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1.1 INTRODUCTION 
 
The behaviour of cohesive soils has been under much study since the development of 
modern Soil Mechanics, that is usually traced back to Terzaghi’s statement of the 
Principle of Effective Stress in 1936. However, the understanding of such materials, as 
well as their non-cohesive counterparts, is in constant evolution, and important 
developments have been proposed in very recent papers. 
 
In particular, a thorough understanding of the influence of structure and stress history on 
the behaviour of clays is only recently being achieved. The definition of structure will be 
made more precise later in this paper (cf. §4.4), but, for the purpose of this introduction, 
let us assume that it is a characteristic of clays that gives them a higher strength, stiffness 
and other mechanical characteristics that are used in geotechnical design. This structure 
can be damaged by swelling, that is, unloading, the clay, to very low confining pressures, 
so that these design parameters are adversely affected and can become similar to the 
parameters shown by clays with a simpler structure. This is the case of certain sensitive 
clays like Bothkennar Clay, which shows a sharp change in behaviour in compression 
(Burland, 1996 and Fig. 4.23 in chapter 4), or North Sea Clay, which shows a very 
different behaviour in both compression and shearing (Jovičić & Coop, 2004).  
 
The object of the present study, London Clay, is a structured clay; due to its central 
location and extensive outcrop, this material has undergone much study already. However, 
it is not yet know whether swelling affects its behaviour, either in compression (as 
Bothkennar Clay), in shearing, in both situations (as North Sea Clay), or in neither. The 
full understanding of its behaviour needs the theoretical support of the mentioned recent 
developments, and provides still a large field for research. 
 

1.2 OBJECTIVES  
 
The present work focuses on a real engineering problem raised by the construction of the 
Terminal 5 of London’s Heathrow Airport, which will be introduced in Chapter 2. Like 
the majority of the Greater London area, Heathrow is situated on London Clay; and, as it 
will be shown in the presentation of the T5 Project, massive geotechnical works and 
excavations will be carried in this soil. Therefore, the Soils Laboratory of Imperial College 
London has been charged to conduct an extensive testing program to fully characterise the 
London Clay at the Terminal 5 site. This work is being conducted by Ph.D. student 
Apollonia Gasparre, who has directed the Author in his project, providing the data of the 
tests that have not been carried by the Author himself but that are necessary for the present 
work. Whenever such data is used, the source will be adequately acknowledged. 
 
The work that the author has carried finds its place among the mentioned studies for the 
full characterisation of the behaviour this soil. It will be focusing on one aspect of this 
behaviour: the effect of swelling to very low confining pressures on the structure of 
London Clay. Because of the extended duration of the ground works, the clay that was 
previously buried at the depth of excavation, and now bare, will undergo an unloading that 
can affect its structure, degrading its mechanical properties. It is expected to remain 
saturated, however, due to the weather of the region. 
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In this study, tests will be conducted on samples of London Clay, from Terminal 5, from a 
depth corresponding to the excavation depth. The samples have been taken from a 
boreholes at the site using a Triple Barrelled Rotary Core sampler with polymer flush, 
which causes a minimal disturbance to them. These samples will be swelled to very low 
confining pressures, then recompressed and sheared. The mechanical properties that will 
be obtained will be then compared to available data provided by A. Gasparre, from both 
intact samples and reconstituted, structure-less samples of the same depth (the notion of 
reconstitution will be made precise in section 4.1.2). 
 
One of the most important aims of laboratory testing and theoretical model development is 
to provide the Designer with parameters to conduct geotechnical calculations and 
foundation design. In the excavation and foundation problem we are addressing, if the 
parameters of the structure-less clay are used for design, true mechanical characteristics 
will be underestimated, and this will result in more consistent foundations and structures 
and a soar in costs. Conversely, if the parameters for the intact clay are chosen, resistance 
can be overestimated, putting at risk the structures built on these foundations and the 
persons using them. The use of accurate parameters allows to reduce construction costs, 
without putting structures and lives at risk. The objective of the present work is therefore 
to assess the influence of swelling on the degradation in the parameters of London Clay 
that are used for geotechnical design, most important of which are the normalised 
Shearing Strength (or the Angle of Shearing Resistance) and the Modulus of Elasticity, 
which are fundamental input for all Finite Element Models for geotechnical calculations 
and design. 
 
Additionally, by reading the papers proposed by his Tutor to understand the problem, the 
Author has widened and deepened his knowledge on Cohesive Soil Mechanics; and 
another objective has been to make the Author familiar with laboratory procedures, clay 
testing techniques, the manipulation of the Triaxial Apparatus and the treatment and 
interpretation of triaxial test data. 
 

1.3 STRUCTURE OF THE PAPER 
 
To achieve the proposed objective and present the Reader with structured and 
comprehensible results, the paper has been structured as follows: 
 

• Chapter 1: the present chapter, of introduction, approach and objective stating. 
 

• Chapter 2: presentation of the geology of London Clay 
 

• Chapter 3: presentation of the real engineering context, the Heathrow Terminal 5 
Project, in which the present study is placed. 

 
• Chapter 4: theoretical developments and frameworks necessary for the correct 

understanding of general clay behaviour, the influence of stress history and test 
type, the effects of structure and its degradation, and the interpretation of test data. 
The Reader will be assumed to be familiar with basic Soil Mechanics, to avoid 
excessive basic developments. 
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• Chapter 5: test procedures that have been followed in the tests, and that the 
Author has learned to conduct; and corrections applied to test data. 

 
• Chapter 6: presentation of the actual test program that has been followed, 

presentation of the results obtained, and comparison with available pre-existing 
data for reconstituted and intact samples. 

 
• Chapter 7: comparative plots, and proposal of further research aspects. 

 
• Chapter 8: Bibliography 
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Chapter 2 
The Heathrow Terminal 5 Project 
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2.1 PRESENTATION 

2.1.1 Chronology and Public Enquiry 
On 20 November 2001, the Secretary of State announced to the House of Commons its 
decision to approve the building of Heathrow's Terminal 5, which should allow the airport 
to keep in the race of Europe’s leading international hub airports. At the same time, the 
existing terminals are very congested, and T5 should provide much needed state-of-the-art 
facilities to help meet the future demand to fly.  
 
The Government’s announcement was the end of a long and difficult inquiry, planning and 
negotiation process, which started with the submitting on 17 February 1993 of a planning 
application for Terminal 5. The Public Enquiry lasted from 16 May 1995 to 17 March 
1999, being the longest Public Inquiry in British planning history; it sat for a total of 525 
days. It looked into 10 separate topics in detail: economic and aviation case; development 
pressures and regional planning; land use policy; surface access; noise; air quality; public 
safety; construction; associated applications; and mitigation and conditions. The Inquiry 
considered a total of 37 applications and draft orders under eight acts of parliament, 
including 21 related planning applications, 6 highways orders and 2 transport and works 
Acts. This makes this project the most comprehensively examined construction project 
ever. Finally, the Inspector's completed report was submitted to the Government on 20 
December 2000, giving place, one year later, to the public announcement. The project is 
entitled at the same time to take into account the principles of sustainable development 
and considerate construction, that are an unavoidable issue nowadays: consultation with 
stakeholders on environmental, social and economic issues; high and stable levels of 
economic growth and employment; social progress which recognises the needs of 
everyone; effective protection of the environment and prudent use of natural resources. 
The Client is the British Airport Authority (BAA), which already owns and runs most on 
Britain’s airport facilities including the rest of Heathrow Airport. The project will cost in 
the region of 1800 million £ (approx. 2700 million €). 

2.1.2 General project description 
Figure 2.1 presents a general plan of the site, as it is intended to be once the works are 
finished: at the centre of the image is the main Terminal 5 building, with its two satellites. 
To the east of the satellites lie the existing Terminals 1 to 3, and existing Terminal 4 can 
be seen south of these. To the west of the main building, the airport perimeter road can be 
seen, together with a spur linking the new terminal to the M25 motorway. Figure 2.2 
provides a schematic key for the interpretation of the main parts of the project that is 
shown in a “realistic” way in Fig. 2.1, including the Terminal 5 buildings (in blue), the 
M25 spur road (in red), the airport boundary (in grey) and the extension of Heathrow 
Express and Piccadilly lines, which can not be seen in Fig. 2.1. All these will be described 
with more detail in subsequent sections. It is noteworthy that the Terminal 5 Project does 
not include an extra landing track, because its principal aim is to de-congest the other 
terminals from passenger traffic and to cope with its increase, but not necessarily to attract 
more plane traffic. 
 
From Fig. 2.1, the most remarkable feature for the present paper is the massive extension 
of the project, all of which will need earthworks to some extent, from levelling to deep 
excavation for foundations.  
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Fig. 2.1: The Terminal 5 Project (BAA, 2004) 

 

 
Fig. 2.2: Schematic key with major works (BAA, 2004) 

 

2.1.2 Facts about T5 
Terminal 5 is an additional passenger terminal which will supplement Heathrow's existing 
four terminals, allowing the airport to grow in the future and hopefully allowing BAA to 
reduce the infamous delays for which Heathrow is well-known. The site for the terminal is 
within the airport's perimeter road, between the two existing runways on land currently 
occupied by the Perry Oaks sludge works. Terminal 5 will be served, as the rest of the 
airport, by the Heathrow Express and London Underground's Piccadilly Line. In addition, 
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a spur road off the M25 directly linking the terminal to the national motorway network 
will be built, to try and reduce the impact of additional traffic on local road. This is an 
important issue since the T5 will have the capacity to accommodate around 30 million 
passengers, a large part of which will not be using it as a hub in their trip but as the 
beginning or end of it, thus having to move to and from the airport. Another very 
significant feature is that T5 and its associated facilities will be funded by BAA, not the 
Administration. This, according to the writer’s experience in Britain, is one of the most 
relevant features of any infrastructures project that wants to see the light in this country, 
since the British taxpayer is extremely reluctant to see his money spent on anything other 
than health care and education, and everything is built on private initiative. 
 
The facility will be composed by a core terminal building and two satellites, and 
associated facilities such as car parking and a hotel are planned, so that the site for the 
main terminal building, satellites and associated aircraft stands covers 260 hectares. This 
is a most relevant fact for the scope of this report, given that all of this extension will have 
to undergo grounding works of different complexity. Therefore, Terminal 5 will involve 
extensive excavation and foundation works, which are at the origin of the present study. 

2.1.3 Reasons for and against T5 
The construction of T5 has raised strong opposition from the first day, which has led BAA 
to conduct very strong campaigns to market the necessity and adequacy of the Terminal. It 
is by no means the objective of the present report to draw a conclusion about this necessity 
and adequacy, and therefore arguments from both sides will be presented.  
 
Among the arguments used by BAA to support the construction, are: 
- The fact that air travel demand is growing steadily despite the 11/9 fallback, and it is 
expected to continue to increase significantly. As the UK's main international airport, 
Heathrow is running out of facilities on the ground to accommodate everyone. T5 is 
Heathrow's response to meeting some of that need.  
- The Terminal 5 site is an ideal location on an old sludge works between the main 
runways and within the airport perimeter. 
- T5 will confirm Heathrow's position as a key feature of the local economy - the airport 
presently employs around 68,000 people and T5 will protect or create 16,500 jobs as well 
as providing an additional 6,000 construction jobs. 
- The terminal will also play a role in the national economy: on the one hand, tourism in 
the UK is worth £10 billion a year and depends on Heathrow as the country's principal 
gateway; T5 is essential if the airport is to remain the cornerstone of tourism in the UK. on 
the other hand, London's status as a world city attracts inward investment and international 
trade worth billions of pounds every year. Business is dependent on first class airlinks to 
attract this type of investment. Terminal 5 is key to meeting the expectations of the 
business community which demands high standard air transport facilities. 
- Terminal 5 will provide high quality airport facilities and relieve the excessive overload 
of passengers at the existing 4 terminals as well as providing much needed additional 
aircraft stands to relieve congestion on the airfield and reduce delays, which have plagued 
Heathrow for the last years. 
- Terminal 5 will help ensure Heathrow's contribution keeps the UK in the vanguard of the 
highly competitive international aviation industry. 
- Heathrow is able to offer a range and frequency of flights and destinations highly valued 
by business and leisure flyers. Without extra terminal capacity Heathrow's position as one 
of the leading European international gateways could be lost.  
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- Britain has seen the problems caused by under-investment in the rail industry, and 
doesn’t want to encounter the same problems in aviation. Since no public funding is 
available for infrastructures in the country, BAA is ready to invest private sector funds in 
the national transport infrastructure, respecting the obsession of not touching the money 
from the taxpayer and the Government. 
 
On the other side, concerns are raised by ecologic organisations about the need and 
adequacy of the new Terminal. These include, among others: 
 
- Historical records remind that in 1978, when T4 was built, the Administration committed 
itself that it would be the last expansion of Heathrow. In 1983, BAA said that the risks 
linked to a fifth terminal were unacceptable. Yet the extraordinary development of air 
traffic since these times wasn’t foreseeable at the moment, so that these declarations have 
become outdated. 
- Air and noise pollution tests in neighbouring inhabited areas show values already 
superior to the ones recommended by the World Health Organisation, and are likely to 
worsen with the new Terminal. This applies to both humans and wildlife. 
- Heathrow is already built in what is called London’s Green Belt, a protected green space 
designed to prevent London from an uncontrolled, indefinite expansion. The destruction of 
yet more of the belt may open the door to more and more expansion of the urban zone. 
Moreover, Heathrow sits close to Colney Valley Regional Park and the Thames 
floodplain, both habitats of protected and rare wildlife. The park will be severed by the 
M25 spur road; and all the small rivers in the plain and the park will be further polluted by 
oil, refrigerators and chemicals linked to surface run-offs, as well as by and any accidental 
or uncontrolled spilling of polluting products in the airport. 
- Terminal 5 is bound to attract more air traffic to Heathrow, which at its turn may lead to 
the need for a Terminal 6, in a circle of difficultly predictable end. 
- The fact that most of the new traffic will be of passengers changing planes means that the 
increase in activity will have little impact in regional economies; as for the inside-terminal 
jobs created, they do not suffice by themselves to justify the cost of the project. 
- The argument of the race for the lead of the European airports is also used by other 
governments to expand their own airport facilities, thus fuelling further indefinite 
expansion.  
 
The duration of the Public Enquiry shows the importance of the opposition to the Terminal 
5, and its main aim has been to address the concerns here reported and propose mitigation 
measures to meet the demands of stakeholders. 

2.2 CONSTRUCTION 

2.2.1 Terminal design 
Apart from the already stated objective of Terminal 5 to help to maintain Heathrow's 
position as one of Europe's premier airport hubs, it also wants to give the UK a “national 
gateway of great architectural merit”. The intention of the architectural project is to 
enhance the passenger experience, by creating an airport terminal characterised by open 
space, natural light, simplified passenger circulation, shorter walking distances and 
spectacular airfield views. The massing design of the campus has been similarly designed 
to integrate harmoniously with the surrounding landscape. This is achieved through the 
stepped elevation of the principal landside buildings rising up from the Colne Valley 
culminating with the main terminal building and crowned by a single span floating wave 
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form roof. Figure 2.3 presents an artist’s impression of the main terminal building and the 
two satellites, with the pedestrian interchange plaza than gives entrance to the terminal (at 
the left of the picture). 
 

 
Fig. 2.3: Main terminal building and satellites (BAA, 2004) 

 
The terminal building consists of four principal passenger levels providing complete 
segregation of arriving and departing passengers and simplified wayfinding and passenger 
circulation. The levels are the departures concourse at the top level leading to the check in 
area, security points and departures lounges; the departures gate level for boarding the 
aircraft; the arrivals gate level for access from aircraft; and the arrivals concourse at 
ground level, leading to the baggage reclaim hall, customs and arrivals concourse to 
onward travel facilities. Figure 2.4 shows an artist’s impression of the main terminal 
building and all its levels seen from the side of the boarding fingers.  
 

 
Fig 2.4: Main building and its levels (BAA, 2004) 

 
The main terminal building envelope is 384 metres long, 165 metres wide and 43 metres 
high. It is supported by 11 pairs of giant steel support arches, which rise 39 metres from 
the ground. This design offers a vast, completely free and flexible internal space (Fig. 2.5). 
Each facade is predominantly glazed allowing greater transparency through the building 
and clear views of the airfield and surrounding countryside.  
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Fig. 2.5: Interior of the terminal (BAA 2004) 

 
Two further sub-ground levels include a basement for the baggage systems and track 
transit system which connects to the satellite buildings and below that, the rail station for 
the Heathrow Express and London Underground Piccadilly Line. In the cases where T5 is 
a point of transit in a longer journey, the terminal design incorporates an integrated multi-
modal public transport interchange. Unlike the traditional airport terminal design, the front 
of the terminal has been separated from vehicle traffic on forecourts through the creation 
of a pedestrianised and landscaped interchange plaza which runs the length of the 
building. Like the terminal building, the interchange plaza is intended to be designed for 
the architectural pleasure of pedestrian users.  
 
Richard Rogers Partnership as principal architect has led a multi-disciplinary design team 
including Pascall and Watson, Chapman & Taylor, HOK, YRM, Priestman Goode and 
Din Associates, working with BAA's own in-house development, design and operational 
teams. 

2.2.2 Transport links 
As has been said, Terminal 5 wants to offer one of the most advanced integrated passenger 
terminals in Europe connecting air, rail, underground, bus and coach services. Due to the 
already existing congestion of road access, and despite the highway works also planned, 
public transport is a priority for BAA, and a target to achieve 40% of surface access 
journeys by public transport has been set, opposed to the 33% of public transport access 
nowadays. Public transport access will be encouraged through the extension of the 
Heathrow Express, the provision of a Piccadilly line link, and space safeguarding for 
further rail platforms. 
 
The new Terminal will provide a purpose built, high quality, public transport interchange 
giving seamless connections between air transport and all other modes of transport. The 
departures and arrivals concourses connect to the various modes of public transport via 
glazed link bridges which span the interchange plaza. This allows direct access to and 
from the terminal to the bus, coach and taxi facilities which are integrated into the 
forecourts of the multi-storey car park (MSCP). Express lifts rise vertically through the 
interchange plaza connecting the rail station with the arrivals and departures concourses. 
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A new spur road linking Terminal 5 directly to the M25 will be built along with work to 
widen the motorway. Motor traffic on the roads around Heathrow is not expected to 
increase significantly as a result of Terminal 5. During peak periods about 15% of traffic 
is currently related to the airport. Forecasts suggest Terminal 5, when fully operational, 
would add only 2 - 3% to this total. A view of the site from the M25 road is presented in 
Fig. 2.6. 
 

 
Fig. 2.6: General view of the project from the M25 Motorway 

 

2.2.2 Construction programme 
Terminal 5 is one of the largest construction projects in the UK. It is a huge and complex 
construction programme, phase 1 alone consisting of 16 major interconnecting projects 
and 134 sub-projects. It extends far beyond the construction of just a terminal building, 
including 41 aircraft stands, two satellites (one in phase 2), a 4,000 space multi storey car 
park, a new control tower, the creation of a new spur road from the M25, the diversion of 
two rivers and an airport perimeter road, and over 13km of bored tunnel, including 
extensions to the Heathrow Express and Piccadilly Line services. A construction 
programme of this scale presents many engineering challenges made more complex by 
being next to a busy airfield. 
 
The work encompasses civil engineering, building, highway engineering, mechanical & 
electrical engineering, tunnelling, railway engineering, specialist systems technology 
including a complex baggage handling system and a track transit system (people mover), 
and project logistics management. Each of these disciplines is represented by integrated 
teams of suppliers which contain designers, manufacturers, contractors and specialist 
consultants. The T5 programme of work is making extensive use of prefabricated 
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components and building services modules. The manufacture of prefabricated components 
and sub-assemblies will be carried out in many locations throughout the UK and Europe. 
 
The first phase construction of Terminal 5 is programmed for five years which can be 
broken down into five key stages: 
 
- Stage one: Site preparation and enabling works 
This involves preparing the site for major construction activity. The work includes a very 
significant amount of archaeological excavation, services diversions, levelling the site and 
removing sludge lagoons, and constructing site roads, offices and logistics centres. 
- Stage two: Groundworks 
This includes the main earthworks, terminal basements, connecting substructures and 
drainage & rail tunnels. This is the stage that involves the excavations that give ground to 
the present report, as will be explained in section 2.4. 
- Stage three: Major structures 
These structures are the main terminal building (Concourse A), first satellite (Concourse 
B), multi storey car park and ancillary structures. 
- Stage four: Fit out 
Significant elements of the fit out include building services, the baggage system, a track 
transit system (TTS) and specialist electronic systems. 
- Stage five: Implementation of operational readiness 
Operational readiness is necessary to ensure that not only is the new terminal 5 
infrastructure (phase 1) fully complete but that systems are tested, staff trained and 
procedures in place, ready for operation in Spring 2008. 
 
Phase 2, which includes a second satellite and additional stands will commence after 2006 
when the residual site, where sewage sludge is still treated, will be vacated 
 

2.3 RELATIONSHIP TO THE PRESENT WORK 
This presentation of the main features of the project has intended to place the reader in the 
real context that originates the studies conducted in the present paper. The extension and 
importance of the involved excavations has been highlighted, and it becomes clear when 
we think of the major groundworks that will take place, including the levelling and ground 
conditioning for the 260 hectares of the facility; the foundations under the main terminal 
building, the two satellites, the multi-storey car park and the control tower; the foundations 
and platforms for the M25 spur road and the perimeter road; and the tunnelling for 
Heathrow Express and Piccadilly Line. 
 
However, as the schedule shows, another important feature of the geotechnical works is 
that, not only these excavations are massive, but that for the needs of the project they will 
remain open for extended periods of time. From phase 1 already, some excavations and 
enabling works will already be made, and from phase 2 the major earth works will be 
conducted; particularly, excavations of 25m of depth are to be found under the future 
terminal buildings, to provide place for  the two sub-ground levels including the  basement 
for the baggage systems and the track transit system which connects to the satellite 
buildings and the railway links. 
 
On the one hand, since the 25–meter–deep excavations will be open for long periods of 
time, and the weather will probably ensure that no dessication occurs, the soil, which will 
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remain saturated, will undergo a process of swelling or de-confining as it is unloaded in 
drained conditions (the conditions can be assumed drained because, precisely, because of 
the long periods of time involved). On the other hand, London Clay is known to have a 
certain structure, the precise definition of which will be presented in section 4.4. For the 
present purposes, let it be that, when intact, this structure improves the strength, stiffness, 
and in general the design parameters that can be used for geotechnical calculations of the 
London Clay. However, the swelling caused by the circumstances of the excavations 
stated above may damage more or less the structure, thus reducing the parameters that the 
designer will be able to use for the calculations. In Hight et al. (2003), a similar process is 
presented for certain lagoons at the T5 (at different places than the samples here tested), 
where overlying gravels were removed some 70 years ago, allowing the clay to swell 
without being subjected to erosion, and de-strcuturation processes appear. 
 
Therefore, the aim of the present work is to test London Clay samples from a 
representative depth of the excavations conducted, that is, between 20 and 25m, belonging 
to three categories: intact samples, fully de-structured samples, and samples swelled to 
low confining pressures similar to the real conditions of the excavations. Then, it will be 
possible to assess to what extend does the swelling damage the structure, and to provide 
new design parameters for the clay involved in the large excavations at Heathrow 
Terminal 5. 
 
Since this chapter is only intended to present the real context and application of the study 
that has been carried by the author, these comparisons and parameters will not be included 
here. The geological characterisation of London clay is presented in Chapter 3; the 
geotechnical characterisation of London Clay at the site of Heathrow T5, including its 
Atterberg Limits, particle density, and the results of the tests that have been carried, is 
presented in Chapters 6 and 7, and constitutes the main backbone of the present study. 
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Chapter 3 
Geology of London Clay 
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3.1 PRESENTATION 
 
The London Clay forms part of the Early Tertiary (Palaeogene) succession in southern 
England. It comprises a sequence of marine silty clays, clayey and sandy silts, and 
subordinate sands, reaching a maximum thickness of over 150m in South Essex. It has an 
extensive outcrop in the London Basin and the Hampshire Basin, mostly due to its low dip 
and the removal by erosion of much of the previously overlying sediments. These Basins 
are actually synclinal areas created by mid-Tertiary folding, and thus they are remnants of 
a much larger depositional area. London clay has in the past been extensively dug for 
brick, tile and cement manufacture, but now few clay quarries remain, so that permanent 
exposures are rare. Therefore, the main sources for geological data are temporary sections 
linked to railway works, tunnels, embankment and well constructions, and road and 
highway works. Figure 3.1 shows the outcrop of London Clay, as well as the other present 
Palaeogene and Neogene strata in the region, the classification of all which will be given 
in section 3.2. 
 

 
Fig. 3. 1: Outcrop of Palaeogene and Neogene strata and locality sketch map (from Sumbler, 1996) 

 
London clay has been the object of geological classification attempts dating back to the 
19th century. However, constant updating is necessary, and a rigorous and detailed 
characterisation of the whole basin was carried by King (1981), using data from boreholes 
conducted mainly for main civil engineering works and the geotechnical study of 
buildings and roads. King’s work remains the main reference for geology of the London 
clay, and it is upon it that this section is mostly based, using complements from Sumbler 
(1996) and Hight et al. (2003). However, geotechnical characterisation of London clay is 
much more recent than the geological one, since it has needed the development of 
theoretical models and tools to understand its behaviour. This theoretical framework is 
presented in section 4, with some of the latest developments being as recent as 2003 ; this 
is why, despite being a material that has undergone extensive testing and much study, it is 
still interesting to conduct tests with it to improve its geotechnical characterisation. 
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The main difficulties encountered in the geological classification of London Clay are the 
monotony of lithology, which prevents identifications from facies changes ; and the rarity 
of macrofossils at all levels, which confines palaeontologic characterisation to the study of 
microfauna and microflora. 
 

3.2 STRATIGRAPHICAL CLASSIFICATION 

3.2.1 Previous formations 
According to the works of King (1981) et more recent studies (Sumbler, 1996), the 
London Clay is placed inside the Thames Group, formed during the Eocene Epoch (35-55 
M.y.) in a subsiding basin, in which levels of the future North Sea were increasing. The 
Thames group marks the onset of the Eocene series, and rests on a series of sands, silts and 
clays dating back to the Palaeocene and collectively known as Lambeth Group, which 
contains the Woolwich and Reading Formations. The Lambeth Groups rests on the Thanet 
Sand, also belonging to the Palaeocene, and which is also currently under much study at 
Imperial College. 
 
Inside the Thames Group, two formations are recorded: the Harwich formation and the 
London Clay formation itself. In King (1981) an older “Oldhaven Formation” was 
identified separately from the Harwich formation, but modernly, in Sumbler (1996), both 
Harwich and Oldhaven have been grouped into the former, given their common nature of 
glauconitic sands.  
 
