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Abstract

The aim of this work was to investigate the influence of surface loading from conventional field
operations on the damage to buried artefacts, both pots and bones.

The objectives of this research were a) to investigate the influence of surface loading and
resulting breakage relating to the material strengths of buried objects - ceramic (unglazed), and
aged bone; b) to assess the magnitudes of peak subsurface pressures transferred through soil
under the dynamic surface loading from tyres and other field operations; c) to develop and test
an empirical model for predicting the effects of subsurface pressure application on buried
objects from surface loads; and d) to explore ways of identifying the potential for damage to
buried artefacts under agricultural and other field operations.

Experimental investigations were performed in both the laboratory and field. The laboratory
work was undertaken to determine the magnitude of subsurface pressure at which buried
objects were damaged. Conducted in a sandy-loam-filled soil bin, instrumented ceramic and
bone artefacts were buried alongside pressure sensors and subjected to loading by a single
smooth tyre appropriately loaded and inflated for subsurface pressure generation. The
breakage of the buried objects and the pressures under the moving tyre were recorded in order
to allow correlation of the subsurface pressures to buried artefact breakage. The fieldwork was
done to determine the magnitudes of subsurface pressure generated by individual field
operations whilst travelling in a similar sandy loam field soil. Four plots were established, with
each assigned a particular cultivation regime. An accelerated timeframe was utilized so that a
years’ series of field operations could be driven over pressure sensors buried in the soil. The
peak pressures from each field operation within each plot were recorded and summarized, and
the data was analysed relative to field operation type and cultivation regime type.

Multiple statistical analyses were performed, as the laboratory data and field data were
independently evaluated before being correlated together. An empirical relationship between
buried object damage and subsurface pressure magnitude was developed.

The different pot types and bone orientations broke at different subsurface pressures. The four
pot types listed in ascending order of strength to resist damage (with breakage pressure
threshold value) are: shell tempered (1.3 bar), grog tempered (1.6 bar), flint tempered (3.1 bar),
and sand tempered (3.6 bar). Aged human radius bones were tested, and the parallel bone
orientation proved stronger than the perpendicular orientation, where 2.8 bar was the lowest
subsurface pressure found to cause damage.

The primary field operations, presented in ascending order relative to peak magnitude of
subsurface pressure per specific operation, are: roll (0.68 bar), drill (1.03 bar), heavy duty
cultivator (1.21 bar), spray 1 (1.27 bar), harvester (1.30 bar), spray 2 (1.31 bar), tractor / trailer
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(1.46 bar), shallow mouldboard plough (1.61 bar), deep mouldboard plough (2.04 bar). The
relationships between vehicle specification and subsurface pressure generation potential were
described, relating to the vehicle mass, tyre/track physical properties, and tyre inflation
pressure. The effect of cultivation method on overall magnitude of subsurface pressure was
defined, with lowest pressure generation within a zero-till cultivation regime (1.08 bar), higher in
a non-inversion cultivation regime (1.13 bar), followed by the shallow inversion regime (1.22
bar), and highest within a conventional inversion scheme (1.30 bar).

The laboratory and field results were correlated by a statistical analysis comparing breakage
point to peak subsurface pressure. The shell tempered pot was found to be most susceptible to
damage. The grog tempered pot was less vulnerable to damage, followed by the flint tempered
pot. The quartz tempered pot was predicted to survive intact under all field operations within
this research.

In conclusion, this research has developed a functional and predictive empirical relationship
between damage to pot and aged bone artefacts from subsurface soil pressures generated by
surface traffic.

It has been found that different types of buried pot and bone artefacts break at different
subsurface pressures. In addition, a complete dataset consisting of peak subsurface pressures
recorded under a year's range of field operations within a sandy loam soil at field-working
moisture content has been compiled. The effect of different cultivation methods on the
generation of subsurface pressures was also evaluated. The breakage thresholds specific to
each artefact type have been related to the in-field subsurface soil pressures. A correlation of
breakage to the subsurface pressures under each operation yields a prediction of percentage of
artefact-type breakage. From this correlation, relationships are observed between vehicle
specification, subsurface pressure generation, and consequential artefact breakage.

