa, suggesting that the bulk stiffness of the samples is governed by 

the same mechanisms within the two materials. Marcial et al. (2002) suggested that compres-

sion of saturated swelling clays at loads above 2 MPa is related to expulsion of adsorbed water 
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from the intraparticle void space. The convergence of the compression curve of the reconsti-

tuted soil with the compacted sample in Figure 6.9 at high loads is an indication that the com-

paction of the fine bentonite powder is dominated by the compression of the microstructure. 

The dependency of transition stress and compression index on water content is summarised 

in Figure 6.10 and in Figure 6.11 respectively. The transition stress seems to have a maximum 

value (1100 kPa) near the optimum water content and decreases linearly as water content 

increases. The plot in Figure 6.11 shows that the compression index Cc2 after the transition 

stress is essentially constant with water content, in agreement with Figure 6.7. There is also no 

clear trend between compression index Cc1 before transition and water content for compaction 

in the hS-C oedometer, however it seems that Cc1 increases linearly with increasing water con-

tent for compaction in the 38-mm oedometer, as was also evident in Figure 6.7. 

In summary, the volumetric response of Wyoming bentonite during compaction in terms of 

void ratio and the logarithm of vertical stress can be approximate by a bi-linear curve, with the 

compression index increasing by approximately a factor of 2 after the transition stress. The 

slope of this curve remains constant after the transition stress, independently of the equipment 

used to compact the soil sample. On the other hand, the initial void ratio seems to depend on 

the water content, rather than the careful placement of powder in the cell. 

Although this behaviour may be associated with suction, it cannot be related to it here as it 

is not possible to have continuous measurements of suction within the sample. An estimation 

of suction through water-retention curves for this soil is also problematic as suction depends 

on both saturation and void ratio, and there are significant void ratio changes during compac-

tion. Furthermore, the soil fabric is expected to change during compaction, introducing further 

difficulties in the application of SWRC. 

Finally, the response captured during compaction with the hS-C is more reliable than the 

response obtained with the 38-mm oedometer due to the minimisation of soil loss, which 

means a more accurate measurement of the dry mass of the sample is possible and allows for 

safe backward calculation of the initial water content, leading to a more accurate estimation 

of void ratio. 
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Figure 6.7. Semi-logarithmic plot of void ratio, e, versus vertical stress, σv, during compaction of Wyoming bentonite 

samples. 
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Figure 6.8. Semi-logarithmic plot of void ratio, e, versus vertical stress, σv, for Wyoming bentonite. Comparison 

between ground-and-sieved sample and samples at original particle size distribution (PSD).  

 

Figure 6.9. Comparison between virgin compression of reconstituted samples and compaction of powder sample 

(Wy-70-16) of Wyoming bentonite. 
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Figure 6.10. Dependence of transition stress on water. 

 
Figure 6.11. Dependence of compression index on water before (Cc1) and after (Cc2) transition stress. 
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6.4.3.5 Consolidation 

Another aspect of volumetric behaviour examined in the new hS-C oedometer was the subse-

quent consolidation of the compacted samples Wy-70-05, Wy-70-06 and Wy-70-12, which 

were first wetted to full saturation (the wetting stage of the tests is presented and discussed 

in detail in Chapter 8), and unloaded before the consolidation stage. The coefficient of con-

solidation, cv, was calculated using the t90 and the t50 method (Head, 1998). As an example of 

the calculation process for sample Wy-70-12 is presented in Figure 6.12 and Figure 6.13.  

The coefficient of permeability, k, was calculated based on the values of cv and mv for each 

sample (Table 6.6). It should be noted, however, that the void ratio values of samples Wy-70-

05 and Wy-70-06 are not representative, as the samples were not allowed to swell before 

reloading. The coefficient of permeability is presented against void ratio in Figure 6.14, along 

with the permeability calculated for a reconstituted sample, and values reported by Marcial et 

al. (2002) on the similar MX80 Wyoming bentonite. It should be noted that for the reconsti-

tuted sample, each consolidation step was maintained for only 24 hours. Although this did not 

affect the t90 calculation, the start of secondary consolidation was not always clear, resulting in 

underestimation of t50.  

The data from literature seem to be in agreement with the reconstituted material, and fur-

thermore, with the consolidation stage performed in the new hS-C oedometer. This proves 

that saturation is possible in the new cell, by switching the access tubes from the humidity 

generator to a distilled water column. 

Table 6.6. Calculation of consolidation parameters for Wyoming bentonite 

 

Sample ID mv t50 t90 𝐻 ̅    cv, av k 

 m2/MN min min Mm m2/year m2/year m2/year m/s 

Wy-70-05 0.010 89 253 7.20 0.015 0.020 0.018 5.4x10-14 

Wy-70-06 0.005 79 346 6.75 0.015 0.015 0.015 2.4x10-14 

Wy-70-12 0.033 289 1011 10.65 0.010 0.013 0.013 1.2x10-13 

LJ-Wy-50-01 20.50 168 729 18.78 0.055 0.054 0.054 3.4x10-10 

 20.73 190 740 18.15 0.045 0.049 0.047 3.0x10-10 

 16.03 151 625 17.48 0.053 0.054 0.053 2.7x10-10 

 14.33 157 552 16.41 0.045 0.054 0.049 2.2x10-10 

 11.45 163 552 14.74 0.035 0.044 0.039 1.4x10-10 

 7.76 160 666 12.40 0.025 0.026 0.025 6.1x10-11 

 4.84 165 620 9.72 0.015 0.017 0.016 2.4x10-11 

 2.82 160 576 6.89 0.008 0.009 0.008 7.4x10-12 

0.026�̅�2

𝑡50
 

0.111�̅�2

𝑡90
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Figure 6.12. Estimation of t90 from consolidation tests on Wyoming bentonite samples 

 

Figure 6.13. Estimation of t50 from consolidation tests on Wyoming bentonite samples 
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Figure 6.14. Permeability of Wyoming bentonite, calculated from cv, and comparison with MX80 bentonite (Marcial 

et al., 2002) 

6.4.3.6 Compression at constant suction levels 
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Wy-70-14 and Wy-70-17. Figure 6.15A and Figure 6.15C present the stress paths of samples 
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Figure 6.15D present the void ratio changes during the corresponding stress paths. As air pres-
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the actual suction change during compaction is not known. Further undrained compression 

would be expected to result in linear decrease in suction with load (Tang et al., 2008a; Tarantino 

& De Col, 2008). For simplicity in representation, suction is depicted constant during compac-

tion (although this is not correct). 

 

Figure 6.15. Determination of LC surface by means of compaction sequences at various constant suction levels. (A,B: 

Wy-70-14; C, D: Wy-70-17) 
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During compaction, the slope of void-ratio versus vertical stress increases after a vertical 

stress of 0.8-1 MPa. This stress is referred to as the transition stress. The soil samples are un-

loaded to a nominal stress of about 25 kPa after a maximum compressive load of 16 MPa is 

achieved.  

Subsequently, suction is reduced from about 100 MPa to s1 (63 MPa for Wy-70-14, 86 MPa 

for Wy-70-17) by circulating humid air (of 65% RH and 53% respectively) through the porous 

stones, using the humidity generator. The soil samples are allowed to swell before a compres-

sion is applied at a rate of 1000 kPa/day to a maximum compression load of 10,000 kPa (see 

Figure 6.16 for details of how void ratio changes during this and subsequent stages). The rate 

is slow enough to maintain constant suction at the top and bottom boundaries of the soil 

samples during compression. The first yield for Wy-70-14 occurs at a vertical stress of 2,600 

kPa, while for Wy-70-17 at 3,650 kPa. 

Subsequently, the samples are unloaded again to a nominal load of 25 kPa. Suction is then 

further reduced to s2 (22 MPa/85% RH for Wy-70-14, 39 MPa/75% RH for Wy-70-17). Com-

pression is applied again at the end of the swelling stage at a rate of 1,000 kPa/day to a max-

imum compression load of 10,000 kPa. A second yield occurs at a vertical stress of 1,600 kPa 

for Wy-70-14 and at 1,630 kPa for Wy-70-17, i.e. at lower vertical stresses than for the previous, 

higher suction level, as expected. 

The compression and the swelling indices for each suction level are presented in Table 6.7. 

It is confirmed that compressibility index Cc decreases with increasing suction, while Cs shows 

a much less obvious dependency on suction. This observation excludes the first compaction, 

where soil skeleton hasn’t formed yet, and air is extracted from the sample volume. The swell-

ing stages of all tests are presented and discussed in detail in Chapter 8. 

Figure 6.16 shows how the void ratio changes with applied suction during the same stress 

path. The starting point of the plots lies at its right side, for the initial suction of 100 MPa 

before compaction. All wetting paths take place under a nominal stress of 25 kPa. At the end 

of the first wetting stage to suction s1, the loading/unloading sequence takes place under 

constant suction. While unloading to nominal stress, a small increase in suction is observed, as 

shown in the Figure. The next wetting stage to suction s2 commences again under nominal 

load. The one-dimensional compressibility coefficient for suction changes can be calculated 
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by the slope of the curves during wetting stages (decrease in suction). The swelling stages of 

all tests are presented and discussed in detail in Chapter 8. 

 Table 6.7. Compression and swelling index dependence on suction 

Sample ID  Compaction Suction 

   86 MPa 63 MPa 39 MPa 22MPa 

Wy-70-14 Cc 0.702 - 0.113 - 0.317 

 Cs 0.012 - 0.013 - 0.017 

Wy-70-17 Cc 0.679 0.061 - 0.208 - 

 Cs 0.012 0.010 - 0.015 - 

 
Figure 6.16. Change in void ratio due to suction changes. 
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• high load capacity, i.e. ability to compact soil at high dry densities 

20 40 60 80 100

1.0

0.9

0.8

0.7

0.6

0.5

Boundary suction (MPa)

 Wy-70-14

 Wy-70-17

V
o

id
 r

a
ti

o
, 
e

compression

suction decrease

Loading to 

σv=10 MPa 

s1 

s2 

s1 

s2 



Page 236 of 359 Compaction tests 

Vasileios Mantikos  Imperial College London 

• sealed cell, i.e. no soil loss or evaporation during testing, while perforations at base 

and top cap allow for sufficient drainage 

• large diameter, i.e. small size ratio, reducing side friction and allowing compaction 

in a single layer 

• suction control through RH, i.e. application of unsaturated stress paths. 

Furthermore, it has been demonstrated that most aspects of volumetric behaviour in un-

saturated soils can be investigated, including: 

• virgin compression line 

• optimum water content and maximum dry density 

• consolidation 

• identification of yield stress for constant suction levels 

• compression and swelling index for constant suction levels 

• compressibility for suction changes. 

The main advantages of the equipment relate to the automatic actuator of the frame and 

the incorporation of the humidity generator described in Chapter 4. These two features are 

fully automated allowing the prescription of complex stress paths, controlling the volume, the 

axial stress and the suction of the soil sample. Finally, the operational range allows for its ap-

plication in the testing of expansive soils, especially within the framework of buffer design for 

nuclear waste disposal, where high levels of suction and high swelling stresses are expected. 

This is further demonstrated in Chapter 8. 
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Chapter 7: Determination of Soil Water Retention Curves 

7.1 Introduction 

In this chapter the newly-developed divided-flow humidity generator (dfHG) connected to the 

desiccators described in Chapter 4 is used to obtain the soil water retention curves (SWRC) for 

three soils. Through these tests it was possible to explore the different testing capabilities of 

the equipment and to establish a methodology for obtaining consistent results. The tests were 

accompanied by filter paper tests in order to identify patterns in the hydraulic behaviour of 

the soils. 

An SWRC provides a relation between the retained water in the soil (usually expressed as 

one of Sr,, w, or θ) and suction. The curve has long been linked to hydraulic flow in porous 

media. Briggs & McLane (1910) introduced the concept of moisture equivalent, Veihmeyer & 

Hendrickson (1931) developed it into the concept of field capacity and Richards & Weaver 

(1944) related it to soil tension. Later, the relation between water content and suction was used 

to derive the permeability of unsaturated soils (Childs & Collis-George, 1950; Mualem, 1976). 

Salter & Williams (1965) suggested that the moisture characteristics are dependent on the soil 

structure. 

Hysteresis in the water content between wetting and drying paths in granular unsaturated 

soils has been linked to the difference between the advancing and the retreating contact an-

gles of water at the interface of the menisci with the soil particles (Fredlund & Rahardjo, 1993). 

Mooney et al. (1952) investigated water adsorption and desorption for montmorillonite at low 

water contents, where crystalline water dominates over capillary water and found that the en-

ergy required to extract a water layer is higher than the energy required for hydration, explain-

ing hysteresis in clays.  

SWRCs have been shown to be hysteretic, non-linear, and also dependent on the pore-size 

distribution within the media (Romero et al., 2011), and therefore their modelling is not 

straightforward. The simplest method for obtaining SWRCs experimentally is by measuring the 

volume, mass and water content of soil samples at different suction levels. A combination of 

suction-control methods may be required to cover the entire range of suction from the air-

entry point to the residual saturation point of the investigated soil. Alternatively, it has been 

shown that it can be derived with varying degrees of success from the particle size distribution 
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for granular soils (Beckett & Augarde, 2013), or from the measured pore-size distribution for 

clays (Fredlund & Xing, 1994; Simms & Yanful, 2002; Romero & Simms, 2008). 

Further complexity and non-linearity is introduced when a bimodal void distribution and its 

evolution with suction are considered in compacted expansive soils. Romero et al. (2011) sug-

gested that the bimodal structure of fine soils compacted at water content dry of optimum 

reduces to a single-porosity structure upon saturation, however they observed that the double 

structure partly recovered after subsequent drying. On the contrary, observations by Seiphoori 

et al. (2014) suggest that the change in pore-size distribution of double-structured soils after 

saturation is irreversible. 

Early models have proposed a continuous empirical function for the description of the Sr-s 

relationship, with continuous slope to accommodate differentiation for estimation of flow, and 

implementation in numerical models (Mualem, 1976; van Genuchten, 1980). The primary dry-

ing and wetting curves are obtained by drying and subsequently wetting an initially saturated, 

reconstituted sample, each one requiring a different set of fitting parameters for the model 

equation. The expression is expanded to primary wetting and drying state surfaces in the Sr-s-

e space, to take into account the variation of saturation due to void ratio changes, as in Gallipoli 

et al. (2003). Tsiampousi et al. (2013) have proposed an equation for modelling scanning paths, 

beginning at intermediate initial states.  

Recent advancements approach developments of SWRCs for expansive soils by distinguish-

ing the retention properties of micro- and macroporosity. Numerically, such double-porosity 

flow models allow the simplification of the constitutive models for unsaturated expansive soils, 

reducing significantly the number of material parameters (Alonso et al., 2013), however, the 

laboratory determination of microstructure and its evolution during changes in suction is not 

straightforward.  

For simplicity, the present research provides a methodology for determining SWRCs for soils 

using the newly developed dfHG, assuming a single level of porosity within the soil samples. 

It is therefore possible to obtain the primary state surfaces, the air-entry suction value and the 

residual degree of saturation for expansive soils for suction levels up to 300 MPa (10% RH). 

Refinement of the method relates to the procedures followed for the soil sample preparation 

(including sample size, initial void ratio, initial water content and compaction), the conditions 
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during testing (including volume restriction, number of samples, size of suction increment, 

time allowed for equilibrium, mass measurement) and interpretation.  

7.2 Method 

7.2.1 Equipment 

In the following chapter, two methods are used for obtaining the SWRC; the filter paper tech-

nique (as outlined by Marinho & Oliveira (2006) and described in Appendix A) and the Vapour 

Equilibrium Technique, achieved through the humidity generator system described in Chapter 

4. 

The main equipment and materials for the filter paper method include the Whatman No 42 

filter papers (70-mm diameter), used air-dried directly from the box and trimmed to fit the 

diameter of the samples, and an electronic balance of 0.0001 g resolution with a sealed case. 

The high resolution of the scale is required to obtain accurate measurement of the water con-

tent of the filter papers. Finally, a vernier calliper and weighing scale are used to measure the 

dimensions and mass of the soil samples. 

Throughout the filter paper tests, manual handling of filter papers and soil samples was 

minimised. When necessary, filter papers were handled using tweezers and soil samples by 

wearing single-use vinyl gloves to prevent contamination, moisture migration and soil loss. 

For matrix suction measurements, Perspex discs facilitated intimate contact between the filter 

papers and the surfaces of the soil samples. For total suction measurements, perforated Per-

spex discs separated the filter papers from the soil samples. During the equilibration period, 

the samples were wrapped in three layers of cling film, placed inside two zipped bags kept 

within sealed containers away from direct sunlight. Filter papers were placed in zipped bags 

of known mass for mass measurements to prevent change in water content. Both filter papers 

and soil samples were oven-dried at 105˚C, placed in tin containers.  

The main equipment for the Vapour Equilibrium Technique is described in detail in Chapter 

4. An environment of constant relative humidity is created in the desiccators using the divided-

flow humidity generator. Volume measurements are taken with a vernier calliper and changes 

in water content are measured with a balance of 0.01 g precision. Where applicable, a constant 

volume cell was used to ensure that constant volume of the soil sample is maintained while 

absorbing moisture. As with the filter paper method, manual handling of the soil samples was 

minimised, but when was necessary it was performed wearing single-use vinyl gloves. Each soil 



Page 240 of 359 Determination of Soil Water Retention Curves 

Vasileios Mantikos  Imperial College London 

sample was placed on individual tin trays, ensuring that any material detaching from the sam-

ple due to brittleness of the soil during handling is included in the mass measurements. Soil 

samples were oven-dried at 105 ˚C at the end of the tests to obtain the dry mass and calculate 

the water content. 

7.2.2 Materials and preparation 

Three soils were tested in the context described above, a London Clay (LC), a commercial ex-

pansive bentonite referred to here as ‘yellow bentonite’ (YB), and the Wyoming bentonite (Wy) 

Bentosund A100 by Laviosa. The materials were selected so that they would present observa-

ble retention abilities in the operational range of the dfHG (30 MPa – 300 MPa). KSS, which 

was used in oedometer testing in Chapter 6, was not included in this investigation since the 

suction at residual saturation and at shrinkage limit is well below 30 MPa, and therefore out-

side the range of the humidity generator. 

The samples were tested at three different initial states:  

• reconstituted and consolidated;  

• compacted from powder; and  

• with no structure at all, as air-dried powder.  