The Harwich formation is the first formation to have been deposited in this embryonic 
North Sea, and it constitutes layer A1 in figure 3.3. It occurs mainly in the east and north-
east of the London Basin, and rests disconformably on the Lambeth Group. It is made up 
of several distinct facies: in south London, it consists of cross-bedded sand with rounded 
pebbles of black flint. These strata, known as the Black-heath Beds, are up to 12m thick at 
Lewisham ; they infill channels cut into the Lambeth Group. To the east, in Essex and 
North Kent, the formation comprises the Oldhaven Beds. These are up to 10m thick in the 
Isle of Sheppey, but thin westwards, and are absent in central London. At Upnor and 
Aveley, the Oldhaven Beds consist of about 2m of yellow, cross-bedded, shelly sand with 
a basal pebble bed. The fauna is similar to that of the Woolwich Formation and includes 
brackish and freshwater fossils indicating an estuarine environment. Marine fossils are 
also found, particularly in the east and northwards, into Essex, where the beds are replaced 
by grey to brown, variably glauconitic, clayey and silty fine-grained sand. These strata 
were formerly included in the London Clay (as the Harwich Member and the ‘London 
Clay Basement Bed’). Characteristically, they contain layers of volcanic ash, which are 
bluish grey, silty clays when fresh, but weather to pale yellow-brown near Stansted. The 
most prominent ash bed lies within the Harwich Stone Band, a sequence of tabular 
calcareous siltstone concretions, which is exposed to the foreshore at Harwich.  
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3.2.2 London Clay formation 
As the sea levels from the embryonic North Sea continued rising, it gave ground for the 
deposition in marine conditions of London Clay, which rests on the Harwich formation; 
marine deposition gradually spread westwards across the region from the North Sea, 
joining with the Hampshire Basin to the south-west. At its maximum extent, the sea may 
have been up to 200m deep in the eastern parts of the region. Therefore, the London Clay 
formation accounts for the greater part of the Palaeogene outcrop in the London Basin. It 
is normally divided into five sedimentary cycles, going from A to E, although as it has 
been said before, A1 belongs to the Harwich formation. These lithological units will be 
discussed more thoroughly in point 3.3. 
 
The formation consists mainly of dark bluish to brownish grey clay, containing variable 
amounts of fine-grained sand and silt; the latter is particularly abundant at the base and top 
of the formation, and in the west of the region. The clay generally weathers to a chocolate-
brown colour, and the more sandy beds to an orange shade. Clay minerals present include 
illite, kaolinite and smectite. The presence of smectite renders London Clay particularly 
susceptible to alternate cycles of wetting and drying near the surface. Beds of calcareous 
‘cementstone’ concretions, up to 0.4m in diameter, occur sporadically; some are septarian, 
with calcite veins. Phosphatic nodules, barite and siderite also occur. Pyrite occurs 
disseminated throughout the sediment, as a replacement of fossil shell debris, and as 
nodules up to 30mm in diameter. Its breakdown in the weathered zone gives rise to 
crystals of selenite (calcium sulphate). The deposition in a deepwater, low energy, marine 
environment, accounts for the presence of disseminated mica plates, and glauconite, in the 
form of small pellets and microcrystalline grains, is quite common in some of the more 
sandy beds. Bioturbation (which takes the form of Chondrites burrows of 1-3mm in 
diameter in-filled with grey silt) is common. Small shell fragments, commonly smaller 
than 5mm in size, are found throughout the London Clay. Pyrite occurs as small 
aggregates, discrete nodules (often burrow in-fillings) and in-filling fossils; the nodules 
are commonly smaller than 3mm in diameter.  
 
The work of characterisation of fauna in the London Clay and the distribution of the most 
stratigraphically important groups is discussed in King (1981), including foraminiferids, 
molluscs, brachiopods, ostracods and fish. The fauna is almost entirely marine, and the 
distribution of macrofossils in the London Clay is largely facies-controlled. Along rare 
fragments of bird and land mammal skeletons, several rare freshwater mollusc species 
occur, having relatively short ranges, including the bivalve Corbula Globosa, which is 
dominant in the middle and upper part of the formation. In addition, in the east of the 
region, the crinoid Balanocrinus subbasaltiformis is restricted to the middle of Unit B and 
the brachiopod Terebratulina wardenensis is recorded only from the lower parts of units C 
and D. In general, molluscs are relatively common at the top and base of the London Clay, 
and are often particularly well preserved in cementstone nodules. A remarkable and 
virtually unique assemblage of pyritised beetles (‘Coleoptera’) has been found in the 
‘Beetle Bed’ and adjacent beds (Division B) at Bognor Regis. These are believed to have 
been carried out to sea on drifted logs. On the other hand, microfossils include diatoms 
and arenaceous foraminifera, which are most common near the base; an abundant and 
diverse fauna of foraminifera and ostracods occurs in the middle part.  
 
The macroflora of the London Clay Formation, discussed also by King (1981) is 
represented by logs, twigs, seeds and fruits derived from the adjoining coastal area, where 
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landslips washed by waves constantly release new material. The vegetation was probably 
transported to the coast by rivers, as large floating masses, which drifted far out into the 
sea. The fossils are generally preserved in pyrite, and may retain delicate cellular detail, 
but at some localities the flora is preserved as carbonaceous material. Some 500 different 
plant species have been described, including mangroves, palms and more familiar types 
such as magnolia, dogwoods, laurel, cinnamon and bay. These give a picture of a 
landscape covered by tropical rain-forest, and bordered by a swampy coastal plain. The 
microflora includes diatoms, calcareous nannoplankton and dinoflagellates, as well as 
pollen and spores. 
 
 

3.2.3 More recent formations 
The youngest part of the London Clay Formation, corresponding with the upper part of 
Unit E, is known as the Claygate Member (Sumbler, 1996). This forms a transition 
between the deep-water, London clay, and the succeeding shallow-water, Bagshot sand 
Formation. Sometimes, these sand units are still regarded as members of the London Clay 
Formation and are defined as the Portsmouth Member and the Whitecliff Member. The 
Bagshot Formation occurs widely in Surrey, where it comprises well-laminated, orange 
sands interbedded with pale grey to lilac clays, some 15m thick at Claygate, near Esher. 
These sediments probably accumulated in a zone of fluctuating slack-water and turbulent 
conditions, in water depths of between 20 and 40m. The Claygate member also occurs as 
outliers in Essex, where it reaches its maximum thickness of 20m. The lower beds are 
dominantly clay and sandy clay with some sand bodies. Generally, the upper beds are 
laminated sands and clays like those of the type area in Surrey, but at Kelvedon Hatch, 
Brentwood and Stock, these beds are replaced by silts and fine-grained sands. The fauna, 
particularly from Essex, includes molluscs which also occur in the upper sandy part of the 
London Clay; the bivalve Venericardia trinobantium, however, is apparently restricted to 
the Claygate member, The brachiopod Lingula is common in the upper part of the 
sequence and, because it has a chitinous shell, may be found in weathered beds. 
 
Figure 3.2 presents the most recent classification (Sumbler, 1996) of the stratigraphical 
context of London Clay, including the three principal formations the outcrop of which has 
been depicted in Fig. 3.1: the Thanet Sand, the Thames Group (which includes the London 
Clay formation and the Harwich Formation), and the Bagshot Formation. The zones where 
no name is provided and vertical lines are drawn are zones where erosion has removed all 
the corresponding sediments. Thus, Fig. 3.2 provides both a timescale for formations, their 
correlative deposition order, and the actual formations that remain today. 
 
 
 

 20



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

 
 
 
 

 
Fig. 3. 2: Stratigraphy of the Palaeogene and Neogene succession in the region (from Sumbler, 1996) 
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3.3 LITHOLOGICAL UNITS OF LONDON CLAY 
 
The zone of central and west London was near enough to the depositional basin’s western 
margin for the sedimentation to be affected by sea level changes. Therefore, a fall in sea 
level provoked the well-known phenomenon of progressive coarsening of the deposited 
material. These cycles of sea level change account for the division of London Clay into 
lithological units, using the content of fossil fauna and the contents of sand and silt. Five 
major trangressive-regressive sedimentary cycles are recognised within the London Clay, 
which account for the divisions A to E (excepted for A1 which is the Harwich Formation) 
of Fig. 3.3. Each cycle ideally marks the base of a coarsening-upward facies sequence, 
recording an initial transgression followed by gradual shallowing of the sea. A typical 
cycle commences with a bed containing scattered glauconite grains and, in some cases, a 
few rounded flint pebbles. This is followed by a sequence of clays, which become 
progressively more silty and sandy upwards. These cycles can be most clearly recognised 
in the west, where the sea was more shallow; the glauconitic marker beds at the base of 
each cycle die out towards the east. These units are more easily identifies in the 
Hampshire Basin and to the west of London, nearer to the margins of the depositional 
basin. 
 
The lowest unit, A2, which is approximately 12m thick, is poorly sorted with a high 
percentage of silt, and occasional wood fragments and pyrite nodules (Hight et al., 2003). 
Within A2 there are several alternations of sandy clays and silty clays with diffuse 
boundaries, reflecting minor sea leves changes. Partings and lenses of silt and fine sand 
are numerous. Unit A2 is non-calcareous and contains no claystones. It is often referred to 
as the basal beds.  
 
Unit A3 has an overall thickness of 12m. At its base is the first silty clay layer which is 
homogeneous and slightly calcareous. The first claystone layer is also encountered near 
the base of A3 and is more-or-less continuous. There are a further 3 or 4 claystones in 
close succession. Silt and sand partings become more common in the silty clay towards the 
top of the unit and impersistent thin claystone layers occur. 
 
The boundary between units A and B is marked by a 1m thick sandy clay (Unit B1) which 
is glauconitic. Unit B2 comprises silty clays with weak silt and sand partings and 
numerous claystones, the lowest of which is the most prominent and continuous. 
Sedimentary cycles (up to 5 or 6) are weakly discernible within Unit B2. The total 
thickness of unit B is 25m. 
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Fig. 3. 3: London Clay units (from Hight et al., 2003, itself based upon King, 1981) 

 

3.4 GEOLOGY AT HEATHROW 
In this section the geological classification of London Clay has been presented, including 
its stratigraphical context, its lithological units, deposition conditions and fauna and flora. 
It is a heavily overconsolidated high plasticity marine clay, with an important silt content, 
and in which calcareous concretions occur at intervals. It exhibits significant variability 
vertically as a result of changes in composition, fabric and cementing; these result, 
themselves, from the cycles of sea level increase and decrease, and the variable deposition 
conditions this originates; these variations are more marked in the west of the London 
Basin, where lithological units related to cycles of sea level fall can even be identified. 
 
Units C1, C2, C3, D1, D2 and E are recognised in the full sequence of London Clay 150m 
thick in South Essex, but in Central London and West London, generally only the lower 
part of the sequence is preserved, units B and below. In Heathrow, only units A and B are 
preserved, with the subdivisions indicated in Fig. 3.3 
 
Up to this point, the geological classification of London Clay has been presented. In the 
rest of the paper, however, a geotechnical approach will be taken, and other features will 
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be highlighted. These include its plasticity, which increases from west to east across the 
London Basin as the degree of overconsolidation reduces, but overall London Clay is a 
high plasticity clay; the fact that it is a stiff and brittle clay; the presence of sub-horizontal 
and sub-vertical pre-existing fissures; the fact that fissures are also rapidly formed due to 
dessication, because of its high plasticity. And, over all, for the rest of the paper we will be 
interested in its mechanical properties, which are useful for geotechnical design; and in its 
structure, which, as we will see, is a characteristic that finds its origin in geological history 
and processes, but has consequences in the geotechnical properties of the clay. 
 

 24



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

 
 
 
 
 
 
 
 
Chapter 4 
Literature Review 

 25



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

4.1 PRESENTATION 
The progress in the theoretical understanding of soil behaviour is complex; it needs raw 
material in the form of data from test results, but some previous understanding had to exist 
already to design the tests so that they give an information that we can use. To the light of 
these same results, models are proposed to study one or another feature of the behaviour of 
soil, and every school of thought normally focalises on one topic, leaving some other 
aspects less well explained. In a third phase, one comprehensive framework is developed 
that includes a larger spectrum of phenomena, including more and more models. The 
theoretical developments that will be presented here illustrate this evolution; the first 
models are complementary, and each of them doesn’t always take into account the 
proposals of the other: each one highlights different aspects of the same soil. Finally, 
another model is presented that reunites both of them and provides further explanation and 
quantification for observed phenomena. 
 

4.1.1 Compression and swelling lines 
Let us consider samples of cohesive materials, put it in a triaxial or an oedometric cell, and 
apply to it, in drained conditions (i.e., allowing water to flow in and out of the sample) 
different confining pressures, which will typically be the mean normal effective stresses p’ 
for the triaxial cell, or the vertical effective stresses σv’ in the oedometer.  
 
It is a classical observation for certain of these materials that if we plot the specific 
volumes v versus the confining pressures at which these specific volumes are attained, in 
drained conditions, we will find that the points plot in a same curve, which transforms into 
a nearly-straight line when we plot the logarithm of the confining pressure. This line will 
be called a Compression Line, or sometimes a Compression Line (both abbreviate CL). 
The general equation for such lines is: 
 
 log 'v pλ= Ξ −  (4.1) 
where 

v is the specific volume 
p’ is the effective stress (mean in triaxial cells, vertical in oedometers) 
λ is the slope of the Compression Line (positive in Eq. (4.1)) 
Ξ = Ξ(soil, geological and stress history, structure, test type) is a location 

parameter, that gives the specific volume of the sample at an effective stress of 
1kPa. 

 
It is important to note that normally the base used for the logarithm is e, and therefore, the 
slope parameter λ that is normally found in literature in Eq. (4.1) is the one that 
corresponds to the neperian logarithm. However, since in Chapter 6 all the plots will use 
base 10 logarithmic axes, so that the actual values of p’ are more easy to read, here also 
the log10 has been used. The equation (4.1) reflects this change in using the base 10 
logarithm, and the slope parameter λ that we will be using throughout the present work 
has to be thought as the one corresponding to this base 10. 
 
The location parameter Ξ, and therefore the location of the Compression Line, is found to 
be different for different samples, of the same or different materials, owing to a number of 
distinct causes, ranging from the consolidation method that have been used, to the type of 
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material, or the effects of a certain characteristic called the structure, which we will 
explore later. In some cases the parameter takes specific names, like Ν  in a special 
compression line, the intrinsic compression line (“intrinsic” will be defined in point 4.1.2), 
or Γ in the case of a certain special line, the Critical State Line, that will be presented in 
section 4.2. The present theoretical approach will explore the influence on the location of 
the Compression Line of the following soil features: 
 

- Soil structure (points 4.1.2 and 4.4) 
- Consolidation method (point 4.2) 
- Soil properties (point 4.3) 

 
When the sample is unloaded (in K0 or triaxial conditions) from its v-p’ state, it doesn’t 
follow the Compression Lines. Instead, it follows another family of curves, the Swelling 
Lines, the general form of which can be written as: 
 
 log 'v pκ= Θ −  (4.2) 
where 

κ is the slope of the Swelling Line (positive in Eq. (4.2)) also in base 10 log 
Θ = (soil, history, structure, starting v-p’ state, loading cycles) is a location 

parameter, such that the Swelling line starts at the v-p’ the sample occupied prior 
to swelling. 

Θ

 
It is found that the slope of the CL is steeper than the slope of the SL. Traditionally it was 
supposed that along a CL the deformation was elasto-plastic and thus larger than the 
deformation along a SL, which was supposed to be only elastic. Nowadays, however, it is 
known that the elastic region is very small indeed, and that elasto-plastic deformations 
start at stresses of the order of magnitude of 1kPa. It remains true, however, that the 
swelling due to an unloading along a swelling line is smaller than the consolidation due to 
the same variation of load along a compression line. A swelling line starts from each point 
(v-p’ state) in the compression line of the soil. Whereas there can be a number of 
compression lines, depending on the type of material, its structure, the consolidation 
method etc., for each of these compression lines there is one swelling line one for each v-
p’ soil state from which the soil is swelled; therefore for a same Ξ parameter of the 
Compression Line, an infinity of Θ  parameters exist, one for every swelling line starting 
from every possible point on the compression line. This is why it is said that Θ  depends 
on the starting v-p’ state. Furthermore, in the swelling lines the slope parameter κ of a 
same sample of soil changes with loading and unloading as well. The reasons for this will 
be explained later in this chapter, in section 4.4.1. 
 
We will consider specimens that have been tested at a level of confinement that is the 
highest in their history, and others that have undergone a larger confinement and have 
been partially unconfined prior to testing. The former will be called Normally 
Consolidated samples (NC), and the latter will be called OverConsolidated samples (OC). 

4.1.2 Reconstituted and natural soils 
A reconstituted clay is defined as one that has been thoroughly mixed at a water content 
higher than its liquid limit (wL). In his Rankine Lecture, Burland (1990) recalled the 
knowledge about compression lines existing at the time, and gave an explanation to part of 
these observed differences. He introduced the concept of “intrinsic properties” as the 
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properties of a clay reconstituted at a water content of between wL and 1.5wL, preferably at 
1.25wL, without air or oven drying (which is thought to alter even the intrinsic properties 
of the clay), and then consolidated. These properties are usually referred to by means of an 
asterisk *.  
 
All soils have a distinctive feature, their micro- and macro-structure, the precise definition 
of which will be given in section 4.4. It is usually considered that reconstituted soil is 
similar to artificial materials such as kaolinite, and structure-less; but rather, the main 
advantage of the process of reconstitution is that the resulting soil has a “standard”, 
repeatable structure which can be used as a benchmark against which to compare natural 
soils with their large variety of structures. This is the reason why the  compression curves 
of a sample of natural material differ from the compression curves of a sample of the same 
material (i.e., with the same soil parameters), but reconstituted 
 
The point is that most of modern soil mechanics at the time (1960’s-1970’s) had been 
developed using these reconstituted materials; it was actually on the results of tests on 
such samples that the Critical State Framework was developed by the Cambridge soil 
mechanics school, which provided a coherence for the explanation of most of the 
behaviour of clays. 
 
To regain historical coherence in the present theoretical exposition, now that it has been 
made clear that there is a difference in the behaviour of reconstituted and natural soils, the 
Critical State Framework as it was formulated by the Cambridge school will be presented, 
bearing in mind that all of it refers to reconstituted, or structure-less, materials. 
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4.2 THE CRITICAL STATE FRAMEWORK 
The Critical State Framework (CSF) was developed in the University of Cambridge during 
the seventies. It has been formulated in a variety of ways, but what is presented in this 
section comes mainly from Atkinson & Bransby (1978). In this textbook, Atkinson 
characterises the behaviour of both cohesive and granular soils, and unifies and clarifies 
the notions of peak state, critical state and residual state, which had been sometimes 
improperly used in previous literature because of a certain lack of understanding. 
 
However, as has been explained in the introduction, these developments only apply to 
reconstituted or artificial soils, so that their resulting structure is standard and is not a 
distinctive factor of the soil. All what is explained in this point relates only to reconstituted 
materials, and therefore every reference to a compression line is in fact a reference to an 
intrinsic compression line. The equation of the intrinsic isotropic compression line, also 
called Normal Compression Line, has the form of Eq. (4.1), but its location parameter is 
called N: 
 
 ln 'v N pλ= −  (4.3) 
 
Only after having presented the intrinsic Critical State Framework, for reconstituted clays, 
we will make the link with what is found for natural, structured, soils, in subsequent 
sections. 
 

4.2.1 Typical stress paths 
This section presents an idealisation of the typical triaxial stress paths encountered 
traditionally in tests conducted on cohesive soils. These results do not correspond exactly 
to any particular test, let alone the tests that have been carried out in this project; it is just a 
general, idealised shape that will be at the base of the theoretical frameworks that will be 
presented later. 
 
Families of undrained tests 
We consider the results of undrained triaxial tests on a family of isotropically compressed 
specimens, each specimen being compressed to a different initial value of p’ (denoted by 
p’e). This p’e is the maximum stress of the sample’s history, and so the sample is normally 
consolidated. It is found that the stress-strain curves are of the form illustrated in Fig. 4.1 
(a). The specimens which were compressed at higher values of p’ sustain higher values of 
q at failure, but the shape of the q - εa curves are similar for all tests. Thus, it is possible to 
normalize the curves by plotting q/ p’e against εa, as shown in Fig. 4.1 (b), but we will 
focus on this in the next section. We can also plot the paths followed by the tests in v - p’ 
plane, which is presented in Fig. 4.1 (c, bottom). We can see that they follow a horizontal 
path, since the test is undrained and so there are no volume changes. Finally, general 
shapes for the path in the q - p’ plane are presented in Fig. 4.1 (c, top). Paths in this plane 
rise and move to the left until arriving at failure, which occurs in a sensibly unique line. 
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(a) 

 
(b) 

 

(c) 
Fig. 4.1: (a) q-εa relationships for samples in undrained tests at different values of p’; (b) the same, 

normalised by p’e; (c) stress paths for undrained tests on NC samples in q-p’ space (top) and v-p’ space 
(bottom) (from Atkinson & Bransby, 1978) 

 
Now, we move on to consider the behaviour 
of specimens which have been isotropically 
consolidated to some mean normal effective 
stress p’max and then unloaded (“swelled”) 
isotropically to some lower mean normal 
stress p’0, as indicated in Fig. 4.2. The 
overconsolidation ratio (OCR) is defined as 
p’max/p’0, and so NC samples have OCR = 1, 
while OCR is larger than 1 for more and more 
OC samples. 
 
Figures 4.3 (a), top and bottom. show what 
would be the theoretical q - εa and u - εa 
curves for a typical undrained test on a heavily 
overconsolidated sample. Differently from NC 
samples, the pore pressure is positive at first, 
but then becomes negative, and finally reaches 
of the test. The value of q increases and reach
can see that the path rises almost vertically, the
and up until it reaches the steady value that w
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Fig. 4.2: Compression of the sample 
along the Isotropic Compression Line,and 
isotropic swelling along one swelling line  

(from Atkinson & Bransby, 1978) 
a steady value that we will consider the end 
es a steady value as well. In q-p’ plot, we 
n bends to the right and travels to the right 
e consider the end of the test. We can also 
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plot the stress path for the test in q – p’ space, as shown in Fig. 4.3 (c, top), and in v-p’ 
space, as shown in Fig. 4.3 (b). The test path rises vertically, arrives to a certain inflection 
value, bends to the right, and then travels to the right until it reaches the steady value that 
we consider the end of the test (where the pore pressure is steady). If we do this with a 
family of tests, the points considered the end of the test fall all on a same line, and the 
paths systematically rise over this line and bend to the right back to it. 
 
However, it must be emphasized that the stress paths shown in Fig. 4.3 are only 
theoretical as predicted by the Critical State Framework that is being presented. Because 
of strain localisation, the actual paths will show a brittle failure that this framework fails 
to predict. This strain localisation will be explained will more detail in section 4.2.8 
treating the limits of the Critical State Framework, and actual paths of true 
overconsolidated undrained tests are shown in that section, in Fig. 4.20. 
 

 
Fig. 4.3: (a) q-εa relationships for a heavily overconsolidated sample in undrained shearing; (b) u-εa  

relationships in the same test,  (c) stress paths for undrained tests on heavily OC samples in q-p’ space (top) 
and v-p’ space (bottom) (sketches by the Author) 

 
Families of drained tests 
We will now consider drained triaxial compression tests on a family of samples 
isotropically compressed to different initial values of p’, denoted by p’0, which will be the 
maximum in their history, the samples being then NC. The observed relationships between 
q and εa, and εv and εa are found to be as presented in Figs. 4.4 (a), top and bottom, with 
the εv - εa curves being similar for all tests. Again, the q - εa curves are all of the same 
shape, and samples which have been compressed to higher stresses exhibit higher values 
of q at failure, and can be normalized by p’0 falling all close to a single curve (Fig. 4.4 
(b)). Stress paths for these tests in the q - p’ and v - p’ planes are presented in Fig. 4.4 (c), 
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top and bottom. As expected in a drained test, the paths are straight and of slope 3 in the q 
- p’ plane, and rise until failure at a sensibly unique line. 
 

 
(a) 

 
(b) 

 
 

(c) 
Fig. 4.4: (a, top) q-εa relationships for samples in drained tests at different values of p’, (a, bottom) εv -εa 

relationships for samples at different values of p’; (b) q-εa relationships, normalised by p’0;  
(c) stress paths for drained tests on NC samples in q-p’ space (top) and v-p’ space (bottom)  

(from Atkinson & Bransby, 1978) 
 
Now, we consider the behaviour of specimens which have been isotropically consolidated 
to some mean normal effective stress p’max and then swelled to a certain p’0, as indicated in 
Fig. 4.2. The q - εa  and εv - εa curves for a typical drained test on a heavily 
overconsolidated sample are presented in Fig. 4.5 (a) and (b) We can also plot the stress 
path for the test in q-p’ space and v-p’ space as shown in Fig. 4.5 (c), top and bottom. A 
significant feature of the q - εa curve is that the sample exhibits a peak strength, noted by 
qpeak, after which the value of q falls as εa increases. The value of q stabilises, after the 
peak, at a certain critical state  value at the end of the test, where the value of volumetric 
strain is nearly steady. The test path in q-p’ space rises at a slope of 3, arrives to a peak 
and then falls back to a point that we consider the end of the test. If we do this with a 
family of tests, the points considered the end of the test fall all on a same line, and the 
paths systematically rise over this line and fall back to it. 
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Fig. 4.5: (a) q-εa relationships for a heavily overconsolidated sample in drained shearing; (b) εv -εa  

relationships in the same test;  (c) stress paths for undrained tests on heavily OC samples in q-p’ space (top) 
and v-p’ space (bottom) (sketches by the author) 

4.2.2 The Critical State Line 
As has been shown in Figs. 4.1 (c, top) and 4.4 (c, top), the points of failure for both 
drained and undrained tests on normally consolidated samples fall roughly into a same 
straight line in q - p’ space, and a into a same curved line in v - p’ space of shape similar to 
the intrinsic normal compression line. This single and unique line of failure points of both 
drained and undrained tests is defined as the Critical State Line (CSL). Its crucial property 
is that failure of initially isotropically compressed samples will occur once the stress states 
of the samples reach the line, irrespective of the test path followed by the samples on their 
way to the CSL. Failure will be manifested as a state at which large shear distortions occur 
with no change in stress, or in specific volume. 
 
The projection of the critical state line onto the q - p’ plane in Fig. 4.6 (a) may be 
described by  
 'q Mp=  (4.4) 
 
where M is its gradient. The projection of the CSL onto the v - p’ plane in Fig. 4.6 (b) is 
curved, but it becomes straight in v - log p’ axes, and parallel to the Intrinsic Compression 
Line, so that its gradient is the same as the one of the compression line. The critical state 
line may be described by the general equation (4.1): 
 
 log 'v pλ= Γ −  (4.5) 
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The parameter Γ locates the CSL in the same way the parameter N locates the intrinsic 
isotropic (normal) compression line. These two equations together define the shape and 
position of the CSL in q-p’-v space; and M and Γ are regarded as soil constants.  
 