The achievements provide knowledge about how field operations affect specific types of buried
archaeology, providing a valuable asset to farmers, land managers, and regulatory bodies. It is
evident that agricultural practices, choice of track or tyre type, and inflation pressures must be
carefully managed if the intention is to protect or mitigate damage to buried archaeological
artefacts. Thus, a contribution has been made to the development of ‘best management
practices’ and to the specification and use of field operations relative to intended mitigation of
buried artefact damage.
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Chapter 1: Introduction

1.1 Background

An important historical resource in England is buried archaeology. This resource, when located
within any actively managed land area, can be damaged by surface loading from field
operations, animals, or other agents. This damage to buried archaeology is unsettling, as the
destruction this heritage eliminates opportunities for future development of knowledge and
education. Buried archaeology is present throughout much of England and is under significant
threat. Nearly 3000 scheduled monuments lie under intensive cultivation or livestock farming
(English Heritage, 2003) and in the East Midlands (UK), one third of all scheduled
archaeological monuments are classified as vulnerable to damage from agricultural operations.
Even where farmers, land managers, and archaeologists know that archaeology exists, they
might not be aware of how field operations could damage subsurface artefacts.

Given the importance of buried archaeology to national heritage and the priority of artefact
protection an appropriate level of regulation is required; the development of which should be
informed by evidence about how buried artefacts may or may not be damaged. Prior to this
study, no work has been done to identify thresholds for artefact damage. Archaeologists
excavating within agricultural contexts report that undamaged finds (for multiple artefact types)
usually appear around 1 m below modern ground surface (MGS). Within the soil profile, from
250 mm to 1 m depth, there is a zone where objects might be indirectly affected by soil
deformation, pressure transfer, or long-term irreversible soil compaction. Within the top 250 mm
of soil, any buried objects are under threat of direct damage by tillage or other soil interventions.
Unfortunately, these observations alone do not yield sufficient information to enable farmers,
land managers, or archaeologists to manage or monitor field operations in a way that minimizes
damage to buried artefacts. Without a full understanding of how artefacts within cultivated soils
are damaged, appropriate protective regulations cannot be formulated.

Although a sound scientific basis for regulatory development has been missing, protective
measures have been introduced. In the United States for example, there is stringent protection
of sites over 100 years old, as well as requirements for archaeological surveys on land that is
planned for development, but there is a lack of active protection for buried artefacts within
agricultural areas. If archaeology is found within agricultural areas in Egypt, the right to work
the land is taken away, and it remains unproductive unless or until the archaeology can be
excavated and moved. '
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In England, the Countryside Stewardship Plan (2010) (now the Environmental Stewardship
Plan, 2010) provides a subsidised opt-in control system for farmland management, but even
when activated, the protection is not always easy to enforce due to a lack of monitoring systems
and adequate knowledge of how field operations affect buried artefacts. As areas of England
under intense cultivation are valuable agriculturally, any buried archaeology usually remains in
the soil, still subjected to damaging field operations. There is a need for mitigation or other
forms of buried artefact protection that can support continued production while protecting buried
heritage.

Serious research aimed at exploring how buried artefacts in agricultural situations are affected
and damaged by field operations began in England during the late 1970s, with a seminar
organized by the Department of the Environment in 1977 on plough damage and archaeology.
The resulting publication (Hinchliffe and Schadla-Hall, e.d., 1980) invited continued dialogue
concerning the preservation of buried archaeology in rural areas. This research however,
focused mainly on the losses of artefacts due to direct contact with soil implements.
Investigation into the indirect causes of damage to buried artefacts did not proceed, as there
was no established method for studying this type of buried artefact damage.

More recent work has looked at the interactions between land management and archaeology.
Some projects have looked at soil translocation and its role in scattering artefacts and the
destruction of earthworks. These studies of soil and artefact movements also investigated the
effects of field operations on soil stratigraphy and archaeological interpretation. A study was
conducted by Hyde et al. (2010) investigating the effect of new construction work on underlying
artefact deposits. This developed a stochastic model for damage to archaeological artefacts
due to new construction work. There does not, however, appear to be any significant research
into how artefacts within agricultural contexts might be damaged indirectly by agricultural or
other operations. Nor are there management plans created for use within an agricultural
context to monitor or regulate activities and protect buried archaeology.