Preparation of the soil samples included pre-treatment to obtain suitable “grain” size, ad-

justment of the water content, remoulding, consolidation and compaction. In the case of Lon-

don Clay, a procedure similar to the one followed by Monroy (2006) was followed to obtain a 

uniform powder from the original cores. The parent soil block is reduced by chopping to 2-3 

cm sized particles. The chopped clay is placed in a metal tray and oven-dried at 105oC for a 

day. The dried material is then ground in a mechanical pestle and mortar and sieved through 

a 425 μm sieve aperture to obtain dry clay powder. Yellow bentonite was already in powder 

form, while Wyoming bentonite was tested at the as-received PSD. 

Reconstituted samples were obtained by mixing the soil at water contents of 1.25 times the 

liquid limit wL. For London Clay this is w=1.25x0.8=1.0, for the yellow bentonite 

w=1.25x3.35=4.2 and for the Wyoming bentonite w=1.25x3.92=4.9. The water was gradually 

sprayed over the soil using a spray bottle for even water distribution while stirring it manually 

with two spatulas in a metal bowl. The soil was left to hydrate fully for 1 week in an airtight 

container away from direct sunlight. Several water content samples have been taken at the 

end of the hydration to confirm even distribution of water content.  
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The slurry was subsequently consolidated in a conventional 50-mm diameter oedometer 

mould. The inner walls of the mould had been treated with silicon grease, while the porous 

stones had been de-aired by submersion in de-ionised water under vacuum. Thin semi-per-

meable membranes were placed between the soil sample and the porous stones to ensure 

samples do not adhere to the porous stones. The installed soil mass was derived by weighing 

the container with the slurry before and after installing the soil in the mould and calculating 

the difference assuming that no soil or moisture losses occurred during the sample installation. 

The samples were allowed to settle for 30 minutes under the weight of the top cap, before 

increasing the load to 50 kPa for LC and YB, and to 25 kPa for Wy. The consolidation load was 

maintained for 1-3 days, until primary consolidation strains were concluded. 

In addition to the reconstituted samples, samples were compacted from powder under var-

ious static loads and at various initial water contents. The aim was to obtain different initial 

values of void ratio and evaluate the effect that void ratio has on the SWRC. The soil was mixed 

at the required water content and left in sealed containers to hydrate for two weeks prior to 

compaction. They were subsequently compacted in a single layer under static load. The static 

load was maintained for 24 hours to minimise the elastic rebound. Fragility of the soil samples 

increased for lower dry density and lower water content. Samples were extracted from the 

mould with extra care to avoid soil loss. Soil samples compacted at very low water contents 

tended to be too fragile to handle, with the sample edges often breaking. In these cases, the 

detached soil is kept in the tin tray with the rest of the soil sample, while the total volume is 

assumed to be of the intact cylinder. 

The dimensions and initial state of the samples are presented in Table 7.1 for London Clay, 

in Table 7.4 for yellow bentonite and in Table 7.6 for Wyoming bentonite. As in Chapter 6, the 

reference format for the different samples, is SOIL-D-S##, where: 

• SOIL is the abbreviation for the soil type (i.e. LC: London Clay, YB: yellow bentonite, 

Wy: Wyoming bentonite); 

• D stands for the diameter of the sample; 

• S stands for the initial state of the sample (i.e. R for reconstituted, C for compacted, 

P for powder), followed by a  

• sequence number. 
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The diameter of the soil sample also denotes the equipment used for its compaction, i.e. 38 

mm for the high capacity oedometer, 50 mm for the conventional oedometer and 70 mm for 

the new hS-C oedometer. When samples were tested in powder form, D has been omitted. 

Where a sample was prepared by other researchers, their initials precede the identification 

reference. 

7.2.3 Test method for developing SWRCs in desiccators 

The soil water retention curves for the soil samples were obtained by measuring the water 

content and dimension of the soil samples at different suction levels. Suction control was 

achieved by the Vapour Equilibrium Technique, placing the samples in one of the four desic-

cators (referred to as ChA, ChB, ChC, ChD) attached to the divided-flow humidity generator 

described in Chapter 4. A maximum of 8 samples were placed in a desiccator, with a maximum 

of four desiccators operating at a time individually. The prepared samples were placed on the 

middle shelf of the desiccators on tin trays. The target relative humidity, tolerance and control 

step were prescribed through the TRIAX data acquisition system, which evaluated the RH read-

ing in the desiccator and adjusted the wet/dry air ratio at the mixing valves accordingly. Each 

RH increment is maintained until suction equilibrium is achieved within the soil. However, since 

suction is not directly measured, it is assumed that equilibrium has been achieved when 

changes in mass over 24 hours are less than the resolution of the scale (0.01 g).  

Multiple samples could be placed in each desiccator. Initial water content was the same for 

all samples in the desiccator to avoid moisture exchange among samples. The samples were 

either identical, to provide statistically significant results, or prepared at variable initial void 

ratio, to accelerate the study of SWRC. Placing samples of different materials in the same des-

iccator was avoided as they require potentially different time for equilibration. The maximum 

number of samples is limited only by the diameter of the desiccator. Increasing the number of 

samples in the desiccator from four to eight delayed initial equilibration of RH in the desiccator 

by a few hours, however the delay is acceptable and negligible when compared to the time 

required for mass equilibration of the soil samples, which is usually more than 3 days.  

Most samples were tested under free swelling conditions. This allowed for both drying and 

wetting paths to be performed. The dimensions of the samples were measured along with 

mass measurements to determine void ratio and degree of saturation. Although the constant 

volume cell was available, it was not used for SWRC tests, as it was shown in Chapter 4 that 
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the required time to equilibrium is more than 14 days. The long time required for equilibrium 

would mean that a desiccator should be devoted exclusively to the constant volume cell. How-

ever, the number of available desiccators was limited as long-term calibrations of the capaci-

tance hygrometers were performed at the same time. Furthermore, constant volume condi-

tions in the cell would only be ensured during wetting paths. Finally, it was decided that it was 

preferable to use the desiccator to obtain more water retention curves of multiple samples. 

The drawback of not maintaining a constant volume was compensated by obtaining samples 

with a range of void ratios. 

7.2.4 Measurement methods 

The samples were removed from the desiccator to measure their mass and dimensions. The 

mass of the sample was measured on an external balance with a resolution of 0.01 g and a 

maximum capacity of 5 kg. It is assumed that the change in water content during the transfer 

from the desiccator to the scale is less than the resolution of the scale. The error is minimised 

by placing lids on the tins before measurement and limiting the transfer time to a few seconds.  

The height and diameter of each sample were measured after the mass measurement. Five 

readings were taken for each dimension using a vernier calliper. Soil samples were handled 

using plastic gloves and handling was minimised by placing them on a Perspex disc.  

The mass of each soil sample was measured again before returning it into the desiccator. 

The measurement procedure had a total duration of 3-5 minutes. The maximum difference in 

mass before and after the measurements was approximately 0.05 g at 90% RH, reducing to an 

average of 0.01 g at lower RH levels, which is equal to the resolution of the scale. For the 

smaller of the tested samples, the difference may amount up to 20% of the total water ex-

changed between two suction levels at low relative humidity levels. However, this temporary 

change during the measurements corresponds to vapour transfer at the surface of the soil 

samples and is immediately recoverable when the samples are replaced in the desiccator. 

Water content was calculated by measuring the dry mass at the end of the test, assuming 

no soil mass was lost during the test.  

 𝑤 =
𝑚 − 𝑚𝑡 − 𝑚𝑠

𝑚𝑠
=

𝑚 − 𝑚𝑡

𝑚𝑠
− 1 Eqn. 7.1 

where  m is the ‘wet’ sample mass including the tin tray 

  mt is the mass of the tin tray 

  ms is the mass of oven-dried samples at end of test 
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The uncertainty in mass measurements, u(mi), is assumed equal to half of the precision of the 

reading, i.e. 0.005 g. The uncertainty in water content measurement is: 

 

      𝑢(𝑤) = √(
𝜕𝑤

𝜕𝑚
)

2

𝑢2(𝑚) + (
𝜕𝑤

𝜕𝑚𝑡
)

2

𝑢2(𝑚𝑡) + (
𝜕𝑤

𝜕𝑚𝑠
)

2

𝑢2(𝑚𝑠) =

= √
1

𝑚𝑠
2 𝑢2(m) +

1

𝑚𝑠
2 𝑢2(𝑚𝑡) + (−

𝑚 − 𝑚𝑡

𝑚𝑠
2 )

2

𝑢2(𝑚𝑠) =

=
1

𝑚𝑠

√0.0052 + 0.0052 + (
𝑚 − 𝑚𝑡

𝑚𝑠
)

2

0.0052 =

=
0.005

𝑚𝑠
√2 + (w + 1)2 =

0.005

𝑚𝑠

√𝑤2 + 2𝑤 + 3 Eqn. 7.2 

 

  

The dry mass of the soil samples in the tests varied between approximately 15 g and 40 g, 

depending on the sample size. Therefore, the value of uncertainty in water content measure-

ments for this range of dry mass, as a result of the resolution of the balance, varies between 

Δw=±0.02% and Δw=±0.06%. 

Void ratio is calculated as: 

 𝑒 =
𝑉𝑣

𝑉𝑠
=

𝑉 − 𝑉𝑠

𝑉𝑠
=

𝑉

𝑉𝑠
− 1 =

𝜌𝑠

𝜌𝑑
− 1  Eqn. 7.3 

where  V is the total volume of the soil sample 

Vv is the volume of voids 

  Vs is the volume of the soil particles 

  ρs is the density of the soil particles, and 

  ρd is the dry density of the soil sample. 

Degree of saturation was calculated as: 

 𝑆𝑟 =
𝑉𝑤

𝑉𝑣
=

𝑚𝑤

𝜌𝑤

1

𝑉𝑣
=

𝑚𝑤

𝜌𝑤

1

𝑉𝑣

𝜌𝑠

𝜌𝑠
=

𝑚𝑤

𝜌𝑤

1

𝑉𝑣
𝜌𝑠

𝑉𝑠

𝑚𝑠
=

𝑚𝑤

𝑚𝑠

𝜌𝑠

𝜌𝑤

𝑉𝑠

𝑉𝑣
=

𝑤𝐺𝑠

𝑒
  Eqn. 7.4 

where  Vw is the volume of water 

  mw is the mass of water 

  ρw is the density of water 

  ρs is the density of the solid particles, and 

  Gs is the specific gravity. 

7.2.5 Equilibration time 

It has been suggested (Kröhn, 2005) that the main water transfer mechanism within fine soil 

samples is vapour diffusion, driven by differences in suction. For the purposes of this research, 
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water equilibration is assumed at the end of primary diffusion. The end of primary diffusion 

may be estimated by measuring the soil mass periodically, however frequent mass measure-

ments result in disturbance of the sample and destabilise the RH of the desiccator. 

The required time for equilibration of water mass in the soil samples at each RH increment 

was investigated at the early stages of this research. London Clay and yellow bentonite samples 

were placed in the desiccator at a controlled RH with mass measurements taken at intervals of 

12 hours. This information is useful to maximise the interval between measurements and there-

fore to reduce disturbance to the soil samples and the RH inside the desiccators. 

Mustaza (2015) performed such measurements on compacted London Clay samples, in-

creasing RH from 60% to 80% in steps of 5% RH. Figure 7.1 presents the change in mass during 

each increment, normalised over the mass of the soil sample at the end of the increment. He 

found that primary diffusion was complete in the soil samples he tested 3 days after the ap-

plication of the previous RH increment. The required time was found to be independent of the 

RH level. 

The required time was also estimated for the operational range of the humidity generator 

(10% to 80% RH) in both wetting and drying sequences. The wetting sequence was performed 

by Kirkham (2015) on a compacted London Clay sample (AK-LC-50-C8) under the supervision 

and guidance of the Author. The sample was initially oven-dried before being subjected to a 

sequence of increasing RH increments (0%, 10%, 20%, 30%, 45%, 60%, 70% RH) in the desic-

cator. The evolution of normalised mass on each wetting increment is presented in Figure 7.2. 

The individual series plot sufficiently close to be considered a single group of points, inde-

pendent of the RH level. The drying sequence was performed on three reconstituted samples 

(LC-50-R1, LC-50-R2, LC-50-R3) at decreasing RH increments (86%, 67%, 59%, 43%, 33%, 23%, 

12% RH). The evolution of normalised mass on each drying increment is presented in Figure 

7.3 for all three samples. Again, the individual series plot sufficiently close to be treated to-

gether as a single group of points. 

Figure 7.4 presents the change in mass for both increasing and decreasing sequences over 

the elapsed time in each RH increment, normalised over the mass at the end of the increment. 

With the exception of the initial step, which requires approximately 10 days for water mass 

equilibration, all intermediate increments require approximately 4 days to reach 95% of the 

final mass. In Figure 7.5 it shown that the rate of change in mass of the soil sample for the 
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same RH sequences reduces to 0.02 g/day after 4 days and to 0.01 g/day after 6 days, again 

with the exception of initial wetting/drying.  

Based on these results, equilibration time for London Clay samples for the purpose of sub-

sequent tests is assumed to be achieved at 95% of the final mass, after 4 days, when the rate 

of change in mass of the soil sample is 0.02g/day. Ten days are allowed for the first RH step 

when samples are dried from slurry or wetted after being oven-dried.  

 
Figure 7.1. Time to equilibrium for 50-mm London Clay samples (Mustaza, 2015). 

 
Figure 7.2. Time to equilibrium for 50-mm London Clay samples in wetting increments (with data from Kirkham 

(2015)). 
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Figure 7.3. Time to equilibrium for 50-mm London Clay samples in drying increments. 

 
Figure 7.4. Comparison of equilibration time for 50-mm London Clay samples between wetting and drying 

increments. 
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Figure 7.5. Rate of mass change for London Clay for RH changes in desiccator. 

Equilibration was also checked by comparing the RH of the desiccator to the suction of 
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that suction did not change during the extra allowed time, suggesting that the cause of the 

deviation is mainly due to the uncertainty of filter paper measurements, especially as they were 

used beyond the range for which they are known to be reliable. 

 
Figure 7.6. Comparison of suction measured in London Clay samples using filter paper method to the suction of 

the humidity generator. 
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drying increments. Only the step from 70% to 75% RH by Mustaza (2015) seems to require 

significantly more time (over 10 days).  

 
Figure 7.7. Time to equilibrium for 50-mm yellow bentonite samples in wetting increments. 

 
Figure 7.8. Time to equilibrium for 50-mm diameter yellow bentonite samples in drying increments. 
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Figure 7.9. Time to equilibrium for 50-mm yellow bentonite samples in wetting increments (data from Mustaza 

(2015)). 

 

 
Figure 7.10. Rate of mass change for yellow bentonite clay for RH changes in desiccator 
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Clay. The resolution of the weighing balance used for measuring the mass of the soil samples 

is 0.01 g, and therefore 0.01 g/day is the minimum daily change that can be detected. In com-

bination with the evaluation of the normalised mass, this limit should provide a degree of 

equilibrium above 95% for most yellow bentonite samples. 

Equilibrium for Wyoming bentonite was examined in two steps from 10% to 15% and from 

20% to 25%. It was confirmed that for these steps, the rate was 0.02g/d after 3 days and 

0.01g/d after 4 days, faster than both London Clay and yellow bentonite. The reduced time 

can be partly explained by the grain size of the Wyoming bentonite, which was coarser than 

the other two materials. However, the main reason may be that the change in RH corresponds 

to small changes in water content, compared to increments at higher RH levels. In subsequent 

increments during the determination of the SWRC, Wyoming bentonite samples were allowed 

to equilibrate for 4 days or more. Minimising the frequency of measurements is thought to 

accelerate equilibration by minimising disturbance. 

The time allowed for equilibration is by no means assumed to provide absolute equilibrium 

of suction within the soil. In fact, it is a mere assumption to set a lower limit on the testing 

time, while maintaining a level of confidence in the obtained results. For instance, Dueck (2008) 

observed significant change in water content for 20 days, using the glass jar method to apply 

85% RH to MX-80 samples of similar size to the ones tested in the present research. Further-

more, Schanz et al. (2010) also showed that total suction for samples kept at constant water 

content increases with ageing, even after several months. It is expected, however, that equili-

bration will be assisted in the new hS-C oedometer by forced air flow along the boundaries of 

the soil sample (Delage et al., 2008). As a comparison in oedometric tests, Alonso et al. (2005), 

allowed 12 days for soil samples to reach an axial strain of 0.1%/day on each suction level 

during wetting tests under constant load. 

7.3 Results 

This section reports the soil water retention response of the London Clay, yellow bentonite 

and Wyoming granular bentonite materials described in the previous paragraphs. The meas-

urement technique involves the divided-flow humidity generator (Chapter 4) to provide the 

reference total suction in the range of 30 to 300 MPa, complemented by the filter paper tech-

nique for lower levels of suction. Suction is not measured directly, but equilibrium is assumed 

between the applied reference total suction and the suction of the soil sample. 
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7.3.1 London Clay 

The first soil to be tested was London Clay. The primary objective was to evaluate the validity 

of the results by comparing the primary drying curve with data from literature. Most tests were 

carried out at very initial stages of this research, while also evaluating the RH control and the 

method of obtaining SWRCs using the desiccators. Therefore, in addition to using reconsti-

tuted, bulk soil powder samples of London Clay powder were also used. Although these sam-

ples were primarily used to test the RH control in the presence of RH sources/sinks, the control 

was found to be accurate and the results of water content of value, e.g. when presented in 

comparison with the data obtained from reconstituted samples.  

The primary drying curve was obtained by drying the reconstituted samples, LC-50-R1, LC-

50-R2 and LC-50-R3. Although the samples were dried to the minimum achievable RH (i.e. 

10%), they did not reach residual conditions and a noticeable difference in water content was 

measured between 20 and 10% RH. The subsequent wetting curve is expected to lie very close 

to the primary wetting curve, due to the very low values of water content and degree of satu-

ration achieved, but theoretically it does not coincide with the primary wetting curve, which 

requires that residual conditions are clearly reached during primary drying. In addition to the 

wetting curve from the reconstituted samples, a wetting curve was obtained by wetting the 

powder samples LC-P1 and LC-P2.  

The reconstituted soil samples were first consolidated to 57 kPa in the conventional 50-mm 

diameter oedometer. The initial properties of the samples are presented in Table 7.1. Initial 

suction after consolidation was measured with the filter paper method (Chandler & Gutierrez, 

1986; Chandler et al., 1992). Although the samples were saturated, suction may be present 

below the air-entry value. Furthermore, the soil samples were kept sealed with the filter papers 

for four weeks instead of two while measuring total suction, and therefore might have dried 

during the filter paper measurement. In fact, the measured total suction is approximately 500 

kPa, higher than anticipated for reconstituted samples, but lower than 1 MPa which has been 

reported as the air-entry value of suction for London Clay (Melgarejo, 2005). The high initial 

value of total suction might reflect a high osmotic suction within London Clay, nevertheless, 

the values are treated only indicatively. The soil samples were subsequently placed in the des-

iccator with RH control using the divided-flow humidity generator (Chapter 4). The RH incre-

ments were maintained for at least 4 days to ensure that equilibration of the water content 
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had been achieved. The water retained by each reconstituted sample at each suction level is 

presented in Table 7.2, along with the measured void ratio.  