(a) (b) 
Fig. 4.6: (a) projection of the CSL into the q-p’ plane; (b) projection of the CSL into the v-p’ plane  

(from Atkinson & Bransby, 1978) 
 
Now that we have introduced the Isotropic Compression Line and the Critical State line, 
we can use Fig. 4.7 to summarize the relative position of them, as special Compression 
Lines of Eq. (4.1), and relative to the Swelling Lines that had been presented by Eq. (4.2). 
The ICL is a compression line for which Ξ = N, the CSL, despite not being a compression 
line, is described by the same expression with Ξ = Γ, and in the same figure some of the 
infinitely many swelling lines, with location parameters Θ 1, Θ 2, … 
 

 
Fig. 4.7: Relative position of the ICL, the CSL,  

and some swelling lines (from Atkinson & Bransby, 1978) 
 
Since the position of the critical state of a soil is a function of q, p’ and v, it is helpful to 
think of the CSL in this 3-D space, as is shown in Fig. 4.8. The projections of points ABC 
on the CSL are shown as points A1,B1,C1 in the q - p’ plane and as points A2,B2,C2 on the q 
= 0 plane. 
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Fig. 4.8: The Critical State Line in q-p’-v space  

(from Atkinson & Bransby, 1978) 

4.2.3 The Critical State Line and the Mohr-Coulomb criterion 
It is important to note that the CSL plays the same role as the failure line proposed by the 
Mohr-Coulomb criterion. The M-C criterion expresses that failure occurs when the most 
external Mohr circle of the points of the sample (which are considered in equal conditions) 
touches the “failure line” as defined by this M-C criterion (τ = σ’ tan φ’). The most 
external Mohr circle is determined by the major and minor principal stresses, which means 
that it doesn’t take into account the intermediate principal stress. For the transformation of 
the expression of the CSL from the τ -σ’ description to the q-p’ description, the 
intermediate stress must be known since p’ incorporates the intermediate stress. In a 
triaxial test, this means that the failure line, that plotted symmetrical in compression and 
extension in terms of τ -σ’, will not be symmetrical in the q-p’ description, as in 
compression the intermediate stress equals the minor stress and in extension it equals the 
major. In the present work only compression tests have been carried, and thus the only 
relationship we will give is that between the strength parameter in compression and the 
angle of shearing resistance in compression, which is (obtained from geometrical 
considerations): 

 6sin
3 sin

cs

cs

M φ
φ
′

=
′−

 (4.6) 

This is the relationship that will be used to obtain the angle of shearing resistance for the 
clay, a somewhat more usual strength parameter than the strength parameter M, from the 
test results in Chapter 6, which are presented in the q-p’ plane and thus give M directly. 
The advantage of obtaining φ’cs (as well as M) is that it will be possible to plot the Mohr 
circle corresponding to the critical state of the tests, and verify that it is tangent to the M-C 
failure line, and that the line going from the minor stress to the point of tangency forms 
with the horizontal, as expected, the angle of the observed shear plane. It is important to 
note that since M is the slope of the critical state line, the angle of shearing resistance 
obtained with Eq. (4.6) is the critical state angle of shearing resistance, that is, at the end 
of the test when steady conditions are reached, which implies, whenever there is a peak, 
the post-peak steady value and not the peak one. 

 35



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

4.2.4 The Roscoe-Rendulic Surface 
The test paths followed in standard triaxial tests may also be represented in q – p’ – v 
space. A typical sample may be isotropically consolidated and then subjected to a standard 
undrained triaxial compression test until it fails at a point on the CSL. The test is 
undrained, and so, by definition, the specific volume v is constant. The specific volume at 
point the critical state point must, therefore, be the same as at the end of the isotropic 
phase, and in fact v must remain constant for the whole shearing: the test path must 
therefore remain in a same constant-v plane, which we may call an “undrained plane”. The 
initial state of the sample and the test conditions completely determine the point on the 
CSL at which the sample will fail. On the other hand, the test path for a standard drained 
triaxial compression test rises at a slope of 3 in q - p’ plane from the initial value p’0 (at q 
= 0). Since the test is drained, the sample may compress or dilate, expelling or sucking 
water, and thus the specific volume changes. The plane in which drained tests lie, a 
“drained plane” must therefore be parallel to the v-axis, and must have a projection in q - 
p’ space which is a straight line of slope 3. The path goes from an initial state on the 
compression line (end of the isotropic phase) and to a final state on the CSL, and although 
the exact path on the drained plane will depend on the experimental relationship between 
volume change and increase of q as the test proceeds, it must remain on the drained plane.  
 
For each value p’0 at the end of the isotropic phase, there will be a different drained or 
undrained planes. Several such “drained” and “undrained” planes are shown in Fig. 4.9. In 
each case, the relevant test path from the compression line to the CSL is also shown. Both 
the undrained tests and the drained tests seem to define a curved three-dimensional surface 
linking the compression line to the CSL. The undrained tests paths are especially helpful 
in defining the surface, for each test path traces out a section of the surface at constant v. 
The drained tests follow paths which cut across the undrained paths, for the samples 
compress as the test proceeds. 
 

 
(a) 

 
(b) 

Fig. 4.9: (a) some undrained planes; (b) some drained planes (from Atkinson & Bransby, 1978) 
 
It is postulated that all of these test paths lie on a single and the same three-dimensional 
surface, because all the paths start from a same compression line and finish in a same 
critical state line. Contributions by Henkel, Rendulic and Roscoe, by carrying series of 
drained tests and plotting contours of constant specific volume in q-p’ space, have allowed 
to show that this unique surface exists, and that it is identical for both series of tests. The 
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uniqueness of this surface can be shown by comparing contours of constant v for 
undrained and drained tests. In the former tests the stress path is directly a contour of 
constant v, while in the latter the stresses must be continuously scaled so as to account for 
the changes in specific volume that occur during the test. It can be postulated that it would 
be the same surface in any other stress path in a triaxial cell. Therefore, this surface has 
been called the Roscoe-Rendulic surface (RRS). 
 
The shape of the Roscoe-Rendulic Surface 
It can be seen from Fig. 4.1 that all paths are 
the same shape un q - p’ space, but of 
different size, because the initial isotropic 
stress p’e, and therefore, the initial specific 
volume v is different for each test. Thus, by 
scaling the stresses by p’e , all test paths 
would reduce to the single curve of Fig. 
4.10, the effect of the differences in v is 
eliminated, and tests from different specific 
volumes can be directly compared. The 
specific volume changes in drained tests, 
and so the test path will move through an 
infinity of constant v sections of the Roscoe-
Rendulic surface, each of different size; but the shape of each constant v section will be 
the same for different values of v. Each section could, therefore, be scaled down in the 
same way as before by dividing q and p’ by the value p’e of the mean normal effective 
stress on the compression line at that specific volume. The parameter p’e at any specific 
volume is thus derived from the equation of the intrinsic isotropic compression line, 

]/)exp[(' λvNp e −= . Afterwards, when we will need to make the distinction between 
natural and reconstituted soils, we will refer to this same value in the intrinsic ICL as p*e. 

Fig. 4.10: path in q/p’e – p’/p’e space 
for undrained tests (from Atkinson & 

Bransby, 1978) 

 
As well as with the normally consolidated samples, the behaviour of lightly 
overconsolidated samples is also related to the Roscoe-Rendulic Surface. In Fig. 4.11 
undrained test stress paths are presented for a series of samples, starting from 1 which is 
normally consolidated, to 4, with an increasing (light) overconsolidation. To allow for 
specific volume differences, we will use the p’e normalisation. It can be seen that the 
starting point for each test is below the Roscoe-Rendulic surface, for this surface coincides 
with the path of sample 1, which is normally consolidated. The test paths must, therefore, 
deviate from the Roscoe-Rendulic surface, though it is clear that the lightly 
overconsolidated samples fail at the same point as the normally consolidated one, that is, 
the CSL. The test paths for the overconsolidated samples rise almost vertically towards the 
Roscoe surface an then move along close to the Roscoe-Rendulic surface towards the 
CSL.  
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(a) (b) 

Fig. 4.11: (a) compression and swelling of lightly OC samples; (b) paths in q/p’e – p’/p’e space for undrained 
tests on lightly OC samples of Kaolin clay (from Atkinson & Bransby, 1978) 

 
We can see, therefore, that the Roscoe-Rendulic surface forms a boundary beyond which 
the test paths do not go. There is an analogy with the compression line; at a particular 
stress level, samples cannot exist at a higher specific volume than that on the normal 
compression line at that stress. Thus, in Fig. 4.12, samples cannot exist above and to the 
right of the compression line. This analogy comes from the fact that, in reality, the 
compression line is simply part of the Roscoe-Rendulic surface, the section for the q = 0 
plane. 
 

 
(a) (b) 

Fig. 4.12: (a) the compression line, separating possible from impossible states in v-p’ space; (b) the Roscoe-
Rendulic surface, separating possible from impossible states in q/p’e – p’/p’e space  

(from Atkinson & Bransby, 1978). 
 
Therefore, this surface separates states that are achievable from states that are not, and it 
constitutes then a State Boundary Surface (SBS). More precisely, as what has been 
explained until here refers to reconstituted samples, it is an Intrinsic State Boundary 
Surface (SBS*). 

4.2.5 The Hvorslev Surface 
In considering the stress paths of heavily overconsolidated samples, in order to scale the 
stresses, it will be considered as before that the size of each constant v section of the state 
boundary surface will be different for each value of v, and will be in proportion to the 
equivalent stress p’e. The value of p’e for a specific volume will be taken as the value of p’ 
at this v on the compression line, so that we can allow for changes in v during the test, as 
happens in drained tests, and therefore we will be able to directly compare drained and 
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undrained tests. This method of scaling was adopted by Hvorslev, and therefore the part of 
the state boundary surface we will present in this section bears his name. 
 
We can consider the failure states of specimens in the triaxial apparatus and plot the data 
on normalized stress axes, as in Fig. 4.13. We can see that the failure states of both drained 
and undrained stress paths of OC samples lie on a single line in q/p’e – p’/p’e, that is, on a 
single plane in a non-normalized space. The line is limited on the right by the CSL, which 
plots as a single point in this normalized plane, and this CSL is also the top edge of the 
Roscoe-Rendulic surface to its right that we have presented before. To its left, the line is 
limited by what is called the tension cut-off line, that is, assuming that the soil cannot 
withstand tensile effective stresses, the highest value attainable by q/p’, which corresponds 
to σ’3 = 0. This gives  q = σ’1, p’ =  σ’1/3, so q/p’=3. 
 

 
Fig. 4.13: Failure states of drained and undrained tests on OC  

samples of Weald Clay (from Atkinson & Bransby, 1978) 
 
The locus of failure points can then be idealized as line CB in Fig. 4.14. It is limited to the 
left by the line OA which has slope 3, corresponding to tensile failure, and on its right by 
the CSL (point B) and the Roscoe-Rendulic surface. We will call the locus AB of failure 
points the Hvorslev surface.  
 
 
The shape of the Hvorslev Surface 
The significant feature of the surface with which Hvorslev was particularly concerned is 
that the shear strength of a specimen at failure is a function both of the mean normal stress 
p’, and of the specific volume v of the specimen at failure. While NC samples only depend 
on their initial specific volume, which can be normalised by means of p’e, the OC samples 
depend both of the specific volume, related to p’e but also to the initial p’, which, since 
they are OC, is different from p’e. That is why, when only normalised by p’e (which is the 
way of eliminating the differences in v), the CSL becomes a point, but the Hvorslev 
surface becomes a line. 
 
Mathematically, we can idealize the Hvorslev surface as a straight line of equation: 
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 / ( / )eq p g h p p′ ′= +  (4.7) 
 
which can be shown to intersect the CSL (given by Eqs. (4.4) and (4.5)) at a certain state 
(qf, p’f and vf) that fulfil the following relationship: 

 
 ( ) exp[( ) / ]f fq M h v hp fλ ′= − Γ − +  (4.8) 
 
This equation states explicitly that the deviator stress at failure of an OC specimen is made 
up of two components. The first component (hp’) is proportional to mean normal effective 
stress, and so may be thought of as being frictional by nature, while the second component 
(M-h)exp[(Γ-v)/λ)] depends only on the current specific volume, and the value of certain 
soil constants. The form of the exponential term is such that the second component of 
strength increases as the specific volume of the specimen decreases. Thus if two 
specimens were brought to failure in drained tests at the same value of p’ but at different 
specific volumes, the failure would occur at different values of q. 
 
We might expect that samples at failure have progressed outwards as far as they can in q–
p’–v space. Therefore, we will adopt the idea that the Hvorslev surface is the state 
boundary surface for heavily OC samples in the same way that the Roscoe surface is a 
state boundary surface for NC and lightly OC samples. Both surfaces intersect at a single 
line which is the CSL. 
 

 
Fig. 4.14: The complete state boundary surface in q/p’e – p’/p’e, space (from Atkinson & Bransby, 1978) 

 

4.2.6 The complete State Boundary Surface 
The shape of the complete state boundary surface can be represented in a more complete 
way in q – p’ – v space, as shown in Fig. 4.15. Any constant v section of this complete 
surface gives the shape of Fig. 4.14 (with a change of view). The CSL forms a ridge 
separating the Roscoe-Rendulic and Hvorslev surfaces, and its height and gradient 
increase as the mean normal effective stress increases. 
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Fig. 4.15: The complete state boundary surface in q – p’ – v space (from Atkinson & Bransby, 1978) 

 

4.2.7 The influence of the consolidation method 
Now that we understand the shape of the Intrinsic State Boundary Surface, we will be able 
to understand the reason for the difference between the compression curves obtained in 
isotropic loading and in oedometric conditions loading. In isotropic conditions, all 
principal stresses are equal, i.e., it is a pure spherical state, so that the deviatoric stress is 
zero. Therefore, all paths in isotropic conditions 
belong to the plane q = 0. But samples that follow 
an intrinsic compression curve, as has been said, 
are always NC; thus, the ICL for isotropically 
consolidated samples is the intersection of the 
Roscoe-Rendulic Surface with plane q = 0, as has 
been already shown in Fig. 4.15. 
 
In oedometric conditions, we impose that radial 
strain be 0 (εr = 0), that is, the conditions on soil 
in such a large area that there is radial symmetry 
everywhere. In this conditions, all radial stresses 
are equal, but different to the vertical stress. It is 
accepted that vertical and horizontal stresses 
remain in a constant ratio, called K0 in normally 
consolidated samples. Therefore oedometric 
conditions are sometimes referred to as “K0 
conditions”, and this type of consolidation as “K0 
consolidation”. The stress path ABC followed in 
q - p’ and v - p’ planes during one-dimensional 
consolidation is shown in Fig. 4.16; the slope of 
the line in q - p’ plane is: 

Fig. 4.16: Paths in q-p’ and v-p’ 
planes during one-dimensional 

consolidation and swelling (from 
Atkinson & Bransby, 1978) 
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The soil is therefore being continuously sheared, as well as compressed, during the loading 
process. During loading the sample moves along line ABC but, if it is unloaded, from a 
point such as B, it follows path BD. In the same way as for isotropic compression, the 
normal consolidation line ABC separates states that are possible (below and to the left of 
ABC) and states that are impossible (above and to the right of ABC). This line ABC must, 
therefore, be part of the SBS. When the line ABC is plotted in v - log p’ space, it is found 
that it is of slope –λ, that is, it is parallel to the isotropic compression line, and also to the 
CSL; it is a compression line itself. In q - p’ plane, the critical state line is of slope M, the 
isotropic compression line of slope 0, and this K0 compression line has a slope that lies in 
between. The CSL and the isotropic CL are the boundaries of the Roscoe-Rendulic 
Surface. It follows that the K0CL lies on the Roscoe-Rendulic Surface, it is in fact the 
intersection of the plane going to the v axis and of the inclination given by Eq. (4.9), with 
the SBS. Fig. 4.17 (a) shows the projections of the SBS, the CSL and both compression 
lines in q-p’ and v-p’ planes, and Fig. 4.17 (b) shows the paths followed by the sample in 
one-dimensional loading and unloading, in q-p’ and v-p’ planes. 
 

 
(a) 

 
(b) 

Fig. 4.17: (a) the position of the K0CL on the Roscoe-Rendulic Surface; (b) K0 loading and unloading (from 
Atkinson & Bransby, 1978) 

 
The difference between the compression lines obtained by isotropic and oedometric 
compressions, that is, of the different location parameter Ξ for each type of loading, has 
thus been explained: both of them are the intersection of the Roscoe-Rendulic Surface 
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with planes passing through the v axis, but of different inclinations. Furthermore, this is 
why the K0 line plots to the left of the isotropic one. 

4.2.8 Plasticity and the CSF 
Traditionally, the State Boundary Surface 
has been identified with a Yield Locus, 
that is, it has been considered that the 
behaviour inside the SBS was purely 
elastic, and that plastic deformations only 
occur when the path is travelling on it. 
Now, it is acknowledged that the linear 
elastic behaviour of the real soils is 
confined to a very small region around the 
initial state, the First Yield Locus 
(normally called Y1), of a typical size of 1 
kPa in q-p’ plane; a farther Yield Locus 
Y2 can be defined by the stress states 
where stiffness is not influenced any more 
by recent stress history, that is, as shown 
in Atkinson et al. (1990), the direction of 
the load stress path of the test, with respect 
to the direction of the stress path that had 
brought the sample to the initial state. 
However, the elasto-plasticity assumption, 
even if simple, helps explain qualitatively 
certain behaviours that have been 
encountered up to now (for example, why 
the compression slope parameter λ is 
steeper than the swelling parameter κ, as has been hinted in §4.1.1), while the real 
behaviour will be needed for a thorough characterisation. Here, the qualitative explanation 
will be presented. In this simple elasto-plastic framework, also, the changes in the yield 
curve (the “hardening”) are not caused by an expansion of the complete, three-dimensional 
SBS, but are due to a change in specific volume (thus, changes in v-p’ state) that carries 
the sample from one section of the SBS to another (Fig. 4.18).  When the state reaches the 
yield curve, it cannot go beyond, as it is a state boundary surface, as usual in plasticity 
theory. The only possibilities are to go back into the elastic region, to travel along the 
yield curve, or for the yield curve to expand (by changing of v-section), thus allowing the 
sample to reach states previously inaccessible (hardening). The second case is what 
happens in an undrained test on NC samples (Fig. 4.19 (a)): as it is undrained, v cannot 
change, and the state cannot be carried from a section to another; therefore the yield curve 
doesn’t change, and the state travels all along it (the Roscoe-Rendulic curve) to the critical 
state. The third case is what happens in a drained test in NC samples (Fig. 4.19 (b)): as it is 
drained, v is constantly decreasing as p’ increases, and the state is constantly changing 
from section to another, larger one. The yield curves that are the intersection of these ever 
larger elastic walls seem to expand, allowing the sample to reach states that, at the initial 
p’e, were inaccessible, until the sample reaches the critical state. In OC samples (Fig. 4.19 
(c) and (d)), the sample had reached ever larger confinements during its history. At every 
moment, the state of the sample was on one CL, that is, on the state boundary surface, and 
therefore undergoing plastic strains. These growing confinements had associated growing 
yield curves as the state went through larger and larger elastic walls. But at a moment, the 

 
Fig. 4.18: A family of yield curves 
(from Atkinson & Bransby, 1978) 
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sample was unloaded, and thus left the SBS where it had been lying; the unloading took 
place along a swelling line, and therefore the sample was kept in the same section; the 
yield curve remained the same during the unloading, corresponding to the section of the 
larger p’0 ever reached.  
 
Afterwards, when we shear drained the OC sample (Fig. 4.19 (c), it goes up to the yield 
curve; when it touches the yield curve, the curve starts to shrink, until the state, that had 
gone beyond the critical state line (up to the peak), reaches again the critical state line 
from upwards instead of from downwards (see Fig. 4.5 (b)), and it remains there in what is 
the critical state for OC samples (which is not the peak strength, but the stable state 
reached afterwards). This is the brittle behaviour with post-rupture state of the drained OC 
samples.  
 

 
Fig 4.19: (sketches by the Author): 

(a) Stress paths in NC undrained:  
1. Yield curve expands during isotropic compression;  
2. Yield curve unchanged during shearing;  
3. Failure. 

(b) Stress paths in NC drained:  
1. Yield curve expands during isotropic compression; 
2. Yield curve expands continuously during shearing; 
3. Failure 

(c) Stress paths in OC undrained:  
1. Yield curve expands during isotropic compression;  
2. Yield curve  unchanged at max size during swelling;  
3. Yield curve unchanged during shearing, shearing 
progresses until touching the yield curve, then bending to 
right;   
4. Failure. 

(d) Stress paths in OC drained:  
1. Yield curve expands during isotropic compression; 
2. Yield curve  unchanged at max size during 
swelling; 3. Yield curve unchanged during shearing 
until path touches it, peak; 4. Yield curve shrinking as 
shearing continues, strength decreases;  
5. Critical state, post-rupture. 

 
This shrinking of the yield curve can be easily explained in drained conditions, where an 
increase of specific volume carries the sample to different sections, thus making the yield 
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curves smaller, until the sample reaches the critical state. This explains the dilatant 
behaviour shown by OC soils in drained conditions.  
 
The undrained samples, as has been seen in Fig. 4.3, do not theoretically have a brittle 
behaviour with a peak, because, as no specific volume change is allowed, the state should 
not change of SBS section, and no shrinking of the yield curved should occur; however, in 
reality they do have such a peak and post-rupture behaviour as well. This behaviour is not 
directly explained by the CSF, and constitutes a limitation of this framework. The real, 
brittle stress paths followed by an OC sample sheared undrained is shown in Fig. 4.20. 
The explanation for this brittle behaviour in undrained shearing of OC samples is that that, 
despite the whole of the sample being undrained, conditions are not equivalent in all of it; 
in fact, the newly formed shear plane draws water to it (Coop, 2004), so that the actual 
specific volume in the shear plane is increasing (Fig. 4.27 (d)), and in the same process as 
for drained samples, the yield curve in the region of the plane decreases until the soil in 
the region of the plane reaches the critical state. This is why undrained tests show a longer 
“plateau” at peak strength, because water has to be drawn to the fissure before it reaching 
post-rupture state. 
 

 
Fig. 4.20: Undrained shearing of OC samples does not reach the theoretical critical state (compare to Fig. 

4.3): (a) theoretical and actual q-εa path; (b) theoretical and actual ∆u-εa path; (c) theoretical and actual q-p’ 
path; (d) theoretical and actual apparent v-p’ path, and actual path in the shear plane  

(sketches by the author, based on Coop, 2004) 
 
The failure to predict the real behaviour of undrained OC samples is one of the limitations 
of the Critical State Framework; other limitations will be explained more thoroughly in the 
following section. However, real undrained stress paths do give us interesting information 
about CSF features: indeed, the point at which the peak occurs is a point on the Hvorslev 
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Surface, thus giving valuable data to help trace this surface, even if the sample doesn’t 
travel all the way up it 
 
Secondly, we have said that the post-rupture state is a critical state of the samples showing 
brittle failure; therefore, in normalized space (where the CSL is a point), the point at which 
the sample reaches its post-rupture state is a point on the line going from the origin to the 
critical state point. This is shown in Fig. 4.27 (c). Therefore, the ratio q/p’ at the post-
rupture state of undrained OC gives us the true stress ratio M, slope of the CSL of the soil, 
thus providing another fundamental feature of the Critical State Framework. 

4.2.9 The limits of the CSF 
The theoretical framework that has been exposed here works well for normally 
consolidated, compressive strain hardening, reconstituted samples of clay, as 
homogeneous and isotropic as possible. The plasticity framework, with its hardening yield 
curves due to specific volume changes, suits these soils as well. However, as the history of 
the clay gets more complex, particularly in heavily overconsolidated samples, the real 
behaviour may not be as shown, because of the inherent anisotropy of the 
overconsolidation; or, as the sample undergoes complex geological processes, anisotropy 
can arise from other origins, structure and sensitivity effects can appear, and different 
conditions in parts of the sample may make it become heterogeneous. The main deviations 
from the CSF and the plasticity model are described hereafter, but many others can be 
encountered. 
 
Overconsolidation 
OC samples do not always reach their critical state at the critical state line. In a normalised 
q/p’e - p’/p’e plane (normalised for volume effects, and therefore, where the SBS is a curve 
and the CSL is a point), they rise up to the Hvorslev line, travel up it a short distance, up to 
their “peak” strength, but afterwards they fail without reaching the critical state point: if 
the test is drained, they fail in a brittle way as shown in Fig. 4.5; if the test is undrained, 
normally they fall in a brittle way because of the reasons explained above (behaviour of 
Fig. 4.27), but even the theoretical behaviour in Fig. 4.3 shows that they do not actually 
reach the critical state point. Instead, they reach the critical state in a line that goes from 
the origin to the critical state point, but at a deviatoric stress lower than the one of the 
critical state point.  
 
Shape of the SBS 
Actual test results from consulted literature show that the real shape of the State Boundary 
Surface may vary from clay to clay, and differs more or less from the theoretical shape 
that has been presented here. Differences in shapes include the fact that the Hvorslev line 
is not always straight but can be curved, that it may have an intercept, or that the critical 
state point may not be at the top of the Roscoe-Rendulic curve, thus showing a peak even 
for normally consolidated clays. Sometimes the strength parameter M may be different 
when computed as the slope of the critical state line or as the natural friction parameter 
(the intercept at /p

vd d p
sε ε =0 of the relationship q/p’ – /p

vd d p
sε ε ). Sometimes, especially 

for very sensitive clays, the Roscoe-Rendulic surface may curve to its inside when 
reaching the small q values, thus showing a symmetry with respect to the K0 loading line 
(in q-p’ space). Finally, for computer implementation purposes, sometimes mathematically 
easy shapes are chosen to represent the SBS (for example, the logarithmic spirals used in 
the Cam-Clay model). Examples of real SBS encountered by the Author across published 
test data are shown in Fig. 4.21. 
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(b) (c) 
Fig. 4.21: examples of SBS: (a) Pappadai Clay (from Cotecchia & Chandler, 1997); (b) Cam-Clay model 

(from Atkinson, 1978); (c) Bothkennar Clay (from Jardine et al., 2004) (synthesis by the author) 
 
In section 4.4, where clay structure will be treated, the SBS that will be used is going to 
have such a generically curved shape, instead of the very theoretical, straight-lined shape 
that has been presented in this chapter. 
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4.3 THE INFLUENCE OF ATTERBERG LIMITS 
As it has been said, the distinction between the properties of cohesive soils at their natural 
state and when remoulded in certain conditions, was the result of work by J.B. Burland at 
Imperial College during the 1980’s, and was presented in his famous Rankine Lecture of 
1990. Once this distinction had been made, he found that even intrinsic compression lines 
for different soils differed one of each other, and here is where soil properties, particularly 
void ratio, play a role (Fig. 4.22 (a)). Thus, Burland (1990) finds that the different intrinsic 
K0CL corresponding to different soils can be normalized by means of the intrinsic 
parameters e*100 and e*1000, which are the void ratios of a particular remoulded material at 
a vertical effective stress of 100 kPa and 1000 kPa respectively. Instead of plotting e – log 
p’, (which is the same as plotting v – log p’ but with a vertical displacement of 1, since e = 
v-1), he plots the void index Iv, such that: 
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100 1000

*
* *v
e eI

e e
−

=
−

 (4.10) 

 
By doing this, we impose to all the curves to go through the points (100,0) and (1000,-1), 
and what is found is that all the curves collapse into a single curve (Fig. 4.22 (b)), thus 
showing that, firstly, all the compression curves have a same shape, and secondly, that the 
location differences can be accounted for by using the void index. The parameters e*100 
and e*1000 become therefore relevant characteristics of the soil; moreover, in the same 
paper, correlations between e*100 and e*1000  and the Atterberg Limits of the soil, making 
the final link between normalisation for volume and these Limits, which are parameters 
more often used in clay characterisation. 
 

(a) 
 

(b) 
Fig. 4.22: (a) intrinsic K0 compression lines for several different clays; (b) using the proposed normalisation 

all curves plot into one (from Burland, 1990) 
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4.4 THE INFLUENCE OF STRUCTURE 

4.4.1 Definition and first contributions 
In proposing the definition of a reconstituted soil and making the distinction of its intrinsic 
properties in relation to the properties of the natural soil, Burland (1990) emphasizes the 
importance of micro- and macro-structure in the behaviour of natural cohesive soils. For 
“structure”, we can take the definition by Lambe & Whitman (1969): structure is the 
combination of “fabric”, that is, the arrangement of particules, and “bonding”, defined as 
those interparticle forces which are not of a purely frictional nature. Cotecchia & 
Chandler (1997) recall that bonding is not necessarily (but it may be) a solid link, 
particularly with clays, but it is the consequence of such phenomena as electrostatic, 
electromagnetic or other forces acting to connect the particles which have developed 
during the geological life of the soil. Bonding is thus the combined result of such factors 
as the mineralogy, water chemistry during deposition, pressure, temperature and organic 
content, and it depends on mechanical conditions such as deposition and compression rates 
and strain paths. The structure of a soil thus depends on the physical and chemical 
conditions that applied during deposition, compression, ageing and unloading. 
 