Research into the soil dynamics and breakage processes surrounding field operations and
buried objects is vital in order to inform guidance plans that might function acceptably for
farmers, land managers, and archaeologists alike.
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1.2 Aim

The aim of this work is to investigate the influence of surface loading from conventional field
operations on buried artefact damage that will provide a sound basis for successful strategies
for the future management of buried artefacts located in agricultural soils.

1.3 Objectives

The specific objectives of this research are:

— To investigate the influence of surface loading and resulting breakage relating to the
material strengths of buried objects - terracotta, ceramic (unglazed), and aged bone.

— To assess the magnitudes of peak subsurface pressures transferred through soil under
the dynamic surface loading from tyres and other field operations.

— To develop and test a model for predicting the effects of subsurface pressure
application on buried objects from surface loads

— To explore ways of identifying the potential for damage to buried artefacts under
agricultural and other field operations

1.4 Looking ahead

Achievement of this aim and these objectives will provide knowledge about how field operations
affect specific types of buried archaeology. The predictive modelling of subsurface artefact
breakage will support predictions of artefact breakage within the upper layer of the soil profile,
providing a valuable asset to farmers, land managers, and regulatory bodies. This knowledge
will support an informed understanding of buried object damage and how further loss of national
heritage can be mitigated or prevented.
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Chapter 2: Literature Review

2.1 Buried artefacts damage by pressure transfer in cultivated soils

There is variety in how archaeology is practiced and expressed within the literature.

in the USA, archaeology is a subfield of anthropology (Nawrocki, 1996a). Specifically,
“Archaeology is the systematic study of human societies from the past using the items they left.”
(Nawrocki, 1996b, p. 1) For example, archaeological theory in the USA tends to place more
importance on construction of a scientific and comparative archaeology, and promotes the use
of the scientific method. Archaeologists emphasize a scientific approach to inform the
archaeological context and analysis of cultural processes within a specified framework.

In the UK, archaeological theory is sometimes viewed as a subfield of history rather than
anthropology (Nawrocki, 2009) and is presented as a transdisciplinary field. For example, at the
University of Oxford, the study of archaeology is within the Faculty of Classics, where one of its
two sub-faculties is Ancient History & Classical Archaeology (http://www.classics.ox.ac.uk). Oxford
does however, have an undergraduate course for ‘archaeology and anthropology,’ and
information on its website explains that “Today both subjects involve a range of sophisticated
approaches shared with the arts, social sciences and physical sciences”
(http://www.ox.ac.uk/admissions/undergraduate_courses/courses/archaeology_and_anthropology/archandanth_4.html). Thus, it
seems to be defined in a way that retains some level of non-experimental evaluation, allowing
site interpretation to acknowledge subjective evaluation, while recognizing and working within a
mental framewnrk that retains relativity, and recognizes the distance in perspective created by
the passage of history.

Assessment of the literature indicates that sometimes in practice archaeology is not always
treated as a science. Case studies abound, and observational and anecdotal conclusions often
form a basis for trends in archaeological theory about buried artefacts within cultivated soils.
Nonetheless, archaeology is an established discipline that reflects advances in theory, science,
and new discoveries. Certainly, it is not as process-based or mathematically-founded as
agricultural engineering theory relating to soil stresses and strains.

Interestingly, in the USA, a subfield of anthropology exists that responds in a much more
scientific manner to some of the same questions driving archaeologists. Forensic anthropology
is “the application of anthropological research and techniques to the resolution of medicolegal
issues” (Nawrocki, 1996a, p. 1). Within forensic anthropology, two further subfields exist
(Nawrocki, 2009). Forensic archaeology is “the application of archeological methods to the
resolution of medicolegal issues” (Nawrocki, 1996b, p. 1). Forensic taphonomy relates to
human remains, and “examines how taphonomic forces have altered evidence that is the
subject of a medicolegal investigation” (Nawrocki, 1996¢, p. 1). As a side note, forensic
osteology is a third subfield of forensic anthropology that is frequently practiced by pathologists
rather than anthropologists within the UK (Nawrocki, 2009).
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Since legal cases generally require extensive and very scientific justification and documentation
of procedures, and general interpretation of crime scenes, forensic scientists must inherently
maintain their work accordingly (Nawrocki, 1996b). Archaeological case studies and surveys do
provide observations and static records about what happened to buried artefacts; however they
are not experimental studies. This research is interested in how subsurface damage may have
occurred during the previous burial period. An understanding of the processes surrounding
buried artefact damage will allow farmers, land managers, archaeologists, and other professions
to make informed decisions to support the protection of buried artefacts by appropriate land
management.