Table 7.1. Initial properties of London Clay samples used in SWRC testing. 

State Assigned number wi σv,0 D h V e Position 
   (MPa) (mm) (mm) (cm3)   

Powder LC-P1 6.1% - -   - ChA 

Powder LC-P2 0.0% - -   - ChA 

Reconstituted LC-50-R1 97% 0.057 50.05 12.92 25.43 1.45 ChA 

Reconstituted LC-50-R2 97% 0.057 50.05 13.15 25.86 1.48 ChA 

Reconstituted LC-50-R3 98% 0.057 50.05 13.67 26.88 1.61 ChA 

Table 7.2. Increments of suction and duration during SWRC testing of reconstituted London Clay 

RH 
Total suc-

tion 
Increment  
duration 

LC-50-
R1 

LC-50-
R2 

LC-50-
R3 

LC-50-
R1 

LC-50-
R2 

LC-50-
R3 

(%) (MPa) (days) w (%) w (%) w (%) e e e 

Filter paper <1 14 45.78 44.41 46.16 - 1.36 1.44 

81 29 18 12.14 12.10 12.12 1.34 1.28 1.32 

64 61 4 9.73 9.67 9.68 0.48 0.46 0.50 

56 79 4 7.24 7.16 7.24 0.47 0.44 0.46 

40 124 7 5.79 5.74 5.72 0.44 0.44 0.45 

30 162 7 4.86 4.80 4.81 0.45 0.44 0.45 

20 215 7 4.01 3.97 3.96 0.46 0.43 0.45 

10 315 8 3.08 3.10 3.04 0.45 0.44 0.45 

20 216 30 3.95 3.90 3.85 0.44 0.43 0.44 

40 125 14 5.32 5.29 5.27 0.45 0.44 0.46 

72 44 6 7.52 8.17 8.16 0.45 0.44 0.46 

81 28 7 9.88 9.84 9.79 0.46 0.45 0.47 

The RH steps followed for the powder samples are presented in Table 7.3. Both samples 

follow the same increasing RH sequence, however LC-P2 has been oven-dried prior to the 

SWRC testing. The corresponding retention curves are shown in Figure 7.11, in terms of water 

content, and in Figure 7.12, in terms of degree of saturation plotted against total suction. The 

figures are colour-coded to show the evolution of void ratio of the samples during the tests. 

The retention curve of the reconstituted samples lies above that of the bulk soil powder sam-

ple. The difference in water content between the reconstituted and bulk soil powder sample is 

approximately 2%. The difference could be the result of the presence of capillary suction in 

the consolidated samples, which is negligible for the bulk soil powder samples. The wetting 

curve for the oven-dried sample (LC-P2) plots even lower than LC-P1 throughout the applied 

suction range, suggesting that the water removed by oven-drying is not recoverable, i.e. the 

curve of the LC-P1 does not converge to the curve of the LC-P2 sample, as it would be case 
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had the former wetting curve been a primary curve. It could be postulated that the wetting 

curve followed by the oven-dried sample should correspond to the primary wetting curve for 

the powder, assuming that any changes in the chemistry of the soil due to temperature can 

be neglected or assumed not to have an effect on the water retention capabilities of the soil. 

However, comparison of the two curves does not suggest that the oven-dried sample yielded 

a primary wetting curve, as they develop parallel to each other and do not converge at lower 

suction levels. The difference between the two curves may be attributed to permanent changes 

in the soil chemistry caused by the exposure to the high temperature. 

Table 7.3. Increments of suction for London Clay powder. 

RH Total suction LC-P1 LC-P2 

(%) (MPa) w (%) w (%) 

- - 6.10 0.00 

8 336 1.68 0.83 

14 271 2.13 1.29 

16 249 2.35 1.50 

18 230 2.53 1.67 

23 198 2.88 2.08 

28 171 3.19 2.38 

33 149 3.50 2.71 

38 131 3.86 3.08 

43 114 4.21 3.46 

48 100 2.17 1.46 

67 54 6.13 5.38 

84 24 8.26 7.54 

 
Figure 7.11. SWRC of reconstituted London Clay in terms of gravimetric water content. 
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Figure 7.12. SWRC of reconstituted London Clay in terms of degree of saturation. 

Hysteresis between the wetting and the drying path of the reconstituted sample becomes 

apparent at suctions below 80 MPa. Above that level the two paths coincide for the London 

Clay samples.  

It is also observed from Figure 7.13, that the void ratio of the reconstituted soil samples is 

almost constant, at an average value of 0.45 for suction larger than 80 MPa , suggesting that 

the clay has reached the shrinkage limit at a water content of 8%, in agreement with Marinho 

(1994). This suggests that the range of suction tested includes a region below the shrinkage 

limit of London Clay and therefore SWRC tests should be accompanied by volume measure-

ments to record changes in void ratio. 

The retention curves are compared with results from filter paper tests on reconstituted Lon-

don Clay from Dineen (1997) in Figure 7.14. The suction measured by Dineen was matrix suc-

tion, whereas the suction obtained with the dfHG is the total suction. However, the contribu-

tion of osmotic component to suction is only in the order of 0.5 MPa (Marinho, 1994). There 

is good agreement observed between Dineen’s data and the bulk soil powder samples, but 

since the data from Dineen are on reconstituted samples, the agreement might be coinci-

dental. The retention curves obtained from the reconstituted samples lie above the retention 

curves of Dineen (1997). The difference is more than the osmotic suction reported in literature, 

and therefore may be attributed to uncertainties in the calibration of the filter papers, uncer-

tainty of the applied total suction, excessive osmotic suction or differences in the London Clay 

member itself. 
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Figure 7.13. Void ratio against suction for reconstituted London Clay samples during SWRC tests. 

 
Figure 7.14. Comparison with results from Dineen (1997) 
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at 1.25 times the liquid limit for all samples, the water content after a week of resting time 

differed. As a result, the obtained void ratio of the reconstituted samples differed respectively, 

with the sample of lower water content resulting in higher void ratio. The samples were sub-

sequently placed in the desiccator under RH control using the divided-flow humidity generator 

(Chapter 4) and were subjected to a drying path to 300 MPa of suction followed by a wetting 

path. The two paths are presented in Figure 7.15 in terms of degree of saturation and in Figure 

7.16 in terms of gravimetric water content. Since the samples were initially reconstituted, the 

obtained drying curve should be the primary drying curve, however readings between satura-

tion and 60 MPa were not recorded. Nevertheless, the obtained curve represents the primary 

drying curve for suction levels above 60 MPa. For the subsequent wetting curve to be consid-

ered as primary, the water content must reach a residual value during the drying stage. In the 

present tests, the water content of the reconstituted yellow bentonite samples maintained a 

decreasing trend even at the maximum applied level of suction (300 MPa), suggesting, there-

fore, that the subsequent wetting curve is a scanning wetting path rather than a primary one. 

The RH increments were maintained for at least 4 days to ensure that equilibration of the 

water content had been achieved (mass rate lower than 0.02g/day). The water retained by each 

reconstituted sample at each suction level is presented in Table 7.5, along with the measured 

void ratio values. 

Table 7.4. Initial properties of yellow bentonite clay samples used in SWRC tests. 

Fabric Assigned number wi σv,0 D h V e 
Posi-
tion 

   (MPa) (mm) (mm) (cm3)   

Reconstituted YB-50-R1 431% 0.057 50.05 14.45 28.43 8.01 ChB 

Reconstituted YB-50-R2 398% 0.057 50.05 15.39 30.28 8.51 ChB 

Reconstituted YB-50-R3 444% 0.057 50.05 14.19 27.91 8.08 ChB 

Compacted JL-YB-50-C1 38.5% 0.500 50.0   1.653 ChD 

Compacted JL-YB-50-C1a 38.5% 0.500 50.0   1.65 FP 

Compacted JL-YB-50-C1b 38.5% 0.500 50.0   1.651 FP 

Compacted JL-YB-50-C1c 38.5% 0.500 50.0   1.649 FP 

Compacted JL-YB-50-C2 38.5% 1.000 50.0   1.308 ChA 

Compacted JL-YB-50-C2a 38.5% 1.000 50.0   1.302 FP 

Compacted JL-YB-50-C2b 38.5% 1.000 50.0   1.31 FP 

Compacted JL-YB-50-C2c 38.5% 1.000 50.0   1.309 FP 

Compacted JL-YB-50-C3 38.5% 1.500 50.0   1.182 ChC 

Compacted JL-YB-50-C3a 38.5% 1.500 50.0   1.185 FP 
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Compacted JL-YB-50-C3b 38.5% 1.500 50.0   1.188 FP 

Compacted JL-YB-50-C3c 38.5% 1.500 50.0   1.184 FP 

Table 7.5. Increments of suction and duration during SWRC testing of reconstituted yellow bentonite clay. 

RH 
Total suc-

tion 
Increment  
duration 

YB-50-
R1 

YB-50-
R2 

YB-50-
R3 

YB-50-
R1 

YB-50-
R2 

YB-50-
R3 

(%) (MPa) (days) w (%) w (%) w (%) e e e 

Filter paper <0.1 14 294.57 290.76 299.34 8.22 8.08 8.31 

62 64 23 18.50 18.76 18.45 0.67 0.70 0.68 

40 124 5 11.73 11.75 11.51 0.50 0.52 0.53 

20 234 6 8.01 8.25 8.04 0.46 0.49 0.51 

10 312 7 5.42 5.62 5.44 0.46 0.47 0.46 

21 211 4 6.60 6.88 6.62 0.46 0.52 0.44 

40 121 4 8.96 9.12 8.79 0.49 0.51 0.47 

56 79 7 12.02 12.30 12.01 0.53 0.55 0.51 

72 44 7 17.68 17.99 17.83 0.66 0.68 0.65 

81 28 7 21.57 21.82 21.55 0.71 0.77 0.72 

 

In addition to the reconstituted samples, yellow bentonite samples were prepared by static 

compaction to obtain a range of initial void ratios. The samples, JL-YB-50-C1, JL-YB-50-C2 and 

JL-YB-50-C3, were mixed at 38.5% water content and were compacted in the conventional 50-

mm oedometer under static loads of 0.5, 1.0 and 1.5 MPa, as summarised in Table 7.4, resulting 

in initial void ratio values of 1.18. 1.31 and 1.65 respectively. They were subsequently placed in 

the desiccators under RH control to obtain the drying and the wetting curves. Three additional 

samples were prepared at each void ratio level and were tested with the filter paper method 

to obtain the initial part of the drying curve at suction levels below the operational limit of the 

dfHG. Unfortunately, the filter paper samples were too fragile to handle, and therefore volume 

measurements were not taken during the tests to avoid damaging them. As a result, the ob-

tained water retention curves are presented only in term of gravimetric water content (Figure 

7.16), without information on saturation or the development of void ratio. However, the effect 

of the difference in initial void ratio may still be discussed. 

Although the effect of void ratio is apparent when the water retention curves are expressed 

in terms of degree of saturation (Figure 7.15) – with higher degree of saturation for decreasing 

void ratio, as expected – both the reconstituted and the compacted samples follow the same 

drying path when they are expressed in terms of gravimetric water content (Figure 7.16), sug-

gesting that changes in void ratio do not affect the retention curves.  
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Considering the change in void ratio with suction of the reconstituted samples in Figure 

7.17, it is evident that yellow bentonite has not reached its shrinkage limit at 300 MPa of suc-

tion.  

 
Figure 7.15. SWRC for yellow bentonite clay samples in terms of degree of saturation. 

 

Figure 7.16. SWRC for Yellow bentonite in terms of water content for primary path and scanning path from 

w=38%. 
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Figure 7.17. Void ratio of reconstituted yellow bentonite clay samples during SWRC testing. 

7.3.3 Wyoming bentonite 

The final soil to be tested was the granular Wyoming bentonite (Chapter 3). Two series of tests 

were performed. In the first series, compacted Wyoming bentonite samples were tested in the 

desiccator with RH control provided by the dfHG. In the second series, reconstituted samples 

were air dried at consecutive water contents, measuring matrix suction with the contact filter 

paper method. The contact method was selected to reduce testing time; however, it provides 

only the matrix component of suction. The objectives of the two series were to: 

• obtain a direct comparison of the SWRC of a soil tested in the dfHG with SWRCs 

reported in the literature and gain confidence in the equipment; 

• investigate further the effect of void ratio on the retention curves. 

The samples were set up by Pelletier (2017) and the tests were continued by the author. The 

initial properties of the Wyoming bentonite samples are presented in Table 7.6. In the first 
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mm oedometer, before commencing the filter paper measurements. The initial properties of 

the reconstituted samples are also presented in Table 7.6.  
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Table 7.6. Initial properties of compacted Wyoming bentonite clay samples used in SWRC tests 

State Assigned number wi σv,0 D h V e Position 
   (MPa) (mm) (mm) (cm3)   

Compacted GP-Wy-50-C1 20.3% 1.0 50.05 16.42 32.31 1.36 ChA 

Compacted GP-Wy-50-C2 20.3% 0.5 50.09 17.24 33.97 1.49 ChA 

Compacted GP-Wy-50-C3 20.3% 0.3 50.03 17.03 33.48 1.49 ChA 

Compacted GP-Wy-38-C4 20.3% 3.5 38.17 13.03 14.91 1.11 ChA 

Compacted GP-Wy-50-C5 30.0% 1.0 50.07 14.01 27.59 1.43 ChB 

Compacted GP-Wy-50-C6 30.0% 2.0 50.05 11.67 22.96 1.11 ChB 

Compacted GP-Wy-50-C7 30.0% 2.5 50.11 11.49 22.66 1.07 ChB 

Compacted GP-Wy-38-C8 30.0% 4.3 38.14 10.74 12.27 1.15 ChB 

Compacted GP-Wy-50-C9 25.7% 1.0 50.1 15.3 30.16 1.45 ChB 

Compacted GP-Wy-50-C10 25.7% 2.0 50.08 13.35 26.30 1.15 ChB 

Compacted GP-Wy-50-C11 25.7% 2.5 50.04 12.84 25.25 1.07 ChB 

Compacted GP-Wy-38-C12 25.7% 4.3 38.19 11.75 13.46 1.01 ChB 

Compacted GP-Wy-50-C13 19.4% 7.6 50.14 13.57 26.79 0.91 ChA 

Compacted GP-Wy-50-C14 25.7% 7.6 50.04 11.67 22.95 0.82 ChA 

Compacted GP-Wy-50-C15 30.0% 7.6 50.01 11.12 21.84 0.85 ChA 

Compacted GP-Wy-38-C16 19.4% 13.0 38.2 11.62 13.32 0.84 ChA 

Reconstituted GP-Wy-50-R1 464.8% 0.027 49.8 15.04 29.30 9.38 FP 

Reconstituted GP-Wy-50-R2 464.8% 0.027 49.9 15.81 30.91 10.10 FP 

Reconstituted GP-Wy-50-R3 464.8% 0.027 49.7 14.39 27.92 8.40 FP 

Reconstituted GP-Wy-50-R4 464.8% 0.027 49.9 15.1 29.52 8.98 FP 

Reconstituted GP-Wy-50-R5 464.8% 0.027 50.0 14.88 29.18 8.86 FP 

Reconstituted GP-Wy-50-R6 438.1% 0.027 49.9 15.03 29.44 8.54 FP 

Reconstituted GP-Wy-50-R7 438.1% 0.027 49.9 15.77 30.79 9.23 FP 

Reconstituted GP-Wy-50-R8 438.1% 0.027 50.0 15.95 31.27 9.32 FP 

Reconstituted GP-Wy-50-R9 433.5% 0.027 49.5 16.17 31.17 9.02 FP 

Reconstituted GP-Wy-50-R10 433.5% 0.027 49.8 15.50 30.17 8.94 FP 

 

The tabular format of the results was too extensive to present here and has been included 

in the Appendix F. The obtained water retention curves for the two series are presented graph-

ically in Figure 7.18 and Figure 7.19 in terms of degree of saturation and in Figure 7.20 in terms 

of water content. The horizontal axis in both figures represents both matrix and total suction, 

as the suction obtained by the contact filter paper method was matrix, while the suction re-

ported for the dfHG is total. According to Arifin & Schanz (2009), osmotic suction for MX80 

bentonite has a magnitude of approximately 1 MPa. Had the osmotic component been taken 

into account, the air-entry value would have moved slightly to the right, however, the effect is 

negligible at higher levels of suction, especially since the retention curves are expressed using 

a logarithmic scale. 
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The water retention curve obtained from the reconstituted samples represents the primary 

drying curve. The air-entry value is estimated from Figure 7.18 as the suction at which desat-

uration initiates, at approximately 1.5 MPa. Water content at the air-entry point coincides with 

the plastic limit of Wyoming bentonite at approximately 60%. Such a coincidence between the 

two values is in agreement with the observations of Marinho & Oliveira (2012) and Haigh et 

al. (2013). Furthermore, a reduction in the slope of void ratio with suction is observed at the 

same point in Figure 7.21. On the dry end of the water retention curves, compacted samples 

were subjected to a maximum level of suction of 300 MPa, however residual conditions of 

saturation were not reached. Therefore, both the drying and the wetting paths of the com-

pacted samples are regarded as scanning paths. Furthermore, it is evident from Figure 7.22 

that the shrinkage limit has not been reached either, considering the decreasing slope of void 

ratio with suction. 

It is evident from Figure 7.20 that a significant amount of water evaporated from the recon-

stituted samples, with concurrent reduction in void ratio, as shown in Figure 7.21. Examining 

the reconstituted samples, the void ratio at saturation should be monomodal (Delage et al., 

1996; Romero et al., 2011), and therefore the initial decrease in water content is interpreted as 

removal of the bulk water from the saturated void space between the dispersed particles. After 

the air-entry value (i.e. 1.5 MPa) and the formation of menisci, the slope of water content 

versus suction reduces slightly, representing the increase in required change in suction to ex-

tract a given mass of water (i.e. development of capillary suction).  

A much more significant decrease in slope is observed between approximately 3 and 4 MPa 

of suction. It has been suggested that capillary forces dominate at low suctions and adsorptive 

forces at high suctions (Tuller & Or, 2005). Romero et al. (2001) suggest that the Vapour Equi-

librium Technique mainly affects the intra-particle space through the adsorptive forces. Fur-

thermore, it has been confirmed by Likos & Lu (2006) that the number of adsorbed water 

molecule layers adjacent to the clay particles decreases from two water molecules to zero 

molecules as the RH decreases from 80% to 10%. Therefore, the observed change in slope of 

water content at 4 MPa may be explained as a transition between capillary and adsorptive 

forces. 