Firstly, Burland (1990) acknowledges the existence of a certain Sedimentation 
Compression Curve, term used by Terzaghi and Skempton, which is a narrow band into 
which fall the in situ compression curves of a number of natural soils, when properly 
normalised by means of the liquidity index. Since it refers to in situ, K0 conditions, all the 
work in this paper (Burland, 1990) was carried in oedometer cells, and all the references to 
compression lines will be to K0 compression lines. Whenever it is an Intrinsic K0 
Compression Line, we will use the abbreviation K0CL*. The SCL lies to the right of the 
K0CL*, at a distance such that, for a same void ratio e, the vertical effective stress on the 
SCL is about five times the one on the K0CL*. However, in this paper it is not explained 
why a large number of other soils do not lie on this curve, some of them, particularly the 
most sensitive clays, having their natural in situ states far to the right of it, and others 
having it to the left. For the clays treated in the mentioned paper, it is observed that the 
soils having their natural states far to the right of the SCL experience a great decay of 
stiffness when they yield, plunging towards the K0CL*, whereas the soils on the SCL or to 
its left seem to follow a path parallel to both the K0CL* and the SCL (Fig. 4.23). This 
seems to suggest that, the more a soil state lies to the right of the K0CL*, the more 
sensitive it is, because its stiffness falls more steeply after yield.  
 
However, the behaviour shown in Fig. 4.23 is not shown by all clays, and the sensitiveness 
and composition of their structure plays an important role in the actual influence of this 
structure; this will be discussed in section 4.4.3. 
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Fig. 4.23: The K0CL*, the SCL, and the behaviour of Bothkennar Clay, a sensitive clay having  

its natural state near the SCL (from Burland, 1990) 
 
Secondly, another conclusion of great interest in this paper is the fact that the swelling K0 
coefficient, usually called Cs, which expresses the slope of the intrinsic K0 swelling line 
(K0SL*), is different before and after the sample has shown compression yield, as can be 
seen in Fig. 4.24. He points out that this must be due to damaging of bonding through this 
yielding in compression. Indeed, when the sample is intact, the bonding will prevent it to 
swell when unloaded, but as it undergoes these cycles, bonds progressively fail, thus 
allowing the sample to swell more and more, and therefore increasing Cs  towards its 
intrinsic value Cs *.  
 
The parameter corresponding to Cs in the v – log σv’ plane is the slope parameter κ of Eq. 
(4.2). This is why, when we have defined the equation for the Swelling Lines, the point 
has been made that this slope parameter was not constant, but changed due to structure 
modification linked to compression yield. 
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Fig. 4.24: Swelling coefficient Cs increases with loading-unloading cycles (from Burland, 1990) 

 
In another paper, Burland (1996) explores further this idea, recalling that at a given void 
ratio, the natural sediment can sustain a significantly larger vertical effective stress than 
the reconstituted soil, because of its microstructure; again, the definition of structure as 
fabric and bonding, by Lambe & Whitman (1969) is put forward. If the sediment is rapidly 
compressed under fully drained K0 conditions, the compression curve shows a sharp yield 
point, that he calls σ’vy, when significant structural breakdown begins. When yielding has 
fully developed, the state of the soil follows a compression curve that plunges steeply 
through the SCL and then flattens, becoming parallel, and sometimes coincident with, the 
K0CL*.  
 
The Yield Stress Ratio (YSR) is proposed as a measure of the of the enhanced resistance to 
compression caused by the natural microstructure (the question whether it is always an 
enhancement or not will be discussed in 4.4.3). The YSR is defined as σ’vy / σ*ve, where 
σ*ve is the equivalent pressure on the 
K0CL* corresponding to the void 
ratio of the natural soil at yield 
(following Hvorslev’s 
normalisation). This YSR is different 
from the OCR, σ’vc / σ'vo, established 
from geological evidence. In this 
paper also, it is observed that natural 
structured soils can reach states 
beyond the State Boundary Surface 
given by the Critical State 
Framework for reconstituted soils. 
Recalling some ideas from 

Fig. 4.25: Similar shape but different size  
between natural and intrinsic SBS  

(from Burland, 1996) 
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Cotecchia’s Ph.D. Thesis, (Cotecchia, 1996), one hypothesis is formulated that will be 
used in further assessments of the influence of structure: that, once normalised for volume 
by means of σ*ve, the SBS for the natural soil is equal in shape, but bigger, than the SBS 
for reconstituted material; that is, that the effect of structure is to scale the SBS of the soil, 
preserving its shape, but increasing its size (Fig. 4.25). The ratio T between the points 
representing the CSL in both state boundary surfaces (T = ED/EF in Fig. 4.25) is also 
proposed as another measure of the effect of structure, thus handing the main tools with 
which will be constructed the Sensitivity Framework. 

4.4.2 The Sensitivity Framework 
Starting from the new notations and observations put forward by Cotecchia (1996) and 
Burland (1996), and that have just been explained, Cotecchia & Chandler (1997) go on 
analysing the notion and the effects of structure, in the direction of this last assumption of 
similarity between the various State Boundary Surfaces. Since the basic elements of 
structure exist in all soils, structure should be seen as a source of similarities in the 
behaviour of different clays, rather than one of differences, and consequently many 
patterns of behaviour are common to different clays. It is by comparing the similarities in 
behaviour of natural strongly structured clays and their reconstituted counterparts that a 
model will be possible to formulate. The paper describes the results of chemical and 
microscopical analyses of structure, proposes correlations between OCR and K0, 
acknowledges the importance of the YSR proposed by Burland (1996), and shows the 
results of the comparison between oedometer and triaxial tests on both reconstituted and 
natural samples. 
 
However, not until further research was conducted by the same authors to complement 
these preliminary results, a general framework for the behaviour of soils has been 
proposed. Thus, in their paper A general framework for the mechanical behaviour of soils, 
Cotecchia & Chandler (2000) show that these common patterns of behaviour engendered 
by structure can be modelled similarly for clays of different structure, and that the 
differences in behaviour can be related to clay sensitivity, which represents the overall 
effect of the various structural elements on the behaviour of the clay. This approach to the 
description of clay structure makes it possible to normalize many of the important aspects 
of clay behaviour, so that the behaviour of different clays, both natural and reconstituted, 
may be explained by a simple behavioural framework. 
 
Types of clay structure 
In this paper, a more thorough classification of clay structures is presented, completing the 
definition given in the previous point. The many different structures which can result from 
the geological history of the clay can be assigned to one of two basic classes. The first, 
“sedimentation structure”, includes all structures that develop during and after deposition 
as a result solely of one-dimensional compression. This structure is present only in 
normally consolidated clays and can encompass many different fabrics and degrees of 
bonding. It exists also in one-dimensionally normally consolidated reconstituted clays. 
The second, the “post-sedimentation” structure, develops when some geological process 
subsequent to normal consolidation intervenes to modify the sedimentation structure. Such 
processes might be simple mechanical unloading or, additionally, creep, thixotropy, post-
deposition bonding or, more generally, diagenesis. Structures resulting from processes 
such as cementation at deposition, weathering and techtonic shearing are more complex 
and will not be considered in this explanation. 
 

 52



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

In situ, normally consolidated clays from 
deposition follow one-dimensional (K0) 
compression lines. Since they are of a 
sedimentary, depositional origin, they will 
be named Sedimentation Compression 
Curves, as proposed by Terzaghi (1941), 
that we have encountered without more 
precise definition in 4.4.1. Two such 
idealized curves are shown in Fig. 4.26 (a). 
Although both clays have identical 
mineralogical composition, the different 
positions of their compression lines are the 
result of the differences in their 
sedimentation structures. Although a post-
sedimentation structure can result from any 
process that changes the sedimentation 
structure, it is useful to distinguish further 
between post-sedimentation structures 
resulting solely from geological unloading 
from those involving also other geological 
processes. The term ‘overconsolidation’ will 
apply only to the single process of 
geological unloading, and the corresponding 
past maximum stress, the preconsolidation 
pressure, is denoted, as with Burland, by 
σ’vc . If a clay with post-sedimentation 
structure solely due to overconsolidation is 
reloaded to σ’vc, it returns to its 
sedimentation structure (Fig. 4.26 (b)). 
 
The paper also recalls the notion of “gross 
yield” from Hight et al. (1992) to refer to a 
state in effective stress space outside the 
elastic domain, at which soil stiffness falls 
significantly. Beyond gross yield, the plastic 
strain increments become substantially 
larger as a result of degradation of the soil 
structure. Generally, a substantial change in 
the hardening relationship occurs at gross 
yield, which is reflected in changes in the 
relationships of both strength and stiffness 
with the compression v-p’ state. 
Consequently, soil behaviour may be 
distinguished as either pre- or post-gross 
yield. The locus of the gross yield states, in 
both compression and shear, is thus likely to 
be important in modelling soil behaviour, 
and some the paper cites some models that 
have been proposed, but computing models 
are out of the scope of this explanation. 

Fig. 4.26: Response of clays to one-dimensional 
compression. The natural clay is (a) normally 
consolidated with a sedimentation structure; (b) 
simply overconsolidated; (c) overconsolidated with 
a post-sedimentation structure at gross yield (from 
Cotecchia &Chandler 2000) 
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An overconsolidated, but not diagenetically altered, natural clay, if reloaded one-
dimensionally, exhibits gross yield as it reaches the SCL (Y in Fig. 4.32 (b)) at a stress 
σ’vy  which is close to the geological preconsolidation stress σ’vc. This behaviour may be 
exhibited by either reconstituted or natural clays (paths R-Y* and O-Y, Fig. 4.26 (b)). 
Both types of clay return to a sedimentation structure as they reach the SCL. However, 
oedometer reloading of natural undisturbed samples, or in situ reloading on an engineering 
time scale, occurs at relatively high loading rates compared with geological time-scale 
rates, resulting in the oedometer compression curve falling below the SCL (path Y-Z2). 
The oedometer compression curve will follow the SCL (path Y-Z1) if the sensitivity of the 
clay is low, or if the loading rates are comparable to those of geological time. 
 
Reconstituted clay is unlikely to suffer diagenesis or cementation, although a certain 
bonding may develop with ageing; thus, the post-sedimentation structure of reconstituted 
clays is generally due to unloading or creep. Many natural clays will, however, possess a 
post-sedimentation structure that reflects some diagenesis, so that with oedometer 
reloading they retain post-sedimentation structural elements and cross the SCL, moving 
some distance to the right before gross yield (path O-Y, Fig. 4.26 (c)). In this case, the 
post-sedimentation structure still dominates the clay’s behaviour at stress levels greater 
than the previous geological loading. After gross yield (path Y-Z3), the sample follows a 
path steeper than the SCL, its gradient depending on the subsequent structural changes.  
 
Thus the behaviour at gross yield of a clay depends on whether, at that point, it possesses 
solely a sedimentation structure, or if in addition it retains elements of a post-
sedimentation structure. Clays with a sedimentation structure at gross yield will have a 
Yield Stress Ratio (YSR = σ’vy / σ’v0, as presented above) equal to the OverConsolidation 
Ratio (OCR = σ’vc  / σ’v0, as presented above). Clays which retain a post-sedimentation 
structure at gross yield have a YSR which exceeds the OCR. In general, then, it is the YSR 
rather than the geological OCR that controls compression and strength behaviour. 
 
Behaviour of clays with sedimentation structure 
By analysing data published by Skempton, the aforementioned authors (Cotecchia & 
Chandler, 2000) recall that the SCL for reconstituted clays are nearly coincident, showing 
that they have a similar structural response to one-dimensional loading, whereas the 
differing SCL of the natural clays reflect differences in response of their sedimentation 
structures, which are generally more open that those of reconstituted clays; but they go 
further than Skempton in realising that each of the natural clays lies on a SCL which has a 
position corresponding approximately to the clay’s sensitivity, and that these curves are 
parallel to the unique SCL obtained for the reconstituted samples. 
 
Therefore, they recall the concept of the strength sensitivity St of clays, with either 
sedimentation or post-sedimentation structure, to define the ratio of the undrained strength 
after consolidation to gross yield of each sample, to the same strength of the reconstituted 
clay normally consolidated to the same water content as the natural clay at gross yield. 
Then, by definition, St = 1 for reconstituted clays. This analysis suggests an overall 
behavioural pattern, the “sensitivity framework”, which is shown in Fig. 4.27 as the plot of 
Iv - σ’v . The SCL are quasi-parallel, with the curve for reconstituted clays (St = 1) lying to 
the left, and being, because related to a reconstituted soil, what we have called the Intrinsic 
Compression Line. The SCL for which St > 1 lie to the right, the distance increasing with 
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sensitivity; and the sedimentation compression curve that Burland (1990) introduced is 
just one of many, corresponding approximately to St = 5, and is shown in Fig. 4.27. 
 

 
Fig. 4.27: Sedimentation compression curves in the idealized sensitivity framework.  

The K0CL* is taken from Burland (1990) (the plot is taken from Cotecchia & Chandler, 2000) 
 
 
Any of the SCL in Fig. 4.27 is a curve of gross yield stresses σ’vy, providing the clays have 
a sedimentation structure. If this is the case, then σ’v0 = σ’vy; the ratio of σ’vy to the 
equivalent stress σ∗ey on the ICL is here defined as the stress sensitivity Sσ  = σ’vy / σ*ey. 
One main new contribution of the paper by Cotecchia & Chandler (1997) is then to 
suggest that the strength sensitivity, an already familiar parameter at the time, is equal 
numerically and for practical purposes to the newly defined stress sensitivity: St = Sσ = σ’vy 
/ σ*ey. The consequences of this are the following: natural clays consolidated to gross 
yield before shearing, and therefore sheared from a YSR of 1, typically exhibit their peak 
undrained strength at the apex of the SBS, with a strength qpeak as shown in Fig. 4.28; thus, 
sensitivity  may be redefined as the ratio of the vertical size of the SBS of the natural clay 
to the vertical size of the SBS of the reconstituted clay (at the same v). Therefore, this 
equality proposed by Cotecchia & Chandler (1997), that St = Sσ (=σ’vy/σ*ey = p’K0y/p*K0y = 
p’iy/p*iy) implies that there is geometrical similarity between the natural SBS and the 
corresponding intrinsic SBS, as has been hinted before (Burland 1996), and that the ratio 
between the sizes of the boundary surfaces is the same for clays of equal strength 
sensitivity St. It will be seen later that the same relationship applies to clays having a post-
sedimentation structure, although in this case the gross yield stress will be greater than the 
in situ stress.  
 

 
Fig. 4.28: Undrained stress paths for clay samples consolidated 

to gross yield (from Cotecchia & Chandler, 2000) 
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Figure 4.29 shows the sensitivity framework in q-p’-v space for a natural clay with a 
sedimentation structure, and when reconstituted. For simplicity, only axisymmetric 
compression is considered. The natural SCL is the locus of the gross yield states in K0-
compression of samples of equal strength sensitivity St , which lies parallel to the ICL 
(when projected to the v- log p’ plane), at a distance St = Sσ. In this case, the stress 
sensitivity Sσ = σ’vy / σ*ey is presumed to equal the ratio p’K0y/p*K0y; y is used to denote 
gross yield, and the subscript K0  denotes one-dimensional conditions. If Sσ is also equal to 
p’iy/p*iy, where the subscript i denotes isotropic conditions, the sedimentation compression 
curve in Fig. 4.29 is also parallel to the isotropic gross yield locus in the v- log p’ plane. 
 

 
Fig. 4.29: Idealized behaviour of a natural clay and of the  

same clay when reconstituted (adapted from Cotecchia & Chandler, 2000) 
 
 
In the same way that Iv can be used to normalise for the specific volume, the friction ratio 
at the critical state, M, has been regarded as a normalizing factor for the effects of 
composition on soil strength. Following this assumption, the SBS in  Iv – q/M – p’ space 
(that is, when normalised for both volume and composition) should be the same for clays 
of different composition and structure, but of equal St, as shown on Fig. 4.30, which 
therefore represents the general behaviour of different natural clays of equal strength 
sensitivity. A and B are samples, overconsolidated only by unloading, of two different 
clays consolidated in situ to different specific volumes, but with sedimentation structures 
at gross yield having similar St. As such, their gross yield points in isotropic compression 
are located on the same isotropic gross yield locus, and they have the same SBS (in this 
figure, samples are assumed to behave after gross yield as in Fig. 4.30, path O-Y-Z2). 
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Fig. 4.30: Idealized normalized behaviour of different natural clays of given strength sensitivity and of 

reconstituted clay (adapted from Cotecchia & Chandler, 2000) 
 
 
Behaviour of clays having a post-sedimentation structure 
From one-dimensional compression laboratory test data, Cotecchia & Chandler (2000) 
find that the stress sensitivity Sσ of clays having a post-sedimentation structure is similar 
to the strength sensitivity computed from vertical sizes of the SBS (St ≈ Sσ ≈ σ’vy / σ*ey). 
Thus, the behaviour of post-sedimentation structure clays is also in accordance with the 
sensitivity framework shown in Fig. 4.27, the constant St lines in the figure being the loci 
of the one-dimensional compression gross yield points of clay samples of equal strength 
sensitivity. Further comparison with data from other tests seems to be consistent with this 
sensitivity framework, and so it seems that, as with sedimentation structure clays, clays 
with different post-sedimentation structures, but having equal strength sensitivity St, will 
have the same SBS in Iv – q/M – p’ space, although clays with a post-sedimentation 
structure at gross yield have a curve that goes to the interior, rather than running onto, the 
SBS. 
 
A general normalized Gross Yield Curve for clays 
The sensitivity framework implies that samples from different depths of a given natural 
clay have gross yield states, in both compression and shear, which lie on a state boundary 
surface, in v-q-p’ space, which can be normalised by volume. For undisturbed samples of a 
clay of given strength sensitivity St, the gross yield curves will have a constant size-ratio to 
the corresponding reconstituted curves, equal to St. Consequently, the gross yield curves of 
the natural clay can be normalised for volume by the equivalent pressure p*

e, as with the 
reconstituted gross yield curve (the factor p*

e is, as it has been said before, the effective 
stress on the ICL corresponding to the same v as on the CL our soil is following, and thus 
can be taken from an isotropic CL or a K0 one).  
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That is, where p*
e was the normalising factor for the effect of volume on clay strength, St 

is the normalising factor for structure, and so all the gross yield curves of a given clay and 
the same clay reconstituted should reduce to a unique curve in the plane  
 
  (4.11) /( * ) vs. '/( * )t e t eq S p p S p
 
If the deviatoric stress is further normalised for composition by means of the intrinsic 
strength parameter M, the gross yield curves for clays of different structure and 
composition should all reduce to a unique curve in the plane 
 
  (4.12) /( * ) vs. '/( * )t e t eq MS p p S p
 
Replacing strength sensitivity St by stress sensitivity Sσ, a unique general gross yield locus 
can then be postulated for all clays, in the planes (resp. isotropic or K0 volume 
normalisation): 
 

  (4.13) 
/( * ' / * ) vs. '/( * ' / * ), or

/( * ' / * ) vs. '/( * ' / * )
e iy iy e iy iy

e K0y K0y e K0y K0y

q Mp p p p p p p

q Mp p p p p p p
 
These various normalising factors are represented in Fig. 4.31, where two samples of the 
same clay, but at different specific volumes, A and A’, are shown. YiA is the isotropic 
gross yield state of sample A and YK0A’ is the K0 gross yield state of sample A’. Note that 
p*

e changes with the specific volume of the clay samples, whereas the sensitivity ratio is 
the same for specimens on the same swelling line, since theses all have the same gross 
yield curve. The ratios Sσ = p’K0y/p*K0y = p’iy/p*iy are equal to the ratios p’iNC / p*

e and 
p’K0NC / p*

e respectively, where p’iNC and p’K0NC are taken on the isotropic and the gross 
yield locus of the undisturbed clay, respectively, for the same v as the compression state 
(A or A’) being considered.  
 
Substituting the latter ratios in the expressions used above, an unique gross yield locus 
should be found in both planes 
 

  (4.14) 
/( ' ) vs. '/( ' ), or
/( ' ) vs. '/( ' )

iNC iNC

K0NC K0NC

q Mp p p
q Mp p p
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Fig. 4.31: Normalising factors for volume, p*e, and structure 
 (stress sensitivity), Sσ (from Cotecchia & Chandler, 2000) 

 

4.4.3 Remarks on the Sensitivity Framework and the influence of structure 
Firstly, in their paper, Cotecchia & Chandler (2000) apply this framework to data of tests 
on Winnipeg, London, Sibari, Pappadai, Saint Alban and Bothkennar clays, both retrieved 
from literature or tested themselves, and they find a good agreement with the predictions, 
but getting, in the case of very sensitive clays, a SBS that is not exactly as predicted by the 
CSF but more arch-shaped, as an oblique ellipse. The main conclusion is that, irrespective 
of structure, the behaviour of the soil is controlled by the YSR. If OCR = YCR, that means 
that the clay has only a sedimentation structure, or that the only post-sedimentation 
structure is related only to mechanical unloading. If YCR > OCR, the clay has a post-
sedimentation structure not directly related to overconsolidation, and, regardless of 
whether it actually is overconsolidated or not. The magnitude of the gross yield stress is 
the essential quantity which represents the mechanical effects of structure. The gross yield 
stresses, and hence the structure they represent, are in a constant ratio to the reconstituted 
gross yield stresses, given by the stress sensitivity Sσ. They provide evidence that Sσ ≈ St, 
that is, to the ratio of the vertical size of the SBS of the natural clay, to the vertical size of 
the intrinsic SBS. Any of both sensitivities provide a unique parameter to quantify the 
effects of structure, and a unique SBS should be obtained for all clays, at all volumes and 
with all kinds of structures by means of the normalisations proposed in equations (4.11) to 
(4.14), which constitutes, therefore, the Sensitivity Framework. 
 
Secondly, as has been said before, Fig. 4.23 and the paper where it is taken from seem to 
suggest that all the clays having a sedimentation compression curve to the right of the 
intrinsic compression line exhibit this decay in stiffness after gross yield, the post-yield 
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curve converging towards the intrinsic curve. It has also been said that this post-yield 
behaviour is partly due to the large loading rates imposed in the oedometer, compared to 
geological loading rates. Although this is the case for many sensitive clays, like the 
Bothkennar Clay plotted in the example of Fig. 4.23, other clay structures give rise to 
other patterns: some converge initially towards the intrinsic curve, but become parallel to 
it at a certain distance to its right; while others, despite the rapid loading rates, follow their 
structured compression curve without loss in stiffness. The same differences of effect can 
be found in shearing: while North Sea Clay shows a structural decay with swelling 
(Jovicic & Coop, 2004), the resistance of other clays may not be affected by it. 
 
Finally, as originally presented by Burland (1996) and Cotecchia & Chandler (1997), the 
structure was thought to have only an enhancing effect on the resistence of the clay. 
However, in the case of very complexly structured soils, recent papers (Fearon & Coop, 
2002) show that the structure can have a negative effect on soil resistance, meaning that 
the resistance in shearing of the reconstituted clay is larger than the resistance of the 
natural clay (suggesting a sensitivity smaller than 1, that the Sensitivity Framework does 
not account for). This leads us to rethink the notion of reconstitution, which had been 
traditionally associated with the removal of structure, and reconstituted soils as structure-
less ones, as a process in which actually a standard, repeatable structure is achieved, a 
benchmark against which to compare the properties that the soil has due to its natural 
structure (a discussion about reconstitution giving an appropriate reference material can be 
found in Fearon & Coop, 2000). Throughout the present paper, this notion of standard 
structure rather than lack of it has been emphasised. 
 
All this means that the validity of the Sensitivity Framework must be tested and 
acknowledged for each different clay, and the effects of natural structure may be different 
in oedometric compression, isotropic compression, and shearing. The present work will 
look at these different behaviours, as explained in a detailed manner in Chapters 6 and 7. 
 

4.5 TYPES OF STRENGTH 
One major issue in geotechnical design is which strength parameters of the soil to take into 
account. Also, depending on whether the soil exhibits a brittle or a ductile failure it will 
follow different strength-strain curves, giving place to different sets of strength 
parameters. In the case of ductile rupture, no peak is observed, and strength is unique and 
reached at the end of the test, when its rate of change with axial strain is nearly 0. On the 
other hand, brittle rupture exhibits a peak, a decay of strength, a certain stabilisation of 
strength at small displacements after rupture, and a progressive decay to a stable strength 
at very high displacements.  
 
Since London Clay is a stiff, low-plasticity clay, and from the test it can be seen that it 
exhibits a brittle failure, here is a summary of the types of strength that have been reported 
in literature, among which the designer will have to choose for his models. Afterwards, 
Fig. 4.32 exhibits the actual representation of some of these strengths in terms of Mohr-
Coulomb criterion in the τ-σ’ plane. 
 
Peak strength 
The strength exhibited at the peak in q-ea plane, or the maximum strength that the sample 
is able to reach up the Hvorslev surface. (Real clays, as will be discussed in the next point, 
do not necessarily travel all the way up it to reach the CSL, but have their critical states on 
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the Hvorslev surface, which is not necessarily straight, falling back afterwards). This 
strength has also been named “Intact strength” (Burland, 1990 and Burland, 1996) in 
order to distinguish it from intrinsic strength. The origin of the brittleness is to be found, 
as has extensively been explained in the previous points, both in structural effects and in 
overconsolidation. 

 
Intrinsic strength 
Following the definition of a reconstituted soil and its associated, intrinsic properties, 
Burland (1990) uses this term to refer to the unique Critical State strength that 
reconstituted samples exhibit, in opposition to the peak strength of their natural, intact 
counterparts. Reconstituted, structure-less samples, if normally consolidated, exhibit 
ductile failure, without any peak, and therefore they only have one strength parameter. 
 
Post-rupture strength 
Natural stiff clays often exhibit a brittle behaviour, implying that they reach a peak 
strength, after which, they exhibit a certain stable strength plateau, which Burland (1990) 
named Post-Rupture strength. In this and other works (Burland 1996), he finds it to be 
equal to intrinsic strength, but it is not always the case.  
 
Although Post-Rupture strength is a characteristic of natural, structured brittle clays, this 
stable post-peak plateau reminds of the critical state plateau found in reconstituted samples 
(due to stress localisation) as shown in Fig. 4.20. However, Burland et al. (1996) and 
Georgiannou & Burland (2001) consider that although it may be the case that the post-
rupture state is the critical state for natural clays, it need not be and has yet to be proven to, 
and they rather show that the post-rupture strength is similar to the fissure strength. 
 
Fissure strength 
Strength of the pre-existing fissures of the sample, which is usually found to be similar to 
the Post-Rupture strength. However, it must be remembered that a sample may have pre-
existing fissures due to dessication during preparation, and despite this not fail through 
one of such fissures due to kinematic conditions (the fissures are horizontal, preventing the 
sample to fail through them when axially loaded), or because they are in such a low angle 
that their friction prevents the sample from failing there (the Mohr circle for the sample 
reaches the Mohr-Coulomb criterion before the Mohr circle of the fissure does). 
 