As mentioned in Chapter 1, research on buried artefact damage relative to direct damage by
ploughing or other soil operations was presented as a collection of papers in the publication
edited by Hinchliffe and Schadla-Hall, titled The Past Under the Plough (1980). The seminar
from which the publication came was organized by the Department of the Environment and the
Wessex Archaeological Committee at Salisbury (February 15, 1977). In the forward of the
publication, Saunders noted that:

“There is an urgent need to examine the effects of ploughing on a more factual basis; to
understand the various methods of cultivation and the ways these might affect
archaeological material in different conditions; to establish how far and in what
circumstances ploughing is destructive and whether it is possible to recover useful
archaeological evidence even from sites where the soil has been repeatedly turned
over.” (1980, p. 8)

A part of the seminar focused on the effects of cultivation techniques on buried archaeology.
One paper (Hinchliffe, 1980, Pp. 11-17) provided an overview on the specific ‘Effects of
ploughing on archaeological sites: assessment of the problem and some suggested
approaches’. A second paper (Lambrick, 1980, Pp. 18-21) explored the ‘Effects of modern
cultivation equipment on archaeological sites’. Another paper (Bonney, 1980, Pp. 41-48) was
titled ‘Damage by medieval and later cultivation in Wessex'. Also included was ‘The Sussex
plough damage survey’ (Drewett, 1980, Pp. 69-73), ‘Ploughing on archaeological sites in
Norfolk: some observations’ (Lawson, 1980, Pp. 74-77), and ‘Measurement of plough damage
and the effects of ploughing on archaeological material’ (Reynolds and Schadla-Hall, 1980, Pp.
114-119).

Some of the other papers provided background material for the participating archaeologists on
agricultural techniques, while others focused on case studies of archaeological sites or more
general comments on regional archaeology relative to the site environment type (forest, field).

Within the first paper, Hinchliffe (1980) acknowledges the concerns within the archaeological
community over damage to artefacts within cultivated sites. He notes that “...today’s most
heavily cultivated areas are those which in the past have tended to attract settlement and have
hence acquired a greater density of archaeological sites” (p. 11). Hinchliffe then continues to
explain the complexity of the issue. He argues that while damage to buried archaeology by
agricuitural cultivation is recognized and appreciated as a major issue, the extent of the damage
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depends on a “complicated interaction of variables” (Lambrick, 1977; in Hinchliffe, 1980, p. 11).
These variables and their significance, he states, remain undefined. He states:

“A statistical examination of many of these aspects would be a valid and useful approach to
the problem. Meaningful data on which such a statistical approach might be based are
almost entirely lacking.” (p. 11)

The remainder of the paper covers aspects of ploughing, and includes observations of artefact
damage. He also comments on the general approach taken towards plough damage and
proposes some experiments that would help quantify plough damage.

Hinchliffe’s final summary of recommendations calls for the “formulation of an overall policy ...
on the ploughing problem” (p. 17). He realizes that data are needed before policy can be
formulated, and suggests various experimental programmes and site monitoring techniques to
achieve this. He seems interested in a multi-disciplinary solution, as he encourages
archaeologists, agriculturalists, and other groups to come together over “developments in the
agricultural landscape” (p. 17). Therefore, there is focus on the particulars of direct damage to
buried archaeology from ploughing, but not much mention of the potentially damaging indirect
effects of surface loading.

Lambrick (1980) briefly covers the variables surrounding the effects that ploughing and
associated activities have on buried artefacts. He states “...a consideration of some of the
effects which can be reasonably expected” (p. 18) within any individual archaeological site
under cultivation, and presents a ranking of the severity of threat to archaeology from cultivation
as follows:

Séverely threatening — “The cultivation of previously unploughed sites”

More threatening — “The deeper cultivation of sites on existing arable”

Less threatening — “The effective deepening of cultivation as a result of erosion”
Least threatening — “Damage to artefacts within the plough-soil”

(Pp. 18-19)

Lambrick also discusses variations to the threat from ploughing relative to other agricultural
implements and operations. He notes at one point “...most machines are likely to penetrate
deeper where soft features occur” (p. 19), recognizing that there could be some indirect damage
to buried archaeology, but without further clarification it must be assumed that he is referring to
direct damage by a plough or other agricultural implement.