The low initial void ratio of the compacted samples in relation to the high initial void ratio 

of the reconstituted samples could explain why the projection of the wetting curves of the 
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compacted samples lies above the projection of the primary drying curve on the degree of 

saturation-suction plane (Figure 7.18). The compacted samples were prepared at initial void 

ratio values below 1, with most of them not exceeding e=1 even after the initial wetting to 15 

MPa of suction. On the other hand, the reconstituted samples were consolidated at a load of 

only 57 kPa, resulting in very high values of initial void ratio. The void ratio of the reconstituted 

samples after drying to a suction of 10 MPa reduced to approximately e=1. With the void ratio 

of the compacted samples decreasing during drying, as evident from Figure 7.22, the projec-

tion of the drying paths at higher values of suction deviates further from the assumed exten-

sion of the projection of the primary drying curve on the Sr-s plane (Tsiampousi et al., 2013). 

Nonetheless, the wetting curves of samples compacted to void ratios larger than 1 seem to be 

bounded by the primary drying curve, indicated by a broken line in Figure 7.19. Points lying 

below the primary drying curve, highlighted by red circles in Figure 7.19, are considered unre-

liable and were disregarded. 

With reference to Figure 7.22, higher compaction loads resulted in lower initial void ratios, 

as expected. However, the slope Δe/ Δlog(ψ) was constant for all samples, independent of the 

compaction load or the initial dry density. A comparison with MX80 bentonite (Villar, 2005) 

indicates a similar slope in void ratio for suction values above 10 MPa, as shown in the figure. 

Focusing on the retention curves of the compacted samples (Figure 7.23), the wetting and 

the subsequent scanning drying paths can be observed. The hysteresis in water content be-

tween the wetting and drying paths is evident. Furthermore, the SWRCs for samples with lower 

initial void ratio plot above the SWRCs for samples with larger initial void ratio, as expected. 

The dependence of the SWRC on void ratio is more clearly depicted in Figure 7.24, where the 

drying and wetting paths are examined separately for clarity. 

In Figure 7.25, the obtained SWRCs for the compacted Wyoming bentonite samples are 

compared with SWRCs of MX80 bentonite obtained from the literature (Kahr et al., 1990; 

Wadso et al., 2004). The two materials are of similar origin and physical properties. It should 

be noted that the retention curves provided in the literature refer to bulk soil powder subjected 

to free swelling and shrinkage during their determination. Therefore, the void ratio was not 

recorded, but can be assumed to be comparable to the maximum void ratio obtained in this 

study by compaction. As such, it seems to be in good agreement with the results obtained in 

the present research, providing a lower boundary for the SWRCs, despite the difference in 
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equilibration time allowed in each step (4 days in the present research compared to 10 days 

in Wadso et al. (2004)). 

 

Figure 7.18. SWRCs of both compacted and reconstituted Wyoming bentonite samples in terms of degree of 

saturation (comparison with drying scanning curves of compacted samples). 

 

Figure 7.19. SWRCs of both compacted and reconstituted Wyoming bentonite samples in terms of degree of 

saturation (comparison with wetting scanning curves of compacted samples). 
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Figure 7.20. SWRC of both compacted and reconstituted Wyoming bentonite samples in terms of water content. 

(comparison with drying scanning curves of compacted samples). 

 
Figure 7.21. Void ratio change with suction for compacted Wyoming bentonite samples during SWRC tests (entire 

range of suction). 
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Figure 7.22. Void ratio against suction for compacted Wyoming bentonite samples during SWRC testing for 

suction values above 10 MPa. Comparison with Villar (2005). 

 
Figure 7.23. SWRCs of compacted Wyoming bentonite samples in terms of gravimetric water content. 
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Figure 7.24. Initial wetting path (left) followed by scanning drying path (right) for compacted Wyoming bentonite 

samples, in terms of degree of saturation. 

 

Figure 7.25. Comparison of SWRC of Wyoming bentonite with MX80 bentonite (Kahr et al. 1993, Wadso et al. 

2004) 
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Although the model used was developed to describe primary drying surfaces, the equation 

is flexible enough to capture the shape of the scanning surfaces obtained through testing of 

the compacted samples. As a result, the fitting parameters are not representative of the soil, 

and therefore differ from the wetting to the drying scanning surface. The obtained adjusted 

coefficient of correlation, R2, is 0.9488 for the wetting surface, and the values for the fitting 

parameters are: φ = 6.136e-05, ψ = 2.091, m = 0.8022, n = 1.191. The obtained adjusted R-

squared is 0.9195 for the drying surface, and the values for the fitting parameters are: φ = 

2.527e-05, ψ = 2.245, m = 1, n = 0.9988. 

Use of more advanced fitting models, such as the one proposed by Tsiampousi et al. (2013), 

which can model the scanning paths of the projection of primary surfaces on the Sr-s* space 

(where 𝑠∗ = 𝑒𝜓(𝑠 − 𝑠𝑎𝑒)) requires knowledge of both primary surfaces, which were not deter-

mined in this test.  

  
A. wetting     B. drying 

Figure 7.26. 3-D representation of the SWRCs of compacted Wyoming bentonite samples in terms of degree of 

saturation 

  

A. wetting     B. drying 

Figure 7.27. Fitted surface of a 3-D SWRC model (Gallipoli et al., 2003) on the retention behaviour of compacted 

Wyoming bentonite samples. 
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7.3.4 Comparison of examined materials 

The three soils tested in this chapter included a low-activity, ground clay (London Clay), a high-

activity, ground clay (yellow bentonite) and a high activity granular clay (Wyoming bentonite). 

London Clay and yellow bentonite reconstituted samples were investigated for a range of suc-

tions between 25 MPa and 300 MPa, reconstituted Wyoming bentonite samples for a range of 

suctions between 0 MPa and 20 MPa and compacted Wyoming bentonite samples between 

20 and 300 MPa. The compacted Wyoming sample presented here (e0=0.67) was chosen to 

match the void ratio of the reconstituted samples at the region of overlapping suction. The 

results from the SWRC testing are summarised in the following figures. 

Given the inherent aggregation of the granular clay (Wyoming bentonite), it is not surprising 

that its void ratio is significantly higher than the void ratio of both LC and YB (Figure 7.28), 

with the difference in void ratio between the compacted Wyoming bentonite and the yellow 

bentonite interpreted predominately as representing the inter-aggregate void space. For the 

reconstituted ground materials, it is assumed that no aggregates have formed during drying. 

Of the three materials, only London Clay reached its shrinkage limit, which is expected as it is 

the material of the lowest plasticity.  

 

Figure 7.28. Void ratio during SWRC testing for London Clay, yellow bentonite and Wyoming bentonite. 
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curve of yellow bentonite was expected to plot above the one for Wyoming bentonite, which 

is indeed the case as evident from Figure 7.29 and Figure 7.30. This comparison is possible 

because the two materials are otherwise similar, with similarly high plasticity and high mont-

morillonite content (more than 80%). London Clay, on the other hand, comprises lower plas-

ticity minerals, and therefore less water is adsorbed on its DDL and on its crystalline structure. 

As a result, even though it has a lower void ratio, it retains less water than the bentonites 

(Figure 7.29). However, the void ratio is so small that the calculated degree of saturation is 

slightly larger than that of Wyoming samples (Figure 7.30). 

In contrast to London Clay, yellow and Wyoming bentonites have significant hysteresis in 

retention for the entire tested range of suction, with the scanning wetting path plotting visibly 

below the drying path. Finally, the agreement between the water retention curves of reconsti-

tuted London Clay and reconstituted Wyoming bentonite at suction levels above 4 MPa is 

considered a coincidence due to the lower void ratio of the former. 

 

Figure 7.29. SWRCs in terms of gravimetric water content for London Clay, yellow bentonite and Wyoming 

bentonite. 
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Figure 7.30. SWRCs in terms of degree of saturation for London Clay, yellow bentonite and Wyoming bentonite. 

7.4 Conclusions 

In this chapter the divided-flow humidity generator (described in Chapter 4) was used to ob-
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• The effect of void ratio on SWRCs was confirmed for Wyoming bentonite, where a 
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maximum and minimum void ratio, with water content decreasing with increasing 

void ratio for a given suction. 
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The automated process of suction control through the divided-flow of the humidity gener-

ator and the integration with multiple desiccators has allowed for parallel testing of a signifi-

cant number of soil samples, increasing the efficiency of the laboratory testing and providing 

a significant database with considerably reduced labour. 

Chapter 8: Swelling tests 

8.1 Introduction 

8.1.1 General 

In this chapter, the hS-C oedometer described in Chapter 5 is used to perform a range of 

swelling tests. The purpose of these tests was to examine the effectiveness of the test method 

and showcase the capabilities of the new oedometer. Therefore, the series of performed tests 

was not comprehensive and the number of results is not sufficient to draw statistically im-

portant conclusions on the behaviour of the tested material. However, comparison with similar 

tests from the literature endorses the patterns observed during the present tests.  

Swelling potential can refer to either the swelling pressure of a soil under constant volume, 

or to the volumetric strains obtained upon wetting in a free swelling test. Measurement of the 

swelling potential, however, is sensitive to the experimental method, due to the different wet-

ting and loading conditions of each method. Furthermore, the definition of swelling pressure 

varies according to the engineering application and to the test that is used to obtain it. In a 

common definition, swelling pressure is described as the pressure that needs to be applied on 

a soil sample to prevent increase in volume upon wetting (Sridharan et al., 1986). This defini-

tion was developed for in-situ soils, and therefore the wetting refers to an increase in water 

content from the in-situ value to full saturation. Laboratory testing, however, indicates that the 

initial water content has no effect on the swelling pressure (Komine & Ogata, 1994; Villar & 

Lloret, 2008), and therefore the initial water content is not required in the definition. Other 

definitions describe swelling pressure as the pressure that needs to be applied on a soil sample 

that has swelled to return it to its initial void ratio, or to the void ratio at the in-situ water 

content and overburden pressure (Fredlund, 2012). It is generally agreed that loading after 

swelling results in an upper boundary for swelling pressure. Tang et al. (2011) suggested that 

the friction between the soil sample and the confining ring during reloading contributes to the 

additional load. On the contrary, wetting under load underestimates the swelling pressure. The 

constant-volume test, which is considered a “direct” method, gives values of swelling pressure 
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between the other two methods and is more commonly employed, due to its simplicity, the 

use of a single soil sample and the relative time efficiency. 

There are two common techniques for the constant-volume method. The first technique 

uses the conventional oedometer to apply pressure in small increments on the sample to 

counter the swelling strains after it has been wetted. The rate and magnitude of the load in-

crements affects the obtained swelling pressure, with larger increments giving lower values 

(Sridharan et al., 1986). The second technique relies on a rigid cell or frame to prevent volume 

changes in the soil sample during wetting, measuring the reaction on a force transducer 

(Bucher & Müller-Vonmoos, 1989; Komine & Ogata, 1994; Hoffmann et al., 2007; Tang et al., 

2011). The first technique is affected by the size and the rate of the corrective load increment, 

while the second depends on the stiffness of the cell and the load transducer. A review of 

suction oedometers and cells has been included in Chapter 2. 

Three types of swelling tests are examined in this Chapter: the swell-reload method (path A 

in Figure 8.1); the pre-swell method (path B in Figure 8.1); and the constant-volume method 

(path C in Figure 8.1). All tests were performed in the new hS-C oedometer, described in Chap-

ter 5. The soil materials used to evaluate the oedometer were the yellow and Wyoming ben-

tonites described in Chapter 3, with results from their compaction and their retention proper-

ties presented in the previous two chapters. The soil samples were compacted statically in the 

oedometer, as described in Chapter 6. These tests provided feedback for improving the testing 

method in the new oedometer and highlighted the automation abilities of the experimental 

setup. 

 

Figure 8.1. Schematic representation of different swelling tests. A. swell-reload, B. pre-swell, C. constant-volume 

wetting. 
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8.1.2 Background 

As discussed earlier, by definition, swelling pressure refers to the pressure required to prevent 

volume change of a soil upon wetting. Usually, this would refer to the pressure obtained at full 

saturation, and it would be the maximum pressure obtained during the wetting process. How-

ever, it has been shown that the development of stress upon wetting of expansive soils is not 

simply increasing. On the contrary, the stress presents a double peak. 

Imbert & Villar (2006) present results from swelling tests performed by CIEMAT on FoCa 

clay. The clay was compacted in powder form, in pellet form and mixtures of pellets and pow-

der. They observed a double peak in the dimensionless shape of the swelling pressure evolu-

tion during wetting (Figure 8.2). The relative magnitude of the initial peak to the final swelling 

pressure was found to be independent of the sample size, but decreased with initial dry density 

and was more pronounced in pellet mixtures. The final value of swelling pressure was the same 

for samples of compacted powder and for samples of pellet mixtures of similar initial dry den-

sity, indicating homogenisation at the final state. 

 

Figure 8.2. Normalised development of swelling stress for FoCa clay (Imbert & Villar, 2006) 

Karnland et al. (2008) also observed an initial peak in swelling pressure on MX80 bentonite 

pellets. The initial peak was present in samples compacted at low initial water content, namely 

dry of optimum water content. In agreement with Komine & Ogata (1994), samples compacted 

wet of optimum presented monotonically increasing swelling stress. This dependency on water 

content and dry density indicates that the initial peak is linked to the double structure present 

in samples compacted at water content dry of optimum (Lloret et al., 2003). 
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Villar & Lloret (2008) explained the initial peak observed during the compaction of FEBEX 

bentonite within the framework of the BBM and BExM (Sanchez et al., 2005). The initial wetting 

causes swelling of the microstructure, which induces macrostructural strains. Since the volume 

is constant, vertical loads develop which counterbalance the macrostructural strains. For high 

initial suction, the load may match the ‘preconsolidation’ load, causing yielding in the macro-

structure which is manifested as a decrease in swelling pressure. It should be noted that the 

authors refer to the apparent preconsolidation stress of unsaturated soils as the stress value 

at which the slope of the stress-strain plot increases. Lloret et al. (2003) have demonstrated 

that this apparent preconsolidation stress increases with suction and may also be obtained in 

compacted soil samples.  

This decrease in stress is compatible with the wetting induced-collapse observed at high 

stresses, and therefore lies on the load-collapse yield surface proposed by (Alonso et al., 1990). 

As the examined clay is formed of active minerals, the collapse occurs at the macrostructure 

(yielding of the aggregates), while the microstructure (clay particles) continues to swell. As a 

result, collapse does not manifest as collapse strains, but rather as a reduction of stress to 

match the swelling stress of the microstructure.  

Schanz & Tripathy (2009) examined a German divalent bentonite, compressed at different 

dry densities. In contrast to Imbert & Villar (2006), they observed an increase in initial peak 

swelling stress at high initial dry densities and monotonic development of swelling pressure at 

low initial dry densities. 

8.2 Considerations during swelling tests 

To perform swelling tests, small alterations need to be made to the oedometer and various 

considerations need to be made when interpreting the experimental results. To highlight these 

in the following sections, the example of sample Wy-70-12 is given. The sample was com-

pacted in the new oedometer under a static load of 16 MPa, unloaded, subjected to wetting 

under free-swelling conditions, and, once saturated, it was consolidated at a load of 17 MPa. 

8.2.1 Circulation of water in flooding tests 

The samples are compacted and tested in the new hS-C oedometer, gradually wetting them 

through RH control, with the last step being saturation with liquid water. The tests required 

switching from air flow to water flow, without dismantling the cell. As the cell is sealed, water 

has to be supplied through the RH control air vents. One issue in changing the supply from air 
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to water is bleeding the air out of the system. This is partly achieved by connecting the water 

supply to the first vent and waiting until water comes out the other end before connecting the 

water supply to both vents. Air-bleeding at the base, however, may not be as efficient as at 

the top, since water could flow through the vents below the porous stone, trapping air below 

the sample. This may be addressed by applying vacuum at one vent. 

To examine the effectiveness of liquid water flooding, the water supply is initially connected 

only to the bottom of sample Wy-70-12. After one hour, the top of the sample is also flooded. 

The initial swelling strains and corresponding strain rate are presented in Figure 8.3A and Fig-

ure 8.3B, respectively. It can be observed that the swelling rate increases significantly when the 

top of the sample is flooded. Although, this increase in rate could suggest that water access is 

more efficient through the top vents, it is more likely that the acceleration corresponds simply 

to the introduction of an additional swelling front at the top of the soil sample. Therefore, it is 

recommended that water is supplied through both top and bottom vents to ensure maximum 

access to water.  

At the end of the free swelling stage, sample Wy-70-12 was subjected to a consolidation 

stage. To enable this, water supply was disconnected from the top vents to provide sufficient 

drainage. During consolidation, it was observed that water was expelled through the top vents 

as the height of the sample reduced, suggesting that the sample had been successfully satu-

rated during the previous swelling stage. 
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Figure 8.3. Initial swelling of sample Wy-70-12 
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σ = r + τ ≈ 40 kPa, which is significantly high and could result in underestimation of the swell-

ing strain.  

In fact, Komine (2004) examined swelling strains under small loads for four bentonite mate-

rials and found that an increase in load from 10 kPa to 20 kPa reduced the maximum swelling 

strain by 50% of its potential value. The swelling strain obtained by Komine (2004) for 10 kPa, 

19 kPa and 70 kPa for Volclay samples at different initial dry densities is presented in Figure 

8.4, along with the maximum swelling strains obtained for the tests in the present series. 

The Wyoming bentonite used in the present research is the Bentosund A100, which is similar 

to MX-80, which is a Volclay product with a granular grain distribution, and therefore a com-

parable response is expected for the two clays. However, it is apparent from Figure 8.4 that 

the swelling strains obtained from the Bentosund A100 without correction are significantly 

smaller than the true free-swelling strains, and approximate the values obtained for a 70 kPa 

surcharge by Komine (2004). Although the two materials are not identical, and other factors 

might have affected the results, such as the stress history and the initial dry density of the 

samples, this observation confirms that true free-swelling conditions are not possible in the 

current test set-up, and that friction has to be accounted for when testing at small applied 

loads. 

 

 

Figure 8.4. Comparison of maximum swelling strains for Volclay under load (Komine, 2004), and the “free-swelling” 

tests on Wyoming bentonite. 
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8.2.3 Corrective displacement-rate of the oedometer base  

Another significant control parameter to be chosen carefully during the swelling stage in the 

new oedometer is the maximum displacement rate prescribed. In the new set-up the ram and 

top cap are fixed to the frame and any load or strain are applied to the sample through move-

ment of the base. This is controlled through the data-logging software, TRIAX, which evaluates 

the position, or the stress, against the prescribed value and adjusts the driving mechanism 

accordingly. The control parameters include the tolerance, the maximum displacement rate, 

and the correction step. 