Residual strength 
The post-peak plateau of brittle samples holds only for small relative displacements. At 
much larger displacements, such as the ones at the end of a landslide, the strength seems to 
converge towards another steady, yet much smaller, resistance, which is called the residual 
strength. While in the critical state particles are still unaligned along the newly-formed 
shear plane, as the displacement progresses an alignment of the particles along the plane 
takes place, accounting for this diminution in angle of shearing resistance. When all the 
particles are aligned, the residual strength is attained, and typically φ’cs >> φ’resid. 
 
 
Field strength 
The strength obtained in the field by plate loading, useful for design but unreliable and 
useless for theoretical framework development, which requires controlled conditions in 
laboratory environment testing. 
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Operational strength  
Whatever strength the designer choses for his design. Normally field strength or post-
rupture strength; using peak strength is dangerous, because once reached, the soil cannot 
resist the same stresses and if not unloaded it collapses suddenly. 
 
Using these descriptions, the parameters that will be presented as a conclusion to the 
report, issued from the tests that will have been carried out, will be the peak and the post-
rupture parameters, for both intact and swelled samples, as well as, for the reconstituted 
clay, the intrinsic parameters, which may also be, if even the reconstituted structure 
behaves in a brittle way, peak and critical state (post-peak plateau) strengths. Strengths 
will be given by means of normalised deviator stresses at the relevant states, and by 
friction angles; and along with these will be presented other interesting design parameters. 
 
 

 
Fig. 4.32: Some of the aforementioned strengths, plotted as Mohr-Coulomb strength envelopes in the τ-σ’ 

plane; the actual data is from London Clay in Ashford Common (from Burland et al., 1996) 
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Chapter 5 
Test Procedures 
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5.1 TEST DEVICES 

5.1.1 Apparatuses 
Triaxial cell 
The triaxial cell used for all the tests is the one commonly used in Imperial College, as 
designed by Bishop & Wesley (1975), in its 38mm-sample version. This triaxial apparatus 
is simple and versatile, and allows to test cylindrical samples in both axial compression 
and extension following a wide range of stress paths, with the only condition that the total 
and effective stresses remain positive at the end caps.  
 
A cross section and 3D views drawn by the Author of the present paper are shown in Figs. 
5.1 to 5.5. As can be seen, the upper part is similar to a conventional triaxial cell, except 
that the vertical load in a compression test is applied by moving the sample lower pedestal 
upwards from below, pushing the top cap against a stationary ram. The lower pedestal is 
mounted at the top of a loading ram, at the bottom end of which is a piston and a pressure 
chamber. Bellofram rolling seals are used to retain the cell fluid, and the ram travels up 
and down in a ‘Rotolin’ linear bearing. The piston is hydraulically pushed upwards by 
increasing the pressure in the chamber, and this pressure is converted into the axial force 
that is being applied to the sample.  
 

 
Fig. 5. 1: Cross-section of the 38mm triaxial apparatus used. To scale. (sketch by the Author) 
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Fig. 5. 2: 3D view with real proportions of the 38mm triaxial apparatus used (model by the Author) 

 
Fig. 5. 3: Exploded 3D view of the triaxial apparatus used (model by the Author) 
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Fig. 5. 4: 3D model of the apparatus  

(model by the Author) 

 
Fig. 5. 5: Exploded 3D model of the apparatus 

(model by the Author) 
 
The piston is regulated in such a way that it adjusts itself to provide the same pressure as 
the chamber, plus the extra required axial load; only the excess pressure with respect to the 
cell pressure is recorded, that is, the axial stress is counted as 0 in isotropic conditions. The 
main advantage of this disposition is that it rids of the need of expensive and not very 
practical loading frames, used in other types of triaxial apparatuses to apply loads to the 
sample through a top piston, and it rids also of the corrections for the dead weight of the 
upper piston. In this case, the load is applied from the bottom, by a system embedded in 
the apparatus, so that no external loading frames are needed and the apparatus is 
autonomous. As a downside, the loads that can be applied are lower than with the loading 
frame, and therefore this model is designed for samples with low to medium strengths. For 
the present purpose, however, this will be sufficient. 
 
 
The loading ram has a cross-arm attached to it which moves up and down in wide slots in 
a ‘spacer’ which connects the bearing housing to the lower pressure chamber. The cross-
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arm supports one vertical rod which passes through clearance holes in the cell base and 
deflects the displacement transducers mounted on the top of the cell. These transducers 
thus record the movement of the ram from which the external axial strain in the sample is 
determined (local instrumentation for internal strains will be explained later). The drainage 
and pore-pressure (called ‘back pressure’) leads from the sample pedestal are taken down 
the centre of the loading ram and out through slots in the spacer. A drainage lead from the 
top piston is also provided, to connect to the suction cap of the sample by means of 
vacuum when the sample has to follow non-isotropic paths. 
 
To operate the cell, three other controllable pressure sources are needed: one for the cell 
pressure, one for the loading ram, and one for the back pressure, which will be at the same 
time a volume gauge. All the pressures in the lab are applied by means of air compressors. 
The first two pressures are applied by simple air-water interfaces, separated by means of a 
Bellofram. The latter is applied by a water-solid cylinder-air double interface, at each of 
which is a Bellofram. The cylinder carries an axial displacement transducer that allows to 
measure the volume changes. 
 
Thus, the test may be run under either undrained or consolidated undrained with or 
without pore-pressure measurement; or drained, either to atmospheric pressure or against a 
constant or varied back pressure, with volume change measurement. It can be run in 
compression or extension thanks to the suction cap that connects by means of vacuum the 
top of the sample to the upper piston. 
 
Despite it being called a triaxial apparatus, in reality only two different stresses can be 
applied by the apparatus: the axial stress and the radial stress. If we denote by σ’1, σ’2 and 
σ’3 the three principal effective stresses in order of magnitude, then in triaxial 
compression, σ’1 = σ’a and σ’2 = σ’3 = σ’r; in triaxial extension, σ’1 = σ’2 = σ’r and σ’3 = 
σ’a. The operator using the apparatus is able to vary the cell pressure, which gives the total 
radial stress and part of the axial stress, the back pressure, that subtracts to the cell 
pressure to give effective stresses, and the axial force, that adds (or subtracts in extension) 
to the cell pressure to complete the axial stress. That is, for the radial effective stress: 
 'r c uσ σ= −  (5.1) 
and for the axial effective stress: 

 'a c
N u
A

σ σ= + −  (5.2) 

where, once again, N is the excess axial load with respect to the isotropic state and A is the 
area of the sample at the current stage of the test. The weight of the piston is also corrected 
and included in N. These two stresses σ’r and σ’a will be equal to one or the other 
principal stresses according to the type of test as has been said before. 
 
Tests can be carried out at either controlled rate of stress or of strain. The former will be 
used while conducting pre-shear paths (isotropic consolidation, constant-p’ or constant-q 
paths, paths to in situ state) where the rate of change of stresses to allow pore pressure 
equalisation is the main issue; whereas the latter will be used in shear paths, where the 
main issues are the calculation stiffnesses at small strains and the ability to locate the peak 
and to travel down the post-rupture stress-strain curve without causing a brutal rupture. 
The strain control will be achieved by means of the computer-controlled Constant Rate of 
Stress Pump (CRSP). 
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Inclinometers 
Soil stiffness at low strains is an important geotechnical design parameter, but remains 
difficult to measure in a triaxial apparatus. Before Jardine, Symes & Burland (1984) 
proposed local instrumentation for this measurement, the relationship of deviatoric stress 
against external axial strain was used, which gave poor definition at low strains. In the 
mentioned paper, a new type of instrument for the measurement of local axial strains at 
low strain levels was proposed: the inclinometer. It consists of a capsule fitted with two 
arms which finish in pivots that rotate freely in attachment pads. Inside the capsule, an 
inclination-measuring device is arrayed, consisting either of a pendulum in some models, 
or a set of electrode and electrolytic solution in the models used currently at Imperial 
College. The pads are glued to the sample, separated in such a way that the inclination of 
the capsule falls inside the linear range of the device. The whole is calibrated so that one 
inclination corresponds to the arm separation. The position of the inclinometers is shown 
in Figs. 5.1 to 5.5, and a sketch of both types of inclinometers is provided in Fig. 5.6. Note 
that in the current tests only type (b) has been used.  
 
Whenever the sample is strained, the arms stretch or approach, thus changing the 
inclination of the capsule, which is then translated in the computer into a distance between 
pads, effectively measuring changes in pad distance, which, reported to the initial distance, 
provide internal strains. The sample is fitted with two such inclinometers, to provide more 
reliable data and to compensate for any tilting that the sample may undergo, during its 
stressing or during the connection of the suction cap. At large strains, however, these 
measurements become unreliable, and the strain control is passed to external strains. Also, 
when the shear plane forms, the movement of the two parts is nearly a rigid-solid one, and 
local axial strains lose their meaning, so that only total axial relative displacements, 
measured by the external axial transducer, have a real meaning.  
 

 
Fig. 5. 6: (a) Pendulum inclinometer (sketch by the Author, based on Clayton & Khatrush, 1986); 
(b) Electrolytic inclinometer (sketch by the Authro, based on Jardine, Symes & Burland, 1984). 

 
Pressure gauges 
Both the cell pressure and back pressure circuits are fitted pressure gauges that relate 
pressures to an electronic signal suitable for computer interpretation and regulation. The 
position of the gauges (Fig. 5.7 (a)) is such that they can be opened to the sample and 
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isolated from the pressure-applying interface, thus isolating the sample from the exterior 
and measuring its evolution under the stress path it is following; or they can be closed to 
the sample and opened to the interfaces, thus allowing to verify the pressure that is going 
to be applied before actually applying it.  
 
LVDT’s 
The external axial displacement is measured by means of a Linear Variable Differential 
Transformers (LVDT). LVDT transducers are based in magnetic induction and are 
commercially available products, therefore no further description will be provided here. 
 
Control 
All the processes of the test are microcomputer-controlled, including cell pressure, back 
pressure, ram pressure, volume changes and axial external and internal strains. A reference 
for microcomputer controlled stress path equipment is provided in Atkinson, Evans & 
Scott (1985). Basic features of such control systems are shown in Fig. 5.7 (a), and the 
microcomputer program control loop is shown in Fig. 5.7 (b). Both figures are based on 
the aforementioned paper. The actual microcomputer program for the control system is 
TRIAX, from the Geotechnical Systems Group, developed in Durham University; the 
reference of the User Manual is Toll (1993). 
 

 
Fig. 5. 7: (a) Basic features of automatic stress path control equipment (Based on Coop, 2004);  

(b) Microcomputer program control loop (Based on Atkinson et al., 1985) 
 
Final remarks 
The whole set of apparatuses is completed by a valve board, fitted with a dial manometer. 
It shows a schematic representation of all the pipelines, and is used as a support for their 
respective valves. It allows to open and close the sample to the different pressure-applying 
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interfaces (cell, back and ram), to connect the ram to the CRSP, to fill the cell with the 
main water line, to control air compressor pressure, and to measure all of the pressures 
involved in the test. 
 
A picture of all the set of apparatuses, microcomputer, and valve board, used in the actual 
tests conducted by the Author, is shown in Fig. 5.8. 
 

 
Fig. 5. 8: Complete set of apparatuses used (picture by the Author) 

 
Finally, it is noteworthy that the most complete, up-to-date description of all the 
apparatuses involved in triaxial stress path testing in the Soils Laboratory of Imperial 
College can be found in the very recent Reinaldo Rolo’s Thesis (Rolo, 2003). 
 

5.1.2 Other necessary materials 
Spatulas 
The spatulas are used for the chopping and mixing of soil for reconstitution or 
determination of the Atterberg limits, as well as for the gross trimming of the sample, the 
final shaping, and the cutting of its ends (see the descriptions of the procedure in 5.2) 
 
Metal string saw 
The metal string saw is used, in combination with the trimming frame, to trim the sample 
from its initial rough trimming to a cylinder of the desired diameter, by upwards-
downwards motion of the metal string against the sample and the frame 
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Trimming frame 
The trimming frame holds the roughly cut sample in place while the metal string saw trims 
it more accurately, and guarantees the constant desired diameter by rotation of the top 
shaft around its axis. 
 
Two-part metal cylinder 
This cylinder is a gauge for the cylindrical shape and the diameter of the sample, to assess 
whether it needs further trimming in the frame; it is also used to cut it the right length. 
 
Paraffin wax, Clingfilm, aluminium paper 
Used to wrap specimens taken from the borehole so that they do not lose any of their water 
content. Normally one layer of Clingfilm is firstly used, followed by a layer of aluminium 
paper to protect the sample from the melted paraffin’s heat. Finally a layer of paraffin is 
applied to prevent any water from evaporating, taking care of not leaving any hole in the 
layer. The operation is normally repeated at least twice. 
 

 
Fig. 5. 9: Spatulas, trimming frame, two-part metal cylinder, wrapped sample, metal string saw 

(pictures by the Author) 
 
Stretching cylinder 
This brass cylinder is used to stretch the membrane that will be put around the sample. It 
has a hole and a tube used to blow air into or out of the contact between the membrane and 
the tube, thus allowing it to be put around the sample without touching it, or to come to 
touch the sample and be separated from the cylinder. It is also used to stretch the rubber 
O-rings that will hold the membrane against the pedestals at the base and on top of the 
sample to hold it in position. 
 
Latex membrane 
The membrane that isolates the sample from the cell, so that all the water content changes, 
and so volume changes, of the sample throughout the test occur only through the back 
pressure interface and can be recorded. It must be new for each test, and its mechanical 
and geometrical characteristics will have to be measured for certain corrections (see 5.3). 
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Four rubber O-rings 
Rubber rings that will hold the membrane 
against the pedestals at the base and top of 
the sample, isolating it from the cell. 
 
Grease 
Used to lubricate the piston of the loading 
ram, the plastic pedestal on top of the 
sample, and the suction cap, to provide a 
better rolling of the membrane along the 
pedestals and a better sliding of the top 
piston of the cell into the suction cap. 

Fig. 5. 10: Stretching cylinder, O-rings, 
grease, Bishop Pump  

(picture by the Author) 

 
Bishop pump 
Manual pump used to manually create any 
pressure in any chamber, in this case it is 
used to create vacuum inside the suction 
cap.  
 
Plastic pedestal 
Made with Plexiglas, allows the fitting of 
the suction cap on top of the sample. 
 
Two circular filter papers 
Used at the base and top of the sample, to prevent sample material from going into the 
porous stone and to equalise water flow at the end faces. 
 
Side drain paper 
Used favour water pressure equilibration and drainage from all the parts of the sample to 
the bottom of it, where the water actually enters or leaves the sample. 
 
Porous stone of high air admission pressure 
Stone preventing air in or out of the sample, and helping the uniform distribution of water 
arriving from the single back pressure hole on the piston at the base of the sample. 
 
Suction cap 
Rubber cap intended to guarantee an enclosed space between the top pedestal and the top 
piston in which to create vacuum, thus connecting the sample to the top piston. 
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Fig. 5. 11: Suction cap, rubber membrane, spanner, side drain, filter papers and plastic pedestal 

 (picture by the Author) 

5.1.3 Calibration 
Calibration of the different transducers and gauges involved in the test is done with the 
regularity recommended in Head (1992, Chapter 17) by the technicians in the laboratory. 
No calibration has been done by the author of this report, so no calibration reports will be 
included here. 
 

5.2 TEST PROCEDURES 

5.2.1 Moisture contents and Atterberg limits 
Moisture contents 
This is a general procedure for moisture contents, which is applied also to samples of the 
trimmed soil before the start of the tests, and to the tested sample, divided in 3 parts, once 
the test is finished. 
The samples are put into tins, the weight of which has been measured and recorded 
previously as Wtin. The tins must be numbered so that they can be identified afterwards. 
The set of tin and soil sample is then also weighed and the total weight recorded as Wtotal. 
It is then put into an oven at 105º and kept there for at least one day, although in this case 
at least one week has allowed to pass. The set is then removed from the oven and weighed 
again, recording its weight as Wdry. 
The water (or moisture) content of the sample of soil will then be: 
 

 total dry

total tin

W W
w

W W
−

=
−

 (5.3) 

 
Wet preparation method for the Atterberg limits 
The soil used for Atterberg limits is the remaining soil from the trimming of samples at the 
relevant depth, and has not been oven dried, which is normally discouraged. Following the 
indications by Head (1992) a sample of about 1kg of remains has been taken and shredded 
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into small pieces. It has been thoroughly mixed with distilled water, during 20 minutes, 
until a homogeneous thick paste has been formed, and there is no more water surplus. It 
has been placed in an airtight container, and left for a month for maturation. Afterwards, it 
has been deposited in a tin and mixed thoroughly with a spatula, using it to press the soil 
to the bottom of the tin, to disintegrate any particle aggregates and boulders that could 
remain, until no more boulders have been found in further mixing. 
 
Liquid limit – Cone Penetrometer Method (British Standard 1377:Part 2:1990:4.3) 
This is the BS definitive method for 
determining the limit liquid of the soils. It is 
based on the measurement of penetration into 
the soil of a standarised cone of specified 
mass. At the liquid limit, the cone penetration 
is 20 mm. The apparatus used is shown in Fig. 
TAL and is the one at disposal at the Imperial 
College Soils Lab, already calibrated 
according to the specifications. Soil sample of 
the previous steps is taken, and mixed with 
different amounts of water on a glass plate, by 
means of a spatula. The soil is kept in the 
middle of the glass plate to minimise drying 
out due to air exposure. The soil is placed in 
the cup by pressing the soil paste against its 
side, to avoid trapping air. More paste is 
pressed against it, again avoiding the trapping 
of air. Finally, the middle is filled and well 
pressed down. Finally, the top surface is 
finally smoothed off level with a rim. The 
cone and its shaft is locked at the upper end of 
its travel, and afterwards it is lowered slowly 
so that its tip just comes in touch of the soil surface; when moved to the sides, it should 
just scratch it. The dial gauge is adjusted to make contact with the top of the shaft, and 
then re-zeroed. The cone is then released for 5 seconds, and thereafter it is locked in its 
position. The reading in the dial gauge is taken. The hole that the cone has produced is 
refilled with more of the same soil, and the operation is repeated. The average of the two 
readings is taken. Afterwards, the water content of this soil is repeated. 

Fig. 5. 12: Cone penetrometer 
(picture by the Author) 

 
All the process is repeated with soils at different water contents, and covering cone 
penetrations from 15 mm to 25 mm. Then, the values of water content against penetration 
are plotted, and they should be in linear relationship. The water content at 20mm 
penetration is read on the line, and this is the Liquid Limit that we will retain.   
 
Plastic limit (BS1377:Part 2:1990:5.3) 
This test is to determine the lowest moisture content at which the soil is plastic. It can be 
carried out on soil in its natural state or prepared with the wet preparation method 
explained above. In our case, we will put about 20g of the soil that has been prepared on 
the glass plate, and spread it to let it dry partially, but mixing it occasionally so that it 
doesn’t dry out locally. When the soil is plastic enough, it is well kneaded and then shaped 
into a ball. The ball is moulded between the fingers to progressively dry it until cracks 
appear on the surface of the ball, and it is then divided into two parts of about 10g. Each 
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part is divided into four other parts, but each set of four parts is kept together. One of the 
parts is kneaded by the fingers to equalise the distribution of moisture, and then formed 
into a thread about 6mm in diameter, intact and homogeneous. Using a steady pressure, 
the thread is rolled between the hand and the glass plate until its diameter becomes 3mm, 
which can be assessed by comparison with a 3mm metal rod present in the lab. If at 3mm 
its surface is not cracked, it must be remoulded into a 6mm rod and the procedure 
repeated. When cracks appear at a 3mm diameter, the soil is at its plastic limit. The same 
operation is repeated with the other three parts in the set, and when all four parts are at the 
plastic limit, they are all put in the same tin and the water content of the whole is measured 
as described before.  
 
The whole process is repeated with the other four parts, and their water content when the 
cracks appear is measured as well. The Plastic Limit we will retain will then be the 
average of the water contents of each set of four threads. 

5.2.2 Density 
For the calculation of the specific volume, the density of the particles of soil is needed. 
The calculation of the other densities (the natural and the dry density) involve only 
weighing (respectively, of the sample in its natural state and after drying) and volume 
calculation from measured dimensions; they don’t require a specific complex procedure. 
The density of the particles, on the other hand, is usually situated between 2600 and 2700 
kg/m3 (normally expressed as 2.6 to 2.7 g/cm3) for silica based materials, and due to this 
fact sometimes no determination is carried and the value is assumed to be in this range. 
However, for this project a determination has been carried using the Gas Jar Method 
(BS1377: Part 2: 1990: 8.2). 
 
Two samples of about 200g of soil are obtained and dried in the oven at 105ºC and then 
cooled in a dessicator. Two gas jars and the ground-glass plates are cleaned and dried in 
the oven, cooled and weighed. The mass is recorded as m1. Each prepared specimen is 
placed into a gas jar, and the set of glass jar, soil and ground-glass plate is weighed. The 
mass is recorded as m2. Then, about 500 mL of water at room temperature (the 
temperature of the laboratory is controlled and kept at 21ºC) are added to the soil in the 
jar. The rubber bung is inserted, and the jar is allowed to stand for 4h. The gas jar is then 
shaken by hand to put the particles in suspension, and then it is placed in the shaking 
apparatus and shaken for about 1h. The bung must be clamped tight enough to prevent loss 
of water, but not so tightly that the jar might break while shaken. After this shaking period 
the jar is taken out of the shaker. The rubber bung is removed carefully to avoid losing 
fine particles. Any soil particles adhering to the bung must be washed back into the jar 
using a jet of distilled water. Then water is added to nearly the top of the jar on a levelled 
surface, and it is all let to stand for about 30 min to allow the soil to settle. The jar is 
completely filled and the ground glass plate is placed on top of it, avoiding to trap any air 
within. To achieve this, the jar can be tilted under a slow stream of water and the ground-
glass plate is slid over the rim. The outside of the jar and the glass plate arte dried, and the 
set of jar, soil, water and plate are weighed. The mass is recorded as m3. The gas jar is 
emptied and washed out thoroughly. It is filled to the brim with water at room temperature 
(21ºC), and the ground-glass plate is slid without trapping any air within. The outside of 
the jar and the glass plate arte dried, and the set of jar, water and plate are weighed; the 
mass is recorded as m4. 
 
The particle density ρs of the soil is calculated as: 
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where the definitions of mi are provided in the preceding explanation. 
 
The same procedure is used on the other 200g sample, and the average is taken as the 
particle density of the material. 

5.2.3 Specific volume 
The specific volume of a sample is a fundamental parameter throughout all the triaxial or 
oedometric testing: most of normalisations described in Chapter 4 involve stress ratios at 
the same specific volume of natural and reconstituted samples. However, differently from 
stresses, that are externally applied by the apparatus and therefore are known, specific 
volume can only be indirectly found by calculation. The specific volume will be calculated 
from known relationships between parameters that can be directly measured, in particular 
wet and dry densities and water contents. Ideally, the calculated specific volume should be 
independent of the parameters used for the calculation, but in reality changes arise from 
experimental errors in parameter measurement. Therefore, three different ways of 
calculating both the final and the initial specific volume will be used, and the average will 
be taken. The specific volume at the end of the test will be calculated in three ways: 
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where  Gs is the ratio ρs / ρw, and ρs is the particle density determined in 5.2.2, 
 γw is the specific weight of water = 9.8 kN/m3, 
 γf is the final specific wet weight =Wf / V, 
 γd is the specific dry weight = Wd / V, 
 wf is the final water content = (Wf-Wd) / Wd. 
 
The specific volume at the beginning of the test will be calculated in three ways, one of 
which involves the final specific volume and the specific volume change due to the test 
(this is why the final specific volume has been presented first): 
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where  γi is the initial specific wet weight =Wi / V, 
 wi is the initial water content = (Wi-Wd) / Wd. 
 εv,iso and εv,shear are the volumetric strains caused by the isotropic and the shearing 
phase respectively. 
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5.2.4 Cell preparation 
Before any sample can be set, the cell must be prepared in advance. The pedestals, the 
pistons and the suction cap must be cleaned from grease from preceding tests. The cell 
must be cleaned from remains of clay and sand from other tests, but in drying it with 
absorbing paper, care must be taken for the paper not to absorb water from the back 
pressure drains and the cell drains, because this could lead to the formation of air bubbles 
in the circuits. All the circuits (back-pressure circuits, as well the cell fill circuit) must be 
flushed so that all air trapped into it is expelled, and in the case of back-pressure, so that 
any remains of sand or clay from previous experiments are expelled. The pads of the 
inclinometers must be cleaned of glue from previous tests. The piston of the loading ram 
must be lowered so that it has all of its stroke available for loading in compression, or it 
must be lifted so that it has its stroke available for unloading in extension. 
 
The cell is then closed and filled with water, but leaving the top tap open to the 
atmosphere. The computer channels measuring axial force, cell pressure, back pressure, 
volume change and axial displacement must all be reset to 0, because the cell filled with 
water under atmospheric pressure is the origin for pressures. The cell is then put under a 
high pressure, typically 500kPa, for any remaining air in the water circuits to dissolve, and 
left in this state for a day. 
 

5.2.5 Setting up the sample 
The samples are taken from a core from the relevant depth of the borehole in Terminal 5. 
The core is unwrapped from its Clingfilm – aluminium – paraffin wax coating, and a slice 
of a little more than 76mm is cut from it. To assess the length, the slice that is going to be 
cut is compared to a metal cylinder that will afterwards be used for the finishing. The 
remaining part of the core is immediately recoated with Clingfilm – aluminium – paraffin 
to prevent it from losing its water content. 
 
The slice is then trimmed roughly to a diameter of 50mm by means of a spatula. The large 
chops that are generated at this moment are recovered. Six large chops from different parts 
of the sample are put in tins and weighed and put in the oven to find the water content of 
the sample; the remaining are put in a bag for later use both in Atterberg limits tests and 
reconstituted samples.  
 
When the sample is roughly this diameter, it is put in the subjection frame shown in Fig. 
5.9, and is firmly held so that it cannot move. The interest of the frame is that the axis of 
the vertical subjection is exactly at 19mm of the columns of the frame, so that by a 
rotation of the axis and an upwards and downwards movement of the spatula or the saw 
against the columns of the frame, the resulting cylinder will have the desired diameter of 
38mm. The saw is used to make the first reductions in diameter by cutting large pieces 
following the columns, and afterwards it is moved quickly up un down the columns as the 
sample is slowly rotated with the other hand. When no more material is taken by the saw 
(the metal string of which is slightly deflected in the process), the rigid spatula is used for 
the finishing. 
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Fig. 5. 13: Trimming of the sample in the trimming frame with the metal string saw 

 
The sample is then taken out from the frame and put into the two-part, 38x76mm metal 
cylinder, where it should fit almost exactly in diameter. Since the initial slice was longer 
than 76mm, the borders of the sample will exceed from the cylinder, and have to be cut. It 
is of extreme importance that, after the cut, the two borders are parallel and flat, so that the 
axial charges will be correctly transmitted and no bending moment will be generated. The 
sample is then measured, three measures of diameter and length at different places are 
recorded and the average is taken. 
 