Lambrick concludes “The aim has rather been to point out the ways in which some technical
knowledge can help ... assessments [of site condition or threat of damage]’ (p. 21); he is
interested in finding ways to better analyse the overall situation and provide informed
recommendations to help protect archaeological sites under cultivation.

Bonney (1980) explained how damage to archaeological sites is not limited to the recent history
of modern cultivation techniques, being concerned mostly with post-Roman cuiltivation, and
uses Wessex as a case-study area.
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Drewett (1980) presented a survey that established “the condition of all known archaeological
sites in rural Sussex” (p. 69) “to advise on what action should be taken at each site” (p. 69).
Lawson (1980) presented observations (not a survey) from archaeological sites in Norfolk on
plough damage. Both these papers were focused on direct damage from ploughing and did not
discuss indirect damage caused by other agricultural operations.

Reynolds and Schadla-Hall (1980) highlight the “urgent need to be able to assess and quantify
agricultural damage in order to establish guidelines for excavation and conservation” (p. 114)
and propose experimental work to assess plough damage to artefact shards and buried
structures. They note that the experiments would allow “rapid appraisal of the effects of plough
damage, subsoil degradation, soil movement and feature destruction as well as the study of the
effects of ploughing on features and artefacts below the ploughsoil” (p. 122).

The published proceedings of the 1977 seminar proved important in raising the public profile of
damage to buried archaeology by agriculture; however, the focus remained on obvious direct
damage from ploughing, and not damage caused by surface loading during other agricultural
operations. ‘

In 1998 a comprehensive ‘Monument’s at Risk Survey’ was performed by English Heritage
(Darvill and Fulton, 1998). This study identified agriculture as an active agent of destruction for
buried archaeology, in the past as well as the present. The study estimated that 10% of all
cases of destruction and 30% of the cumulative damage over the past 50 years to archaeology
in England were due to agricultural activities. It also estimated that 65% of the surviving
‘monuments’ remained at medium or high risk of damage from current agricultural activity.

A smaller regional follow-up survey was conducted by English Heritage as the ‘East Midlands
Scheduled Monuments at Risk’ study (English Heritage, 2006). This survey found that
cultivation was the major cause of damage to 10% of 1493 scheduled monuments within the
study, with 88% of those monuments remaining at a high risk of further damage from cultivation.

Around the same time, a book titled Advances in Forensic taphonomy: Method, theory, and
archaeological perspectives was published in the USA. This book was primarily associated with
unrelated issues within the field of forensic taphonomy, but Chapter 7 (Haglund, Connor, and
Scott, 2002, pp. 133-150) directly addressed ‘The effect of cultivation on buried human
remains,’ and outlined the approach taken on the issues involved with plough zone archaeology
as follows:

“Plow zone studies follow three general lines of inquiry.

1. Interpretation of surface collections and their relationships to their original
locations

2. Displacement of artefacts both horizontally (lateral) and vertically

3. Damage to the material from cultivation activities”

(p. 139)

The authors identify bone damage by “mechanical abrasion and breakage” (p. 140), occurring
“as heavy machinery rolls over subsurface, or surface, elements ... not only during plowing or
primary field tillage, but any time that machinery is run over the field” (pp. 140-141). This
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inference warns that damage to buried artefacts can and does occur in an indirect manner
during field operations.

In 2003, English Heritage began a campaign for further protection of buried artefacts within
cultivated sites (English Heritage, 2003). In 2004, the UK government agreed to review ‘Class
Consent (English Heritage, 2009) for agriculture, which is an agreement that allowed ploughing
to the maximum depth reached in the preceding six years without exceeding 0.3 m, prohibiting
other landwork operations. This prompted funding for various experimental studies.

A primary study resulting from this was the Conservation of Scheduled Monuments in
Cultivation (COSMIC) project (Oxford Archaeology, 2006). This study provided empirical data
indicating that a specified restricted cultivation depth would be preferred to Class Consent.