In the case of free swelling tests, if the prescribed maximum displacement rate of the base 

is lower than the actual swelling rate of the sample, the soil would react against the top cap, 

increasing the load measured in the load cell. On the other hand, the maximum displacement 

rate also defines the size of the displacement step in TRIAX. Therefore, a large value would 

result in oscillations of the base and, subsequently, of the applied load, while trying to maintain 

a constant load value. The swelling rate decreases significantly soon after the first wetting, and 

therefore a rate suitable to match the initial swelling rate would be too large for subsequent 

swelling strains. As a compromise, an average rate is prescribed, minimising the initial impact 

of swelling. The value of this rate is chosen through trial and error, with the initial value based 

on free swelling tests in conventional oedometers.  

The impact of the initial high swelling rate can be demonstrated with sample Wy-70-12. The 

sample was flooded with water while maintaining a constant load of 20 kPa. As the sample 

swelled, the base would move downwards to maintain the prescribed load constant. The meas-

ured swelling rate during the initial wetting increased until the maximum prescribed displace-

ment rate was met at 0.05 mm/min, after 5 minutes of supplying water (Figure 8.3B). Then, a 

200-kPa spike developed in the measured stress, as shown in Figure 8.3C, with the increase in 

load suggesting that the initial swelling rate of the sample would be higher if the sample was 

allowed to swell freely. Subsequently, the swelling rate reduced to 0.01 mm/min within the 

first hour, as the reaction on the load cell reduced to the prescribed 20 kPa, while supplying 

water only through the base vents. The spike in swelling load is negligible at the instance the 

top water supply was connected (t=1 hour in Figure 8.3C), suggesting that the actual swelling 

rate was lower than the maximum prescribed 0.05 mm/min displacement rate of the base. 
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The prescribed displacement of the base is also important during the consolidation stage. 

In test Wy-70-12, a maximum displacement rate of 0.01 mm/min was prescribed. At this rate, 

the maximum prescribed load (σ1=17 MPa) was reached within 6 hours (Figure 8.5B). By that 

time the void ratio had decreased by 50% (Figure 8.5A) and continued to decrease under con-

stant load after that. Therefore, this rate was too fast to allow for fully drained conditions. 

Therefore, the load should be considered to have been applied in a single step. 

 
Figure 8.5. Consolidation stage on sample Wy-70-12. Void ratio against time (A) and vertical stress against time (B). 

As with the “free-swell” tests, the maximum displacement rate of the base is an important 

control parameter also for constant-volume tests in the hS-C oedometer, as it defines the size 

of the correction step. If the potential swelling rate of the sample is greater than the correction 

rate, the volume might not be successfully confined and as a result, the swelling pressure is 

initially underestimated. A larger load would need to be applied subsequently to compress the 

sample to its initial height, resulting in a spike in swelling pressure. 

The wetting of sample Wy-70-16 is presented in Figure 8.6 as an example to highlight the 

effect of displacement rate on the development of swelling stress and the effectiveness of 

volume confinement. As wetting commences, the height, H, of the sample increases by ap-

proximately 0.25 mm. The increase in volume is accompanied by underestimation of the swell-

ing pressure. The system increases the vertical load to values above the actual swelling pres-

sure of the soil sample to compensate for the initial increase in volume (Figure 8.6). Once the 

target volume is achieved again, and the potential swelling rate of the sample, i.e. the rate that 

would occur in the absence of any load, reduces, the swelling pressure of the sample is repre-

sented successfully by the reaction on the load cell. 
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Figure 8.6. Graph of vertical stress development during constant-volume wetting of sample Wy-70-16. 

8.2.4 Assumptions for equilibrium state 

It is evident that the swelling pressure exhibited by a soil sample under confined wetting con-

ditions develops both with time and suction level. For direct wetting tests, where water is freely 

supplied to the sample, swelling pressure is considered to be the stress exhibited by the soil 

sample at the end of the test reached when the soil is fully saturated, has stopped absorbing 

water and the stress has stopped changing. For a gradual reduction in suction achieved by 

stepped increase of RH, swelling pressure was deduced from the reaction on the load cell after 

equilibrium was reached at each suction level. It is therefore significant to define the conditions 

for equilibrium. 

Because of the double-peak exhibited by expansive soils, the point at which stress stops 

increasing is not sufficient to define equilibrium. For the same reason, the swelling pressure at 

equilibrium is not necessarily the maximum stress recorded during the wetting process. In 

Section 5.4.3.4 it was noted that the term equilibrium refers to a state where changes in the 

condition of the sample are impractical to measure and is evaluated by the satisfaction of two 

conditions: a plateau in stress/strain development; and convergence of RH in the inflow and 

outflow air. Additionally, when possible, the change in water content estimated by the mass 

of vapour exchanged with the soil sample should agree with the SWRC for the corresponding 

change in suction. 
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8.3 Constant-volume wetting tests 

8.3.1 Introduction 

The ability of the hS-C oedometer to accommodate constant-volume wetting tests was ex-

amined. The tests were performed either by simply wetting the samples, supplying water 

through the base and the top vents, as described in Section 8.2.1 (direct wetting tests), or by 

taking advantage of the humidity control system to reduce suction gradually by increasing the 

prescribed RH in steps (suction reduction tests). The applied RH ranged from the ambient RH, 

at approximately 50%, to a maximum RH of 90%. Even though uncertainty at levels above 80% 

RH increases significantly, obtained data may still be used indicatively with caution.  

To ensure that constant-volume conditions were maintained, a fixed value of zero displace-

ment was assigned to the base of the oedometer, with a tolerance of 0.01 mm. As swelling 

pressures developed, the actuator would adjust the position of the base to keep the displace-

ment reading within the prescribed tolerance. The value of displacement was adjusted to ac-

count for the compliance of the system at increasing stress, as was described in Section 5.6.1. 

Additionally, the confining ring has a thickness of 25 mm to prevent any potential radial strains. 

The swelling pressure was obtained using the direct wetting method for Wyoming bentonite 

samples Wy-70-06, Wy-70-08, Wy-70-11 and Wy-70-16. Sample Wy-70-18 was saturated with 

a NaCl solution, at 1M concentration. The initial properties of the samples after compaction 

are repeated in Table 8.1 from Chapter 6 for ease of reference.  

The swelling pressure development for RH increase under constant volume was obtained 

for yellow bentonite samples YB-70-05, YB-70-06 and for Wyoming bentonite samples Wy-

70-04, Wy-70-10. The initial properties of the compacted samples before wetting are repeated 

in Table 8.2 from Chapter 6 for ease of reference.  

Table 8.1. Properties of compacted Wyoming bentonite samples used in direct wetting tests under constant volume 

in the hS-C oedometer. 

Sample ID σv,max wini wfinal h ρd e0 Sr 

 (MPa) (%) (%) (mm) (t/m3)   

Wy-70-06 17 11.15 - 6.52 1.78 0.53 0.57 

Wy-70-08 17 16.37 - 7.12 1.62 0.69 0.65 

Wy-70-11 17 10.80 - 6.72 1.73 0.58 0.60 

Wy-70-161
 17 9.34 - 12.31 1.86 0.47 0.55 

Wy-70-182 17 9.14 - 7.12 1.68 0.62 0.40 
1Fine fraction, ground and sieved to 212 μm. 
3Saturated with 1M NaCl solution 
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Table 8.2. Properties of compacted bentonite samples used in gradual wetting under constant volume in the hS-C 

oedometer. 

Sample ID σv,max wini wfinal h ρd e0 Sr 

 (MPa) (%) (%) (mm) (t/m3)   

Wy-70-10 17 10.8 - 6.98 1.68 0.60 0.57 

YB-70-05 4.5 13.6 21.4 16.30 1.44 0.93 0.64 

YB-70-06 3.0 13.6 22.8 16.47 1.34 1.07 0.59 

 

8.3.2 Direct wetting under constant volume test results 

The development of swelling pressure during the direct wetting stage is presented in Figure 

8.7. The graphs have been colour-coded with the dry density of the soil samples, which varies 

from 1.63 t/m3 to 1.86 t/m3. It would be expected that higher dry density would result in higher 

swelling pressure. This is generally true for the soil samples tested, with the exception of sam-

ples Wy-70-06 and Wy-70-11; the swelling pressure for the former is lower than for the latter, 

despite having higher dry density. This may be partly explained by the fact that compliance 

correction was not applied for sample Wy-70-06, allowing the sample to swell by 0.05 mm 

(0.1% strain), indicating that the swelling pressure measured was underestimated. In subse-

quent tests, vertical displacement was adjusted to account for the compliance of the oedom-

eter with an accuracy of 0.01 mm. 

 
Figure 8.7. Development of swelling stress during constant-volume wetting tests on Wyoming bentonite samples. 

It can be observed that most of the samples exhibit an initial peak in swelling stress before 

reaching their final swelling stress. The peak is absent only in sample Wy-70-08, which was 
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compacted at water content wet of optimum, but was present in soil samples compacted at 

lower water contents, supporting the hypothesis that it is linked to the double structure pre-

sent in samples compacted dry of optimum.  

Figure 8.8 presents the swelling stress for the same tests, normalised over the maximum 

swelling stress for each sample. The relative magnitude of the peak seems to decrease with 

increasing dry density, in agreement with Imbert & Villar (2006), mainly due to the higher final 

value of the final swelling stress at higher dry densities. The local minimum swelling stress after 

the initial peak seems to be approximately 20% lower than the final value of swelling stress. 

 
Figure 8.8. Normalised development of swelling stress for Wyoming bentonite samples. 

The final swelling stress with direct wetting is linked to the diffuse double layer (DDL), which 

explains the higher values of interparticle repulsion forces for closer particle spacing. Saturat-

ing sample Wy-70-18 with 1M NaCl solution resulted in a final swelling stress of 5.7 MPa, 

almost 3.5 MPa below the swelling pressure of sample Wy-70-10, which was wetted with dis-

tilled water at a similar dry density (see Section 8.3.3.3). Dixon (2000) suggested that salinity 

does not affect swelling pressure at dry densities above 0.9 t/m3, especially for calcium ben-

tonites. On the contrary, Komine et al. (2009) studied the saturation of bentonite materials 

with artificial seawater and found a reduction in swelling pressure of sodium bentonites even 

for high densities, ranging between 1-2 MPa, similarly to the reduction observed in sample 

Wy-70-18. 
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Most of the reported data in the literature about the development of swelling stress under 

confined wetting usually refers to dry densities far below the densities examined in this study, 

affecting therefore both the magnitude of the final stress and the relative magnitude of the 

peak stress, or to sand bentonite mixtures with higher permeability, or to samples compacted 

wet of optimum, and therefore with a monotonic development of stress.  

The most relevant results to the present research are reported by Dueck et al. (2014), who 

performed confined wetting tests on MX-80 bentonite samples, while measuring both the axial 

and radial stress. The samples were prepared at 13% water content, which is slightly wet of 

optimum (Johannesson et al., 1995). The swelling stress presented in Figure 8.9 is for an MX-

80 sample (referred to as A01-13) of 50 mm diameter and 20 mm height, compacted to a dry 

density of 1.655 t/m3 (continuous black line for vertical stress, dashed black line for radial 

stress).  

 

Figure 8.9. Development of swelling stress during constant-volume wetting tests on Wyoming bentonite samples 

– comparison with MX-80 (with data adapted from Dueck et al. (2014)). 

The development of swelling stress is compared with sample Wy-70-11, which was com-

pacted dry of optimum at 1.73 t/m3 and sample Wy-70-08, which was compacted wet of op-

timum at 1.62 t/m3. It may be observed that the final vertical swelling stress of sample A01-13 

lies between samples Wy-70-08 and Wy-70-11, which is in agreement with the dry density of 

the samples. Although the development of sample A01-13 was monotonic, Dueck et al. (2014) 

recorded a double peak in the development of the radial stress. The peak occurs after approx-

imately 8 hours, in agreement with that of vertical stress for sample Wy-70-11, however the 
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final swelling stress is approached significantly later, after 8-9 days, which may be explained 

by the larger thickness of sample A01-13.  

8.3.3 Suction-decrease under constant volume 

The development of swelling stress with time is presented in Figure 8.10A for sample YB-70-

05, Figure 8.11A for sample YB-70-06 and Figure 8.12B for sample Wy-70-10. As with the di-

rect-wetting tests, the soil samples exhibited an initial peak in swelling stress, followed by a 

local minimum. Samples YB-70-05 and YB-70-06 were dismantled after equalisation at the last 

RH level and their water content was measured. As these tests stopped before the samples 

were fully saturated, the reaction measured on the load cell does not correspond to the final 

swelling pressure. However, this measurement was significant for the validation of the method, 

as the obtained water content allowed for a direct comparison of the gained mass of water to 

the mass estimated from the difference in humidity of the inflow and outflow air. 

8.3.3.1 YB-70-05 

The purpose of test YB-70-05 was to examine the performance of the oedometer during 

stepped RH changes under constant volume, rather than determining the swelling behaviour 

of the examined soil. Therefore, only one RH step was applied (from 50 to 85% RH), as shown 

in Figure 8.10B. The magnitude of the step allowed for observation of the evolution of outflow 

RH, and of the corresponding changes in swelling pressure. As explained earlier that RH is 

controlled by evaluating the inflow RH, and RH of the outflow is measured at the bottom 

outflow vent by a hygrometer. The difference between inflow and outflow RH is attributed 

mainly to the water retained by/evaporated from the soil sample. Further deviations between 

inflow and outflow, as well as between the top and bottom outflow RH readings were dis-

cussed in Section 5.6. 

RH of both the inflow and outflow air are presented in Figure 8.10B. RH of the inflow air 

increased from the initial 50% RH to the prescribed RH of 85% within approximately two hours. 

The required time to adjust inflow RH depends on the choice of control parameters, and there-

fore it can be reduced by increasing the maximum step per time increment. Such a change, 

however, would affect the subsequent control of RH, increasing oscillations around the target 

RH value. RH of the outflow increased at a lower rate than the inflow, as expected, as water 

vapour from the air was absorbed by the soil while air was circulated at the horizontal extrem-

ities of the soil sample.  
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Figure 8.10. Constant-volume wetting test on yellow bentonite sample YB-70-05: A. Development of swelling stress; 

B. Inflow and outflow RH. 

The mass of the absorbed water vapour can be calculated from Equation 5.22, based on the 

difference in RH of the inflow and outflow air, as described in Chapter 5. For an assumed airflow 

of 0.65 l/min (rough flow rate estimation, as explained in Chapter 5), the increase in mass of 

water in the soil sample was calculated to be 6.8g. However, this value is sensitive to uncer-

tainties in the calibration of each hygrometer, as well as to the inherent differences between 

RH measurement at the inflow and outflow positions described in Section 5.6.8. The mass 

measurement at the end of the test suggested that the actual increase in mass of water was 7 

g, indicating that the estimated mass was underpredicted by only 0.2 g. The difference can be 

distributed over the duration of the test, so that an estimated evolution of water content can 
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be obtained. Such a correction, however, is only possible because water content at the end of 

the RH control stage was measured and would not be viable if the sample had been subjected 

to further wetting. 

When the RH of the inflow and outflow air converged after 15 days (360 hours), it was as-

sumed that the sample was in a state of equilibrium. To support further the assumption of 

equilibrium, a residual state was reached in the measured reaction on the load cell (Figure 

8.10A). As mentioned earlier, assigning an equilibrium state does not imply that suction is 

uniform within the sample, but rather that further changes in RH and swelling stress were 

impractical to measure. 

8.3.3.2 YB-70-06 

As RH in test YB-70-05 was applied in a single step, it was not possible to determine the value 

of suction at the peak swelling stress. To overcome this, RH was increased in smaller steps for 

sample YB-70-06 from 65% RH to 85% RH, as shown in Figure 8.11B. Having established the 

maximum time for equilibrium in test YB-70-05, each RH step of test YB-70-06 was maintained 

for two weeks. The absorbed mass of water for the duration of the test was estimated to be 

7.1 g, underpredicting the actual measurement of 8.6 g at the end of the test by 1.5 g.  

Had the amount of absorbed water been lower than the calculated, it could have indicated 

incomplete swelling. However, as it is larger than the calculated, the difference can only be 

attributed to measurement errors and can be distributed over the duration of the test, so that 

an estimated evolution of water content can be obtained. As mentioned in the previous para-

graph, a number of factors contribute to the uncertainty in this value, including possible un-

derestimation of the flow rate and uncertainties in the measurement of RH. 

Regarding the evolution of swelling stress of sample Wy-70-06, it may be observed from 

Figure 8.11 that it reached a peak value at 75% RH and remained constant until a RH of 85% 

was applied. Yielding manifested as a reduction in stress from 1.7 MPa to 1.3 MPa. As sample 

YB-70-06 was of lower dry density (at 1.34 t/m3) than sample YB-70-05 (at 1.44 t/m3), both 

peak and residual swelling stresses had lower values, as expected. However, neither stress can 

be considered as the swelling pressure, as the final peak expected at saturation did not occur 

within the range of applied RH. 
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Figure 8.11. Constant-volume wetting test on yellow bentonite sample YB-70-06: A. Development of swelling stress; 

B. Inflow and outflow RH. 

8.3.3.3 Wy-70-10 

The full development of swelling stress of sample Wy-70-10 is presented in Figure 8.12B, for 

the range of suction presented in Figure 8.12A. In order to obtain the final swelling pressure 

of sample Wy-70-10, air flow through the base and the top cap vents was replaced by a water 

supply, as described in Section 8.2.1. The mass of water absorbed by the soil sample up to the 

90% RH step was calculated using Equation 5.22 to be 25 g. The actual increase in mass at the 

end of the test was 34 g, including the final wetting stage where water was supplied to the 

sample. During the final wetting stage, it was not possible to control and estimate suction 

changes in the soil sample, but are assumed to approach zero at saturation.. 
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Figure 8.12. Constant-volume wetting test on Wyoming bentonite sample Wy-70-10: A. Inflow and outflow 

suction; B. Development of swelling stress. 

Since a state of equilibrium was achieved at each suction level, it is possible to plot the stress 

path in terms of suction against vertical stress. In this case suction refers to the total suction 

corresponding to the RH of the circulating air, calculated through the psychrometric law and 

applied at the horizontal extremities of the sample. It should be stressed again that limitations 

in the Vapour Equilibrium Technique impose large uncertainties at low suction levels, and the 

swelling stress path near saturation should ideally be obtained by other complementary meth-
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that the uncertainty in suction at this level is of the order of 20%, or ±2 MPa. The method of 

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

 Suction at outflow

 Suction at inflow

Timer (days)

T
o

ta
l 
su

ct
io

n
 (

M
P

a
)

A.

