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ABSTRACT

RobertJackson 2000

Implementing Thresholds OfDamage For Low -rise Residential

Properties Subjectto Ground Subsidence Movement

This study has investigated thresholds of damage for privately owned low-rise residential
properties damaged by ground subsidence or heave movement. The primary focus of the
research objectives has been the uncertainties created by subsidence damage. The study
investigates thresholds of damage that can be used to assess the remedial action necessary for
low-rise residential properties damaged by ground subsidence or heave movement. After
investigating thresholds of damage, the study subsequently considers the implications that

thresholds of damage would create if applied in practice.

The research was carried out through the collection and analysis of 236 case study properties.
Each case study represents a privately owned low-rise residential property that was thought to
have been damaged by ground subsidence or heave movement. The research has considered
properties damaged by subsidence or heave movement caused by leaking drains, clay subsoil
shrinkage or expansion and subsidence caused by coal-mining. Case study information has
been gathered from a variety of sources, using data collected by professionally qualified
chartered engineers, surveyors or other specialists. In addition to these case studies, the
research has employed semi-structured interviews in order to consider the implications that

thresholds of damage would create if applied in practice.

The research found that the evaluation of visible damage is a highly subjective matter and that
any thresholds based upon an assessment of visible damage are an unreliable method to
consider whether or not a property requires substantive repairs. The most robust threshold of
damage which is found to emerge was to evaluate whether or not the movement causing the
damage in the property is long-term progressive. The consequences of implementing this
threshold of damage have been investigated. It has been concluded that if this threshold of
damage was adopted, it could lead to both reductions in payments necessary to repair
subsidence or heave damage and it could also reduce some of the uncertainties associated with

subsidence.
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CHAPTER ONES INTRODUCTION

1.1: INTRODUCTION

Over recent years there has been considerable publicity concerning compensation claims for
subsidence damage to low-rise residential properties. Subsidence is considered a potential
natural hazard which can cause extensive damage to all types of building structures. Low-rise
housing is particularly vulnerable to damage caused by ground subsidence movement, because
such structures predominantly have shallow foundations and are constructed using brittle
materials. In the United Kingdom, the Association of British Insurers (1997) reported that in
both 1995 and 1996 the annual payments by insurers for subsidence damage exceeded £300
million. This figure only reflects damage covered by insurance policies and does not include
the costs of subsidence caused by underground mining, or subsidence repairs funded by

individual property owners.

In the past, the traditional solution for properties damaged by subsidence was to underpin the
foundations. = However, underpinning can be an expensive procedure because of the
uncertainties involved in working below ground level. Escalating costs associated with the
repair of subsidence damage has resulted in fewer properties being underpinned in more recent
times. The alternative solution is to repair the visible damage evident both internally and
externally above ground level. However, because of the predominance of underpinning in the
past, those properties damaged by subsidence which are not underpinned may be seen as a
potential risk by some parties involved in the buying, selling and insuring of properties.
Consequently, if a property shows symptoms of damage thought to be caused by subsidence
movement, the uncertainties and repercussions relating to the form of remedial action adopted
can have an adverse affect on the value of a property. This is sometimes referred to as
subsidence “blight”. It is probably correct to say that for the vast majority of home-owners, the
physical damage to a property caused by subsidence is of lesser importance than the potential

loss of market confidence in the property.

The principle of underpinning a building to repair damage caused by subsidence is well-
established and accepted in virtually all academic and technical literature (for example, Hunt et.
al., 1991; BRE Digest 251, 1993 edition; ISE, 1994). Hunt et. al. (1991) reported that in the
past much underpinning has been carried out which, from a strictly technical point of view, was
not required. This work was largely undertaken to restore market confidence in a subsidence

damaged property.



In order to study the technical aspects of repairing residential properties damaged by
subsidence, a large number of interesting publications have been written, many of which are
considered in subsequent chapters. However, these studies are mainly concentrated in
developing and refining solutions to repair subsidence damage (Hunt ez. a/, 1991; ISE, 1994),
or prevent future damage from occurring (Biddle, 1983; Driscoll, 1983; BRE Digest 242, 1993

edition).

Previous work has established and refined effective methods necessary to both analyse and
solve the technical and engineering problems caused by ground subsidence. However, little of
this previous work has addressed the problems caused by subsidence blight. Therefore, this
thesis uses the existing well-established knowledge relating to the technical and engineering

issues in order to address some ofthe contemporary problems that subsidence blight causes.

After identifying the broad objective of'this research, the remainder of this chapter will provide
a more detailed introduction to this thesis. The chapter begins by explaining the contemporary
problems relating to subsidence damage in privately owned residential low-rise housing. This
identifies the relevance of this thesis and establishes the context of the research in the wider
subject field. Following this, the research aims are defined and the study delimitations
identified. The methodology employed to investigate the research aims is discussed and the

final section of'this chapter identifies the overall structure of'the thesis.

1.2: BACKGROUND TO SUBSIDENCE AND IDENTIFICATION OF THE PROBLEM

Subsidence damage to buildings is not a new problem. In the nineteenth century, Bartholemew
(1840, cited Driscoll, 1983) identified a potential for structures built on clay soil to be affected
by subsidence movement. Pryke (1995) has reported cases of subsidence movement in clay
soils dealt with by his family building business which date back to the early 1900s. At that

time, such cases would appear to have been quite rare and hence received little publicity.

The nineteenth century also saw extensive coal-mining occurring in Great Britain. Around that
time, the technique of longwall coal-mining replaced the pillar-and-stall method of mining,
where pillars of coal were left to support the voids of extracted coal. The longwall technique
extracts coal from beneath the ground, but makes no attempt to support the void created by
extraction, which consequently results in the ground collapsing into the void, causing
subsidence at the surface. Whilst longwall mining allows deeper, larger mines to be worked
more economically, it invariably causes subsidence movement at the ground surface. This

process will be more fully discussed in Chapter Two.



The resultant surface subsidence movement induced by longwall mining usually causes damage
to surface structures, especially low-rise housing. Mechanisms for subsidence damage
compensation and repair have been well-established and used, with claims being made to the
agency carrying out the coal-mining and hence causing the subsidence. However, the number
and value of claims for coal-mining subsidence damage is directly related to the amount of
coal-mining activity, which in Great Britain has been substantially reduced throughout the

1980s and 1990s.

A watershed relating to subsidence damage in low-rise residential properties was reached in
1971. At that time, following pressure from building societies keen to protect the security of
investments, insurance companies agreed to extend the standard buildings’ insurance policy to
include damage caused by ground subsidence movement. However, soon after this, in the
summer of 1976, the worst period of drought in over 200 years of records occurred in Great
Britain (Meteorological Society 1979, cited Driscoll, 1983). Prolonged periods of drought can
cause clay soils to dry out and shrink, resulting in subsidence movement of the ground.
Consequently, this shrinkage can result in the downwards movement of a buildings foundations
causing potential damage in the building superstructure. The opposite of subsidence is known
as ground heave and this occurs where a clay soil absorbs moisture. This can result in a
volumetric expansion of the clay, thereby uplifting a buildings foundations and potentially

causing damage to the building superstructure.

It appears widely accepted in published literature that the 1976 drought in Great Britain
resulted in a large increase in the number and value of claims made to insurance companies for
subsidence damage to low-rise properties. Similar periods of drought in 1984, and 1989, 1990
and 1991 resulted in further peaks in the number and value of claims for subsidence and heave

damage.

1.2.1: Technical And Non-Technical Issues

Privately owned residential low-rise properties damaged by ground subsidence or heave
movement are affected in two very distinct foims. Firstly, there is the physical damage caused
to the property. The extent of this damage and the remedial action required to repair it will
depend on a number of technical or engineering related issues. These are objective factual
matters that can usually be accurately established by investigation, for example, type of
building construction, depth of foundations below ground level, or the properties of the subsoil
supporting the foundations. The second, and less publicised form of damage caused by
subsidence relates to the non-technical issues. This occurs where conflicting opinions exist

regarding the most appropriate form of remedial action. The costs of providing substructure



repairs may be prohibitive, but if these are not carried out the property may be considered as a
poor risk for investment and lose its market value and hence saleability. These non-technical

issues result in subsidence blight, which can obscure or outweigh the objective technical issues.

The non-technical issues are often more difficult to establish and are influenced by matters

including:

e Increasing levels of home-owner occupation have made a larger proportion of the
population sensitive to damage in their homes which, for most people, is their
largest investment.

* As claims for subsidence damage increased, the general public became more aware
of subsidence and heave damage through the experience of family, friends and the
news media.

« Over the long-term, increasing house prices have made home-owners more aware
of damage and the effects that this might have on the market value of their
property. This has potentially such far-reaching consequences as negative equity
for some home-owners.

* Periods of high activity in the housing market have resulted in more houses being
offered for sale, therefore requiring that these properties are inspected by
surveyors who have become increasingly aware of subsidence damage.