Subsequent and further research from the COSMIC project was recommended (by the UK
government) into aspects of the risk of damage to buried archaeology from cuitivation. This led
to the project within which this research was conducted and included a systematic exploration of
mechanisms of indirect damage from pressure transfer under surface loads.

As no archaeological literature was found stating the relationship between damage to buried
artefacts (of any origin and type) and subsurface pressures from field operations, other areas of
study were explored. While there did not seem to be any studies relating to damage to ceramic
artefacts and field -operations, the field of taphonomy (as mentioned previously) does focus on
human remains. Kiley (2008) conducted research on cultivation-related damage to surface-
deposited bone artefacts. She examined “the distribution, damage, and loss of bone caused by
two years of agricultural practices at a farm in northwest Indiana.” The study was performed
within a forensic context, relative to current cases within forensic investigations (on non-aged
pig skeletonised and mummified carcasses). Although it was not performed as an
archaeological study, archaeological methods were utilized throughout the study.

The flat plain of well-drained sandy loam found in the glacial-till of northern Indiana (Nawrocki,
2009) is used predominantly for pasture and agriculture, with farmers mostly cropping corn,
soybeans, and wheat (United States Department of Agriculture National Agricultural Statistics
Service, 2003). Evidently by default, this agricultural landscape becomes a common location for
crime scenes and related human remains. According to Kiley (2008), the agricultural practices
“hinder the processing and interpretation of a forensic scene by altering its context and
dispersing its human remains” (p. 1). She describes the "taphonomic profile” (p. 3) that surface-
deposited bones would adhere to, and describes the types of damage in terms of either sharp
force trauma (SFT) or blunt force trauma (BFT) that is usually observed.

SFT is considered any damage caused by a sharp object: “Sharp force trauma (SFT) is damage
that is created by bladed or sharp objects. These modifications tend to exhibit clean margins,
are V-shaped in cross section, and follow a distinct plane.” (Kiley, 2008, p. 28).

BFT is a much broader classification of bone damage. Nawrocki (2009) helped clarify the
damage type, providing the following explanation:
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“BFT encompasses the entire range of pressure-caused fractures, including on the one
hand actual focal (narrow) contact with specific objects (like a hammer or a plow blade)
or simply by accumulated pressure of soil and stones (applied very broadly) on a bone
buried below the surface. BFT is therefore somewhat non-specific, in contrast to other
types of bone injury, such as gunshot wounds (GSW) or sharp force trauma (SFT)
caused by a knife.”

BFT is thus the type of damage classification that would apply to buried bones damaged
indirectly by pressure transfer underneath any applied surface loading.

Although Kiley’s research focused on surface deposits of non-aged bone, this study provides
some insights about the survival of surface artefacts in an agricultural setting. The conclusions
from Kiley’s thesis that are most relevant to the research presented here relate to the observed
size gradient of bones recovered from cultivated soil, as well as the types of trauma that the
bones sustained relative to mouldboard and disc ploughing (both types of ploughing were
performed within the field plots).

Kiley found that “Larger bones were recovered more frequently than small bones.” This ‘sorting’
of bone sizes during cultivation was confirmed within Kiley’s literature review — as agricultural
tillage machinery creates gaps and crevasses within the soil medium that allows smaller items
to fall and sink down into the soil profile, while larger items remain on the soil surface. Kiley
states “Farming machines are designed to bring clods and other inclusions to the surface for
removal, and so larger artifacts may come to the surface while smaller artifacts remain buried”

(p. 16).

The trauma sustained by the bones during the study could have come from any of the
agricultural operations performed in the experimental areas of the two fields. Kiley (2008)
investigated damage observed on complete as well as fragmented bones, and observed both
SFT and BFT. From the field subjected to disc ploughing, “39% of bones recovered have at
least one incident of sharp force trauma and 51% have at least one incident of blunt force
trauma” (p. 59). From the field subjected to mouldboard ploughing, “65% of recovered bones
have at least one incident of sharp force trauma and 86% have at least one incident of blunt
force trauma” (p. 59).