The sample is put on the plastic pedestal, putting a circular filter paper between them. All 
the filter papers are wetted by putting them into water and slightly drying them with 
absorbing paper. This prevents the filter papers to start sucking water from the sample. 
Lateral drains, previously cut for this purpose, are then fitted to the sample, so that vertical 
strips of filter paper are all around it, subjected by horizontal strips at top and bottom. 
Grease is put all around the plastic pedestal, to help the membrane, that is going to be put 
immediately hereafter, roll on it. The latex membrane is stretched into the brass cylinder 
with a hole (“membrane stretcher”), and by aspirating through the hole, the membrane 
comes to full contact with the cylinder. The cylinder, of a diameter larger than that of the 
sample, is then put around the sample, with the membrane not touching the sample. By 
blowing into the hole, the membrane then comes to full contact with the sample, and the 
brass cylinder is then removed. The membrane is rolled downwards so as to cover the 
larger half of the plastic pedestal. Two rubber O-rings are put around the cylinder, and this 
is used to bring the O-rings into position pressing the membrane against the pedestal and 
thus sealing it. 
 

 78



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

Meanwhile, the porous stone that will go 
between the base of the sample and the metal 
pedestal of the triaxial cell has been in distilled 
water under vacuum for one day, in order to 
eliminate the air in it, and afterwards has been 
boiled in distilled water for an hour. It has been 
left to cool, and then put on the metallic 
pedestal of the piston of the triaxial cell, and on 
it is put another circular filter paper. Grease is 
put around the metal piston, taking care not to 
touch the porous stone. In order to avoid initial 
contact between the porous stone and the 
sample, which could such water from the porous 
stone, metal wires are put on the filter paper to 
prevent the sample from initially touching it. 
Afterwards, when the sample is compressed, it 
will come to touch the filter paper thus allowing 
the flow of water linked to consolidation, 
swelling or drained shearing. The sample is then 
turned upside-down, and the free end of it is put 
onto the porous stone (plus filter paper and 
wires). The membrane is rolled into position over the metal piston, and again the stretcher 
is used to place two rubber O-rings into position, sealing completely the sample. More 
grease is put in the upper part of the plastic pedestal, and in all the inner part of the suction 
cap, which is then put on the plastic pedestal. The inclinometers are then fixed with super-
glue to the sides of the sample, opposite one to the other. Their arms must be spread so 
that the reading in the computer falls into their linear range, and the pads should be 
symmetrical with respect to the half-height of the sample. 

Fig. 5. 14: Porous stone in vacuum 
chamber (picture by the Author) 

 
The cover of the cell is then lifted and put into place. Attention must be paid to the fact 
that the upper piston may not come to touch the suction cap, but it is interesting that its 
narrow end be already inside the wider end of the suction cap, so as to facilitate posterior 
connection. The screws on the cover are put in place and tightened, always tightening one 
screw and its opposite to avoid damaging them, and the cell is filled with water through 
the cell valve. The top of the cell is designed for air to accumulate around the top tap, so 
that when water pours through it barely any air remains trapped inside; finally the tap is 
closed.  

5.2.6 Saturation 
The back pressure valve is closed to the interface but open to the cell, so that pore pressure 
can be measured. At the beginning the back pressure transducer will be giving senseless 
readings since the pore pressure will be negative (since the total stress is 0, but the in situ 
effective stress has remained constant). We will then put the cell into a very high pressure, 
typically 500 kPa, so that the pore pressure becomes positive and the readings make sense, 
and to dissolve any air trapped into the membrane or any saturation default of the sample. 
The sample is kept at this high confining pressure for a day, and afterwards saturation tests 
(B-tests) are conducted to assess their saturation. The test consist in applying sudden 
increments in cell pressure, and measuring the response of the pore pressure. In the 
traditional model of Skempton parameters, in the case of isotropic conditions, we have the 
relationship ∆u=B·∆σc (therefore the “B”-test). The parameter B is equal to 1 if the sample 
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is saturated, because the water in undrained condition takes all the supplementary load. 
Therefore, the increments of cell pressure are conducted repeatedly until the value of B 
exceeds 90%, that is, all the air has dissolved due to high water pressure and the saturation 
is nearly total. The value at which the pore pressure stabilizes at the end of this phase will 
be held during the rest of drained phases of the test. 

5.2.7 Isotropic consolidation and swelling 
The back pressure interface is set at the pore pressure inside the sample, and its valve is 
opened. The back pressure is kept constant throughout the isotropic phases, and only the 
cell pressure will be changed. Thus, we will always have p’=1/3(3σ’c) = σ’c  = σc – u, and 
so ∆p’ = ∆σc. 
 
In the tests that will be conducted, the sample is swelled from the p’ at which it was after 
the saturation phase, to very low values of p’, typically p’= 10kPa, to assess to what extent 
their natural structure is damaged by such swelling. Afterwards, it can be recompressed to 
another, higher p’ at which to shear it, or shear it directly at p’= 10kPa. In all the cases, the 
changes of volume related to the changes in p’ are recorded, so as to be able to trace the 
curves of specific volume v against mean normal effective stress (v - p’ curves) which we 
have called the isotropic Compression Lines. 
 
The rates of change in σc (and therefore in p’) are kept at 2kPa/hour, which is very slow, 
to allow pore pressure dissipation and equalisation inside of the sample. In one case, rates 
of 3kPa/hour have been tried, but giving at the end large unbalanced excess pore pressures 
to dissipate. After each phase, a period of around one day is allowed for the volume to 
stabilise and pore pressures to equalize, until the rate of change of volumetric strain 
becomes 100 times smaller than the rate of change of pressure previously applied. 
 

5.2.8 q-stress Paths and shearing 
Connection of the suction cap 
In order to apply a force by means of the hydraulic piston of the cell, the suction cap on 
top of the sample must be connected to the piston at the top of the cell. A Bishop pump is 
connected to the top tap of the cell, making sure that circuit is filled with water, and put at 
the same pressure than the cell. 
 
The piston in the upper part of the cell must be lowered thanks to its screw to make a near 
contact with the top cap of the sample, and the ram pressure put slightly greater than the 
cell pressure, to allow it to overcome the cell pressure and make the lower piston go up, 
until full contact is made between the upper piston and the suction cap. The pressure in the 
pipe running from the upper piston to the top tap is lowered by means of the Bishop pump, 
thus making a vacuum inside the suction cap, and strongly holding the upper piston and 
the plastic pedestal together. The Bishop pump is then removed, but the top tap is left 
open: in case any water poured through it, it would be an indication of a bad suction cap 
connection. The connection by means of vacuum of the top of the sample to the upper 
piston ensures that the connection is perfect, and that both compressions and extensions 
can be achieved.  
 
The loading ram is from that moment on controlled by the computer through the Constant 
Rate of Strain Pump (CRSP), which can be used to control load in terms of deviatoric 
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stress q or axial strain εa. The q – control is used when we want to follow triaxial stress 
paths involving a variation of q (be it constant-p’ paths or mixed p’-q paths) inside the 
State Boundary Surface. Such paths are encountered in the two last tests, where, before the 
shearing starts, the sample is brought to its present in situ state following a path involving 
a constant-p’ part and two mixed p’-q paths (see test descriptions in section 6 for details).  
 
The q – control, or stress control, could actually be used as well for the first parts of the 
shearing paths, before the peak occurs. However, as the soil softens after the peak 
strength, it cannot sustain more stress, and the stress must be reduced as the shearing 
progresses. If we used stress control, we would firstly possibly miss the actual peak with 
too great an increment in stress when the sample is near the peak, and since we would not 
be able to reduce stress after the peak to continue following the brittle stress-strain curve, 
we would have a brutal rupture and we would lose all the information about the post-peak 
behaviour. Therefore, the εa – control, or strain control, is used for the shearing, be it 
drained or undrained. The CRSP is specially designed to use feedback from the strains the 
computer is measuring to regulate the stress it is imposing on the sample, so as to be able 
to follow the complete stress-strain curve.  
 
Whenever stress control is used, to follow paths inside the SBS, the back pressure is kept 
constant at value it had at the end of the saturation phase; the ratio of change of σc is 
always set at 2kPa/hour, and the ratio of change in q is calculated manually and set 
accordingly so that p’ and q follow the desired stress path. Although the computer is told 
the ratio of change of q, it converts this, by means of the area and the rate of change of the 
cell pressure, to an actual rate of change of the axial load, which the CRSP regulates. 
Conversely, when strain control is used, it is the rate of strain of the sample that the 
computer is given. At very low strains, when the behaviour is nearly elastic and we are 
interested in measuring the stiffness, very low rates of strain increment are programmed, 
∆εa=0.02%/h, up to 0.1% of strain, which is judged the limit between small- and large-
strain behaviour. The strains the computer uses to calculate its changes is the internal 
strain, given by the inclinometers. Afterwards, the ratio of change of strains is 
progressively augmented to 0.03%/h, 0.05%/h and 0.08%/h, and it is the external strain, 
given by the external axial transducer, that is used to control the shearing. 
 
The reason for that is that, after the shear plane has formed, transducer readings become 
unreliable, because both parts of the sample move as nearly-rigid blocs, and very little 
further internal strain is recorded in any of the blocs. Opposed to this, even though what 
the external axial gauge measures is a relative displacement, rather than a strain, it can 
effectively continue controlling the shearing of the sample. 
 
For the pressures during shearing, the settings will be different depending on whether the 
shearing is drained or undrained. In drained shearing, the valves of both the cell and the 
back pressure will be open, and the computer will be keeping both cell and pore pressure 
constant at the initial value during the shearing, and will be measuring volume change due 
to the shearing by means of the volume gauge. In undrained shearing, the valves between 
the cell/sample and the interfaces will be closed, while the valves from the cell/sample to 
the pressure transducers will be open. The pressures will be left to evolve freely as the 
shearing progresses, and their values will be recorded. 
 
When the shear plane is first observed, it is important to record the time and date of the 
formation in the test sheet, because some of the corrections that will be presented 
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afterwards involve the value of certain parameters at the moment of the formation of the 
shear plane. 
 

5.2.9 End of the test 
In all the tests conducted, since it is a stiff, brittle clay, the failure happens in a brittle way, 
that is, with the formation of a shearing plane. The shearing plane is expected to form 
around 2% of strain, and will probably be clearly seen at 4% of strain. The test is pursued 
until about 10% strain, where the strains are so large that the instruments become 
unreliable, and many other error factors intervene that would need further corrections. 
However, this strain is already a far way past the post-rupture state that truly interests us, 
since we are not trying to evaluate residual parameters. 
 
By means of the Bishop pump, 
water is re-established into the 
suction cap, thus releasing it. The 
valve in the cell going directly to 
free atmosphere is opened, and 
once the cell pressure released, the 
top tap is opened to allow the cell 
to empty. The cover is removed, 
the O-rings are taken out and the 
membrane is removed. One of the 
samples at the end of the test, 
showing clearly the shear plane, 
can be seen in Fig. 5.15. A sketch 
of the sample is drawn, providing 
measures for relevant features: 
final length, final diameters (see 
slip plane corrections), angle of the 
fissures with the horizontal, the 
average of which will be used for 
the corrections as well as for the 
drawing of the Mohr Circles at the 
critical state. The sample is 
weighed and divided into three 
parts, and the water content of each 
part is measured, to find an 
average water content at the end of 
the test. 

Fig. 5. 15: One sample at the end of the test, showing 
the shear plane (picture by the Author) 

 

5.3 CORRECTIONS 

5.3.1 ‘Barrelling’ area correction (Head, 1992) 
When a cylindrical soil specimen is compressed under an axial load, its length decreases, 
and the ratio of the change of length to the total initial length is the axial stress εa. In an 
undrained test, no water is allowed out of the specimen, and if the soil is fully saturated 
and it is assumed that both water and soil grains are incompressible, the volume cannot 

 82



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

change. This is the reason for the barrelling effect observed in practice. The increase in 
diameter gives an increase in the area of cross-section, and therefore a vertical stress less 
than that calculated by using the original diameter. It will be assume that instead of a 
barrel, the sample assumes a the shape of a cylinder, shorter but with a larger radius. If the 
test is undrained, from the equality of volumes a formula for the area can be deduced, and 
if the test is drained, we will impose that the volume given by the new area and the new 
length be equal to the volume at the beginning changed by the variation of volume (Fig. 
5.16). In this way we obtain the new area: 
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where  
a0  = initial cross-sectional area, at the beginning of the shearing, after consolidation 
∆V/V0  = volumetric strain 
εa  = axial strain  

 
Fig. 5. 16: Barrelling correction (Head, 1992) 

5.3.2 Shear plane correction (Head 1992, La Rochelle et al. 1988) 
Area correction when a shear plane forms across the sample is much more problematic. 
Theoretically, the decrease in the cross-sectional area can be calculated as the overlapping 
area shown in Fig. TAL; it is a function of the movement along the shear plane and of its 
angle of inclination, and it is given in Head (1992) as it follows: 
 
 2 / ( sin cos )c spa a π β β= ⋅ ⋅ − β  (5.8) 
where 
asp = cross sectional area at the formation of the slip plane 
β = angle indicated in Fig. 5.17, in radians, and can be approximated by 
 
 cos 2 tanaspβ ε θ=  (5.9) 
where  
θ = angle of the shear plane with the vertical 
εasp = axial strain measured from the formation of the slip plane 
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Fig. 5. 17: Area correction due to single-plane slip: (a) mechanism of slip, 
 (b) area of contact between the two parts, (c) projected area of contact and  

(d) displacement along slip surface related to vertical deformation (Head, 1992) 
 
Even though London Clay is very stiff and its behaviour may approach this theoretical 
values, in reality a mixture of bulging and slipping occurs. We will therefore use the 
following recommendation by La Rochelle et al. (1988):  
 
- To calculate, with the barrelling formula (5.7), the area at the moment of the formation of 
the shear plane, asp.  
- To calculate the corrected cross-sectional area corresponding to the contact area on the 
shear plane between the two parts of the specimen, at the end of the test, as the surface of 
an ellipse: 
 / 4ce a ba d dπ= ⋅ ⋅  (5.10) 
- To interpolate linearly between the two in function of the axial relative displacement : 
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where 
 
asp = cross-sectional area at the formation of the slip plane 
ace = cross-sectional area at the end of the test (Eq. (5.10)). 
ε = -∆L/L = current vertical relative displacement, converted into axial strain. 
εe = vertical relative displacement, converted into axial strain, at the end of the test. 
εsp = axial strain at the formation of the slip plane. 
 
The slip plane corrections are still a matter of discussion, and different corrections can be 
found in the literature proposed by different authors (i.e. Head, 1992). However, this is the 
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correction that had been used in available reconstituted and intact data and therefore will 
be kept to preserve comparability. 
 

5.3.3 Membrane corrections (La Rochelle et al., 1988) 
The restraining effect of the rubber membrane enclosing a triaxial specimen makes a small 
contribution to the resistance offered against compression, since it causes an increment in 
σ3 and therefore a reduction in the real q applied to the sample. A correction has to be 
subtracted from the measured stress at failure to allow for this, which depends, as we will 
see, from the type of failure of the soil. For soils of high strength such as stiff clays, the 
effect of the membrane restraint is very small and usually neglected. It is the same for 
samples of large diameters. However, in our case we will be swelling the samples to very 
low confining pressures, and therefore the corrections will be applied. 
 
Membrane parameters 
In membrane corrections, both membrane thickness, diameter and radial elasticity 
modulus intervene, and have therefore to be measured. For elasticity modulus, the 
approach proposed by Bishop & Henkel (1962) has been followed, which consists in 
placing a circumferential strip of the membrane between two glass rods with talc powder, 
suspending weights from the lower rod, and measuring the elongation; it is sketched in 
Fig. 5.18. 
 

 
Fig. 5. 18: Calculation of the membrane modulus (Head, 1992) 

 
 
Initial confining pressure 
When the membrane is placed around the specimen, it applies a lateral confining pressure 
which is a function of the modulus and the initial diameters of membrane and specimen: 
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where  
d0 = initial diameter of the sample 
dim = initial diameter of the membrane 
Mi = initial tangent modulus (1% secant modulus) of the membrane 
 
Bulging failure 
After analysing pre-existing proposed corrections for bulging failure, and finding them 
very under-estimative, La Rochelle et al. (1988) propose the following formula to add to 
the minor principal stress σ3: 
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This correction will be applied throughout all the shearing of the sample; in addition, when 
the shear plane forms, another correction will have to be applied: 
 
Shear plane failure 
In La Rochelle et al. (1988) it is proposed to apply the following correction to the deviator 
stress, due to membrane restraint, in the case of a failure through a shear plane: 
 1 3 0 0( ) 1.5m ca d M f dσ σ π− ⋅ = ⋅ ⋅ ⋅ ⋅δ  (5.14) 
where 

m)( 31 σσ −  = deviator stress taken by the membrane 
f = unit friction between the membrane and the sample  
δ = axial strain due to the movement along the plane 

 
The unit friction f between the membrane and the sample depends on the normal pressure 
at the interface given by the cell pressure. The same authors found that it was also related 
to the friction angle of the material, so they propose the following formula for it: 
 3' tan 'f σ φ=  (5.15) 
 
where φ’ is usually chosen as the post-rupture friction angle, or if greater strains can be 
produced, the residual one. In fact, a first approximation is sufficient for the purpose of 
this equation. 
 
The axial strain due to the movement along the plane will be interpolated linearly between 
the axial strain at the end of the test, δe = ∆hp/h0, and 0 at the formation of the slip plane, 
by means of the total axial strains: 

 sp
e

e sp

ε ε
δ δ

ε ε
−

=
−

 (5.16) 

5.3.4 Side drain corrections (Head 1992) 
A correction additional to the membrane correction is applied to the measured deviator 
stress to allow for the restraint imposed by conventional filter paper side drains. This 
correction increases rapidly up to about 2% strain, then remains fairly constant. Head 
(1992) recommends, for a 38mm sample, to apply a linear correction from 0 to 10 kPa, 
from 0 to 2% strain, and maintain a 10kPa constant correction afterwards. Normally, 
corrections for side drains to the evolution of the shear plane can be avoided by not trying 
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to test residual strength, that is, by stopping the test at low levels of relative displacement 
of the shear plane, which is out case. 
 

5.3.5 Discarded corrections 
- The membrane penetration effect on volume change and membrane penetration effect on 
pore pressure have been discarded because they relate to granular soils in which the 
membrane can penetrate between the grains. 
 
- The membrane stretching in shear plane 
failure: when slip plane occurs along a surface 
of failure, the wedging effect of the relative 
movement of the two portions of the specimen 
stretches the membrane. In a drained test 
water could be drained there, and in an 
undrained one negative pore pressures could 
develop; however, the local deformation of 
real soil ensures that the amount of membrane 
stretching is less than that indicated by the 
idealised condition of wedge, and this effect is 
normally neglected. 

Fig. 5. 19: Membrane stretching 
with shear plane (Head, 1992) 

 
 
 
 
- Trapped air between the membrane normally accounts for less than 0.2% volume 
change, and, if during the saturation stage a sufficiently high pressure is attained (which is 
our case), the air will be dissolved and without effect. 
 
- Air permeability: since we are testing saturated specimens, and we are using high cell 
pressures to saturate whatever air could be trapped, there should be no air migration. This 
migration is a problem 
 
- Water permeability: we are using new latex membranes in each test, stretched to check 
for holes. Therefore, the migration of water through the membrane is of about 0.02% of 
the total volume, which we will neglect. 
 
- Losses: the apparatuses are revised and tested regularly by the laboratory technicians, 
and wherever there is a suspicion for leaking or loss. Therefore, pipeline and valve losses 
will be neglected, except in one case, when a leak seemed to appear in the back pressure 
valve of one apparatus (test 2), and which was therefore sheared drained to prevent the 
leaking to have any influence. 
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Chapter 6 
Test results 
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6.1 TEST PROGRAMME 
The author of this paper has conducted one liquid and plastic limit test, one particle 
density test, and four triaxial tests. In addition, the author has used pre-existing data of 
intact and reconstituted clay from the relevant depths from the Heathrow T5 site, of tests 
conducted by Ph.D. Student A. Gasparre (pers. comm.). This includes one triaxial test on 
reconstituted clay and two triaxial tests on intact clay. All the samples come from the T5 
site and have been obtained using a Rotary Core sampler, which causes minimum 
disturbance to the samples. Whenever a sample is brought to its “in situ state”, this state 
has been assessed previously by A. Gasparre using suction measurements on the sample 
core. Since the core is coated in paraffin wax immediately after extraction, so that no pore 
pressure can dissipate, the effective stress cannot change; when the sample is extracted, 
the total stress acting on it becomes 0, so that the pore pressure becomes negative and is 
the value opposite of the effective in situ stress: 
 

In situ: σ’ = σ – u 
Extracted: σ’ = 0 – u = -u = s (suction) 

 
Therefore the measurement of the suction on the extracted sample gives immediately the 
effective in situ stress. The suctions at the different depths are plotted so as to trace the 
curve of the effective stress with depth, from which to obtain the in situ state to which the 
samples will be taken. 
 
In this chapter, the tests will be presented, with the depth of origin of the sample, the 
features and results for each type of test, and whenever it applies, the graphic plots. The 
tests have been conducted with the apparatuses described in §5.1, according to the 
procedures presented in §5.2, and the results have been corrected according to §5.3. Here, 
only specifications linked to each actual test (i.e. the rate of loading used at each stage) 
will be reported. 
 
In the first place, in §6.2, material properties such as Liquid and Plastic Limit and particle 
density will be presented. The first two parameters have been found according to the 
relevant procedures in §5.2, and are compared to available data for London Clay at T5 
from Hight et al. (2003) and Liu (2003). Secondly, from §6.3 to §6.5, the tests that have 
not directly been conducted by the Author, but that are needed for the comparisons, will be 
presented. The tests have been conducted by Ph.D. Student A. Gasparre (pers. comm.) and 
their results have been transmitted to the Author, to provide the intact and reconstituted 
data needed for the assessment of the influence of structure. Only the features and results 
relevant for the present comparison purposes are presented here, together with their plots.  
 
In §6.3, two oedometer tests, one on a reconstituted sample and the other on an intact 
sample, will be presented. From them, the slope λ of the compression lines could be 
deducted if there was a way of obtaining the radial stresses and thus calculating p’, but 
here this was not possible and therefore the slope parameter will not be presented. What 
will be presented instead is the stress sensitivity St as proposed in §4.4, and will be used 
for normalisation for structure in Chapter 7. 
 
The triaxial tests on reconstituted samples (§6.4) will provide important information at two 
stages: the isotropic compression, firstly, will be used to provide the parameters for the 
ICL*, that is, λ and N. Note that as explained in Chapter 4, this slope parameter λ 
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corresponds to an equation using the base 10 logarithm and not the neperian one. This 
ICL*  will be used to find p*e for each test conducted afterwards. It is reminded that p*e 
(intrinsic equivalent stress) is the normalisation factor for the effect of volume, and is the 
mean effective stress in the ICL* at the same specific volume as the sample currently 
tested. Secondly, data was available from the shearing of reconstituted samples, which 
have provided the undrained shearing stress path of a NC reconstituted sample, and the 
undrained shearing stress path of an OC reconstituted sample. The NC undrained stress 
path, once normalised, gives the intrinsic Roscoe-Rendulic Surface, the CSL* and, by 
means of the deviatoric stress at failure, the size of the SBS*. The OC undrained stress 
path provides a point on the intrinsic Hvorslev Surface and the CSL*. Since there are three 
tests in the isotropic part, an “average” ICL* has been plotted in Fig. 6.2 and its 
parameters λ and N have been reported; for the shearing, the two available plots with the 
relevant data will be provided. 
 
The several intact tests (§6.5) will not provide the natural ICL, because to provide it, they 
should be brought to isotropic gross yield, which has not been the objective of the test. 
Moreover, the fact of bringing the sample to gross yield damages its structure, and 
therefore the SBS that can be obtained post-gross yield is smaller than the structured one. 
Since they are not brought to gross yield, the intact samples are OC, and the first part of 
their stress path lies inside the natural SBS, not on it. However, their critical states provide 
points on the Hvorslev part of the SBS which will allow us to sketch this part of the 
natural SBS, to compare its size to the intrinsic one, and to calculate the strength 
sensitivity of the natural clay, that is, the scale factor between the natural and reconstituted 
SBS. The several intact tests have been recompressed to different values of p’ prior to 
shearing, so that their failure points are different points of the same Hvorslev surface; in 
this way the shape and size of this part of the natural SBS will be better assessed. 
Moreover, the stiffness of the soil both the intact and swelled tests will be presented, in 
terms of secant stiffness against axial strain. The secant modulus has been used because 
the actual instrumentation used does not allow to obtain point-to-point, tangent stiffnesses, 
but since the method for calculating them is homogenous, the results should be consistent. 
The undrained secant modulus of elasticity is calculated as: 
 

Eu,sec = q / εa
 
The strains used for the calculated are the internal ones, because the secant stiffness is 
only reasonably accurate at small strains, a region where the internal strains are more 
reliable. This is not a problem, because the truly interesting parameter from the point of 
view of geotechnical design is the stiffness at small strains, where the behaviour is nearer 
to elasticity (but it is not actually elastic, as has been explained, because the first yield 
surface bounding the truly elastic region is very small). Secant stiffness is also easier to 
calculate and often used for finite element analysis. The modulus of elasticity is found to 
be highly dependent on the mean effective stress p’, so that the results for each different 
test can be expected to be very variable. For each test, the plot of Eu,sec against εa will be 
presented, and the value of the modulus at εa = 0.01% will be reported for each test 
together with the initial mean effective stress at which the test was conducted, as well as 
the corresponding normalised value of p’/p*e. These, together with the analogous results 
from the swelled tests, will be used in Chapter 7 to assess the effect of swelling on the 
structure. 
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Finally, the four triaxial tests actually conducted by the Author are fully presented from 
§6.6 to §6.9, including the origin of the samples, stress paths followed, and full results and 
features together with their graphs. They are composed of an isotropic swelling and 
recompression part, the objective of which is to de-structure the natural clay in a process 
similar to what the in situ clay is undergoing; as in the intact samples, it is not the 
objective of the isotropic part of the test to provide the ICL, because the samples are not 
enough compressed isotropically to give gross yield data. Thus, they remain OC and the 
first part of the shearing will be inside their actual SBS and not on it. Afterwards, the 
shearing part will show a peak that lies on their actual SBS, and provides the factor needed 
for the calculation of the strength sensitivity. The four tests have been recompressed to 
different values of p’ prior to shearing, so that their failure points are different points of 
the same Hvorslev surface; in this way the shape and size of this part of the swelled SBS 
will be better assessed. 
 
By means of the volume normalisation p*e, the real sizes of the different involved SBS 
(the intrinsic, the partly de-structured, and the intact one) will be possible to compare. This 
will be the main feature of the present work, since the aim is to assess if the swelling 
causes serious damage to the structure of the clay, thus making the swelled SBS more 
similar to the intrinsic SBS, or it leaves the structure fairly intact, thus providing a swelled 
SBS similar to the natural one.  
 
Incidentally, by means of the volume and sensitivity normalisation, the sizes but also the 
shapes of the different SBS will be comparable, so as to test produce some conclusions on 
the validity of the Sensitivity Framework (presented in §4.4) for London Clay. This is the 
reason why the oedometer tests have been presented in §6.3: indeed, if relationships 
presented in Fig. 4.31 of §4.4 hold (that is, if the Sensitivity Framework can be applied to 
London Clay) then at any specific volume, the ratio of the corresponding stress of natural 
sample to the stress of the reconstituted sample in oedometric conditions should be the 
same as the ratio of the stresses on natural and reconstituted samples in triaxial conditions. 
Since we have the ICL of the reconstituted sample in oedometric conditions, the ratio 
would give us the ICL of the natural sample, which we have not been able to find in §6.5 
because the applied p’ was not large enough to cause gross yield. However, it is not the 
main aim of the present work to draw definitive conclusions about the validity of the 
Sensitivity Framework for London Clay, and only first hints will be provided. 
 