0 10 20 30 40 50 60 70 80
0

2

4

6

8

10

12

Timer (days)

V
e
rt

ic
a
l 
st

re
ss

, 
σ

v
 (

M
P

a
)

B.

Time (days) 

Time (days) 



Page 292 of 359 Swelling tests 

Vasileios Mantikos  Imperial College London 

direct wetting by flooding was chosen for simplicity to extend further the tests to full satura-

tion. 

The suction-stress path is presented in Figure 8.13. An initial peak in vertical stress of 8 MPa 

was recorded at 25 MPa of suction, followed by a reduction in stress. Upon supplying water 

through the vents, the reaction on the load cell reduced to about 6 MPa (collapse stress) before 

increasing to the final swelling stress of 9.5 MPa upon saturation. 

Although the value of suction below 8 MPa is unknown, the minimum stress after the peak 

and the final value of swelling pressure were measured. In Figure 8.13 a possible path at low 

suction levels is presented schematically by extending linearly the existing plot to the level of 

minimum stress. Hoffmann et al. (2007) suggested that the initial peak stress occurs at the first 

encounter with the load-collapse curve, and that subsequent reduction in stress occurs along 

it. Nuth & Laloui (2008) pointed out that once the soil is saturated (i.e. for suction levels below 

the air entry value), the yield net stress increases with suction reduction, and plots at 45o in the 

s-py,net space for constant effective stress. Lloret-Cabot et al. (2018) confirmed this through 

constant volume wetting tests on London Clay, however since the transition was from unsatu-

rated to saturated conditions, it was denoted as the air-exclusion value. The swelling path 

shown in Figure 8.13 for suctions below 8 MPa is assumed to follow a similar yield line. 

The trend of the suction-stress path is of similar shape to the observations of Lloret et al. 

(2003) on FEBEX bentonite (Figure 8.14). However, Wyoming bentonite exhibits a lower initial 

peak stress compared to what would be expected of a FEBEX sample of similar dry density. 

Nonetheless, the final swelling pressure of the Wyoming bentonite follows the expected trend 

when compared to the literature data for FEBEX bentonite. 
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Figure 8.13. Suction-stress path during constant-volume wetting test for sample Wy-70-10. Simplified possible path 

after flooding indicated with dotted line. 

 

Figure 8.14. Suction-stress path during constant-volume wetting test of sample Wy-70-10 and comparison with 

results on FEBEX bentonite (adapted from Lloret et al. (2003)). 
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A comparison between the stepped saturation of sample Wy-70-10 and the direct-wetting of 

sample Wy-70-11 is presented in Figure 8.15, for normalised time over the time of the occur-

rence of the initial peak. For comparison, the time to peak stress for sample Wy-70-10 and 

gradual wetting was 50 days, while for sample Wy-70-11 and direct wetting it was approxi-

mately 8 hours. 

0 2 4 6 8 10 12
0.1

1

10

100

 Wy-70-10

Vertical stress, σv (MPa)

T
o

ta
l 
su

ct
io

n
 (

M
P

a
)

RH control

Flooding

minimum stress

final stress

possible path indication

0 2 4 6 8 10 12
0.1

1

10

100

 Wy-70-10

 FEBEX bentonite (Lloret et al., 2003)

Vertical stress, σv (MPa)

T
o

ta
l 
su

ct
io

n
 (

M
P

a
)

1.57 g/cm 3

1.63 g
/cm

3

1.65 g
/cm

3

1.68 g/cm3(1.68 t/m3) 

(1.65 t/m3) (1.57 t/m3) (1.63 t/m3) 



Page 294 of 359 Swelling tests 

Vasileios Mantikos  Imperial College London 

 
Figure 8.15. Comparison of swelling pressure development for direct wetting (Wy-70-11) and gradual reduction in 

suction (Wy-70-10) over normalised time for two identical Wyoming bentonite samples. 

The development of swelling stress for the two samples shows an agreement in the values 

of both the initial peak and the final swelling pressure. As equilibrium was achieved at each 

suction level for sample Wy-70-10, it confirms that the initial peak in stress for the tested 

samples is caused by a yielding mechanism in the suction-vertical stress plane even for sample 

Wy-70-11 subjected to direct wetting. The reduction in stress after the peak is fully captured 

only through gradual wetting. The larger minimum stress value recorded in direct wetting 

conditions may be attributed to the different degrees of saturation across the soil sample, with 

surfaces in contact with the water giving higher swelling stress than the middle of the sample, 

in contrast to the stepped saturation, where sufficient time is allowed for suction equilibrium 

within the sample. However, the agreement in peak and final swelling stress suggests that a 

number of tests can be performed in a conventional oedometer without suction control, to 

increase time efficiency in bulk testing. 

8.4 Pre-swell tests 

The method of pre-swell was applied to two samples, Wy-70-13 and Wy-70-15. The samples 

were wetted after compaction, allowing them to swell to a predefined strain before changing 

the control to constant volume. The initial properties of the samples after compaction are 

repeated in Table 8.3 for ease of reference. 
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Table 8.3. Properties of compacted Wyoming bentonite samples used in pre-swell tests. 

Sample ID  σv,max wini wfinal h ρd e0 Sr 

 (MPa) (%) (%) (mm) (t/m3)   

Wy-70-13 17 8.74 - 7.07 1.71 0.59 0.40 

Wy-70-15 17 11.00 - 6.83 1.73 0.58 0.52 

 

 
Figure 8.16. Swelling pressure development for pre-swell tests on samples Wy-70-13 and Wy-70-15. 

Pre-swell test are performed in two stages. The first stage is similar to a free-swelling test, 

where the samples are directly wetted, as discussed in Section 8.2. A small load (20 kPa) is 
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effect of friction were also discussed in Section 8.2. Once the vertical strain reaches the target 

value, the control is modified from constant load to constant volume. Constant-volume control 

operates as described above in Section 8.3.1, adjusting the displacement of the base while 

compensating for compliance strains caused by increase in swelling stress. 

The development of swelling pressure for the two samples is presented in Figure 8.16 

against the logarithm of time. Sample Wy-70-13 was allowed to swell by 10% strain and sam-

ple Wy-70-15 by 20% strain. The initial dry densities of the two soil samples were similar, so 

that the results of the two tests can be compared. The swelling stress of the samples is negli-

gible during the free swelling stage (equal to the contact load, i.e. 20 kPa). After reaching the 

strain limit, the samples are confined, and swelling stresses develop. The maximum swelling 
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swelling pressure is lower than the expected swelling pressure at full confinement (for example 

9 MPa was observed for sample Wy-70-11), due to the decrease in dry density during the initial 

stage of the free swell conditions. 

8.5 Free swelling tests and load after swell test results 

8.5.1 Introduction 

The swelling strains were obtained for samples Wy-70-10, Wy-70-11, Wy-70-12, Wy-70-13 

and Wy-70-17 and are presented in Figure 8.17. Of these samples, the free volume wetting 

stage was performed right after compaction only for sample Wy-70-12. Samples Wy-70-10 

and Wy-70-11 were subjected to constant-volume wetting to full saturation, as described in 

section 8.3, before unloading to allow volume to increase freely. Sample Wy-70-13 was sub-

jected to a pre-swell stage of 10% strain and wetted to full saturation, as described in Section 

8.4, before unloading. Finally, sample Wy-70-17 was first subjected to a series of suction re-

duction and load/unload cycles, as described in Chapter 6, Figure 15. The tests prior to the 

free swelling stage are summarised in Table 8.4. 

All samples were prepared at similar initial water contents and were compacted to the same 

static load of 17 MPa. Sample Wy-70-13 had the lowest initial water content of 8.5%, while all 

other samples were compacted at water content of approximately 11%. As a result, similar dry 

densities were obtained, ranging between 1.70 to 1.73 t/m3. The initial properties of the com-

pacted samples are repeated from Chapter 6 in Figure 8.5 for ease of reference.  

Table 8.4. List of tests performed on samples prior to free swelling stage 

Sample Pre-swell Constant 

volume wet-

ting 

Load/unload at 

constant suction 

levels 

Free swell 

Wy-70-10 NA to full sat. NA unloading 

Wy-70-11 NA to full sat. NA unloading 

Wy-70-12 NA NA NA wetting to full sat. 

Wy-70-13 10% strain to full sat. NA unloading 

Wy-70-17 NA NA Fig. 15, Ch. 6 wetting to full sat. 

Table 8.5. Properties of compacted Wyoming bentonite samples used in free swelling tests. 

Sample ID σv,max RH (prep.) 

wi 

(f.calc) wi (b.calc) wfinal h h/D ρd e0 Sr 

 (MPa) (%) (%) (%) (%) (mm)  (t/m3)   

Wy-70-10 17 - 10.80 12.52 - 6.98 0.10 1.70 0.60 0.57 

Wy-70-11 17 - 10.80 14.32 - 6.72 0.10 1.73 0.58 0.60 

Wy-70-12 17 - 11.13 13.27 - 6.72 0.10 1.72 0.59 0.52 

Wy-70-13 17 35 8.74 8.43 - 7.07 0.10 1.71 0.59 0.40 

Wy-70-17 17 - 11.11 14.00 - 6.85 0.10 1.70 0.60 0.50 
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8.5.2 Strains under free swelling conditions 

It can be observed in Figure 8.17 that free swelling is monotonic for all samples, with sample 

Wy-70-12 having the largest swelling strain, at approximately 120%. Samples Wy-70-10 and 

Wy-70-11 exhibited the next largest swelling strain. The samples had been wetted to full sat-

uration under confined conditions prior to unloading. On unloading, the increase in volume 

allowed them to absorb more water.  

The maximum swelling strains for all samples are plotted in Figure 8.4, against swelling 

strains obtained by Komine (2004) on Volclay bentonite. It is observed that the present tests 

are comparable to samples confined at 70 kPa, while significantly larger strains develop com-

paring to the truly free swell conditions. As discussed in Section 8.2.2, this might be an effect 

of soil and top cap side-friction, adding a load in excess of the contact load of 20 kPa, resisting 

swelling strains. 

Time is given with reference to the beginning of the ‘free swell’ stage after compaction. As 

a result, samples Wy-70-13 and Wy-70-17 have accumulated swelling strains during the tests 

prior to the free swelling stage. During the initial stages of testing, sample Wy-70-17 was sub-

jected to a reduction in suction from 100 MPa to 40 MPa, during which it developed strains of 

16%. 

Sample Wy-70-13, which had the lowest initial water content and was allowed to pre-swell 

to 10% strain, presented the lowest swelling potential, at approximately 55% swelling strain. 

There is no other distinctive pattern in the free swelling tests examined, apart from observ-

ing that the swelling potential is affected by their stress history, with initial wetting under con-

stant volume limiting the subsequent swelling potential of the samples. 

8.5.3 Strains for changes in suction through vapour equilibrium 

During the SWRC testing described in Chapter 7 it was shown that the volume change of 

compacted Wyoming bentonite samples was limited to approximately 10-12% volumetric 

strain for an increase in RH from 10% RH to 90% RH (Figure 8.18). This suggests that most of 

the volume change occurs when the soil is near saturation. This is in agreement with the shrink-

age curves presented in Chapter 7, where almost 90% of the void ratio change occurred at 

suctions lower than the air entry value. Note that the strains in Figure 8.18 should not be 

compared with the strains in Figure 8.17, as first they refer to isotropic (free samples) rather 
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than one-dimensional conditions (in oedometer), and secondly, a small load was applied on 

the samples of Figure 8.17 limiting their swelling potential. 

 

 

Figure 8.17. Swelling vertical strain of Wyoming bentonite samples during “free-swelling” tests in new oedometer. 

 

Figure 8.18. Swelling volumetric strains of compacted Wyoming bentonite samples for increasing RH in desiccators.  
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8.5.4 Swelling pressure using the swell-reload method 

The swelling pressure obtained through the swell-reload method is defined as the pressure 

that needs to be applied to reduce the value of void ratio to the initial value, prior to wetting. 

This method was applied on sample Wy-70-12, by increasing the vertical load to 17 MPa after 

the end of the free swell stage, as shown in Figure 8.19. The loading rate of 0.01 mm/min was 

too fast to maintain drained conditions, and therefore the soil sample continued to consolidate 

after the maximum load had been applied, hence the reduction in void ratio at the end of 

loading. The initial void ratio after compaction was e0=0.59 (Table 6.4). During the swelling 

stage, the void ratio increased to almost 2.5. At the end of consolidation, the final void ratio 

was e1=0.566, which is below the initial target value.  

 

Figure 8.19. Free-swell test followed by consolidation stage on sample Wy-70-12. 

The pressure corresponding to e0, considered to be the swelling pressure, is found through 

interpolation. In Chapter 6, it was shown that at loads above 5 MPa the compression index of 

reconstituted bentonite approaches the value of the compression index obtained during the 

compaction of dry bentonite samples (Chapter 6, Figure 9). Using this information, the load at 

which the initial void ratio is reached can be interpolated using Equation 6.8, for Cc = 0.672, as 
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As explained earlier in this chapter, this method is likely to overestimate the swelling pres-

sure, and therefore the value obtained here is treated as an upper boundary. 

8.6 Swelling pressure versus dry density 

A summary of the final swelling pressures for the Wyoming bentonite samples tested in the 

current chapter is presented in Table 8.6. The swelling pressure is plotted in Figure 8.20 against 

dry density. The results are presented along with the swelling pressures reported for FEBEX 

calcium bentonite (Villar & Lloret, 2008) and for the sodium bentonite MX80 (Wang et al., 

2012) for comparison. Although the material used in the present research, the Bentosund 

A100, is of the same origin and similar quality to MX80, nevertheless, its swelling pressure 

seems to correlate better with the swelling pressure of FEBEX bentonite.  

Table 8.6. Summary of final swelling pressure against final dry density (after swelling) for Wyoming bentonite 

samples. 

sample Dry density Swelling pressure Method 

 t/m3 kPa  

Wy-70-061 1.81 8,740 Constant volume (direct wetting) 

Wy-70-08 1.63 7,400 Constant volume (direct wetting) 

Wy-70-10 1.69 9,270 Constant volume (suction reduction) 

Wy-70-11 1.72 9,330 Constant volume (direct wetting) 

Wy-70-12 1.72 16,500 Swell-reload 

Wy-70-13 1.56 4,220 Pre-swell 

Wy-70-15 1.44 2,000 Pre-swell 

Wy-70-162 1.85 12,280 Constant volume (direct wetting) 

Wy-70-183 1.68 5,700 Constant volume (direct wetting) 
1inadequate confinement 
2fine sample 
3saturated with 1M NaCl solution 

As expected, variabilities and uncertainties in the test method resulted in swelling pressures 

that deviate from the average trend in Figure 8.20. As an example of inadequate confinement, 

compliance induced by the swelling pressure was not taken into account during the constant 

volume wetting test on sample Wy-70-06. As a result, the height of the sample increased, 

reducing the dry density, and swelling pressure was underestimated. Another example where 

swelling pressure deviated from the general trend in Figure 8.20 was sample Wy-70-18, which 

was saturated with saline solution at 1M concentration (grey square in Figure 8.20). The only 

result that seems surprising is the low swelling pressure of the fine sample, Wy-70-16 (black 

square in Figure 8.20).  
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The swelling pressure obtained by the swell-reload method for sample Wy-70-12 (triangle 

in Figure 8.20), although high, seems to be in general agreement with the trend. Furthermore, 

the swelling pressure of samples with pre-swell (white circle in Figure 8.20) fall on the trendline 

for their final dry density. Their starting dry density seems to have no effect on the developed 

swelling stress, in agreement with Cui (2017). 

 

Figure 8.20. Summary of final swelling pressure against final dry density (after swelling) for Wyoming bentonite 

samples. Comparison with MX80 and FEBEX bentonites. 

8.7 Summary 

In this chapter, the new hS-C oedometer (described in Chapter 5) was used to obtain the 
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eliminating any side friction. This would compromise sealing at the top surface of the sample, 
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Measurement of swelling pressures has been found to be adequate with all three methods, 
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agreement with the peak and final values of swelling stress was obtained between the direct 

wetting and stepped suction control. 

Although the testing schedule was not designed to characterise fully the swelling behaviour 

of the material, general trends in the behaviour of the Wyoming bentonite were observed. 

These included an initial peak in swelling pressure during the constant-volume wetting of sam-

ples compacted at optimum or at dry of optimum water content, as expected for soils with 

double structure. The relative magnitude of the initial peak to the final swelling stress reduced 

with increasing density. Furthermore, the correlation between final swelling pressure and dry 

density was in agreement with that of FEBEX bentonite. Saturation with saline solution de-

creased the final swelling stress but did not affect the value of initial peak swelling stress. 

Finally, the integration of suction-control capabilities in the oedometer allowed examination 

of the suction-stress path in a simple and controlled manner. Fully programmable test se-

quences allow for complex stress and swelling paths to be followed with minimal modifications 

of the equipment. The equilibrium state after each suction step is assessed through the com-

bined evaluation of swelling stress, RH of the outflow air and water absorbed by the sample. 

The operating range of total suction in the oedometer is 300 MPa to 30 MPa, however it is 

possible to apply lower suctions down to 10 MPa at the cost of accuracy and precision. In 

conclusion, fundamental aspects of swelling behaviour can be captured by the new oedome-

ter, paving the road for detailed investigation of other expansive soils. 

  



Page 303 of 359 Conclusions and further research 

Vasileios Mantikos  Imperial College London 

Chapter 9: Conclusions and further research 

9.1 Introduction 

The aim of this research was to enable testing of unsaturated samples at high suction levels, 

by means of (a) a humidity generator with desiccators and (b) a new high-suction-controlled 

(hS-C) oedometer, complementing existing equipment in the Geotechnics Laboratory at Im-

perial College London. Pre-existing equipment, include the following: 

• Double-walled triaxial cell for axis translation (Bishop & Donald, 1961), limited by the 

cavitation value of the HAV ceramic plate. 

• The osmotic oedometer (Monroy et al., 2007), which allows for suction control in the 

lower suction range up to 10 MPa (Delage et al., 1998), with independent suction 

measurement through the high-capacity tensiometer (Ridley & Burland, 1993) for up 

to 1.5 MPa of suction. 

• The air-regulated triaxial cell (Jotisankasa et al., 2007) limited to 1.5 MPa of suction by 

the high-capacity tensiometer (Ridley & Burland, 1993). 

• The filter paper method, which may be used to develop SWRCs up to 30 MPa (Marinho 

& Oliveira, 2006).  