* During periods ofrecession in the building industry, subsidence and heave damage
to residential low-rise properties has provided a source of work to some sectors of

the industry.

The technical issues associated with the causes and remedies of subsidence have been
extensively investigated and reported in numerous pieces of previous work. Chapters Two and
Three contain an extensive review of this work. This review highlights that the technical
issues, at least in relation to subsidence damage in low-rise residential properties, form a

substantial body ofknowledge which is well-established.

In relation to the non-technical issues, there is evidence that these have had a significant effect
on raising the number and profile of claims for subsidence damage to low-rise properties. In
addition, these non-technical issues have created subsidence blight problems for many home-
owners whose properties have been damaged. Previous works, including Hunt et. al. (1991);
BRE Digest 251 (1993 edition) and Pryke (1993), have recognised the importance of the non-
technical issues. However, very little previous work in this field has addressed the subject by

focusing on the non-technical issues. Therefore, the aims ofthis research, as identified below,



seek to investigate the non-technical aspects of subsidence damage in low-rise properties. In
order to address these research aims, it is necessary to have a thorough understanding of the
well-established body of knowledge which relates predominantly to the technical issues.
Chapters Two and Three identify the relevant material contained within this body of knowledge

that constitute the technical issues.

1.3: IDENTIFICATION OF THE RESEARCH AIMS AND OBJECTIVES
The context of this research is identified above. It is therefore necessary to focus upon the
specific aims of this research. This is achieved through articulating the following principal

research aims and objectives:

RESEARCH AIM ONE

BRE Digest 251 (1993 edition) has identified the lack of any qualification of damage in
the standard buildings’ insurance policy as one of the primary reasons for the large
number of claims made to insurance companies for domestic subsidence damage.
Pollard (1993) explained how many home-owners have come to consider their buildings’
insurance policy as a maintenance contract, rather than an indemnity against damage
caused by subsidence or heave. There exists no universal and accepted definition, in
terms of either extent or severity, of what distinguishes genuine subsidence or heave
damage as opposed to damage that can be regarded as routine building maintenance.
Hence, damage that might be considered as minor aesthetic damage, can be inteipreted as
potentially serious structural subsidence or heave damage, causing the property to be

blighted. Therefore:

The objective of Research Aim One is to investigate the threshold of visible damage
that causes concern to professional advisors acting on behalf of property owners.
Such a threshold of damage could subsequently be used as a basis to consider in
which circumstances it is appropriate to further investigate a suspected case of
subsidence, and in which circumstances it is appropriate to repair the damage as

part of a program of routine building maintenance.

RESEARCH AIM TWO

When subsidence or heave movement occurs, it is the foundations of a building that
transmit the movement to the superstructure of a property resulting in the visible damage.
If the remedial action to the property requires repairs to the foundations of a building this
can present significant consequences. The obvious consequences include the expense of

the repairs, which is usually of an unforeseen nature because of the unknown conditions



that exist below ground level. Other consequences of foundation repairs include the
disturbance caused to the property, gardens, and adjacent properties. In some instances

the property owners need to be temporarily re-housed during the remedial repair work.

The less obvious and more indeterminate consequences of substructure repairs concern
non-technical issues. For example, if a property is diagnosed as having a subsidence
problem, but no substructure repairs are carried out, this can have an adverse impact
upon the market value and saleability of a property. In such circumstances the property
becomes subsidence blighted because potential purchasers see it as not being structurally
sound and hence a poor investment. Hunt ez. al (1991) and ISE (1994) reported that
because of the concerns of property owners and their professional advisors, there have
been many examples of substructure repair work which have not been required for
technical reasons. This has resulted in unnecessary amounts of money being spent to
repair alleged subsidence damage and has also resulted in many properties being

unnecessarily blighted by subsidence damage. Therefore:

The objective of Research Aim Two is to determine a threshold of damage which
can be used to objectively identify when a property damaged by ground subsidence

or heave requires remedial substructure repairs to be undertaken.

RESEARCH AIM THREE

Research Aims One and Two each address clear and well-defined important issues. Both
of these Research Aims seek to establish thresholds of damage which could be used in
practice to objectively assess low-rise properties allegedly damaged by ground
subsidence or heave movement. Research Aim Three considers the manner in which the
thresholds of damage identified in Research Aims One and Two could be used to address

the non-technical problems of subsidence damage to low-rise buildings. Therefore:

The objective of Research Aim Three is to assess how the non-technical problems
caused by subsidence or heave damage in low-rise buildings would be influenced by
the application of the thresholds of damage established in Research Aims One and

Two.

The primary research aims of this study have been identified above, and can be summarised:



RESEARCH AIM ONE:
To investigate the threshold o fvisible damage that causes concern to professional

advisors acting on behalfo fproperty owners.

RESEARCH AIM TwoO:
To investigate the threshold ofdamage that can be used to identify the needfor

substructure repairs.

RESEARCH AIM THREE:
To consider how the thresholds ofdamage identified in Research Aims One and
Two, if implemented in practice, would impact upon the non-technical problems

relating to subsidence and heave damage in low-rise residential properties.

Figure 1.1 below provides a flow chart which serves to set into context the objectives of the
three research aims being investigated. Research Aim One seecks to establish whether or not
there exists a threshold of visible damage that can be used to identify if a property allegedly
affected by subsidence or heave problems warrants detailed further investigation, or if the

damage should be treated as part ofroutine building maintenance at the owners expense.

Research Aim Two seeks to establish a threshold of damage that can be used to identify
whether or not a property, which has been found to be damaged by ground subsidence, requires
above ground cosmetic/aesthetic repairs, or if the property requires repairs to the foundations of

the building below ground level.

Research Aim Three considers how the introduction of any thresholds of damage identified in
Research Aims One or Two would impact upon the non-technical aspects of subsidence, which

have been outlined in section 1.2.1 above.
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Figure 1.1: Flow chart to indicate the relationship between research aims



1.3.1: Identification Of Study Delimitations

The focus of this study is on low-rise privately owned residential properties damaged by ground
subsidence or heave in Great Britain, hi this context, the term “low-rise building” is taken to
include buildings ofup to three storeys above ground level. In occasional circumstances a low-
rise building might contain a basement or roof space which would technically increase the
number of storeys. However, for the purpose of this research, basement floors and habitable

roof spaces are excluded in the determination of storey heights.

The reason that this study focuses specifically on low-rise privately owned residential
properties is that this has been the ubiquitous type of housing constructed in Great Britain. It
has accounted for the vast majority of all private owner-occupied housing, with this form of
tenure representing approximately 67% of all homes in the United Kingdom (DOE, 1996).
Since low-rise housing transmits a relatively small load to the ground and usually has a simple
shallow foundation system, this makes low-rise housing potentially susceptible to ground
subsidence or heave movement. Conversely, high-rise housing developments, which are almost
invariably public sector developments, transmit greater loads and have individual specialist
designed foundations affording such structures inherent resistance against subsidence
movement. Therefore, high-rise residential buildings are considered beyond the scope of this

research.

This study focuses exclusively on residential properties. Although subsidence and heave
movement also physically affects commercial and industrial buildings, the non-technical
consequences of such damage (the subsidence blight) are usually less significant. For example,
non-structural cracking in an industrial building is likely to have less consequence to a property
owner, insurer or surveyor than similar damage present in a privately owned low-rise
residential property. The main reason for this being that industrial buildings are not usually
required to provide such a high level of performance or be placed under such a high level of

subjective scrutiny as residential properties.

A further important delimitation ofthis work is the fact that not all causes of ground subsidence
are considered in this work. For example, mining subsidence encompasses a number of
different causes including coal-mining, tin-mining, copper-mining etc. However, coal-mining
and associated subsidence movement has occurred throughout many regions of the United
Kingdom, often being undertaken in urban locations affecting a very large number of domestic
properties and other structures. In contrast, other forms of mining tend to be much more
localised, usually affecting only a small number ofproperties. Therefore, in recent times, coal-

mining subsidence can be considered to have been a major cause of subsidence damage in



domestic properties (see Chapters Two and Three). Another important example of subsidence
that is not considered in this work is subsidence movement associated with filled or made
ground. The primary reason for this is that foundations ofbuildings constructed in these types
of ground should be specifically designed to accommodate any anticipated movement.
Therefore, if damage does occur it is most likely to have occurred as a result of inadequate

foundation design or site investigation for the type of ground condition.

1.4: METHODOLOGY

1.4.1: General

Before the three research objectives can be investigated, it is essential to carry out a critical
analysis of the existing literature. Although reference has already been made to some of this
literature, it is examined in greater detail in subsequent chapters. The initial review of literature
was compiled through library searches. This readily identified several key organisations
involved in this field, such as the Building Research Establishment (BRE), and several authors
who were prominent in the subject field in terms of publications. Where possible, members of
these organisations, and individual eminent authors were contacted directly to discuss the

subject.