All these comparisons and conclusions will be presented in Chapter 7; in the present 
chapter, each test will be presented separately with its own relevant data and results. 
 

6.2 CLAY PROPERTIES TESTS 

6.2.1 Liquid and plastic limit test 
The Atterberg limits and the plasticity of London Clay are variable with depth, as shown 
in Hight et al. (2003). For this reason, the tests allowing their determination have been 
carried by the Author on a sample of the relevant depth, to obtain first-hand data for the 
clay that has been tested. The data obtained by the Author for the Atterberg limits, 
following the procedures described in §5.2, is presented and compared to results from 
Hight et al. (2003) and Liu (2003) at the relevant depth. 
 
Sample origin 
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The sample of London Clay used for the tests comes from a depth of 24.95-25.95m, which 
corresponds to the relevant, standardised “25m depth” of all the tests here presented.  
 
Results 
 

 present study Hight et al. (2003) Liu (2003) 
wL 63% 65-70% 72% 
wP 25% 22-28% 23% 

Table 6.1: Atterberg limits of the London Clay, from different sources. 
 

 
Fig. 6.1: penetration – water content plot for the Liquid Limit test  

as described in §5.2, with regression line allowing to calculate wL = w(20mm). 
 
As can be seen, a good agreement can be found among the different sets of data, with a 
liquid limit slightly lower than excepted, which could be attributed to the lack of 
experience of the operator, but the deviation of which is similar to the one between Liu 
and Hight et al., on the other side of the range. According to the British practice, this 
liquid limit (>60%) means that London Clay is a clay of high plasticity (CH), which 
confirms what has been hinted in the geological explanation (Chapter 3) and corresponds 
to the behaviour that is going to be observed in the following sections. However, for the 
average London Clay, these are low results: as stated in the geological presentation, this 
clay is less plastic in the T5 site, because it is to the west of the depositional basin; and 
data from Hight et al. shows that London Clay is even more plastic to the east of the basin 
(reaching a liquid limit of 95%, which is considered in British practice as extremely high 
plasticity, CE, in Bradwell, Essex).  

6.2.2 Particle density test 
Data source 
Pers. comm. by Apollonia Gasparre. The data falls well into the usual range for particle 
densities. The parameter will be used in some of the calculations of specific volume 
explained in §5.2.3. 
 
Result 
ρs 2650 kg/m3
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6.3 OEDOMETER TESTS 

6.3.1 Sample data 
The samples, both the intact and the reconstituted one, come from a depth of 25.95-
27.45m, which is a bit more than the other tests, but it is considered to be relevant. 

6.3.2 Results 
The main result that can be obtained from Fig. 6.2 is the strength sensitivity ratio, which, 
as shown in Fig. 4.27, can be calculated as St=σ’vy/σ*e. The sensitivity ratio has been 
calculated at a specific volume such that the natural clay had already gross-yielded and 
thus was in a CL rather than in the elastic reloading through a SL. As has been explained 
the slope of this plot is Cc and not λ and is not readily usable for triaxial normalisation, 
and therefore it is not presented. The results are: 
 

σ*e 4400 kPa approx. 
σ’vy 14350 kPa approx. 
St 3.25 

Table 6.2: main results from the oedometer tests. 

6.3.3 Plot 

 
Fig. 6.2: oedometer test results for intact and reconstituted London Clay, showing the equivalent vertical 

effective stress and the vertical gross yield stress. 
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6.4 TRIAXIAL TESTS ON RECONSTITUTED CLAY 

6.4.1 Sample data 
All the samples come from a depth of 25.95-27.45m, which is more than the other tests, 
but it is considered to be relevant. The samples are 38mm in diameter. 

6.4.2 Relevant results of the isotropic part 
As has been said, from this graphs an average intrinsic isotropic compression line will be 
deducted. The plots of the actual v-log p’ paths, together with the line that has been taken 
as the average, are presented in Fig. 6.3. It is interesting to obtain also the slope parameter 
κ of all the intrinsic swelling lines (an average has been taken), in order to compare it with 
the value obtained in the swelled tests. The location parameters of the swelling lines 
depend on the state from where the sample is swelled and therefore are not unique or 
interesting. The following table summarizes the relevant parameters obtained in this 
phase: 
 

λ 0.42 (in base-10 logarithm) compression line 
N 2.991 

swelling line κ 0.021 (in base-10 logarithm) 
Table 6.3: main results from the triaxial test on reconstituted clay, isotropic part. 

 
Equation of the intrinsic Isotropic Compression Line: 
 
 2.991 0.42 log 'v p= −  (6.1) 
 
Therefore, at a given specific volume v  of a sample at the beginning of the shearing phase 
(constant in undrained tests, variable in drained ones), the equivalent pressure that will be 
used for volume normalisation will be: 
 

 * 2.99110 ^
0.42e

vp −⎛= ⎜
⎝ ⎠

⎞
⎟  (6.2) 

6.4.3 Relevant results of the shearing part 
One sample has been sheared at the end of the isotropic compression, at the highest 
confining pressure of its history; therefore, it is NC, and it should give the Roscoe-
Rendulic part of the intrinsic SBS. Its critical state will be in the critical state line, as is the 
case for NC samples, thus giving the slope of the intrinsic CSL. Once normalized for 
volume the normalized deviatoric peak stress thus obtained will give us the size of the 
SBS. The other sample has been isotropically unloaded after attaining a certain larger 
confinement; therefore, it is OC, and its related critical state provides a point on the 
Hvorslev part of the SBS. The results that have been made available to the Author are 
already normalized for volume (by means of p*e, which at its turn is calculated using (6.2)
), and are presented in Fig. 6.4, where both the normalized OC and NC paths are 
presented, together with the CSL*. It is important to note that in the case of the normally 
consolidated sample, the peak coincides with the critical state, and thus the critical state 
values are the peak values 
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The results thus obtained are: 
 

qpeak / p*e = qcs / p*e (normalized size of SBS*) 0.54 
ppeak / p*e = pcs / p*e 0.62 
M* = qcs / p’cs (slope of CSL*) 0.87 
φ*cs (calculated from M*) using Eq. (4.6) 22.3º 

Table 6.4: main results from the triaxial test on reconstituted clay, shearing part. 

6.4.4 Plots 

Fi
g. 6.3: plot of the isotropic part (v- log p’ relationship) of the three reconstituted samples,  

together with the average intrinsic ICL. 
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Fig. 6.4: plot of the shearing of the reconstituted NC and OC sample, normalized by p*e; the line through the 

origin to the failure point is the CSL*; the curve on the right is the intrinsic Roscoe-Rendulic Surface, and 
the critical point of the OC sample gives a point of the intrinsic Hvorslev Surface. 
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6.5 TRIAXIAL TESTS ON INTACT CLAY 

6.5.1 Sample data 
Depths of sample origin 
The results presented on this section have been carried by A. Gasparre, and come from a 
number of different depths ranging from 21m to 27m; for the present study, they are 
considered to be tests typical from the relevant depth of 25m.  
 
Type of test 
The tests involve, as shown, both 38 and 100mm diameter samples. Larger samples allow 
to obtain more precise small strain behaviours, as well as shear stiffness moduli using 
bender elements; this data is used in other research projects and will not be further 
commented here. However, 100mm samples have a larger chance as well to contain pre-
existing fissures through will they will rather fail; these tests have been removed from the 
present plots. The 100mm samples have not undergone membrane corrections since in 
Head (1992) they are considered as not having an influence in such large specimens. 
 

6.5.2 Relevant results of the isotropic part 
As has been said, the samples are not brought to gross yield, because this would involve 
much larger confining pressures than the ones used. Moreover, once the sample would 
have been brought to gross yield, its structure would probably be damaged, and it is likely 
that instead of following the intact compression line, the path would follow the behaviour 
shown in Fig. 4.23, falling back to the intrinsic, structure-less behaviour. Therefore, no 
data will be provided from the isotropic part of the test, since only the shearing part 
provides data from the natural SBS that will be useful in the present work. 
 

6.5.3 Relevant results of the shearing part 
The data made available to the Author includes only the shearing paths in the normalised 
plane q/p*e – p’/p*e, and thus only this will be presented here. Because of the high 
overconsolidated nature of the natural clay, and the fact, as has been said before, that it has 
not been brought back to anywhere near the normally consolidated state, all the shearing 
paths start at low values of p’/p*e. Therefore, only the left region of the natural SBS, that 
is, the Hvorslev Surface, can actually be probed. If the clay is to respect the Sensitivity 
Framework, then the RRS part could be found by drawing an homothetic replica of the 
Roscoe-Rendulic Surface* (presented in Fig. 6.4, right side) of factor St = 3.25 (obtained 
in 6.3.2), as shown in Fig. 4.31. The comparison between the two Roscoe-Rendulic 
Surfaces, the one actually obtained by high-confinement tests not yet conducted, and the 
one found by homothecy, would lead to strong conclusions regarding the validity of the 
Sensitivity Framework, but it is not the aim of the present work. However, in the low-
p’/p*e region, we do have both reconstituted, natural and swelled results, and we are able 
to trace the actual different SBS, the sizes of which will be directly comparable. This will 
be done in Chapter 7. Here, Fig. 6.5 presents the different shearing paths for natural 
samples. Notice the difference in scale of the axes with respect to Fig. 6.4. The actual 
superposition will be made in Chapter 7. 
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Here, the normalized parameters at peak or post-rupture strength are not very useful, 
because the samples are overconsolidated and they do not reach the critical state point (the 
top of the SBS) in the normalized plane; thus, these values do not provide a size of the 
SBS. Instead, the useful parameter is the intrinsic strength parameter M, together with the 
associated angle of shearing resistance in compression, which are provided in the 
following table for all the intact tests: 
 

Depth (m) Diameter 
(mm) 

M φ’cs

23.7 100 1.08 27.4º 
25 100 1.00 25.4º 
26 38 1.01 25.6º 
26.3 100 1.00 25.4º 
26.82 100 1.14 28.6º 
28.58 38 1.17 29.3º 

Table 6.5: resistance results from the natural samples, shearing part. 
 
We can see that most of the tests have a value of intrinsic strength M around 1, averaging 
1.03. In Fig. 6.6 the plots Eu,sec – ea of several natural samples are presented, calculated 
from the internal strains. Note that there are more samples than in the resistance values, 
because some of the samples sheared through pre-existing fissures and thus are not 
interesting for our study of resistance (Table 6.5), but their stiffness at small strains, is still 
useful. An average of both internal strains read by the internal devices has been plotted. 
The following table summarizes the secant modulus obtained at 0.01% of internal strain, 
deducted from the plot of Fig. 6.6, together with the initial mean effective stress at which 
the test has been conducted and the normalized stress. The comparisons with the swelled 
tests will be made in Chapter 7. 
 
Depth (m) Diameter (mm) Eu,sec (0.01%) (MPa) p’ (kPa) p’/p*e 
23.55 38 520 1286 0.533 
23.7 100 270 420 0.256 
25 100 195 420 0.242 
26 38 300 248 0.168 
26.3 100 205 234 0.114 
26.82 100 240 463 0.239 
28.58 38 115 233 0.259 

Table 6.6: secant stiffness values from the natural samples, shearing part. 
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6.5.4 Plots 

 
Fig. 6.5: normalized stress paths of the shearing part of the natural samples, from a variety of depths,  
as given to the Author by A. Gasparre. The distinction between 100mm and 38mm samples is made,  
the 100mm ones exhibiting a somewhat smaller value. The actual comparison with the reconstituted  

and swelled tests will be presented in Chapter 7. 
 

 
Fig. 6.6: plot of secant modulus of elasticity against internal axial strain.  

The colours correspond to sample diameters as before. 
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6.6 TRIAXIAL TEST ON SWELLED CLAY 1 

6.6.1 Sample origin 
The sample comes from the core of depth 21.45 – 22.95 m. Firstly it was kept under a high 
confining pressure for 24h, so as to dissolve air and ensure the full saturation of the 
specimen. However, after this period B-tests did not give good enough results, so it was 
kept for longer. At the end, it was kept under pressure for five days, after what the B-test 
gave a value of B = 91%, which is considered good enough. The stresses stabilised at σc = 
590 kPa, u = 200 kPa, so that p’=390 kPa. 

6.6.2 Stress path followed 
Afterwards, the sample was isotropically swelled, keeping the pore pressure constant at u 
= 200 kPa, at a rate of ∆σc = ∆p’ = -3 kPa/h, until p’=50 kPa. From here, it was further 
swelled to p’=10 kPa, which is a very low confining pressure, by keeping a constant watch 
on volumetric strains and sample aspect, because at such low confining pressures, the 
sample becomes very soft and might be irrecoverably damaged. After the successful 
completion of this stage, the sample was left for four days to allow pore pressure 
equalisation and dissipation. After this period of time, the readings for the volumetric 
strains not having stabilised, a leak was suspected in the volume gauge, and the decision 
was made to shear the sample in a drained way to compensate for this (but the sample was 
not sheared yet). Afterwards, the sample was isotropically recompressed to p’ = 30 kPa, 
and then the suction cap was connected. The suction cap was connected after 
recompression of the sample because the connection on too soft a sample might cause 
irreparable distortion on it. Afterwards, the sample was further recompressed so that σc = 
250 kPa, u = 200 kPa, and thus p’ = 50 kPa.   
 
From this point, the sample was sheared drained, by keeping the cell and the pore pressure 
constant at σc = 250 kPa, u = 200 kPa. As has been said, the shearing was controlled, in 
this and all the other tests, with respect to strain and not to stress, thanks to the Constrant 
Rate of Strain Pump (CRSP). The strains that were used for the control were the internal 
strains (measured by the inclinometers) up to 0.1% (the zone of low strains), then the 
control was switched to external strain because at high strains the local instrumentation 
becomes unreliable. At low strains (εa < 0.1%) the sample was sheared at a rate of ∆εa  = 
0.02%/h. Readings were taken every 30 seconds in the zone of very low strains (εa < 
0.01%), to get better measurements of stiffness at very low strains, and in the rest of the 
low-strain zone, readings were taken every minute. Afterwards, scanning periods were 
augmented to every 5 minutes, then every 10 minutes. Shearing rates were augmented to  
∆εa  = 0.05%/h at εa = 2%, then to ∆εa  = 0.1%/h at εa = 4%, and kept like this until the 
end of the test. The test was stopped at εa = 10%, opened, and a sketch of the sample was 
drawn. A picture of the sample at the end of the test is displayed in Fig. 6.7. The sample 
dimensions, angle of the shear plane, and water content were measured according to the 
procedures described in Chapter 5. 
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Fig. 6.7: the sample of test 1 at the end of the test.  

The shear plane can be clearly observed (picture by the Author) 

6.6.3 Results of the isotropic part 
The most relevant result of the isotropic part is the specific volume at the end of this 
phase, that is, at the beginning of the shearing, because it will provide the equivalent 
pressure p*e used for the normalisation for volume. As the isotropic part involves only 
swelling and reloading along a swelling line, the other result that can be obtained of the 
isotropic part of the test is the swelling parameter κ; the loading parameter λ could only be 
found by bringing this very overconsolidated clay to gross yield and then load it along a 
compression line but, as has been said, this has not been pursued in the present work. The 
v-log p’ plot is presented in Fig. 6.8, and it can be seen that at the end of the swelling 
phase there are large undissipated pore pressures because of the excessive rate of swelling 
of ∆p’ = -3 kPa/h; due to this, in the other tests the swelling will be conducted at ∆p’ = -2 
kPa/h.  
 
An important result is that the slope κ of the isotropic swelling line is similar to the 
intrinsic value presented in §6.4.2. As in Fig. 4.24,  opposed to Fig. 4.24, this seems to 
suggest that isotropic swelling does not affect the influence of structure on behaviour of 
London Clay in isotropic swelling and compression, because the intact soil (as is the 
present soil in the swelling phase, prior to full swelling to p’=10kPa), the swelled soil (as 
is the present soil during the reloading part), and the reconstituted soil (of section 6.4) 
have very similar values of the swelling parameter. Further conclusions about whether the 
structure is affected will be presented in Chapter 7. 
 
The following table summarizes the relevant data from this phase: 
 
initial v (calculated as explains §5.2.3) 1.62 
v at the end of isotropic phase 1.78 
p*e (from Eq. (6.2)) 766 kPa initial, but changes along test 
κ 0.019 

Table 6.7: relevant results from the isotropic part of the test on swelled clay 1 
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6.6.4 Results of the shearing part 
The relevant results of the shearing part are presented in Table 6.8. More information has 
been included in this table because, since the Author had conducted the tests himself, more 
data was available to him. Of particular importance is the stress ratio M at the post-rupture 
state, and the undrained secant elasticity modulus Eu,sec at 0.01%, because these are the 
main parameters of comparison with the other triaxial tests, be they reconstituted, intact or 
swelled. The absolute and normalised stresses at the peak are also given because they 
provide points of the swelled Hvorslev surface, but they do not give the top of the swelled 
state boundary surface, because the clay exhibits brittle behaviour. These same stresses 
evaluated at the post-rupture state provide points on the critical state line, but the 
information they provide is actually summarised in M.  
 
MPR 1.46 φ’PR 36.0º 
Eu,sec (0.01% strain) 50 MPa εa,peak (external) 3.8 % 
qpeak 332 kPa qpeak/p*e 0.381 
ppeak 161 kPa ppeak/p*e 0.185 
qPR 142 kPa qPR/p*e 0.203 
pPR 98 kPa pPR/p*e 0.139 
angle of shear plane with horizontal (Fig. 6.7) 64.4º (average) 

Table 6.8: relevant results from the shearing part of the test on swelled clay 1 
 
Figure 6.9 shows the effective stress path of the shearing in the absolute q-p’ plane, while 
Fig. 6.10 shows this path in q/p*e – p’/p*e. In chapter 7, these plots will be superimposed 
to the intact and swelled ones to assess the effects of swelling on the shearing behaviour of 
London Clay. It is interesting to see that the behaviour is as predicted: being a drained test, 
the stress path in q-p’ plane moves on a straight line of slope 3, rising to a peak on the 
Hvorslev surface and then falling back on the same line until it reaches the critical state at 
a lower deviatoric stress. Figure 6.11 shows the q-εa behaviour of the sample, but of even 
more interest is Fig. 6.12, which shows the q/p’- εa behaviour of the sample; it is 
interesting because it is q/p’- εa plane in where the brittle behaviour with peak and post-
rupture is to be found (incidentally, in this test this brittle behaviour can also be seen in 
Fig. 6.9, but for example in test 3, the brittle behaviour will only be seen in the q/p’- εa 
plot). Moreover, it is from this plot that the critical state, post-rupture value of the stress 
ratio M can be found. Figure 6.13 shows the εv-εa behaviour, showing as expected a 
dilatant behaviour typical of overconsolidated clays on drained tests. Note that the change 
of trend of the volumetric strains (the peak of the εv-εa curve) of Fig. 6.13 coincides with 
the peak of Fig. 6.11. Finally, Fig. 6.14 shows the plot Eu,sec - εa (external), from where 
Eu,sec (0.01%) has been found. 
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6.6.5 Plots 

Fig. 6.8: v - log p’ plot of the isotropic part  
of swelled test 1. 

Fig. 6.9: effective stress path in the q-p’ plane  
of swelled test 1. 

Fig. 6.10: effective stress path in the normalised  
q/p*e – p’/p*e plane of swelled test 1. 

Fig. 6.11: stress-strain behaviour in the q-εa plane  
of swelled test 1. 

Fig. 6.12: stress-strain behaviour in the q/p’- εa plane of 
swelled test 1, showing the stress ratio at the critical state. 

Fig. 6.13: volumetric strain – axial strain behaviour in the 
εv-εa plane of swelled test 1,showing the dilatant behaviour. 
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Fig. 6.14: secant undrained stiffness plot against axial strain of swelled test 1. 

 

6.7 TRIAXIAL TEST ON SWELLED CLAY 2 

6.7.1 Sample origin 
The sample comes from the core of depth 21.45 – 22.95 m. Firstly it was kept under a high 
confining pressure for 48h, after which period a B-test was carried, giving good saturation 
results (B = 92%). The stresses stabilised at σc = 470 kPa, u = 153 kPa, so that p’=317 
kPa. 

6.7.2 Stress path followed 
The sample was isotropically swelled, keeping the pore pressure constant at u = 153 kPa. 
The analysis of isotropic swelling data from test 1 had yielded large undissipated pore 
pressures at the end of the swelling with the rate of change ∆p’ = -3 kPa/h, so that in this 
test rates of ∆σc = ∆p’ = -2 kPa/h were used, until p’=50 kPa. From here, it was further 
swelled to p’=10 kPa by keeping a constant watch on volumetric strains and sample 
aspect. After the successful completion of this stage, the sample was left for two days to 
allow pore pressure equalisation and dissipation. This time no leak was detected and 
volumetric strains remained stable. Also, since the first test had shown that no negative 
external effects where observed on the sample at such low confining pressures, in this test 
the suction cap was connected without prior recompression, i.e., at p’=10 kPa. The sample 
was isotropically recompressed at ∆p’ = 3 kPa/h, to p’ = 50 kPa, using Ram control to 
ensure that, despite the suction cap being connected, the deviatoric stress remained 0. The 
sample has been left to stabilise for three days. However, a sub-horizontal fissure, 
probably pre-existing or formed during sample set-up because of drying, became apparent 
during this stage, because the swelling has drawn water to it. At the end of this stage, σc = 
203 kPa, u = 153 kPa, so that p’=50 kPa. 
 
After the stabilisation, the sample was sheared undrained. Cell pressure was kept constant 
at σc = 203 kPa, but since it is an undrained test the back pressure valve was shut and the 
cell pressure left to evolve freely and measured. The sample was sheared by means of the 
CRSP. The strains that were used for the control were the internal strains (measured by the 
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inclinometers) up to 0.1%, then the control was switched to external strain. At low strains 
(εa < 0.1%) the sample was sheared at a rate of ∆εa  = 0.02%/h. Readings were taken every 
30 seconds in the zone of very low strains (εa < 0.01%), and in the rest of the low-strain 
zone, readings were taken every two minutes. Afterwards, scanning periods were 
augmented to every 5 minutes, then every 10 minutes. Shearing rates were augmented to  
∆εa  = 0.05%/h at εa = 0.7%, then to ∆εa  = 0.08%/h at εa = 2%, and kept like this until the 
end of the test. The test was stopped at εa = 8%, opened, and a sketch of the sample has 
been drawn, together with the picture shown in Fig. 6.15. The sample dimensions, angle of 
shear plane and water content were measured according to the procedures described in 
Chapter 5. 
 
The first shear plane is obvious from Fig. 6.15, and initially it was feared that the sample 
would fail through it and the strength would be substantially lower than expected. 
However, as can be seen in the same figure, another shear plane formed with an angle 
similar to the ones that formed in the rest of the tests, and traversing the whole sample. As 
will be seen in Fig. 6.19, the influence of the first shear plane can clearly be seen as a 
point of change in the trend of the q-εa curve, but it doesn’t cause failure, as deviatoric 
stress continues increasing. It is not until the second, proper shear plane forms, that the 
peak is reached and the resistance starts to decrease until the critical state. Moreover, in 
Chapter 7 we will see that this test behaves well into the same SBS as the rest of the tests. 
Therefore, the test has been considered valid, although area corrections for both planes 
have been applied. 
 

 
Fig. 6.15: the sample at the end of test 2. A first shear plane of a low angle, from a pre-existing fissure, 

together with the final, high angle plane going through all of the sample can be clearly observed (picture by 
the Author) 

 

6.7.3 Results of the isotropic part 
The relevant results from this phase are the same that those in §6.6.3, and the 
corresponding v-log p’ plot is presented in Fig. 6.16. As can be seen in this case the 
swelling coefficient is larger than the one found before, which is the opposite behaviour as 
the one expected, as reconstituted values should be larger. This might lead to suggest that 
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the effect of structure on isotropic behaviour is complex and may involve negative effects, 
and reminds us that reconstitution does not eliminate structure, but rather provides a 
repeatable, standard structure.  
 
Another more likely reason is that, already in the isotropic phase, the first shear plane 
linked to a pre-existing fissure had already been observed, and as has been explained in 
Chapter 4, shear planes draw water to them (which causes the brittle behaviour); indeed, 
the membrane around this first shear plane was so swollen with water it was clearly 
observable. Thus, what we are considering as a volumetric strain linked to all of the 
sample, and which we then use to calculate these changes in specific volume, obtaining 
large changes in specific volume for a small unloading (which means a large κ), is in fact 
only a local volumetric strain, and the whole of the sample does not really have such a 
large swelling coefficient. The value of this coefficient is then presented here for 
coherence, but it is considered unreliable. The results are summarized in the following 
table: 
 
initial v 1.70 
v at the end of isotropic phase 1.81 
p*e (from Eq. (6.2)) 650 kPa 
κ 0.065 (unreliable as explained) 

Table 6.9: relevant results from the isotropic part of test on swelled clay 2 

6.7.4 Results of the shearing part 
The same relevant results as in the previous test are presented, because of the reasons 
already explained there: 
 
MPR 1.37 φ’PR 33.9º 
Eu,sec (0.01% strain) 41 MPa εa,peak (external) 5.9% 
qpeak 112 kPa qpeak/p*e 0.174 
ppeak 62 kPa ppeak/p*e 0.096 
qPR 92 kPa qPR/p*e 0.144 
pPR 68 kPa pPR/p*e 0.106 
angle of shear plane with horizontal (Fig. 6.15) 65.3º (average) 

Table 6.10: relevant results from the shearing part of the test on swelled clay 2 
 
The plots presented in the following section are the same that for the previous test, with 
the only difference that instead of the εv-εa plot, the ∆u-εa plot is presented, as usual in 
undrained tests (as it is an undrained test, the volumetric strains are 0 and provide no 
information). The influence of the first shear plane is clearly appreciable in Figs. 6.19 and 
6.20, where it implies an inflexion point in the curves, but after the formation of this first 
shear plane the deviatoric stress continues increasing, and it only reaches the peak at the 
formation of the second shear plane; this is why we can consider this test valid. On the 
other hand, in Fig. 6.21, the first shear plane seems to dissipate all the excess pore 
pressures as water is drawn to it, and the pore pressure remains stable until the second 
shear plane forms and it goes down to the critical value. In the q-p’ plane the first shear 
plane marks an inflexion but the path is not substantially different from the paths in tests 3 
and 4 (which do not have this first shear plane). 
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6.7.5 Plots 

Fig. 6.16: v - log p’ plot of the isotropic part  
of swelled test 2. 

Fig. 6.17: effective stress path in the q-p’ plane  
of swelled test 2. 

Fig. 6.18: effective stress path in the normalised  
q/p*e – p’/p*e plane of swelled test 2. 

Fig. 6.19: stress-strain behaviour in the q-εa plane  
of swelled test 2. 

Fig. 6.20: stress-strain behaviour in the q/p’- εa plane of 
swelled test 2, showing the stress ratio at the critical state. 

Fig. 6.21: excess pore pressure – axial strain behaviour in 
the ∆u-εa plane of swelled test 2. 
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Fig. 6.22: secant undrained stiffness plot against axial strain of swelled test 2. 