From the bones suffering BFT, Kiley categorized the BFT fractures by type. The BFT bone
damages were tallied under the categories of complete fracture, transverse, oblique, spiral,
butterfly, crushing, or puncture. It should be noted that the BFT categories the author would
expect in a situation where the artefact was buried entirely under the plough layer would
probably include the transverse, crushing, and puncture fracture types. In Kiley’s research, the
percentage of bones broken by BFT (any type) from cultivation was 50.6% in the disc ploughed
field, and 85.6% in the mouldboard ploughed field. Within the disc ploughed field, the
transverse fractures accounted for 10.1%, the crushing type accounted for 6.5%, and the
puncture type accounted for 0.8% of total bone fracture. Within the mouldboard ploughed field,
the transverse fractures accounted for 24%, the crushing type accounted for 4.8%, and the
puncture type accounted for 3.2% of the total bone fracture.
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Of course there are multiple factors affecting these rates of BFT relative to the total number of
bones, especially because much of the damage was most likely caused by direct contact with a
tillage implement in the field. In addition, Kiley notes that “One difficulty with simple tallies of
traumata is that longer bones are expected to display a higher incidence of trauma merely
because they have more surface area.” (p. 54). The results from her research are very
interesting however, as they indicate general relationships that are forming between cultivation
type, bone size (which is relative to bone type), and damage type.

Although Kiley’s research was performed using non-aged pig surface-deposited bone (neither
human nor aged bone; not any other type of artefact material, not buried) the subject of the
study has many parallels with the study of damage to buried artefacts within cultivated fields in
England. The situational context is the same, and although Kiley’s work was performed in a
forensic context, the focus on the process of damage to bones in the field was evident.

It is evident that there is a gap in the literature relating to indirect damage to buried artefacts
caused by soil surface loading.

2.2 Pressure transfer through soil

Theory on subsurface pressure transmission under surface loading falls within the area of
continuum soil mechanics (Vyalov, 1986) and is concerned with the measurement and
prediction of in-soil stresses and stress-states. Boussinesq (1885) defined the outlining
principles of pressure prediction in a homogeneous, isotropic, weightless, linear elastic semi-
infinite medium under surface loadings; since his time, other researchers have utilized,
modified, improved, and expanded his research (Frélich, 1934; Séhne; 1958; Chen and Baladi,
1985; McCann, 2002; Trautner, 2003). Figure 2.1 shows the formulas used for calculating
subsurface stresses from surface loading used by the Naval Facilities Engineering Command
(1986) for semi-infinite, elastic, isotropic, and homogeneous foundations.
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Figure 2.1: “Formulas for stresses in semi-infinite elastic foundation”

Presentation of Boussinesq equations for calculating stresses attributed to specific loading
conditions in soil.

Of the various researchers after Boussinesq, Séhne (1958) played a major role in the
development of in-soil stress prediction theory. Boussinesq had studied the prediction of stress
levels and stress distribution under surface loading. Séhne investigated the effects of contact
pressure and applied load magnitude. He found that the soil properties (hard-dry versus soft-
wet) had a significant effect on the magnitude and depth of pressure transfer (see Figure 2.2),
and that the amount of load affected the maximum depth of stress penetration (see Figure 2.3).
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Figure 2.2: Diagram of stress concentrations around the axis of applied load for
different soil types.
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Figure 2.3: Predicted major principal stress at different depths in the soil under wheels
loaded by increasing loads.
Matching relative dimensions maintained surface pressure of 0.83 bar for every case. The stresses are

shown in vertical sections through the soil, perpendicular to the direction of travel and through the centre
of the contact area.

Figures 2.2 and 2.3 provide an accessible visual presentation of an important concept relative to
an understanding of pressure propagation in soil. In both figures, a surface load is applied to
the soil, and graduated bulbs of pressure are shown in the soil profile below. In both figures, the
pressure bulbs extend deeper into the soil as either the soil becomes weaker or the load
increases. In Figure 2.3 the pressure magnitude at each grade is labelled, showing that the
highest pressure propagation is retained in the more shallow layers of the soil. Hakansson and
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Soéhne demonstrate that there is a reduction in subsurface pressure as the soil profile depth
increases. This concept is well established in the study of soil dynamics, and this property of
pressure propagation in soil can usually be assumed although soil properties and other factors
control the exact manifestation of pressure attenuation (Wulfsohn, 2009b).