The literature review helped to analyse areas of previous research and enabled the research
aims to be more precisely defined. In particular, the literature review highlighted that many of
the technical issues relating to the subject had previously been covered. For example, BRE,
through numerous digests, information papers and special publications, has extensively
researched the shrinkage and swelling potential of clay soils. Similarly, technical issues
including aspects such as tree root damage to buildings, design and construction of shallow
foundations, and the repair of damaged structures have also been the subject of much previous
research. All of the technical/engineering issues are founded upon the well-established
principles of geotechnical engineering and are considered in detail in chapters two and three,
hi contrast, the non-technical issues, relating to subsidence blight have received comparatively

little attention in both the academic and technical literature.

In addition to the literature review, several key conferences were attended (see Appendix A).
This provided an opportunity to keep abreast of current developments in the subject field and

also an opportunity to discuss the topic with some ofthe recognised experts.

Considering more specifically the methodology employed to investigate the three research

aims, Mason (1996) highlighted that when considering research methodology, that it is
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necessary to develop an understanding of the methodological implications and to link research
aims to research methods. This requires a clear understanding of how a particular method will
address the research aims and also a consideration ofthe strengths and weaknesses of potential

alternative research strategies.

In addressing research methodology, Mason (1996) distinguished between data sources and
methods for gathering data from these sources. Therefore, before adopting a particular research
method, it is first necessary to consider the potential sources of data collection. After
identifying appropriate sources of data, the methods of gathering and analysing data can be

addressed.

1.4.2: Sources Of Data

In linking research aims to methodology, Research Aims One and Two can be seen to address
similar questions and therefore employ a similar methodology. However, the nature of
Research Aim Three is somewhat different and this is reflected in the methodological approach

adopted in the investigation of this research aim.

1.4.3: Data Sources To Investigate Research Aims One And Two

The nature of Research Aims One and Two suggest that it is necessary to gather quantitative
data concerning low-rise properties damaged by ground subsidence and/or heave. Potential
sources containing the data required are the various parties that become involved during a claim
for subsidence or heave damage. For example, where a property owner suspects subsidence
damage, he/she will seek professional advice about the matter. Subsequently, detailed
information about the suspected damage in the property will be gathered by agencies including
insurance companies, The Coal Authority, engineers, surveyors and building contractors. This
information provides a valuable source of primary data for this research. The quality of this
data, in terms of its reliability and validity, is enhanced by the fact that all investigations and
analysis ofthe data are undertaken by professionally qualified chartered engineers, surveyors or

other specialists. Therefore, data for the research was collected from this source.

Considering the relationships between the various parties that are involved in a typical case of
subsidence or heave damage, Figure 1.2 shows the routes through which information ‘flows’.
The left side of Figure 1.2 relates to the situation in which an insurance company is responsible
to deal with the consequences of the damage under the terms of a buildings’ insurance policy.
This indicates that all information ‘flows’ through an appointed engineer. In order to establish
this, a number of interviews and desk studies were carried out with several engineering

practices and building contractors specialising in subsidence work (see Appendix A). It was
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found that obtaining information about individual buildings from insurance companies and loss
adjusters was difficult because these agencies regard their relationship with clients to be
extremely confidential. However, it was possible to hold informal discussions with some
agencies involved in subsidence work during conference presentations (see Appendix A).
These discussions highlighted the role of the engineer as the agent who collected and analysed
all data, and made recommendations based upon this data, although it was usually the loss

adjuster or insurance company that sanctioned the recommendations ofthe engineer.

The right side of Figure 1.2 indicates the situation in which The Coal Authority are financially
responsible for the consequences of coal-mining subsidence damage. Here it can be seen that
all information ‘flows’ through The Coal Authority. This was confirmed through an initial
interview with employees of The Coal Authority and was followed by a desk study review of

the data held by The Coal Authority (see Appendix A).

An alternative source of data collection for this research would have been to examine and
analyse actual buildings damaged by ground subsidence. However, a number of reasons made
this approach impractical, the primary reason being that the number of individual detailed
house surveys necessary to generate sufficient quantities of data would have proved
problematical.  For example, each building survey would have required an in-depth
investigation, including, trial hole and subsoil analysis, tree root identification and the
monitoring of any movement in the structure over a minimum 12 month period. To carry out
these procedures on a potentially large number of buildings would be beyond the scope of this
research. In addition, chartered engineers and surveyors establish their clients through their
reputation built up over many years in practice. Therefore, taking into account the home-owner
anxiety about the subject, it was considered that many home-owners would be unwilling to
allow a third party to inspect their property, excavate trial holes, or fix monitoring equipment to

the building fabric.
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1.4.4: Methodology Adopted To Investigate Research Aims
After identifying the importance of the engineer and The Coal Authority as the primary sources
of information, it was necessary to consider an appropriate research methodology to gather and

analyse this data.

The data available at engineering practices and The Coal Authority was identified through a
series of desk studies. A knowledge of'the type of data available acted as a guide to the choice
ofmethodology. For example, it was clear from the initial appraisal of data that a methodology
employing experimental techniques was not appropriate to investigate the research aims as
these techniques would not be compatible with the data available. Similarly, as much of the
data was in a quantitative form, qualitative research methods, such as interviewing techniques
were not considered appropriate. Therefore, the appropriate choices of research methodology
were identified to be either survey research or multiple case study research. In the context of
this research, both of these methodologies involved collecting information relating to a number

ofbuildings damaged by ground subsidence or heave, and drawing conclusions.

Several authors, including Stake (1995) and Yin (1994) have advocated the use of case studies
as a research strategy. Such a strategy involves examining an individual case or groups of
multiple case studies in order to construct a theory based on the case studies. However, Yin
(1994) identified that multiple case study research relies upon replication logic. This requires
that each case must be carefully selected so that it either predicts similar results, or produces
contrasting results but for predictable reasons. This approach can be contrasted with sampling
logic used in surveys, where a number of subjects are assumed to represent a larger pool of
subjects, so that data from the smaller number of subjects is assumed to represent data collected

from the entire pool (Moser and Kalton, 1985).

A multiple case study research strategy, as described by Yin (1994) was rejected, because to
rely on replication logic, and therefore select cases that predict either similar results, or
contrasting results but for predictable reasons, would be restrictive and not consider the larger
population. Therefore, any generalised theories constructed using this methodology would not
be valid in a larger population of cases which had different results. Consequently, multiple

case study research was not considered to be the best method to investigate the research aims.
Survey research was considered to be a more appropriate method to investigate Research Aims

One and Two. This method involves gathering data from a sample of damaged low-rise

buildings. For convenience, each ofthese individual buildings are referred to as *ase studies’,
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but in this context, the meaning of the term should not be confused with case study research as

defined by Yin (1994) or Stake (1995).

After identifying survey research as the most appropriate method to investigate Research Aims
One and Two, it was necessary to consider methods of generating data from engineering
practices and The Coal Authority, which have previously been identified as the primary sources

ofdata. Two approaches were considered as methods of data generation, these being:-

* Direct access (this method involves reviewing and assimilating 'first hand* the
information contained in the files of different engineering practices and The Coal
Authority).

* A postal questionnaire (this method involves designing and administering a
questionnaire to be completed by employees at different engineering practices and

The Coal Authority).

The preferred method to generate data from the sources established was by reviewing and
recording, first hand, individual files of cases produced by engineers and The Coal Authority.
Within the context of this research, it was decided that significant methodological drawbacks
existed in the use of a questionnaire survey, and these are discussed more fully below. In
contrast, direct access to case files was considered to be potentially a much more robust method
ofdata collection. This enabled all data to be collected according to defined selection criteria
which followed the basic ideas of sampling (Moser and Kalton, 1985; Babbie, 1990 and
Fellows and Liu, 1997). Selection criteria were applied to ensure that the data collected was
both reliable and valid and the criteria used are discussed fully in the subsequent chapters
covering the analysis of data. One potential disadvantage to using this method is the constraints
involved in reviewing, recording and analysing data in sufficient detail to ensure adequate
reliability and wvalidity. This has therefore restricted the amount of information that can be
collected for a study of this nature. However, a smaller sample of reliable and valid data is

preferable to a larger sample of potentially unreliable data.

A postal questionnaire survey presented a possible method of data generation that would
provide a convenient method of providing a potentially large sample of case studies. This
approach was adopted in previous research undertaken by Wilkin (1993) in which respondents
were asked to complete a series of prescriptive questions for a damaged building, and then
repeat this procedure for up to ten additional cases of damaged buildings. This method would
potentially allow a respondent completing the questionnaire to refer to the case file to ensure

accurate answers are given. Set against this, several disadvantages must be taken into account.
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The main disadvantage of a questionnaire technique, within the context of this research, is that
there would be no guarantee that information would be based upon factual evidence rather than
individual memory recall, particularly where information is supplied for multiple buildings.

This could seriously compromise the reliability of'the data.