The new equipment detailed in this thesis was designed to provide effective and reliable, 

although indirect, control of suction for suction levels above 10 MPa, using the Vapour Equi-

librium Technique (VET). For the development of the humidity generator, three concepts were 

considered: 

• high precision two-pressure generators (Hasegawa & Little, 1977), used for instrument 

calibration, which were found to be inconvenient, complicated and costly to operate 

for the scope of the present research; 

• isopiestic generators, e.g. saline or acid aquatic solutions (Delage et al., 1998), which 

are too sensitive to temperature variations and provide only specific values of relative 

humidity points; 

• the air-regulation method (Jotisankasa, 2005) which was limited to drying paths and to 

suction measurements up to 1.5 MPa; 

Based on the advantages and limitations of these methods, the development of a new simple 

humidity generator was proposed and presented in Chapter 4, providing the versatility of pres-

sure generators and the practicality of the air-regulation method. The humidity generator can 
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be adapted to traditional laboratory equipment for investigating the hydro-mechanical be-

haviour of unsaturated soils.  

Four geo-materials were used in the development and validation of the equipment, through 

a series of compaction, retention and swelling tests, presented in Chapters 6, 7 and 8. These 

included: 

• an artificial model clay, KSS (Rossato et al., 1992); 

• black cotton clay; 

• an expansive, highly over-consolidated clay, London Clay (Dineen, 1997; Melgarejo, 

2005); 

• a ‘yellow bentonite’ powder; and 

• the granular bentonite, Bentosund A100. 

Classification tests on the bentonites indicated high similarity to the MX-80 natural sodium 

bentonite and therefore the output of the tests in the new equipment could be compared with 

similar results from the literature. Aspects of the characteristic behaviour of fine soils, and so-

dium bentonites in particular, were reviewed (a) to make sure that they can be captured suc-

cessfully with the new equipment and (b) to distinguish between soil behaviour and anomalies 

in the testing method during the development stages. These aspects included:  

• the formation of a double structure on compaction at water contents dry of optimum; 

• the irreversibility of changes in structure upon saturation; 

• the distinction between osmotic and crystalline swelling at different levels of suction; 

• the dependency of final swelling pressure on the final dry density of montmorillonite 

in the compacted sample; 

• the effect of changing structure during hydration on the unsaturated hydraulic 

conductivity. 

The outcomes from this research are presented in two parts. In the first part, the design of 

the new divided-flow humidity generator (dfHG) is discussed. Its operation and performance 

have been evaluated by using it in conjunction with desiccators to derive SWRCs for a range 

of soil materials, namely London Clay, black cotton clay, yellow bentonite. Emphasis is given 

to the appropriate calibration and use of the capacitance hygrometers used to control RH in 

the desiccators. In the second part, the design and limitations of the high-suction-controlled 
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(hS-C) oedometer are discussed. Its function and accuracy have been validated through a se-

ries of compaction and swelling tests on the soil materials described earlier. 

9.2 Divided-flow humidity generator (dfHG) for development of SWRCs 

Description 

The system described provides a simple method for controlling relative humidity, making use 

of the divided-flow method. Servo-control of relative humidity with calibrated capacitance hy-

grometers provides a continuous control of suction. The number of components has been 

reduced compared to traditional divided-flow humidity generators (Wexler, 1948; Likos & Lu, 

2003) to provide a convenient, low maintenance alternative. 

The accuracy of the system was found to depend almost entirely on the uncertainty of the 

hygrometers. The low-cost hygrometers (Sensirion SHT21 hygrometers) have been calibrated 

against a high accuracy hygrometer (VAISALA HMT330), giving an average expanded uncer-

tainty of 1.6% RH. Each individual hygrometer was calibrated separately for wetting and drying 

paths, to confirm their adequate performance, and to improve the accuracy of the measure-

ments. Furthermore, a correction for time effects has been proposed, based on long-term ob-

servations. 

Although the implication of using low-cost hygrometers was an increase in the uncertainty 

of measurements, bulk purchase of hygrometers enabled extension of the method to multiple 

desiccators at a minimal cost. 

Validation tests 

The divided-flow humidity generator was used to develop the SWRCs of three soils. Through 

these tests, it was found that: 

• the obtained retention curves were generally in good agreement with results from 

the literature; 

• as expected, an increase in void ratio resulted in a decrease in the degree of 

saturation for all tested soils; 

• the retained water content at a specific value of total suction was observed to 

decrease with increasing void ratio for the Wyoming bentonite, however this relation 

was not observed in the limited results for yellow bentonite and London Clay. 

Advantages 

The significant benefits of the new humidity control system can be summarised as follows. 
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• The requirement for thermal insulation or temperature control is not as crucial as in 

Vapour Equilibrium Techniques utilising salt solutions.  

• The test can operate under non-ideal conditions, making it more versatile and tolerant 

of temperature changes and potential long-term degradation of components in the 

system. 

• The system is modular, in the sense that any component, such as hygrometers, valves, 

saturators, desiccators, may be added, replaced or upgraded without reducing 

performance.  

• The automated process of suction control through the divided-flow of the humidity 

generator and the integration with multiple desiccators has allowed for parallel testing 

of a significant number of soil samples, increasing the efficiency of the laboratory and 

providing a significant database with minimal effort. 

Limitations and suggestions for future research 

The humidity generator described in the present study relies solely on the feedback received 

from the hygrometers, emphasising therefore the importance of their regular calibration. This 

also means that the accuracy of RH control depends on the accuracy of the hygrometers. 

As with other Vapour Equilibrium Techniques which rely on the psychrometric law to relate 

RH to suction, uncertainty in suction increases significantly at suction values below 30 MPa. 

Moreover, below that level the error in RH measurement of the hygrometers also increases, 

leading to an exponential increase in uncertainty of the suction measurement. Use of more 

precise hygrometers will reduce significantly the uncertainty in the system and may extend the 

operational RH range, without however, addressing the limitations of the psychrometric law 

itself. 

It is recommended that the control system is upgraded to provide second-order control on 

the RH value, evaluating the rate of RH change, as this will increase significantly the stability 

of the RH in the desiccators, reduce the recovery time after accessing the samples by opening 

the lid, and apply changes in the target RH faster. 

Finally, disruptions to the RH control will be minimised by enabling mass measurements 

within the desiccator. This could be achieved either with a local weighing balance or by sus-

pending the samples from an external balance. 
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9.3 hS-C oedometer for swelling tests 

Description 

The development of the hS-C oedometer, which was presented in Chapter 5, was based on 

the principles of existing suction-controlled oedometers. Considering the advantages and dis-

advantages of the apparatus described in Chapter 2, it was decided to:  

• circulate humid air along the surfaces of the soil sample through coarse porous stones, 

to limit test durations. As the oedometer is intended for tests in clays, forcing the air 

through the sample was considered impractical;  

• allow for a pair of entry and exit paths through the base and through the top cap to 

give air or water access to the porous stones; 

• use the divided-flow humidity method developed in Chapter 4 to control RH of the 

circulating air; 

• measure the RH of the air both before and after the cell to provide data relating to the 

water exchange with the soil sample. 

The maximum load capacity of the oedometer is 18 MPa, corresponding to the 70-kN ca-

pacity of the load cell for a sample diameter of 70 mm. As a result, the maximum swelling 

pressure that can be sustained is also 18 MPa. The modifications and measures taken to with-

stand the high operational loads included: 

• use of brass sintered porous stones, for their strength and stiffness without 

compromising air permeability; 

• design of the loading rod against buckling failure, while allowing sufficient length to 

keep the load cell outside a potential water bath for temperature control; 

• increasing the thickness of the confining ring to 25mm to ensure radial confinement 

and one-dimensional conditions. 

The load was found sufficient to produce compacted bentonite samples to dry densities of 

up to 1.85 t/m3. The maximum swelling pressure during constant-volume wetting tests was 12 

MPa, well below the capacity of the oedometer. However, published data on MX-80 bentonite 

suggest that swelling pressure of 18 MPa may be developed for values of dry density as low 

as 1.65 t/m3. Nevertheless, this value coincides with the nominal dry density for the design 

premises for buffer bentonite blocks in the KBS-3 nuclear waste disposal concept (SKB, 2010). 
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Furthermore, as testing in low-permeability soils can often last for several months, the com-

ponents of the cell, including the ring, base and top cap, were manufactured from corrosion-

resistant steel and deionised water was used to protect the equipment and the quality of the 

tests. 

Validation 

The development of the new hS-C oedometer aimed to provide a means for investigating the 

swelling characteristics of bentonite. The limitations and abilities of the equipment were ex-

amined by subjecting Bentosund A100 to four types of swelling tests, namely (a) the free-swell 

method; (b) the swell-reload method; (c) the constant volume method; and (d) the pre-swell 

method. During these tests, general trends in the behaviour of the Wyoming bentonite were 

observed. These included: 

• a double peak in the development of swelling pressure upon hydration with time for 

samples compacted dry of optimum; 

• a reduction in the relative magnitude of the initial peak to the final swelling pressure 

with increasing density; 

• a decrease in final swelling stress with increasing water salinity, without affecting the 

value of the initial peak. 

Furthermore, the variation of the final swelling pressure with dry density obtained for the 

Wyoming bentonite was compared with similar data for MX-80 and FEBEX bentonites. The 

swelling pressure was found to be lower than the one reported for the MX-80, but coincided 

with the FEBEX bentonite. Therefore, measurement of swelling pressures has been found ad-

equate, with the swell-reload method giving an upper boundary estimation.  

Other types of tests that were successfully conducted without modification to the oedome-

ter included: 

• consolidation tests on reconstituted samples; 

• compaction tests for determination of optimum water content and maximum dry 

density; 

• compression tests for constant suction levels; 

• wetting/drying hydraulic paths under constant load. 
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Advantages 

The new equipment has extended the pre-existing capabilities of the Geotechnics Laboratory 

and has provided the means for future investigation of unsaturated soils at high suction levels. 

The main advantages of the new oedometer relate to the fully automated control of stress and 

suction under one-dimensional conditions, allowing for the application of complex stress and 

hydraulic paths in a controlled and simple manner. Finally, the operational range of stress and 

suction enables testing of expansive soils in conditions representative of those in situ, espe-

cially within the framework of buffer design for nuclear waste disposal, where high levels of 

suction and high swelling stresses are expected. 

The advantages of the equipment with reference to compaction and oedometer testing can 

be summarised as: 

• in-place compaction eliminates disturbance on samples caused by trimming and 

installation; 

• ability to compact soil at high dry densities; 

• no loss of soil or moisture during testing. 

Regarding suction control: 

• the operating range of total suction in the oedometer is between 300 MPa to 30 MPa, 

however it is possible to apply lower suction down to 10 MPa but with reduced 

accuracy and precision; 

• RH can be applied over a continuous range, while the recorded value is independent 

of temperature fluctuations; 

• The equilibrium state during each suction step is assessed through the combined 

evaluation of swelling stress, RH of the outflow air and water exchanged with the soil 

sample.  

Limitations and suggestions for further research 

The main limitations of the new oedometer arise from the VET method itself. As with other 

oedometers relying on VET to control suction, values of suction below 30 MPa should be 

treated with caution, as the uncertainty related to the accuracy of suction control increases 

significantly. Instead, incorporating other methods of suction control in the setup to enable 

tests at lower suction levels should be considered. Possible variations to consider could in-

clude: 
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• the osmotic technique; 

• the axis-translation technique; 

• aquatic solutions of high RH. 

The first two would require some sort of modification of the base and the porous stones. In 

the case of the osmotic technique the porous stone could be replaced by a semi-permeable 

membrane, while in the case of the axis-translation approach the sintered porous stone should 

be replaced by a HAV ceramic stone. Both of these modifications, however, are incompatible 

with the requirements of the VET method. The third can be applied easily by changing the 

saturator of the humidity generator with a container with the saline solution. However, the 

issues of increased uncertainty at low suction levels would remain. 

One of the outcomes of the validation through swelling tests was the significant influence 

of side friction contributed by the top cap to the control in free swell tests. It is suggested that 

for such tests the o-ring around the top cap should be removed to allow for accurate load 

control. Although this could partially affect RH control, it is acceptable for direct wetting tests. 

Other modifications that may improve the quality of the humidity control could include: 

• integration of local hygrometers in the confining ring; 

• flow meters in each stream in and out of the cell to assist in the estimation of change 

in mass of water vapour through the cell. 

Finally, radial stress measurements, allowing mean stress to be determined, could be intro-

duced by replacing part of the confining ring with a double thin-wall system, similar to the 

one used for the osmotic oedometer (Colmenares, 2002). 

A major revision and upgrade of the oedometer would be the incorporation of temperature 

control. Provisions for submersion of the cell in a temperature-controlled water bath have 

already been made, however the effect of elevated temperature on the structural components 

and instrumentation need to be considered. 

Having established a successful test method, however, future research should focus primar-

ily on the characterisation of bentonite materials and less on the improvement of the equip-

ment. An interesting application would be the investigation of homogenisation of bentonite 

upon saturation under different initial compaction conditions, in granular form, pellets, or mix-

tures of the two. Furthermore, the effect of the composition of the groundwater solution on 
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the swelling mechanism may be examined, to represent the specific in-situ conditions of a 

geological disposal site. In terms of hydraulic and stress paths, the following are suggested: 

• Pre-swell tests, to study the strength and hydraulic properties of the swelled bentonite 

when filling potential gaps; and 

• Compression tests under various constant suction levels, to obtain the load-collapse 

yield surface of the material; 

Both of these tests may be performed at the existing state of the oedometer, while all com-

paction, compression, hydration and swelling stages can be fully automated, increasing 

productivity. The tests can be accompanied by scanning electron microscopy (SEM) analyses, 

also available in Imperial College London, to examine the evolution of microstructure during 

the tests and evaluate homogenisation. 
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Appendix A: The filter paper method 

The following procedure is obtained from Ridley et al. (2003) and has been widely used in the 

Geotechnics Laboratory at Imperial College with consistent results. The method is similar to 

the one used in the calibration of the Whatman No. 42 filter papers by Chandler & Gutierrez 

(1986). 

1. A disc of soil is prepared with smooth, even surfaces. 

2. For the contact method, a filter paper of smaller diameter is placed on each side of the 

soil sample and held in place with Perspex discs. For the non-contact method, a perfo-

rated Perspex disc is inserted between the filter paper and the soil sample. 

3. The system of soil sample, filter papers and Perspex discs is wrapped in three layers of 

cling film, sealed in two zip-locked plastic bags, and stored in a plastic container under 

constant temperature away from direct sunlight. 

4. Two sealable plastic bags are named and weighed to the nearest 0.0001 g. The bags 

are used to receive each filter paper and prevent moisture content changes during 

measurements. 

5. At the end of the equilibration time (i.e. 7 days for the contact method, 14 days for the 

non-contact method) the sample is removed from the container and the cling film is 

carefully cut at the top surface to release the top filter paper. The top filter paper is 

removed from the soil using tweezers, placed directly in one of the prepared bags, 

sealed and weighed. The procedure is repeated for the bottom filter paper. 

6. After measuring their mass, the filter papers are removed from the plastic bags and are 

oven-dried at 105oC for two hours. 

7. Once removed from the oven, the filter papers are placed back in the same plastic bags 

and their mass is measured again. 

8. Their water content of the filter papers is calculated from the mass measurements be-

fore and after drying and is used to estimate suction through appropriate calibrations. 

Marinho & Oliveira (2006) suggested that a single calibration curve should be used for both 

contact and non-contact measurements. It is also suggested that the calibration is verified for 

each batch of filter papers at a single point before testing. 
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Appendix B: Certificates 

B.1. Vaisala HMT330 
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(Vaisala, 2018) 
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B.2. Vaisala HMT330 - Calibration certificate 
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B.3. Sensirion SHT21 
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(Sensirion, 2014) 
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Appendix C: COSHH risk assessment form 

The following document, outlining the risks and precautions relating to the preparation and 

use of saturated salt solutions in the laboratory has been completed and uploaded on Share-

point, for the attention of the laboratory manager. 

Department of Civil & Environmental Engineering  
COSHH Risk Assessment Form 
 

Please complete one COSHH form for each SEPARATE activity, task or analysis. 
For work involving BIOLOGICAL AGENTS where culturing is being undertaken, a BIO1 form MUST 
BE completed and approved by the College Biological Safety Officer – Speak to the DSO for more 

information 
 

Name of Re-
searcher: 

V. Mantikos SEC-
TION: 

Civil – Geotechnics. 

Name of Supervi-
sor: 

Dr Ai. Tsiampousi Date: 21/10/2015 

Title of Project: Maintaining constant relative humidity by means of aqueous solutions. 

 

Description of each analysis or experimental activity 

(box below expands to accommodate text) 

• Describe what you are doing  • How reagents will be prepared etc.? 

• Where the work will be done 
(Lab,Field)? 

• Identify the risks to yourself and oth-
ers 

• How will you dispose of any wastes? • How will you minimise these risks? 

• Think about how the process will be affected if services are lost (i.e. water, gas, electric-
ity, cooling). 

 

Standard relative humidity environment is generated in the laboratory using selected aqueous 

solutions. A quantity of the selected salt is placed in the bottom of a container or an insert tray 

to a depth of about 4 cm for low RH salts, or to a depth of about 1.5 cm for high RH salts. Water 

is added in about 2-mL increments, stirring well after each addition, until the salt can absorb no 

more water, as evidenced by free liquid. The container is closed and 1 h is allowed for tempera-

ture stabilisation.  

A capacitance sensor is placed in the container to monitor T and RH variation. 

 

The container, including a cover or lid which can be secured airtight, should be made of corro-

sion resistant, non-hygroscopic material such as glass.  The container should be small to mini-

mise the influence of any temperature variations. A maximum proportion of 25 cm3 vol-

ume/cm2 of solution surface area is suggested, and overall headspace volume should be no 

larger than necessary to confine a stored item. 
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The produced vapour may increase the pressure in the container. 

 

Saturated salt solutions may be prepared using either amorphous or hydrated reagents (that is, 

reagents containing water of crystallization). Hydrated reagents are often preferred to amor-

phous forms for their solvating characteristics 

Reagent grade chemicals (or better) are to be used for preparation of all standard solutions. 

Reagent water produced by distillation or by ion exchange, or reverse osmosis followed by dis-

tillation shall be used. 

 

The salt solution and the produced vapour may be corrosive, wear appropriate PPE. 

System is not affected by service loss (i.e. water, gas, electricity, cooling). 

Do not empty used solution in drains. 

Contaminated parts should be cleaned before reuse.  

No chemicals are to be used to clean it as this may react with product material 

 

 

List the chemical substances you will be using 

(Add more lines to this table as needed) 

Hazard Statements* 

Sodium chloride (See MSDS) None 

Lithium chloride (See MSDS) H315, H319, H302. 

  

*NB: H2xy for physical hazards: H3xy for health hazards: H4xy for environmental hazards. 