 

6.8 TRIAXIAL TEST ON SWELLED CLAY 3 

6.8.1 Sample origin 
The sample comes from the core of depth 22.45 – 24.45 m. During the saturation phase, 
the air compressor of the laboratory failed, and all the valves were closed so as to isolate 
the sample from the pressure-less interfaces. This situation lasted for 15 days until the 
compressor was changed. After this long period of saturation, as expected the B-test gave 
a good result of B = 99%. The stresses stabilised at σc = 532 kPa, u = 200 kPa, so that p’= 
332 kPa. 

6.8.2 Stress path followed 
In this test and the following, the sample was made to go through a more complex cycle of 
loading before being swelled and sheared. The aim of the first part was to reproduce the 
natural stress path followed by the sample in recent history, and from there to swell it, in 
order to obtain points for the determination of the Kinematic Yield Loci of the soil. For the 
effect of recent history on the stiffness of overconsolidated soils, see Atkinson, Richardson 
& Stallebrass (1990). This data will not be used in the present study, but it is an 
information easy to obtain and useful for other studies on London Clay that are running 
presently in the Laboratory.  
 
The idealized history of the soil involves K0-loading by natural deposition, unloading due 
to erosion of the upper layers of sediment, and from there re-deposition of modern gravels 
and thus reloading. The ideal situation would be to reproduce all of the history of the soil, 
including its initial K0 sedimentation prior to the erosional unloading. However, this would 
imply causing the sample to undergo great strains and distortion. Since only the approach 
path to the in situ state has the most relevant effect on stiffness, only the final part of such 
a path was reproduced in the triaxial cell. Throughout all the process the back pressure 
was kept constant at u = 200kPa.  
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Therefore, from the situation at the end of the saturation phase, the sample was 
isotropically compressed at ∆p’ = 2 kPa/h, until p’ = 420 kPa; there, the suction cap was 
connected, and the sample was made to go from the isotropic state to an anisotropic state, 
by changing the cell pressure at ∆σc = 2kPa/h and the deviatoric stress at ∆q = -6 kPa/h 
(by means of the CRSP), so that p’ remains constant at 420 kPa, and until q= -195 kPa, 
which is the intersection of the constant-p’ path with the natural erosion path. From there, 
the natural path was joined, and the natural erosion was simulated by changing ∆σc = -2 
kPa/h and ∆q = -0.556 kPa/h so that p’ changed linearly from 420 kPa to 365 kPa and q to 
-209 kPa. This q-p’ state was considered the end of the natural erosion process. Then the 
re-deposition was simulated, putting ∆σc = 2 kPa/h, ∆q = 2.84 kPa/h, so that p’ changed 
linearly from 365 kPa to 420 kPa and q to -156 kPa. This q-p’ state was considered to be 
the in situ state of the soil, from calculations carried by A. Gasparre. 
 
Once the sample had reached the in situ recent state, it was made to follow the process 
relevant to the present study. Firstly it was swelled keeping the deviatoric stress constant, 
q = -156 kPa (using the CRSP), and ∆p’ = -1 kPa/h, until p’ = 350 kPa (the rate of 
swelling was taken very small because such conditions are needed to obtain useful data for 
the kinematic yield locus). Since there was a deviatoric stress, p’ could not reach 10 kPa 
because the path would touch the CSL and the sample would fail. Therefore, at p’=350 
kPa, q was reduced to 0 at ∆q = 6 kPa/h, keeping p’ constant. Then, once q = 0, but 
without disconnecting the suction cap, the sample was isotropically swelled to p’=10 kPa 
at ∆p’ = -3 kPa/h. There, it was left for two days to stabilise, and then it was recompressed 
to p’=100 kPa at ∆p’ = 2 kPa/h. Two more days were allowed for the stabilisation. 
 
From this isotropic state of σc = 300 kPa, u = 200 kPa (and therefore an initial p’=100 
kPa), the sample was sheared undrained, keeping the cell pressure constant at letting the 
back pressure evolve freely but measuring its value. The shearing was done at the same 
rates of increment of the axial strains as described in the previous two tests. At 1.3% axial 
strain, a first shear plane was observed near the top cap of the sample, probably due to the 
irregular connection of the suction cap than to a true shearing, because it had such an angle 
and situation that the sample could not shear further through it, and the deviatoric 
continued increasing. Finally, at 3% strain another proper shear plane, through all the 
sample and thus kinematically admissible was formed, and the sample was sheared 
through this plane until it arrived at its post-rupture strength, a stable value after the peak. 
The test was stopped at 6% strain and the sample was taken out, a sketch was drawn, and 
its dimensions, angle of the shear planes and water content were measured. Fig. 6.23 
shows a picture of the sample at the end of the test, with the initial, incompatible shear 
plane and the final, proper one. 
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Fig. 6.23: the sample of test 3 at the end of the test. The first small shear plane, not even covering the whole 

base, and probably due to a dissymmetry on the connection of the suction cap, can be observed, together 
with a proper shear plane going through all of the sample (picture by the Author) 

 

6.8.3 Results of the isotropic part 
The relevant results from this phase are the same that those in §6.6.3, but only the final, 
isotropic part of the stress path described in 6.8.2 is plotted in v-log p’ plane in Fig. 6.24. 
Again the value of the swelling coefficient is large, perhaps due to the long stress path that 
the sample has followed before arriving to the isotropic stage. The results are summarized 
in the following table: 
 
initial v  1.63 
v at the end of isotropic phase 1.66 
p*e  1475 kPa 
κ 0.035 

Table 6.11: relevant results from the isotropic part of test on swelled clay 3 
 

6.8.4 Results of the shearing part 
The same relevant results as in the previous tests are presented: 
 
MPR 1.33 φ’PR 33.0º 
Eu,sec (0.01% strain) 70 MPa εa,peak (external) 2.3 % 
qpeak 182 kPa qpeak/p*e 0.123 
ppeak 85 kPa ppeak/p*e 0.058 
qPR 168 kPa qPR/p*e 0.114 
pPR 126 kPa pPR/p*e 0.086 
angle of shear plane with horizontal (Fig. 6.23) 67.5º (average) 

Table 6.12: relevant results from the shearing part of the test on swelled clay 3 
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The plots here presented are the same as in the previous test, as it is an undrained test. In 
the present case, however, the importance of plotting q/p’ against the axial strain becomes 
apparent: the brittle behaviour featuring the peak and the post-rupture plateau is not easy 
to assess in Fig. 6.27, because the excess pore pressure may be keeping the deviatoric 
stress artificially high after the peak; on the other hand, in Fig. 6.28, the influence of pore 
pressure affects both q and p’, and the peak becomes more apparent. 
 
This test behaves very much as expected, and from Fig. 6.25 it can even be said that not a 
lot of stress localisation occurs, with a path rising until it touches the Hvorslev surface and 
then travelling to the right until it reaches the critical state line, instead of the deviatoric 
stress decreasing substantially. 

6.8.5 Plots 

 
Fig. 6.24: v - log p’ plot of the final, isotropic part of the pre-

shearing path of swelled test 3. 
 

Fig. 6.25: effective stress path in the q-p’ plane of swelled test 
3. 

 
Fig. 6.26: effective stress path in the normalised  

q/p*e – p’/p*e plane of swelled test 3. 

 
Fig. 6.27: stress-strain behaviour in the q-εa plane  

of swelled test 3. 
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Fig. 6.28: stress-strain behaviour in the q/p’- εa plane of 

swelled test 3, showing the stress ratio at the critical state. 
 

Fig. 6.29: excess pore pressure – axial strain behaviour in the 
∆u-εa plane of swelled test 3. 

 
Fig. 6.30: secant undrained stiffness plot against axial strain of swelled test 3. 

 

6.9 TRIAXIAL TEST ON SWELLED CLAY 4 

6.9.1 Sample origin 
The sample comes from the core of depth 18.45 – 19.45 m. It was put under high pressure 
and left to saturate for 48h. After this, a B-Test was conducted giving a good saturation 
value of B=95%. The stresses stabilised at σc = 551 kPa, u = 247 kPa, so that p’= 304 kPa. 
 

6.9.2 Stress path followed 
This sample was made to follow exactly the same path as the previous one, to retrace its 
recent history, and leave it in its in situ state. The same variations in cell pressure and 
deviatoric stress were used, and the only difference was the difference in the absolute cell 
pressure to account for the difference in u, that was kept constant at 247 kPa, so that p’ 
was the same as in the previous test. Once arrived to the in situ state, it was anisotropically 
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swelled at a constant q = -156 kPa, and with ∆p’ = -1 kPa/h until p’=350 kPa. Afterwards, 
it was brought back to isotropic state at ∆q = 6 kPa/h, and from there it was swelled 
isotropically at ∆p’ = -2 kPa/h until p’=10 kPa. There, it was left for two days to stabilise, 
and then it was recompressed to p’=200 kPa at ∆p’ = 2 kPa/h. Two more days were 
allowed for the stabilisation. From this isotropic state of σc = 447 kPa, u = 247 kPa (and 
therefore an initial p’=200 kPa), the sample was sheared at the same rates as in the rest of 
the tests. The shear plane was formed at an axial external strain of 5%, and the test was 
carried up to 10% strain, when post-rupture strength had been clearly reached. The sample 
was taken out, a sketch was drawn, and dimensions, angle of the shear plane and water 
content were measured. Figure 6.31 presents the sample at the end of the test; the shear 
plane, that, this time, does not go through all of the sample, can be clearly seen. 
 

 
Fig. 6.31: the sample of test 4 at the end of the test.  

The shear plane can be clearly observed (picture by the Author) 

 

6.9.3 Results of the isotropic part 
The relevant results from this phase are the same that those in §6.6.3, but only the final, 
isotropic part of the stress path described in 6.9.2 is plotted in v-log p’ plane in Fig. 6.32. 
The results are summarized in the following table: 
 
initial v  1.65 
v at the end of isotropic phase 1.69 
p*e  1252 kPa 
κ 0.042 

Table 6.13: relevant results from the isotropic part of test on swelled clay 4 

 

6.9.4 Results of the shearing part 
The same relevant results as in the previous tests are presented in the following table: 
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MPR 1.20 φ’PR 30.0º 
Eu,sec (0.01% strain) 130 MPa εa,peak (external) 4.7% 
qpeak 394 kPa qpeak/p*e 0.320 
ppeak 216 kPa ppeak/p*e 0.175 
qPR 325 kPa qPR/p*e 0.262 
pPR 270 kPa pPR/p*e 0.220 
angle of shear plane with vertical (Fig. 6.31) 61.7º (average) 

Table 6.12: relevant results from the shearing part of the test on swelled clay 4 
 
This test behaves as expected in a brittle overconsolidated clay. The q-p’ plot rises until 
the path touches the Hvorslev, and, instead of travelling to the right until the CSL, the 
deviatoric stress decreases because of stress localisation in the shear plane, as explained in 
Chapter 4, until it reaches its post-rupture strength. The shear plane was spotted at the time 
reported with a mark on the plots, but it probably had already formed before the peak, in 
the back of the sample, so that it remained unnoticed for some hours. The brittle behaviour 
can be seen in both q-εa and q/p’-εa planes, and the familiar pattern for the excess pore 
pressure is also found. 

6.9.5 Plots 

 
Fig. 6.32: v - log p’ plot of the final, isotropic part  

of the pre-shearing path of swelled test 4. 

 
Fig. 6.33: effective stress path in the q-p’ plane  

of swelled test 4. 

 
Fig. 6.34: effective stress path in the normalised  

q/p*e – p’/p*e plane of swelled test 4. 

 
Fig. 6.35: stress-strain behaviour in the q-εa plane  

of swelled test 4. 
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Fig. 6.36: stress-strain behaviour in the q/p’- εa plane of 

swelled test 4, showing the stress ratio at the critical state. 
 

Fig. 6.37: excess pore pressure – axial strain behaviour in the 
∆u-εa plane of swelled test 4. 

 

 
Fig. 6.38: secant undrained stiffness plot against axial strain of swelled test 4. 
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Chapter 7 
Comparison of test results and discussion 
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In the previous chapter, all the relevant results, parameters and plots from the tests, both 
conducted by the Author and not, have been presented separately; this has allowed to 
present the results in a more orderly and comprehensible way, and to separately study each 
test with more depth. However, it has not allowed the direct comparisons needed to assess 
the influence of swelling on the structure of London Clay. In the present chapter, then, 
joint plots of all the tests will be presented, which will allow to draw definite conclusions 
about such influence, both in compression and shearing, and both regarding resistance and 
modulus of elasticity, as well as in compressibility. In a first section, the comparative plots 
are presented together with the most relevant features. In a second section, the conclusions 
that each of these plots imply for the behaviour of London Clay are presented. In the next 
and final Chapter, general conclusions are presented and the points that would need further 
testing for a better explanation or clarification are explained as a proposal of further work. 

7.1 COMPARATIVE PLOTS 

7.1.1 Normalised plots of the effective stress paths and SBS 
The Author has gathered, and presents in Figs. 7.1 in a single plot in the plane normalised 
for volume q/p*e-p’/p*e, and in Fig. 7.2 in plane normalised for both volume and structure 
q/Stp*e - p’/Stp*e, all the data from:  
- The shearing part of the reconstituted samples of London Clay, both normally and 
overconsolidated (Fig. 6.4), taken from Liu (2003) and given to the Author by A. 
Gasparre. 
- The shearing part of the intact samples that have been conducted by A. Gasparre and 
given to the Author for comparative purposed (Fig. 6.5). 
- The shearing part of the tests conducted by the Author, involving samples swelled to 
p’=10 kPa (Figs. 6.10, 6.18, 6.26 and 6.34). 
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Fig. 7.1: effective stress paths of the triaxial tests presented in Chapter 6, in the plane normalised for volume 
q/p*e-p’/p*e, allowing direct comparison (top) and with a sketch of the natural and intrinsic State Boundary 
Surfaces (bottom). Blue lines represent 100mm intact samples; violet lines represent 38mm intact samples; 

rose lines represent swelled samples; and black lines represent reconstituted samples. 
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Fig. 7.2: effective stress paths of the triaxial tests presented in Chapter 6, in the plane normalised for volume 

and for structure q/Stp*e-p’/Stp*e (top) and with a sketch of unique State Boundary Surface that, if the 
Sensitivity Framework applies to London Clay, would be obtained for all stress paths once normalised for 
volume and structure (bottom). Blue lines represent 100mm intact samples; violet lines represent 38mm 

intact samples; rose lines represent swelled samples; and black lines represent reconstituted samples. 
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In Fig. 7.1 (top) and Fig. 7.2 (top), the actual plot is presented, and in Fig. 7.1 (bottom) 
and Fig. 7.2 (bottom), the Author proposes a sketch of the relevant State Boundary 
Surfaces for each of the plots. This allows for the direct comparison of the State Boundary 
Surfaces of the reconstituted, intact and swelled samples, to formulate the comments 
presented in §7.2.2. 

7.1.2 Stiffness plots 
The Author has gathered the stiffnesses of both intact and swelled samples. However, in 
such a non-linear material as clay, it is only coherent to compare stiffness at a certain rate 
of strain. In fact, not only the material is non-linear, but it is not elastic either, so that 
stiffness has been taken as being a change in deviatoric stress q, from the initial isotropic 
state, reported to a change in strain from the initial state; that is, a “secant” modulus, 
which is not a true parameter of the soil, but allows us to assess the effect of structure on 
stiffness. The secant modulus chosen for the present comparison is the one corresponding 
to 0.01% strain (Eu,sec(εa=0.01%)). 
 
In Fig. 7.3, a plot of log Eu,sec against log p’ (a) and log p’/p*e (b), are presented, using 
data from tests not conducted by the Author as presented in Table 6.6, and from the tests 
conducted by the Author, as presented in Tables 6.8, 6.10, 6.12 and 6.14. This has allowed 
to formulate the comments presented in §7.2.3. 
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Fig. 7.3: (a) plot of log Eu,sec – log p’; (b) plot of log Eu,sec – log p’/p*e

7.2 DISCUSSION ON THE PLOTS 

7.2.1 Effect of swelling on the compressive behaviour 
The structure of natural London Clay has an evident effect on its behaviour in oedometric 
compression. The intrinsic and natural isotropic compression lines, corresponding to the 
intersection of the intrinsic and natural Roscoe-Rendulic Surfaces with the plane q=0, are 
very different, as demonstrated by Fig. 6.2, showing that so are the corresponding State 
Boundary Surfaces. The ratio of the vertical stresses at the same specific volume, the 
stress sensitivity, is the factor of homothecy between the natural and reconstituted SBS, as 
postulated in §4.4. This stress sensitivity is found from Fig. 6.2 to be about 3.25. However, 
it only gives a measure of the enhancing effect of natural structure towards one-
dimensional loading, and the sensitivity framework for London Clay is yet to be tested. 
 
In Liu (2003), it is shown that oedometric swelling causes enough structure degradation 
that the swelling coefficient κ changes substantially after the swelling, and when re-
compressed. In the present paper, the values of κ obtained for the swelled tests, as seen in 
Tables 6.9, 6.11 and 6.13, are higher than expected, but it is difficult to say whether this is 
due to excessive loading rates that do not allow for the pore pressure to dissipate or due to 
an effective structural degradation.  
 
However, we will rely on the conclusions of  Liu (2003) to state that swelling has a 
negative effect on the structure of London Clay towards oedometric behaviour. 
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7.2.2 Effect of swelling on the shear resistance 
This effect is the main subject of the present work. As with the oedometric behaviour (as 
presented in Fig. 6.2), the difference in structure between the natural and the reconstituted 
soil is undeniable. Initially this may be difficult to acknowledge, because the intrinsic 
Roscoe-Rendulic lies far to the right of even the natural stress paths; but this is due to the 
fact that the natural and swelled samples are highly overconsolidated, and therefore we are 
only accessing the leftmost parts of the Hvorslev surface of the natural soil. But if we 
concentrate on the hypothetic intrinsic Hvorslev surface, by using only the top of the 
intrinsic SBS and the stress path of the reconstituted and overconsolidated sample, we can 
see that the intrinsic Hvorslev surface is smaller as expected. Although the two different 
State Boundary Surfaces in Fig. 7.1 (bottom) are only sketches, and many small variations 
could perfectly be acceptable as well, they are there mainly to demonstrate that intact 
structure has an enhancing effect on the shearing behaviour of the clay.  
  
On the contrary, it is very difficult to appreciate a true difference between the SBS of the 
intact samples and the SBS of the swelled ones. It is true that the fact of drawing only one 
SBS enhances this effect of non-differentiation between the two sets of samples, but it is 
also true that the natural and intrinsic SBS, if different, are too similar to draw them 
separately in a confident way with the available data. It has been tried to make the SBS for 
intact and swelled clay to go through the peaks of the tests (it is the Hvorslev part of the 
surface), but in some cases this was impossible without making it have an unacceptably 
twisted shape. In Fig. 7.1 (top), we even see that some of the swelled stress paths reach 
higher peak strengths than their intact counterparts; we must however bear in mind that, as 
has been explained, some of the intact tests have been conducted on 100mm samples, 
where anisotropy and pre-existing fissures may play a more important weakening role. 
Also, for some intact tests, which are not conducted by the Author, slightly different area 
corrections have been used, which may yield smaller peak deviatoric stresses only because 
of numerical manipulations rather than a true strength difference.  
 
In any case, it can be seen that the swelled stress paths are on a SBS at least very similar to 
the intact ones, and that with the current available data no differences can be confidently 
appreciated. We may conclude that, with regard to resistance, swelling has a very small 
or no effect on the structure of London Clay. 

7.2.3 Effect of swelling on the stiffness 
Figure 7.3 (a) shows a definite trend for the relationship between stiffnesses and mean 
effective stresses, regardless of whether the sample has been swelled prior to shearing or 
not. The swelled stiffnessess plot to the left and to the bottom of the intact ones, but just 
because they happen to have been reloaded to smaller mean effective stresses; if the 
swelled plots had been on a different line of their own with smaller stiffnesses at the same 
confining pressures, this would have meant that the swelling had had a negative effect. 
However, the fact that the points are definitely aligned seems to suggest that, had the 
swelled samples been re-confined to the same p’ as the intact ones, they would have 
plotted in the same place. Figure 7.3 (b) allows to compare the trends for the same state 
(p’/p*e) and not only for the same confining pressure (p’). In this figure, even the intact 
data present some scatter, probably due to testing errors and the inaccuracy of local strain 
measurement devices at small strains, as has been explained. However, if we allow for the 
relatively small scatter that even the intact data present, actually the swelled stiffnesses 
plot very much in the same region as the intact ones, showing once again a definite 
coherence with the intact results. This small scatter, and the alignment of Fig. 7.3 (a) is all 

 122



The influence of swelling on the behaviour of London Clay Eduard Viladesau Franquesa 
 

the more surprising since stiffness is a parameter that varies very much with depth, and 
although all the samples come from a representative depth of 20-25m, this is already a 
difference that could have introduced some extra scatter in the results. 
 
Therefore, we may conclude that with regard to stiffness, swelling has a very small or 
no effect on the structure of London Clay. 
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Chapter 8 
Final Conclusions and Further Work 
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8.1 FINAL CONCLUSIONS 
As opposite to the very sensitive behaviours of the clays that have been referred in Chapter 
1, we have shown here that swelling does not have a damaging effect on the shearing 
behaviour of heavily overconsolidated London Clay. Swelling had been shown to have 
this effect on the oedometric behaviour of London Clay by Liu (2003); and as explained it 
may be thought to be have an effect on the isotropic compressive behaviour of the clay 
from the results of the isotropic parts of Chapter 6. Moreover, as has been also said, it is 
difficult to confidently draw the actual State Boundary Surfaces through all of the 
available peaks for the intact and swelled samples, and even more to draw two distinct 
SBS for these two sets of tests. 
 
Thus, the difference between the intrinsic and the natural State Boundary Surfaces is clear 
and undeniable, while the difference between the SBS of the natural and swelled tests is 
difficult to appreciate, from which we have concluded that swelling does not have an 
effect on the shearing resistance of London Clay. What is more, as shown in the stiffness 
plots, the stiffness of swelled clay is very much in the same trend as the stiffness of the 
intact one, so that the effect of swelling on the shearing stiffness of the clay is also small. 
 
The main conclusion of the present work is therefore that, although swelling affects the 
oedometric behaviour of the clay, it does not affect its shearing behaviour. Recalling the 
Introduction in Chapter 1, where it is said that one of the most important aims of 
laboratory testing is to provide the Designer with parameters to his calculations, the 
conclusion of the present work is that two of the main parameters used in geotechnical 
calculations, the Angle of Shearing Resistance and the Modulus of Elasticity, can be 
considered the same as for the intact clay. From a point of view of Limit State Design, this 
means that the Ultimate Limit State (related to rupture, and thus to the angle of shearing 
resistance, or the fact that the SBS are the same for natural and swelled samples) and the 
Service Limit State (related to deformation, and thus to the modulus of elasticity, or the 
fact that the trend for both natural and swelled samples is the same) are the same for both 
the natural and the swelled clay. Applied to the Heathrow Terminal 5 Project, this means 
that, as the Limit States are unaffected by the swelling, the excavation and swelling 
processes described in Chapter 2 do not affect negatively the behaviour of the soil, 
providing a reassuring answer to design concerns. 
 

8.2 FURTHER WORK 
As has been said before, only by re-confining the natural and swelled samples to very high 
mean effective stresses will we be able to obtain natural normally consolidated samples, 
with which to access the natural Roscoe-Rendulic surface and to verify fully the 
Sensitivity Framework for London Clay. The intact SBS can only be drawn, as in Fig. 7.1 
(bottom), for the region of the high overconsolidation, that is, the Hvorslev part of the 
surface. In re-confining the samples, however, we incur on the risk of damaging the 
structure and producing gross yield, so that the state boundary surface will shrink and we 
will not be able to find its actual intact size. 
 
On the other hand, the Hvorslev part of the intrinsic SBS cannot be drawn confidently 
either, because we only have the stress path of one overconsolidated reconstituted sample. 
Thus, it is very hard to check the validity of the unique SBS for London Clay proposed in 
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Fig. 7.2 (bottom), because we do not know how the reconstituted soil behaves in the 
region where all the natural and swelled test results are concentrated. The Author can only 
say that, were the Sensitivity Framework proved to apply fully to London Clay, the unique 
state boundary surface when normalising for volume and for structure would have a shape 
similar to that presented in Fig. 7.2 (bottom). 
 
It would therefore be interesting, for the full assessment of the effect of swelling on 
London Clay, to conduct several tests on both intact and swelled samples re-compresses to 
high mean effective stresses, so that they become lightly overconsolidated. We may find 
that the natural and swelled state boundary surfaces, so similar in the Hvorslev part, 
diverge in the Roscoe-Rendulic part. These results would also be useful to verify the 
validity of the Sensitivity Framework for London Clay, as they would allow to see what is 
the ratio of sizes between the intrinsic and the natural state boundary surfaces. And finally, 
to complete the verification of this framework, it would be interesting to conduct several 
tests on very overconsolidated reconstituted samples, to complete the picture of Fig. 7.2. 
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9.2 NOTATION 
A Skempton slope coefficient for effective stress paths 

Cc compression index in oedometric conditions 
Cs swelling index in oedometric conditions 

wL, LI liquidity index 
wP, PI plasticity index 

M stress ratio q/p’ at failure, slope of the critical state line in q-p’ space 
φ’ angle of shearing resistance 

CSL Critical State Line 
e void ratio; subscript (e100 etc) indicates the relevant vertical stress 
v specific volume 

p’ mean effective stress = (σ’1+ σ’1+σ’3)/3 
q deviatoric stress = σ’1 - σ’3

OCR overconsolidation ratio, σ’vc/σ’v0 in oedometer, p’c/p’0 in triaxial 
* indicates parameter applying to reconstituted clay 

qpeak peak deviatoric stress and vertical size of the SBS 
qPR post-rupture deviatoric stress 
qcs critical state deviatoric stress 
St strength sensitivity = qpeak/q*peak
Ss stress sensitivity=σ’vy/σ*e

p*e, σ*e mean effective stress or vertical effective stress in the reconstituted isotropic or K0 
consolidation line, at the same specific volume as currently tested clay 

σ’vc, p’c vertical or mean effective preconsolidation stress 
λ slope of the consolidation lines in v-ln p’ space 
κ slope of the swelling lines in v-ln p’ space 
N location parameter for the isotropic intrinsic consolidation line in v-ln p’ space 
Γ location parameter for the critical state line in v-ln p’ space 

p’iNC,p’K0NC mean effective stress on the natural clay locus of current gross yield 
w moisture content 
εa total axial strain 
εv total volumetric strain 
u pore pressure 

p’e mean effective stress corresponding to the current v, normalisation factor for volume 
changes in drained tests; referred to as p*e when 

p’max maximum mean effective stress in the soil’s history 
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SBS State Boundary Surface 
ICL isotropic consolidation line 

K0CL oedometric consolidation line 
K0 relationship between horizontal and vertical stress in oedometric conditions 

RRS Roscoe-Rendulic Surface 
HS Hvorslev Surface 

CSF Critical State Framework 
p*iy,p*K0y mean effective stress on the reconstituted normal compression line (resp. isotropic or 

oedometric) at the same specific volume as at gross yield for the natural clay 
p’iy, p’K0y  effective mean or vertical stress at gross yield 

Iv void index = (e-e*100)/(e*100-e*1000) 
σa axial stress in the triaxial apparatus 
σc cell pressure in the triaxial apparatus  
ρs particle density 

YSR yield stress ratio, s’vy/s’v0 in oedometer, p’y/p’max in triaxial 
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