A further problem associated with the use of a questionnaire methodology concerns question
design and analysis ofresponses. Phrasing a set of questions aimed at obtaining data from such
a complex and wide-ranging subject as a damaged low-rise building could be approached and
overcome through the standard practice ofpilot study exercises. However, perhaps the primary
potential problem associated with a questionnaire in this context would be the analysis of
responses. Questions requiring an open answer would make analysis between cases difficult
restricting the validity of the data (Oppenheim, 1966). Therefore, closed questions would
perhaps be more appropriate and provide a more robust method for answering factual questions,
for example foundation depth. However, with reference to the issue of foundation depth as an
example, in many buildings foundation depth is not uniform because of sloping ground.
Without a detailed and laborious description in the questionnaire, respondents might provide
different answers, such as the maximum, minimum, average, or depth of foundation in the
vicinity of damage. Clearly, this would limit the validity of the answers as the questions might
not actually test what they set out to test. Good questionnaire design should seek to eliminate
such inconsistencies and provide both valid and reliable data. However, after careful
consideration it was decided that to achieve this would require a prohibitively complex

questionnaire. Consequently, other methods of generating data were considered.

1.4.5: Sources OfData And Methodology In Relation To Research Aim Three

It has been explained that the objective of Research Aim Three is to establish what effect the
findings emerging from Research Aims One and Two would produce if applied in practice.
Therefore, to understand the implications of sources of data and methodology in relation to
Research Aim Three requires a full appreciation of the findings emerging from Research Aims
One and Two. Consequently, it is considered more appropriate to discuss the methodology
employed to investigate Research Aim Three after the findings in relation to Research Aims

One and Two have been presented, and this discussion is contained in Chapter Seven.

1.5: THESIS STRUCTURE AND CHAPTER SUMMARIES

Having identified the context of the research, the research aims and methodological issues, the
following discussion indicates how the research aims and methodology relate to the content of
this study. Figure 1.3 illustrates the thesis structure. This chapter provides an introduction to

the content and structure of the thesis. Chapters Two and Three contain a review of the
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relevant literature relating to the subject. This is divided between Chapter Two, which
considers the causes of subsidence and heave damage, and Chapter Three which considers the
consequences. These two chapters, which focus on the relevant published literature, are

intended to identify and explain the main problems and the previous work in the subject field.

After considering the literature, Chapters Four and Five analyse the data collected from case
study buildings damaged by ground subsidence. Chapter Four relates to properties damaged by
shallow subsidence, typically caused by volumetric changes in clay subsoil, or by leaking
drains affecting the bearing capacity of the ground. Chapter Five relates to properties damaged

by deep coal-mining subsidence.

Chapter Six draws on the results emerging from the case study analysis carried out in Chapters
Four and Five to make a contribution to knowledge by considering the emergence of thresholds
of damage in relation to Research Aims One and Two. After identifying these thresholds of
damage in Chapter Six, Chapter Seven makes a further contribution to knowledge through
considering what impact such thresholds of damage would make to the contemporary problems

of subsidence damage, if these thresholds of damage were implemented in practice.

Chapter Eight draws together the main conclusions emerging from this research and identifies
areas where further research in this subject field could be directed. This chapter also re-
engages with the contemporary academic and professional debates and identifies the limitations

of the research.
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thresholds of damage
to investigate
Research Aim Three.

Figure 1.3: Thesis Structure.

Chapter One: Introduction
Background and problem identification.
Identification ofresearch aims and methodology.

Chapter Two: Causes Of Ground Subsidence
Identification of the mechanisms that cause ground subsidence in
low-rise properties: Volume changes in clay soils, leaking drains,
coal-mining subsidence.

Chapter Three: Consequences Of Ground Subsidence
Visible damage in buildings. Building movement related to
damage. Building value depreciation. Liability and compensation
for damage.

Chapter Four: Case Study Analysis of Low-rise Buildings
Damaged By ‘Shallow’ Subsidence
Analysis of case study properties of low-rise buildings damaged by
shallow subsidence.

Chapter Five: Case Study Analysis of Low-rise Buildings
Damaged By ‘Deep’ Coal-mining Subsidence
Analysis of case study properties of low-rise buildings damaged by
deep coal-mining subsidence.

Chapter Six: The Emergence Of Damage Thresholds
Discussion ofresults emerging from Chapters Four and Five to
consider thresholds of damage emerging in relation to research
aims one and two.

Chapter Seven: The Implementation Of Damage Thresholds
How the application ofthresholds of damage identified in Research
Aims One and Two would impact upon the contemporary problems
of'subsidence damage in low-rise residential properties.

Chapter Eight: Conclusion And Recommendations For Further
Work

Conclusions. Recommendations for further work. Re-engage with

the current literature. Reflection on the methodology employed.
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1.6: CHAPTER SUMMARY

This chapter has introduced the background and context of the research undertaken in this
study. The background relating to the subject of subsidence and heave damage to low-rise
properties has been introduced to enable the research aims and objectives to be defined.
Following this, the methodology adopted to investigate the research aims has been discussed,
highlighting the importance of the research methodology in relation to the reliability and
validity of data in the context of this study. Finally, the thesis structure and a brief summary of

each chapter is included to guide the reader through the entire thesis.
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CHAFFER TWO: CAUSES OF GROUND SUBSIDENCE

2.1: INTRODUCTION

This chapter considers the causes of ground subsidence and heave damage in low-rise residential
properties. In order to fully appreciate the consequences of ground subsidence or heave damage, it is
necessary to identify and understand the underlying cause(s) of damage. Any decision regarding the
form of remedial action to repair a damaged property has to be based on knowledge rather than

conjecture. In this respect understanding the cause of the damage is essential.

The previous chapter has highlighted that the aims and objectives of this thesis are primarily concerned
with the non-technical aspects of subsidence damage. However, it is not possible to completely divorce
the technical issues from the non-technical issues. Therefore, an understanding of both is necessary to
fully understand the subject. Previous work has focused upon the technical aspects of subsidence
damage in some detail, and there exists a well-established body of knowledge in this subject area. This
chapter identifies the authoritative pieces of previous work that constitute this body of knowledge in

relation to the causes of ground subsidence and heave.

2.2: DAMAGE IN LOW-RISE RESIDENTIAL PROPERTIES

Most low-rise residential properties are susceptible to damage caused as a normal consequence of
minor variations in ground conditions, moisture effects and thermal effects. BRE Digest 251 (1993
edition) indicated that few buildings, if any, exist that do not have some form of damage, even if such

damage is very minor and is not considered by the property owner to be significant.

This thesis focuses upon damage in low-rise properties caused by ground movement. However, it is
important to be aware of the possible causes and consequences of damage that are unrelated to ground
movement. A discussion of damage in low-rise properties that is unrelated to ground movement is
beyond the scope of this research and can be found in many other references, for example, Hinks and

Cook (1992); Bonshor and Bonshor (1996).

Page and Murray (1996), in a study of 501 traditionally-built low-rise residential properties in the East
Midlands region of England, highlighted the significance of ground movement as the most common
cause of structural defects. Although they highlighted that some structural defects can be specific to
particular locations, it was found that 63.9% of structural defects in their sample were caused by

ground movement.
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Ground movement can result in damage to the foundations of a low-rise property, which in turn can
cause damage to the superstructure of a property. There exists several causes of ground movement

which can cause damage to low-rise properties. These include:

® Ground subsidence and heave.

® Differential foundation settlement.
® Frost heave.

® Chemical attack.

* Slope instability and landslip.

® Shock and vibration.

® Earthquakes.

Where damage in low-rise properties is associated with ground movement, Page and Murray (1996)
identified differential foundation settlement and subsidence or heave as the primary causes of structural

defects.

ISE (1994) provided a definition of the terms settlement and subsidence:
Settlement
“Movement within a structure due to the distribution or re-distribution o floading and
stresses within the various elements o fconstruction”.
Subsidence
“The downward movement of a building foundation caused by loss ofsupport of the

site beneath thefoundations”.

Therefore, the principal test to distinguish between settlement and subsidence is to establish whether the

downward movement of the ground would have occurred, at least to some extent, with no applied load

from the building (ISE, 1994).

It has been set out in the previous chapter that this research specifically focuses on low-rise properties
damaged by ground subsidence or heave. This is because damage associated with settlement normally
occurs in the early life of a building as a result of the imposed load from the structure. In contrast,
damage caused by ground subsidence or heave can occur at any time in the life of a building, but such

movement can only occur as a direct result of an external factor, for example:
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a. The loss of support associated with underground mining operations.

b. Changes in the ground moisture content.

2.2.1: Definitions O fShallow And Deep Subsidence

For the purpose of this research, ground subsidence is divided into two types, these being shallow
subsidence and deep subsidence. The term shallow subsidence is used in this research to define ground
subsidence movement that occurs because of moisture content changes in the ground at relatively
shallow depths. In such circumstances, the majority of ground movement is usually confined to the
first 1.0mto 2.0m below ground surface level and rarely does movement extend to depths in excess of
5.0m below ground surface level. The term deep subsidence is used in this research to define ground
subsidence movement that occurs as a result of underground coal-mining operations. Modem coal-
mining operations take place several hundred metres below ground level and result in surface
subsidence movement. The remainder of this chapter considers a review of the authoritative literature

relating to the causes of ground subsidence.