 

Hazard Category (Tick the appropriate box, use the most significant H-phrase indicated for deter-

mining the hazard category of the work) 

 

Ex-

treme 

H300, H310,H330, H350, H360, H370 – Carcinogens etc.  

High  H301, H311, H331, H341, H351, H361, H371, H372 – Toxic/very Toxic  

Me-

dium  

H302, H312, H314-H315, H317-H319, H332, H334 - H336 – Harmful, corrosive, 

irritants 

YES 

Low  substances not classified above  

 

Estimation of exposure potential (highlight in bold appropriate category) 
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Score 1 2 3 

A Quantity of Sub-

stance 

<1.0g >1.0g,100.0g >100.0g 

B Physical Charac-

teristic 

Dense Solid, non vola-

tile liquid and no skin 

absorption 

Dusty solid, volatile 

liquid, low skin ab-

sorption 

Highly volatile liquid, 

aerosol, flame, gas.  

High skin absorption 

C Operation Char-

acteristic 

Predominantly en-

closed 

Partially Open No Physical barrier 

 
Multiply A x B x C to obtain estimate of exposure potential. 
 

<8 = LOW; 8-12 = MEDIUM; >12 = HIGH:                8 (LOW) 
 
Evaluation of Risk and Control Determination (highlight in bold appropriate category) 
 

Exposure Potential 
➔ 

LOW MEDIUM  HIGH 

Hazard Category  

EXTREME More detailed as-
sessment 

More Detailed As-
sessment 

 

HIGH LEV/PPE LEV/PPE More Detailed Assess-
ment  

MEDIUM Good Practice LEV/PPE LEV/PPE 

LOW Good Practice Good Practice Good practice 

 
LEV= Local extraction ventilation 
PPE = Personal protective equipment 
 
NOTE: SOME PPE is compulsory at all times, depending upon the nature of the laboratory 

Summary of Assessment  
(box below expands to accommodate text) 

This summary should cover precautions for your own personal protection; take into considera-
tion disposal of reagents; action if spillage occurs; training needs; result of failure of equipment 

etc. 

 
P.P.E. should be worn especially gloves and long-sleeved clothing.  
Chemical exposure is reduced by good practice, and that minimal quantities (less than 10g) are 
in use.  
Any salt solution spillage may be absorbed by tissue/absorbent spill pack. 
Crystal salt may be swept up or vacuumed up and collected in suitable container for disposal. 
Any splashes of salt solution can be absorbed by tissue/absorbent spill pack. No chemicals are 
to be used to clean it as this may react with product material. 
Do not empty solution into drain. 
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General Medical advice. 
Inhalation: Move to fresh air. If breathing is difficult, give oxygen. Get medical attention imme-

diately if symptoms occur. 

Skin contact: Wash off immediately with plenty of water for at least 15 minutes. Obtain medical 

attention. 

Eye contact: Rinse immediately with plenty of water, also under eyelids, for at least 15 minutes. 

Obtain medical attention.  

Ingestion: Do not induce vomiting. Call a physician or Poison Control Centre immediately. 

 

 
This Assessment must be attached to the SharePoint General Risk Assessment form and submitted 
for approval by the Supervisor of the activity. It should be checked by the lab manager or other 
appropriate person. 
 
All assessments should be reviewed at least every 36 months unless any aspect of the described 
tasks change. 
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Appendix D: Calibration of Sensirion SHT21 hygrometers 

 

Figure 9.1. Calibration sequences for hygrometer SHT21_A1. 

 

Figure 9.2. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for hygrometer 

SHT21_A1. 
























































0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 SHT21_A1 #1(1 day)

 SHT21_A1 #2(3 days)

 SHT21_A1 #3(salt solutions)

  SHT21_A1 (increase)

  SHT21_A1 (decrease)

Test hygrometer relative humidity reading, yk (% RH)

D
if

fe
re

n
ce

 t
o

 r
e
fe

re
n

ce
 r

e
a
d

in
g

b
k
 =

 y
k
 -

 y
R

k
 (
%

 R
H

)












































0 20 40 60 80 100

2.0

2.5

3.0

3.5

4.0

  SHT21_A1 (increase)

  SHT21_A1 (decrease)

 Polynomial fit

Test hygrometer relative humidity reading, yk (% RH)

D
if

fe
re

n
ce

 t
o

 r
e
fe

re
n

ce
 r

e
a
d

in
g

b
k
 =

 y
k
 -

 y
R

k
 (
%

 R
H

)



Page 326 of 359 Appendix: Calibration of Sensirion SHT21 hygrometers 

Vasileios Mantikos  Imperial College London 

 

Figure 9.3. Calibration sequences for hygrometer SHT21_A2. 

 

Figure 9.4. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for hygrometer 

SHT21_A2. 
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Figure 9.5. Calibration sequences for hygrometer SHT21_A3. 

 

Figure 9.6. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for hygrometer 

SHT21_A3. 
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Figure 9.7. Calibration sequences for hygrometer SHT21_A4. 

 

Figure 9.8. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for hygrometer 

SHT21_A4. 
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Figure 9.9. Calibration sequences for hygrometer SHT21_A5. 

 

Figure 9.10. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_A5. 
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Figure 9.11. Calibration sequences for hygrometer SHT21_A6. 

 

Figure 9.12. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_A6. 
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Figure 9.13. Calibration sequences for hygrometer SHT21_A7. 

 

Figure 9.14. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_A7. 
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Figure 9.15. Calibration sequences for hygrometer SHT21_A8. 

 

Figure 9.16. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_A8. 
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Figure 9.17. Calibration sequences for hygrometer SHT21_B1. 
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Figure 9.18. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B1. 

 

Figure 9.19. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B2. 
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Figure 9.20. Calibration sequences for hygrometer SHT21_B2. 
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Figure 9.21. Calibration sequences for hygrometer SHT21_B3. 
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Figure 9.22. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B3. 

 

Figure 9.23. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B4. 
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Figure 9.24. Calibration sequences for hygrometer SHT21_B4.. 
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Figure 9.25. Calibration sequences for hygrometer SHT21_B6. 

 

Figure 9.26. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B6. 
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Figure 9.27. Calibration sequences for hygrometer SHT21_B7. 

 

Figure 9.28. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B7. 
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Figure 9.29. Calibration sequences for hygrometer SHT21_B8. 

 

Figure 9.30. Fitting polynomial curves for wetting (increasing RH) and drying (decreasing RH) paths for 

hygrometer SHT21_B8. 
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Appendix E: Material datasheets for considered bentonites 

 
(Laviosa MPC, 2016) 
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(American Colloid Company, 2009) 
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(American Colloid Company, 2001) 
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(RS Minerals ltd., 2014)  
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Appendix F: SWRC data for Bentosund A100 

F.1. Void ratio 

Suction Void ratio 

(MPa) 24 A8 10B BTT TTT 10A DDD2 D1 GC1 1A 9A 29 A5 

404.5 0.8 1.0 0.7 0.7 0.7 1.0 0.8 0.8 0.7 0.7 0.6 0.5 0.6 

310.9 0.8 1.0 0.7 0.7 0.7 1.1 0.8 0.8 0.8 0.6 0.6 0.5 0.6 

256.2 0.7 0.9 0.6 0.6 0.6 0.9 0.7 0.7 0.6 0.6 0.5 0.5 0.5 

217.3 0.9 0.9 0.7 0.6 0.7 1.0 0.8 0.7 0.7 0.6 0.6 0.5 0.7 

187.2 0.9 0.9 0.7 0.6 0.7 1.0 0.8 0.7 0.7 0.6 0.5 0.5 0.6 

162.6 0.8 1.0 0.7 0.7 0.6 1.0 0.8 0.7 0.7 0.7 0.6 0.5 0.6 

141.7 0.9 0.9 0.7 0.7 0.7 1.0 0.8 0.8 0.7 0.6 0.6 0.5 0.6 

123.7 0.9 1.0 0.8 0.7 0.7 1.1 0.8 0.8 0.7 0.7 0.6 0.5 0.6 

93.6 0.9 1.0 0.8 0.7 0.6 1.1 0.8 0.8 0.7 0.7 0.6 0.6 0.6 

69.0 0.9 1.0 0.8 0.7 0.7 1.1 0.8 0.8 0.7 0.7 0.6 0.6 0.6 

48.2 0.9 1.0 0.8 0.7 0.7 1.1 0.9 0.8 0.7 0.7 0.6 0.6 0.7 

30.1 1.0 1.1 0.9 0.8 0.7 1.2 0.9 0.9 0.8 0.8 0.7 0.6 0.7 

2.0 1.2 1.2  0.9 0.9  1.1    0.8   

2.0 1.3 1.3 1.0 1.0 1.0  1.2 1.1 0.9 1.0 0.9 0.8 0.9 

22.0 1.1 1.2 0.9 0.9 0.8  1.0 0.9 0.8 0.9 0.7 0.7 0.7 

38.9 1.10 1.12 0.87 0.81 0.77 1.29 0.97 0.91 0.81 0.82 0.68 0.69 0.71 

58.3 1.07 1.07 0.85 0.77 0.74 1.10 0.93 0.87 0.78 0.79 0.65 0.66 0.69 

81.0 1.01 1.04 0.81 0.74 0.72 1.13 0.90 0.84 0.73 0.74 0.63 0.62 0.62 

108.0 1.00 1.02 0.79 0.72 0.70 1.10 0.87 0.80 0.69 0.73 0.61 0.60 0.62 

142.0 0.98 1.02 0.79 0.72 0.68 1.11 0.86 0.81 0.71 0.72 0.60 0.61 0.62 

163.0 0.96 0.99 0.75 0.70 0.66 1.09 0.85 0.80 0.69 0.69 0.58 0.59 0.59 

257.0 0.93 0.95 0.75 0.67 0.65 1.05 0.82 0.77 0.66 0.67 0.56 0.56 0.59 

342.2 0.92 0.96 0.73 0.66 0.63 1.04 0.81 0.76 0.65 0.66 0.56 0.54 0.57 

257.0 0.93 0.94 0.72 0.67 0.64 1.06 0.81 0.75 0.66 0.66 0.55 0.57 0.59 

163.0 0.93 0.97 0.71 0.67 0.64 1.02 0.82 0.76 0.66 0.68 0.56 0.57 0.57 

142.0 0.94 0.98 0.77 0.68 0.65 1.08 0.83 0.78 0.66 0.68 0.56 0.57 0.58 

108.0 0.95 0.96 0.74 0.70 0.65 1.07 0.83 0.79 0.67 0.69 0.57 0.58 0.58 

81.0 0.98 1.01 0.78 0.71 0.68 1.09 0.86 0.82 0.70 0.72 0.59 0.60 0.62 

58.3 1.01 1.03 0.80 0.74 0.71 1.13 0.90 0.84 0.73 0.75 0.62 0.64 0.65 

38.9 1.06 1.07 0.87 0.79 0.74 1.17 0.93 0.87 0.77 0.79 0.65 0.66 0.69 

30.23 1.08 1.10 0.88 0.79 0.76 1.19 0.96 0.89 0.81 0.82 0.68 0.69 0.72 

22.02 1.11 1.13 0.90 0.83 0.79 1.22 0.98 0.92 0.82 0.84 0.69 0.71 0.74 

11.0 1.16 1.16 0.94 0.86 0.83 1.26 1.01 0.96 0.86 0.88 0.73 0.74 0.77 
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F.2. Degree of saturation 

Suction Degree of saturation 

(MPa) 24 A8 10B BTT TTT 10A DDD2 D1 GC1 1A 9A 29 A5 

404.5 9% 6% 8% 10% 12% 5% 7% 7% 10% 7% 20% 24% 5% 

310.9 10% 7% 10% 11% 13% 5% 8% 8% 9% 8% 19% 24% 6% 

256.2 11% 8% 12% 15% 15% 7% 10% 11% 13% 10% 26% 29% 8% 

217.3 10% 9% 12% 15% 14% 7% 10% 11% 12% 10% 23% 28% 7% 

187.2 11% 10% 14% 16% 17% 8% 12% 13% 15% 12% 26% 30% 9% 

162.6 13% 11% 15% 18% 20% 9% 13% 14% 17% 14% 27% 31% 12% 

141.7 15% 13% 17% 20% 22% 11% 15% 16% 19% 17% 31% 35% 15% 

123.7 16% 15% 19% 23% 24% 13% 17% 19% 21% 19% 33% 38% 17% 

93.6 21% 19% 24% 29% 31% 16% 22% 23% 28% 24% 40% 44% 23% 

69.0 27% 24% 30% 35% 39% 21% 27% 30% 34% 30% 45% 50% 31% 

48.2 36% 31% 38% 46% 52% 26% 36% 37% 45% 41% 56% 62% 41% 

30.1 41% 37% 47% 54% 60% 33% 43% 46% 52% 48% 66% 71% 50% 

2.0 51% 52%  71% 74%  57%    84%   

2.0 53% 52% 66% 72% 75%  60% 63% 71% 67% 84% 86% 61% 

22.0 46% 46% 60% 64% 69%  53% 57% 66% 59% 76% 81% 53% 

38.9 45% 45% 58% 64% 68% 38% 51% 55% 61% 58% 76% 79% 49% 

58.3 42% 42% 53% 60% 64% 40% 48% 52% 58% 53% 73% 75% 45% 

81.0 36% 37% 48% 54% 55% 32% 43% 46% 52% 48% 66% 70% 38% 

108.0 29% 29% 39% 44% 46% 26% 34% 37% 44% 37% 53% 58% 26% 

142.0 26% 25% 33% 38% 41% 22% 30% 32% 37% 32% 46% 49% 20% 

163.0 20% 20% 28% 31% 33% 17% 23% 26% 30% 26% 39% 43% 12% 

257.0 14% 15% 21% 24% 25% 13% 18% 19% 23% 20% 32% 36% 3% 

342.2 8% 10% 15% 17% 18% 8% 12% 13% 15% 13% 24% 28% -5% 

257.0 9% 11% 15% 17% 19% 8% 12% 14% 16% 14% 25% 28% -4% 

163.0 12% 12% 19% 21% 22% 11% 15% 17% 19% 16% 28% 31% 0% 

142.0 15% 15% 21% 25% 27% 13% 18% 20% 24% 19% 33% 36% 4% 

108.0 19% 19% 27% 30% 33% 16% 23% 24% 29% 24% 37% 40% 10% 

81.0 22% 21% 30% 33% 36% 20% 25% 28% 34% 28% 41% 46% 17% 

58.3 30% 29% 38% 42% 46% 25% 33% 36% 42% 36% 51% 53% 26% 

38.9 37% 36% 47% 51% 56% 32% 41% 46% 52% 46% 62% 66% 37% 

30.23 39% 39% 51% 56% 60% 35% 44% 48% 55% 49% 66% 70% 41% 

22.02 42% 41% 53% 59% 62% 37% 47% 51% 59% 53% 72% 73% 45% 

11.0 45% 46% 59% 65% 68% 41% 52% 56% 64% 58% 75% 79% 52% 
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F.3. Gravimetric water content 

Suction Gravimetric water content 

(MPa) 24 A8 10B BTT TTT 10A DDD2 D1 GC1 1A 9A 29 A5 

404.5 3% 2% 2% 3% 3% 2% 2% 2% 2% 2% 4% 5% 1% 

310.9 3% 2% 2% 3% 3% 2% 2% 2% 3% 2% 4% 5% 1% 

256.2 3% 3% 3% 3% 4% 2% 3% 3% 3% 2% 4% 5% 1% 

217.3 3% 3% 3% 3% 4% 3% 3% 3% 3% 2% 5% 5% 2% 

187.2 4% 3% 3% 4% 4% 3% 3% 3% 4% 3% 5% 6% 2% 

162.6 4% 4% 4% 4% 4% 4% 4% 4% 4% 3% 6% 6% 3% 

141.7 5% 5% 5% 5% 5% 4% 4% 4% 5% 4% 6% 7% 3% 

123.7 5% 5% 5% 6% 6% 5% 5% 5% 5% 5% 7% 7% 4% 

93.6 7% 7% 7% 7% 7% 6% 6% 7% 7% 6% 8% 9% 5% 

69.0 9% 9% 9% 9% 10% 8% 8% 8% 9% 8% 10% 11% 7% 

48.2 12% 12% 12% 13% 13% 11% 11% 11% 12% 11% 13% 13% 10% 

30.1 16% 16% 16% 17% 17% 16% 16% 16% 16% 15% 17% 18% 13% 

5.0 23% 24% 23% 24% 24% 23% 23% 23% 23% 21% 24% 25%  

2.0 23% 24% 24%  24% 23% 23% 24% 24% 23% 24% 26% 19% 

2.0 26% 26% 25% 26% 27% 25% 26% 25% 25% 24% 26% 26% 19% 

22.0 19% 20% 20% 20% 20% 19% 19% 20% 20% 19% 20% 21% 14% 

38.9 18% 18% 19% 19% 19% 18% 18% 18% 18% 17% 19% 20% 13% 

58.3 16% 16% 17% 17% 17% 16% 16% 17% 17% 15% 17% 18% 11% 

81.0 13% 14% 14% 15% 15% 14% 14% 14% 14% 13% 15% 16% 9% 

108.0 11% 11% 11% 11% 12% 10% 11% 11% 11% 10% 12% 13% 6% 

142.0 9% 9% 10% 10% 10% 9% 9% 9% 9% 8% 10% 11% 4% 

163.0 7% 7% 8% 8% 8% 7% 7% 8% 7% 7% 8% 9% 3% 

257.0 5% 5% 6% 6% 6% 5% 5% 5% 5% 5% 7% 7% 1% 

342.2 3% 3% 4% 4% 4% 3% 3% 4% 4% 3% 5% 6% -1% 

257.0 3% 4% 4% 4% 5% 3% 4% 4% 4% 3% 5% 6% -1% 

163.0 4% 4% 5% 5% 5% 4% 4% 5% 5% 4% 6% 6% 0% 

142.0 5% 5% 6% 6% 6% 5% 6% 6% 6% 5% 7% 7% 1% 

108.0 7% 7% 7% 8% 8% 6% 7% 7% 7% 6% 8% 9% 2% 

81.0 8% 8% 9% 9% 9% 8% 8% 8% 9% 7% 9% 10% 4% 

58.3 11% 11% 11% 11% 12% 10% 11% 11% 11% 10% 12% 12% 6% 

38.9 14% 14% 15% 15% 15% 14% 14% 15% 15% 13% 15% 16% 9% 

30.23 15% 16% 16% 16% 17% 15% 16% 16% 16% 15% 16% 18% 11% 

22.02 17% 17% 18% 18% 18% 17% 17% 17% 18% 16% 18% 19% 12% 

11.0 19% 20% 20% 21% 21% 19% 19% 20% 20% 19% 20% 22% 15% 
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