2.2.2: Site Investigation

Before considering in more detail the causes of ground subsidence and heave, it is necessary to be
aware of the relevance of site investigation. Site investigation can be divided into two categories, these
being ‘pre-construction’ and ‘post-damage’. In the context of this research, it is the ‘post-damage’ site
investigation which is of relevance. In comparison with ‘pre-construction’ site investigation, there
exists little published literature that covers the subject of ‘post-damage’ site investigation. However,
some of the principles of ‘pre-construction’ site investigation apply to a ‘post-damage’ site
investigation. In addition to considering the causes of ground subsidence, a full ‘post-damage’ site
investigation should include reference to surface characteristics, including visible damage and whether
or not movement is progressive. These important issues are considered in the following chapter, which
along with the causes of damage identified in this chapter, covers all the necessary aspects of a ‘post

damage’ site investigation.

Hunt et al. (1991) made a distinction between 'site’ investigation and ‘ground’ investigation. Their
definition of ground investigation includes those activities that provide specific information about the
properties of the ground. It is these issues that relate to the causes of ground subsidence and which

form the remainder of this chapter.
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2.3: GROUND MOVEMENT CAUSED BY SHALLOW SUBSIDENCE
The causes of shallow subsidence can be divided into two broad groups, these being;
a. Volumetric changes in clay soil.

b. The effect of leaking drains.

2.3.1: Volumetric Changes In Clay Soil.

An awareness that significant amounts of movement can occur in clay soil as a result of variations in
soil moisture content was highlighted by Ward (1948). It was recognised that seasonal changes caused
by the presence of large vegetation (such as tress or large shrubs) produce volume changes in clay
subsoil, and that where foundations are too shallow, differential movement can result in damage to the
superstructure of a property. In more recent times, the problems of volumetric changes in clay soils
was highlighted by a period of drought in 1975-76. Ward (1948), BRS Digest 3 (1949) and Pryke
(1979) all reported significant damage had occurred to buildings due to periods of drought in previous
years. However, the drought of 1975-76 occurred only four years after the introduction by insurance
companies of indemnity against subsidence damage occurring in privately owned low-rise properties.

This increased public awareness of subsidence damage in low-rise properties.

It is beyond the scope of this research to consider a detailed study of soil mechanics, which can be
found in standard text books, and therefore this section attempts only to provide an introduction to the

complex subject of ground subsidence movement caused by volumetric changes in clay soil.

2.3.2: Properties Of Clay Soil

BRE Digest 240 (1993 edition) outlined the nature and extent of shrinkable clay soil in Great Britain.
This Digest defined the terms liquid limit, plastic limit and plasticity index, which are used as a guide to
the engineering properties of clay. The liquid limit (L.L.) identifies the water content at which a clay
soil starts to lose its plastic’ (mouldable) properties, and begins to flow. The plastic limit (P.L.)
identifies the water content at which a clay soil can no longer be moulded without breaking up. The
water content of the soil is defined as the ratio of the mass of water in the soil to the mass of the oven
dry soil. The plasticity index (P.1.) of the soil is given by the difference between the liquid limit (L.L.)
and the plastic limit (P.L.), hence:

PIL

LL. - PL.
BRE Digest 240 (1993 edition) stated that, as a general rule, the greater the plastic index, the greater

the potential for a clay soil to change volume. In addition, Robson (1991) pointed out that another

factor which has an influence on shrinkage or expansion is the fraction of non-clay particles within the
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soil, such as sand and gravel, which modify the shrinkage potential. BRE Digest 240 (1993 edition)
defined soil particles which have a nominal diameter of less than 0.002mm as normally being
considered to be of clay-size, and defined the term ‘clay' as a soil which contains enough clay-sized
material or clay particles to exhibit cohesive properties. The fraction of clay sized material can be as
low as 15%. Robson (1991) stated that there is no established point below which clay content is too

low to affect shrinkage, but that its influence appears to decline rapidly below 30%.

The subject is further refined in BRE Digest 240 (1993 edition), by considering that the type of clay

mineral in the soil is as important as the quantity in terms of behaviour of the clay, an issue also

highlighted by Driscoll (1983; 1984).

2.3.3: Classification Of Clay Soils

BRE Digest 240 (1980 edition) proposed a classification of clay soil based on the plasticity index and
percentage clay fraction. BSI (1981) identified a categorisation based on the liquid limit of a soil.
BRE Digest 240 (1993 edition) suggested a classification of clay volume change potential that uses a
modified plasticity index (Yp) which takes some account of the percentage of soil particles with a
nominal diameter greater than 0.425mm The percentage of material which is less than 0.425mm
(%<0.425mm) is separated by sieving before measuring the liquid and plastic limit, and the modified

plasticity index is given by:

Yp = P x (%<0.425mm)
100%

The original classification proposed in BRE Digest 240 (1980 edition) was revised in BRE Digest 240
(1993 edition) to avoid confusion with the more commonly used classification given by NHBC (1994).
In addition, it is demonstrated in BRE Digest 240 (1993 edition) that for most clays with a high volume
change potential the difference between plasticity index (P.I.) and modified plasticity index (Yp) is

minimal. These classifications of the volume change potential are shown below in table 2.1.

BRE Digest 240 (1993 edition) NHBC (1994)
Modified plasticity index ¥Yp Plasticity Index (P.I.) Volume change potential
>60 Very high
40-60 >40 High
20-40 20-40 Medium
<20 <20 Low
Table 2.1: Classifications of clay soil volume change potential (BRE Digest 240, 1993

edition and NHBC, 1994).
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It is widely reported that clay soils with a high volume change potential occur in the South Eastern half
of England, to the south of an imaginary line drawn between Hull and Exeter as shown in figure 2.1,
although Robson (1991) pointed out that clays with some degree of shrinkage potential are found in

most other areas.

Cromer

Rugby

Harwich
London

Bath

Exeter
Eastbourne

Figure 2.1: The distribution of firm shrinkable day soils within Great Britain (BRE Digest
240 1980 edition).

2.3.4: The Effect Of Moisture Content On The Volume Change Potential Of Clay Soils

The previous part of this chapter has considered the volume change potential of clay soils. Hence, it
can be appreciated that despite variations in the amount and type of clay minerals which are inherent
properties of the clay, the moisture content of a clay has a direct influence on its volume change
potential. BRE Digest 240 (1993 edition) explained that a reduction in soil moisture content results in
shrinkage of the clay, defined as subsidence. An increase in the soil moisture content results in
expansion of the clay defined as heave. Any change in effective stress, and hence any change in water

content, can be brought about by:

A. A change in the imposed loading of the soil.
B. Changes in soil moisture content caused by:
® Leaking drains or service pipes.
® The effect of climate conditions.

® The effect of large vegetation (such as treesor large shrubs)extracting moisture

from the ground.
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2.3.5: Changes In The Imposed Loading OfThe Soil

Any change in the imposed loading of a soil results in a change in the effective stress of that soil, which
in turn changes the soil moisture content causing a volumetric change. An increase in the imposed
loading of a soil, although resulting in a volumetric change of the clay soil, could be interpreted as
settlement rather than subsidence. The definition of subsidence given by ISE (1994) indicated that the
principal test to distinguish between settlement and subsidence is to establish if the movement would
have occurred, at least to some extent, with no applied load from the building. Regardless of this, BRE
Digest 240 (1993 edition) considered that, for most clays, the imposed loading of foundations of low-
rise buildings is unlikely to result in any significant soil moisture content changes that could cause

ground movement detrimental to low-rise properties.

2.3.6: Changes In Soil Moisture Content Caused By Leaking Drains Or Service Pipes

Changes in the soil moisture content of clay caused by leaking drains or service pipes can cause either
subsidence by wetting a clay resulting in a loss of bearing capacity, or heave by increasing the moisture
content of a clay and hence causing expansion. These causes of ground subsidence and heave are
discussed below in section 2.3.16 of this chapter, where the effect of leaking drains or service pipes are

considered in relation to both clay soil and granular soil.

2.3.7: Changes In Soil Moisture Content Caused By The Effect Of Climatic Conditions
Considering changes in soil moisture content caused by climatic conditions, Ward (1948) argued that
on openfield’ clay sites, clear of vegetation, it is necessary to place external wall foundations of brick
and masonry buildings at not less than about 3 feet (900mm) deep to avoid the risk of ground
movement. Such movements are caused by the effects of evaporation of soil moisture during periods
of dry summer weather, usually in conjunction with periods of extended solarisation. Chandler (1993)
explained that the seasonal open field" pattern of shrinking and swelling, with its corresponding soil
water content changes, is controlled by the local climate conditions. Seasonal variations in rainfall can
typically result in a net infiltration of moisture into the ground for a few months during the winter at
which time the ground is considered to be at its field capacity’. However, on average throughout the
year, the soil moisture content is below its field capacity and a soil moisture deficit (s.m.d.) exists.
Figure 2.2 shows the national picture for the average s.m.d. (after Hunt et. al, 1991) measured in
millimetres (mm). The highest values of's.m.d. can be seen to exist in South East England, where there
are also large areas of shrinkable clays. Hunt et. al. (1991) estimated that this same area contained

approximately 80% of all underpinning work carried out in the United Kingdom.
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The requirement for a minimum foundation depth of 900mm on clay sites clear of trees has been set
out in relevant British Standards, Codes of Practice and BRE Digests published since the late 1940s
(BSI 2004, 1972; BSI 8004, 1986; BSI 8103, 1986; BRE Digest 241, 1993 edition).

> 150 mm

Figure 2.2: Distribution of peak soil moisture deficit (s.m.d.) in the United Kingdom (Hunt
et. al., 1991).

Both Tomlinson ez. al. (1978) and Boden and Driscoll (1987) reported that even during the dry
summer of 1976, there appear to have been few proven cases of damage to buildings founded at a
minimum depth of 900mm (this depth being equivalent to three feet (3”), but nowadays taken as 1.0m).
Driscoll et. al. (1996) confirmed this finding taking into account more recent periods of dry weather.

However, Pryke (1974; 1979; 1993) considers that the requirement for a minimum foundation depth of
1,0m is inadequate in clay soil, even where there are no trees present and advocates the use of deeper
foundations, including short-bored piled foundations as first suggested by Green (1952) and Ward and
Green (1952). The logic behind Pryke’s recommendation for deeper foundations is to take into account

any future tree growth.

2.3.8: Changes In Soil Moisture Content Caused By The Effect Of Vegetation

The presence of vegetation on clay sites can cause volumetric movements to depths significantly in
excess of 1.0m below ground surface level. The potential conflict between the proximity of trees in
relation to buildings has resulted in much debate. Again, it was Ward (1948) who highlighted the

effects of large vegetation in relation to volumetric changes in clay soil.
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The effect of tree roots extracting moisture from clay soil is a common cause of subsidence and heave
damage to low-rise buildings. Biddle (1979) highlighted this by presenting the results of over 200
detailed ‘post damage’ site investigations undertaken during the two years immediately following the
1975-76 drought. In 23 of these cases, there was no damage to the building, with the householder
making a claim to their insurers on a precautionary basis. If these 23 cases are excluded, Biddle
(1979) reported that in 88 cases (50%) full liability was apportioned to trees; in 57 cases (32%) partial
liability was apportioned to trees; and in 32 cases (18%) no liability was apportioned to trees. The
basis on which Biddle apportioned liability is not entirely clear, but despite this, the significance of trees
as a cause or a contributory cause of damage is clearly evident. This assertion is reinforced in a more
recent study by LPC (1995) which found that trees were implicated as a cause of damage in 73% of

708 cases of buildings damaged on clay soil.

The complex interaction between trees and buildings situated in clay soil is shown in figure 2.3 by
Biddle (1979), who highlighted the factors that must be considered when assessing the involvement of

trees as a possible cause of building damage. Biddle (1979) summarised these factors as follows:

» Climate, affecting water input as rainfall, and water loss in evaporation and
transpiration.

*  Water demand oftree.

»  The moisture deficitproduced in the soil as a result o fthe water demand.

® Soil permeability affecting the moisture movements, and related to this the soil
structure which influences the pattern o frooting.

»  Soil shrinkage, which determines the amount o ffoundation movement that occurs.

o Soil strength, determining the risks of settlement damage, and of progressive

foundation failure.

® Building movement, producing the structural damage.

2.3.9: The Effect Of Tree Roots On Clay Soil
ISE (1994) identified three separate types of movement where trees and/or large vegetation interact

with shrinkable clay soils. These are:

1. Seasonal.
1. Long-term.
1ii. Extreme climatic movements.
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CLIMATE

Growth

BUILDING
MOVEMENT

(LEVEL AND

CRACK PATTERN) Rainfall
WATER
DEMAND
LOAD
SOIL STRENGTH Inflow
(including leaking
, drains)
SOIL
SHRINKAGE
MOISTURE SOIL
DEFICIT PERMEABILITY Outflow
Drainage
Figure 2.3: Diagram showing main water movements (italics) and factors for consideration
when investigating possible involvement of trees in cause of subsidence damage,
after Biddle (1979).

Seasonal movement occurs during summer months when trees extract most moisture and dry the soil
progressively, with the soil reaching its driest in early autumn. In the autumn and winter there is little
water extraction by trees and higher rainfall allows the ground to re-hydrate by late spring. This
seasonal change in moisture content produces corresponding shrinking and swelling of a clay. The
amplitude of movement depends on the plasticity index of the clay, the water demand, proximity of the

tree, and the weather conditions.

Long-term movement occurs where the soil fails to regain moisture during the winter months. A
persistent soil moisture deficit becomes established where the winter drawback of moisture (through
rainfall) is inadequate and a zone of permanently desiccated soil develops below the surface soil
(desiccation is considered below in section 2.3.13). Desiccation occurs where winter rainfall is low, or
because a tree continues to grow extracting increased amounts of moisture over a period of years,
which in turn increases the zone of desiccated soil causing long-term subsidence in the vicinity of the
tree. This situation can often be made worse as the surface layer of a clay can expand on initial
wetting, resulting in reduced permeability at the surface and therefore preventing the ingress of further

moisture to re-hydrate the soil.
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Extreme climatic movements occur during particularly hot summer periods, which cause trees and
vegetation to search harder for moisture. This results in increased levels of desiccation, extending the
boundaries of an existing zone of desiccation. This can be so severe that recovery cannot occur during
a single winter period. Where one dry year follows another there is a cumulative effect on desiccation
and therefore ground movement. ISE 1994 explained that such periods of extreme climatic movements

occurred in 1975-76 and 1989-90, causing an increase in the number of subsidence claims.

2.3.10: The Potential Conflict Between Trees And Buildings

The debate within relevant literature has tended to consider two separate approaches in relation to the
proximity of trees and buildings. The first approach has focused mainly on lateral separation of tree
and building, whilst the second approach has focused mainly on designing building foundations to

avoid damage caused by tree roots.

2.3.11: Lateral Separation Between Tree And Building

In clay soils found in South East England, Ward (1948) suggested, as a rough working rule, that the
roots of isolated trees extend laterally in open ground to a distance of at least the height of the tree.
Cooling (1951; cited Ward, 1953) suggested that buildings with shallow foundations should be kept
away from trees a distance equal to the height of the mature tree. Ward (1953) suggested that in the
case of dense rows of trees that the building and trees be separated by one and a half times the height of
the trees. These guidelines were re-iterated in BRE Digest 63 (1965). NHBC (1969) refined these

guidelines by taking into account the higher water demand of poplar, elm and willow trees.

However, it was the drought of 1975-76 which focused attention upon the potential conflict between

trees and buildings. The nature of'this conflict was echoed by Pryke (1979),

"There is a school o fthought amongst professional surveyors and engineers that reasons
that when damage is caused by foundation instability arising from moisture changes in
shrinkable clay and that trees are nearby with roots that penetrate beneath foundations,

then the cui e is to remove the tree and after an interval to repair the crack

These sentiments were also expressed by Driscoll (1983) considering the drought of 1975-76,

“ an increased public awareness of the possible contribution of free roots to
foundation movement and house damage resulted in many frees being felled without

evidence o ftheir culpability,\
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The above statements highlight the conflict concerning the potentially damaging effect that trees can
have on buildings. In contrast, several arguments have been suggested that questioned the extent of
tree damage to buildings. These arguments originated from arboroculturists rather than surveyors or
engineers. Aldous (1979) considered that the role of trees in relation to building damage was much
exaggerated following the aftermath of the 1975-76 drought. Flora (1978) was critical of the
guidelines suggested by Ward (1953) in relation to the proximity of trees and buildings. These
criticisms included the argument that Ward’s work related to houses with foundations of only about
425mm deep which were in close proximity to lombardy poplar trees. Flora (1978) argued that it was
unreasonable to assume that all trees behave in the same manner and therefore that Ward’s guidelines
should not be applied where different circumstances exist. Flora (1978) also considered the
implications of strictly applying the recommendations suggested by Ward (1953) by highlighting tire

loss of amenity value and the environmental impact of removing trees.

Reynolds (1979), considering the issue of proximity of trees and buildings, highlighted that guidelines
pre-supposed that the rooting of trees is reasonably regular and can be related to the tree height only
with an unacceptably large safety margin. However, after conducting a review of world-wide literature

on tree roots, Reynolds (1979) was not able to suggest any alternative to the guidelines of Ward.

Cutler and Richardson (1981; 1989) collected data on buildings damaged by tree roots and provided
information including tree species, the distance from the tree to the damaged building, tree height and
soil type. Driscoll (1983) used the results obtained by Cutler and Richardson (1981) to suggest that a
more practical working rule for most tree species would be to restrict the distance between tree and
building to about half the expected mature height of the tree. According to the results of Cutler and
Richardson (1981), this rule would have prevented 75% of all cases of tree root damage to the
buildings in their study. However, Driscoll (1983) did not provide any explanation for the remaining
25% and Statham and Thomas (1984) expressed concerns by stating that if the recommendations of

Driscoll (1983) were accepted,

IL...we can probably all lookforward to even higher professional indemnity premiums in

thefuture”.
Biddle (1983) indicated that the results of Cutler and Richardson (1981) were based on the existing

housing stock, much of which had very shallow foundations, and their results provided no data on the

depth of tree roots in relation to building foundations.
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2.3.12: The Design OfBuilding Foundations To Avoid Tree Root Movement

BSI (1991) advised that consideration should be given to future tree planting or self-seeding and
foundation design should consider this. Reynolds (1979) suggested looking for an alternative solution
to the problem of trees and buildings rather than having to admit to some rule of proximity. Reynolds
(1979) highlighted that the building foundation is the best understood part of the interaction between
tree and building.

Biddle (1983) considered a different approach towards the prevention of subsidence damage,
suggesting that emphasis should be placed on the acceptance that trees will be planted or grow near to
buildings, and therefore foundations should be designed to take this into account. Biddle’s work
investigated patterns of soil moisture deficit near 36 different trees, covering a range of tree species and
clay types. Although it had previously been known that poplar, elm and willow produce greater effects
of movement, the magnitude of these differences was demonstrated by Biddle (1983). This finding can
be seen to support the argument of Flora (1978), who suggested that to apply the guidelines suggested
by Ward (1953) for all tree types was unnecessarily restrictive when Ward’s work related mainly to
poplar trees. Biddle (1983) further suggested that an increase in foundation depth to 1.5m on very high
shrinkable clay should be sufficient to accommodate most tree planting designs with species of
moderate water demand (excluding poplar, elm and willow). The findings of Biddle (1983), supported
the view of Pryke (1974; 1979; 1993) in calling for increased foundation depths in clay soils.
However, Biddle (1983) goes on to suggest that a foundation depth of 1.0mis adequate for clay with a

lower shrinkage potential.

The work of Biddle (1983) was partly commissioned by NHBC and formed the basis of its guidelines
relating to trees and buildings, published in various editions of NHBC standards. These standards
provide guidelines on appropriate foundation depth near trees and proximity of trees from buildings, by
taking into account tree water demand, distance from tree to building and soil type. Commenting on
the proposed introduction of these guidelines by NHBC, Biddle (1985) stated that the benefits would
include making houses less vulnerable to foundation movement and provide greater freedom in
landscaping. Biddle (1985) further asserted that, although the guidelines would result in more
expensive foundations, these costs would be offset by reduced insurance premiums through reduced

need to re-decorate because of frequent minor damage.

A criticism directed towards the work of Biddle (1983) is that his observations did not include a
drought period (Statham and Thomas, 1984; Wilson and Burbidge, 1984) and that foundation design
should take this into account. However, Biddle acknowledged this fact by stating that during his

research none of the years had been particularly dry. In addition, NHBC guidelines have been
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criticised by Crilly (1994) and Pryke (1995) who identified that many problems caused by tree roots to
low-rise buildings occur after the ten year warranty provided by NHBC has expired, when trees have

matured.

The approach of designing foundations to avoid tree root movement was considered by Ward and
Green (1952) and Green (1952), who advocated the use of short-bored piled foundations with ground
beams in clay soils. Since this time, BRE has suggested that trees and buildings can exist without
conflict, regardless of proximity, where piled foundations are used. The use of piled foundations on
clay soil in the presence of trees was also considered to be the best technical solution by Johnson

(1982), who reviewed eight case histories of buildings damaged by clay shrinkage or swelling.

After reviewing the literature, there appears to exist little or no consensus concerning the placing of
trees and buildings in relation to each other. In the presence of such a lack of consensus, it would

appear that the precautionary principle prevails.

2.3.13: The Effect Of Desiccation On Clay Soils

The term ‘desiccation’ is used to describe a soil which has a reduced soil moisture content. Desiccated
clay soil is a major cause of subsidence damage to low-rise buildings. A soil can be described as
desiccated even where soil moisture content is reduced by only /% or 2%. Driscoll (1983) used the
results of Croney (1977) to show that, for some undisturbed samples of expansive British clays, there
is a relationship between moisture content (and hence volume change) with the suction exerted by a
clay soil. Ifthe moisture content of a soil is increased, the clay is allowed to expand and this expansion
results in an increase in stress within the soil. Driscoll (1983) considered that the onset of desiccation
could be presumed to commence where the reduction in moisture content of the soil (usually caused by
tree roots extracting moisture) causes a notable increase in stress change. He further considered that
significant desiccation could be taken to have occurred where the increase in stress in the soil is
sufficiently large to lift a low-rise building. Driscoll (1983) went on to suggest that crude estimates of
various states of desiccation can be detected by relating the moisture content of the soil (w) to the liquid
limit (L.L.), such that the onset of desiccation occurs where w = 0.5L.L., and significant desiccation

occurs where w~ 0.4L.L.
It has been shown by Statham and Thomas (1984) that the crude method suggested by Driscoll (1983)

to detect desiccation may not be reliable. BRE Digest 412 (1996) identified and assessed four main

groups of techniques for detecting desiccation, which are:
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1. Comparison of soil water contents with soil index properties (as suggested by Driscoll

(1983)).
ii. Comparison of soil water content profiles.
1il. Comparison of strength profiles.
. Effective stress or suction profiles.

BRE Digest 412 (1996) acknowledged that the first option can give misleading results and that the
other three methods were preferable. However, BRE Digest 412 (1996) stated that the first method of
desiccation detection, comparing index properties with moisture content, is usually the least expensive
and least complicated method to detect desiccation. It has also been found to be the method invariably

employed in practice in the case studies used in this research (see Chapter Four).

2.3.14: Ground Heave Caused By The Removal OfTrees

Where a tree has extracted moisture from a clay, if the tree is removed, water is allowed back into the
clay. This can result in swelling, as the re-hydration of moisture reduces the effective stress within the
clay. Such swelling pressure can be very large. Boden and Driscoll (1987) explained that such forces
can easily lift buildings of up to three storeys in height. Samuels and Cheeney (1974) and Cheeney
(1988) reported the effects of up to 160mm heave on a bungalow. Driscoll (1983; 1987) also
documented cases of damage caused by ground heave resulting from tree removal. BRE Digest 241
(1993 edition) and BRE Digest 242 (1993 edition) provided guidance for house foundations in swelling
soils. BRE Digest 298 (1987 edition) considered the influence of trees on house foundations in clay

soils and provided guidance to prevent damage caused by ground heave.

The potential effects of ground heave resulting from desiccated clay subsoil can be demonstrated by
considering that the increase in stress imposed on the soil by a low-rise building supported on strip
foundations is between 20 - 60 kKN/m2 However, the stress changes caused by the release of suction as
a desiccated clay re-hydrates are typically 300 kN/m2 and can be as high as 1400 kN/m2 (BRE Digest
240, 1993 edition). The resultant volume changes in the soil are therefore significantly large and up to

100mm to 200mm of ground heave can occur as a result of desiccated clay soil (ISE, 1994).

2.3.15: Solutions To The Problems Of Tree Root Damage To Buildings

BRE Digest 298 (1987 edition) considered solutions to tree root problems caused to low-rise buildings.
These solutions considered the age of the tree in relation to the house and the future growth of the tree.
Biddle (1992) stated that when movement is entirely seasonal, it may be possible to reduce such

movement by pruning the tree to remove leaf area. Biddle (1979) suggested controlling growth rate
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and therefore water demand by pruning, indicating that there exists a relationship between growth and

transpiration, and that about 99.9% of water demand of a tree is required to meet transpiration losses.

Biddle (1992) further suggested that where a persistent soil moisture deficit exists, pruning alone will
not be effective and it may be necessary to underpin the building. He indicated that the majority of
foundation movements caused by tree root activity are predominantly, or entirely, seasonal. Where the
foundations would be adequate but for the presence of trees, dealing with the trees by pruning or felling
is usually the preferred option. Driscoll (1987) considered that the removal of an offending tree may be
a preferable alternative to expensive, disruptive underpinning, although Biddle (1992) highlighted the
environmental value of trees. Both BRE Digest 298 (1987 edition) and Biddle (1992) considered that

root barriers are not a practical solution.

2.3.16: The Effect Of Leaking Drains

Little published literature exists which considers the subject of leaking drains or service pipes causing
ground subsidence. However, leaking pipes remain a significant cause of damage in low-rise
properties.  Biller (1997) considered that, in a typical year, claims to insurance companies for
subsidence caused by leaking drains or service pipes accounted for a consistent proportion of all claims
made for subsidence and heave damage to low-rise buildings. Each year this proportion is
supplemented by claims resulting from volumetric changes in clay soil which are related to the weather

conditions for the year (Biller, 1997).

Page and Murray (1996) found that leaking drains were a contributory factor in 27.4% of all structural
defects investigated in a study of 501 traditionally-built residential properties. LPC (1995) found that
failure of drains was a contributory factor in 21% of 1,121 suspected or proven cases of subsidence

damage in low-rise properties.

Leaking drains mainly result in subsidence in granular soils by washing away constituent soil particles,
although Robson (1991) pointed out that leaking water causing subsidence in clay by softening is not
unknown. Water escaping from leaking drains can also result in clay heave. However, in clay soil the

permeability of the clay will usually restrict the ability of water to flow into the clay.

In granular soils, water movement can transfer fine soil particles away from the ground supporting a
building, leading to possible subsidence. Ground water movement can be due to natural causes;
seepage from, or into, fractured drains, sewers or water mains and the effect of rainwater discharging

into the ground adjoining a building.
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Leaking drains can be caused by a variety of circumstances, for example, volumetric changes in clay
soil resulting in movement of drains below ground level, or tree roots penetrating defective or decaying
drainage pipes in their search for moisture. Not all drainage systems are designed to accommodate
movement, especially drains serving older properties. Therefore, the movement ofthe ground, or action
of'the tree roots causing ground movement could result in drainage damage, which in turn causes water
leakage. In these circumstances, leaking drains can be seen as an effect, or consequence of ground
movement, rather than be classified as the primary cause of damage. However, leaking drains can also
occur in other circumstances, which include deterioration due to age, poor workmanship and incorrect
positioning of drains. In these circumstances, the effect of escaping moisture caused by defective

drains can be seen to be the primary cause of subsidence.

2.4: GROUND MOVEMENT CAUSED BY COAL-MINING (DEEP SUBSIDENCE)

Some degree of movement in the land surface is an unavoidable but inevitable consequence of modem
deep coal-mining operations. The Coal Authority has a considerable amount of knowledge of
subsidence damage from its experience of deep coal-mining. Analysis of empirical observations of
subsidence in different mining and geological conditions has enabled the effects of deep coal-mining on

the ground surface to be predicted with a high degree of sophistication (Coal and the Environment,

1981).

2.4.1: The Nature Of Modern Coal-Mining Operations

Underground coal-mining in the United Kingdom has, in modem times, been by the use of the longwall
method, in which a wall of coal is continuously cut across a width of'a coal seam. Each cut results in
the progress of the face further into the coal seam. As the coal face advances, no attempt is made to
provide long-term support to the void created by the extraction of coal. The ground above the void is
therefore allowed to collapse. The consequences of this collapse are transmitted to the surface, which

results in a lowering ofthe ground causing subsidence (see figure 2.4).

The extent of surface subsidence depends on the depth below ground level of the coal face, the width of
the face, and the thickness of coal extracted. The thicker the coal seam extracted, the greater the void
that will be left for the ground above to collapse into, and therefore, the greater the amount of

subsidence at the ground surface.

Subsidence caused by coal-mining is not restricted to the area vertically above the coal that is extracted
from the ground. The area at the surface that will be affected by subsidence extends beyond the area of
coal that is extracted below ground level. The angle between the outside edge of the zone of coal

extracted and the outer limit of ground movement is known as the angle of draw. In most British
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coalfields it averages about 35 degrees (NCB, 1975). As the depth of mining below ground level
increases, the larger the surface area that is influenced by subsidence. However, for a given thickness
of coal extracted, the deeper the coal-mining below ground level, the less the effects of subsidence.
This is because the effects will be attenuated through a greater depth of ground above the void (see
figure 2.5).
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Figure 2.4: Development of coal-milling subsidence.
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Figure 2.5: Influence of the depth of coal extraction on the amount of subsidence.
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Figure 2.6 shows that for a given point, A, on the ground surface, this can be considered to be
supported by a cone of underlying ground, the extent of which is determined by the angle of draw. Any
coal which is extracted within the boundary of the cone will result in some degree of subsidence at the
surface. Subsidence caused by coal-mining normally occurs almost instantaneously as the coal is
extracted (Coal and the Environment 1981). Therefore, any subsidence will occur at the same time
that any coal is extracted within the cone of support. The occurrence of subsidence movement will
continue until all mining within this area has ceased. Consequently, any subsidence of the ground
surface may not be complete for many years, especially as more than one coal seam may be extracted
within the cone of support. Orchard (1957) showed how the rate of subsidence is related to the
advance of a face of coal which is extracted from within the area of the cone of support. The
maximum amount of subsidence at point A will only occur if the entire coal face within the cone of

support is extracted. Even where this is the case, the maximum subsidence never exceeds about 90%

of'the thickness of the coal seam extracted.
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Figure 2.6: Critical area of support in relation to depth for a point at tlie surface.
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2.4.2: The Influence Of Width And Depth Of Workings

An important factor which influences the amount of subsidence is the width-depth (w/d) ratio of the

panel of coal extracted. Orchard (1954) showed that if a seam of coal is extracted which has a width

equal to the diameter of the cone of support (see figure 2.6), the width of this face will be equal to

2dtanA, where d is the depth of the seam and A is the angle of draw. If the angle of draw is taken as

35°, then according to basic trigonometry, maximum subsidence will occur at a width-depth ratio of
1.4 : 1. This width is known as the “critical width”. Figure 2.7 shows that if a face of coal is
extracted which has a width greater than the diameter of the cone of support, so that w/d > 1.4 : 1, the

amount of subsidence remains constant, but the area over which the subsidence occurs has widened,

giving a flat-bottomed profile. This width is known as the “super-critical width". Conversely, where a

face of coal is extracted which has a width less than the critical width, so that w/d < 1.4 : 1 and un-

worked coal remains within the cone of support, the surface will undergo a degree of subsidence less

than the maximum possible and is referred to as “partial subsidence” (Littlejohn, 1987). Where this is

the case, this width is known as the “sub-critical width".

SubcriHcal

_ Critical

Plan Original surface
Subsidence
X -
Seelion
Figure 2.7: Relationship of subsidence to different widths of extraction in a coal seam of

given depth.

Past experience of coal-mining subsidence has resulted in empirical rules being developed that enable
the prediction of subsidence with some degree of accuracy. However, the magnitude of any surface

movements are also influenced by less determinate factors which are discussed by Littlejohn (1987).
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a) Geology of the overburden
The nature of the overburden above the void of coal extracted can influence the magnitude of
any subsidence. For example, strong massive beds of sandstone or limestone may subside
erratically, leading to irregular subsidence at the surface, whereas shales and clays tend to
absorb erratic displacements in the underlying ground and thus reduce irregularities at the

surface.

b) Presence of old coal workings
Voids from previous coal-mining activity above the seam being worked cause particular
concern as their presence is superimposed upon the normal subsidence, thus causing problems
in relation to the prediction and magnitude of the subsidence at the surface. Such voids were
left by old pillar and stall extraction methods, where pillars of coal were left in to act as
supports to the voids of coal extracted. This mining technique became obsolete at the end of
the 19th century due to the greater efficiency of deep longwall mining. However, areas of
uncharted pillar and stall workings still exist throughout Great Britain. For deeper workings,
the weight of the overlying strata usually caused the voids to collapse, but for shallower
workings the voids can remain open for decades, or even centuries, and their collapse can be
created by the additional extraction of coal from modem longwall mining. Such voids may not
always be recorded and they are of particular concern where they are very shallow, less than

about five times the thickness of the void, as such voids can collapse through to the surface.

©) Presence of faults
The presence of geological faults can cause erratic changes in the subsidence profile which

tends to concentrate relative movement at the interface between the faulted strata (Littlejohn,

1987).

2.4.3: Horizontal Movement Resulting From Coal-Mining Subsidence

An important component of coal-mining subsidence is the horizontal strains. When a trough of
subsidence is formed (as shown in figure 2.5) the centre part subsides vertically only; the remainder
moves inwards in addition to moving downwards. This results in differential horizontal displacement
of the ground causing both tensile or compressive strains. King and Smith (1954) showed that the
magnitude of the tensile or compressive strains is proportional to the amount of subsidence and

inversely proportional to the depth of workings.

Where a face of coal is extracted which has a sub-critical width (w/d ratio < 1.4 : 1), compressive and

tensile strains occur over the width of the subsidence trough, and the intensity of the compressive
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strains is greater than the tensile strains (see figure 2.8a). If a critical width is extracted (w/d ratio =
1.4 : 1), tensile and compressive strains develop over the area of subsidence, but there exists a point
which is strain free (figure 2.8b). Where a supercritical width is extracted (w/d ratio > 1.4 : 1), on
either side of the subsidence trough there is a zone of tension accompanied by a zone of compression of
about equal magnitude, while the centre of the trough remains strain free. However, surface
subsidence caused by coal-mining is three-dimensional in character and movements of the two

horizontal components and the vertical component may occur simultaneously.
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Figure 2.8: The