Sohne also investigated pressure propagation relative to the properties of both the soil and load
type. One specific interest was the effect of different magnitudes of tyre inflation pressure (see

Figure 2.4).
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Figure 2.4: Two tyre inflation pressures and ‘footprints’ on both a rigid and a
deformable surface.
“Contact areas, normal stress distributions o, average ground pressure py,, and rut longitudinal shape of
a moving 17-20 implement tire with a load of 3.8 kN for two inflation pressures, two wheel passes, and on
rigid and deformable surfaces” (Wulfsohn, 2009, p. 61). This figure is included in order to help

demonstrate the effect of tyre inflation and surface deformation on contact area and in-soil pressure
propagation.

Figure 2.4 shows two tyre inflation pressures and their footprint on both a rigid and deformable
surface. This footprint is called the ‘contact area’ of the tyre, and “refers to the portion of the
wheel or tire in contact with the supporting surface” (Wulfsohn, 2009a, p. 59). The contact area
of the tyre or track under any field operation is what supports the load of the vehicle. In general,
if the contact area is smaller for a given load, the ground pressure increases. If the contact area
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increases for the same load, the ground pressure decreases. Both tyre inflation and the ability
of the surface to deform determine the size of the contact area. A tyre with higher inflation
pressure cannot deform as much as one with lower inflation pressure, and thus the contact area
between the tyre and the soil will become smaller. A tyre with a low inflation pressure becomes
quite flexible, and by deforming, more of the tyre comes into contact with the soil surface and
the contact area becomes larger. This basic relationship extends into the pressure propagation
under the surface load as well. If the contact area is smaller and thus the contact pressure is
higher, the loading of that area of soil increases and the pressure will be transferred down
through the soil profile. If the contact area is larger, the contact pressure decreases, the loading
of the soil area also decreases and less pressure is transferred through the soil profile.

Figure 2.4 also demonstrates the difference between static and dynamic loading. In static
loading, there is only a perpendicular, or vertical force applied to the soil surface. A dynamic
load occurs when the tyre or track moves along a linear path over the soil.

The above factors all affect in-soil pressures (no matter what type of agricultural load has
caused them), and must all be taken into consideration in the development of any model that
aims to predict in-soil pressures.

Recent developments of the soil pressure theory have been applied within the context of soil
state and soil compaction prediction. O’Sullivan et al. (1998) developed the COMPSOL model,
which used numerical modelling for compaction.by wheels by Smith (1985). Keller et al. (2007)
adapted various soil models into a more useable, improved format to create the SOILFLEX
model. Both models are based on critical state soil mechanics, and thus need various input
data. :

In general, critical state soil mechanics utilizes parameters that make up a system of state
variables. Input data includes but is not limited to a selection of soil temperature, deformation
(strain), and stress measurements (Fredlund and Rahardjo, 1993). Séhne also used a
concentration factor (see Figure 1.2; added to the Boussinesq equations in 1934 by Frélich) that
has since been proved to relate to the soil type, soil moisture content (S6hne, 1958),
precompression stress (Horn, 1991), soil structure, contact area, and contact stress (Horn and
Lebert, 1994).

The COMPSOL and SOILFLEX models both use the concentration factor introduced by Frélich
and connected to soil parameters by Séhne and the other researchers. The soil models also
make use of a particular soil's virgin compression line, and if this (hard to obtain) data is
available, the models seem to work relatively well for soil stress prediction.

Hakansson (2005), in his review of soil compaction, contended that the existing analytical
models used for predicting magnitudes of soil stresses under surface loads were producing
satisfactory results. These models however, should not be used for the prediction of pressure
application onfo buried objects. This is because the detected pressures may differ in this
situation compared to in-soil stresses used within critical state soil mechanics (Wulfsohn,
2009b). This is because the pressure application on any buried object depends not only on the
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properties of the soil, but also the mechanical properties of the object and the differences
primarily in stiffness between the soil medium and object material.

This topic is discussed by Wulfsohn (2009b) in relation to the use and choice of stress
transducers to experimentally sense soil stresses under various types of loading. “If the
transducer is stiffer than the soil then stresses concentrate on the transducer, whereas if the soil
is stiffer than the transducer, arching will occur around the transducer so that the surrounding
soil carries toad.” (p. 90). She also notes that if the soil is disturbed around the pressure
transducer during installation, the response of the soil and thus the magnitude of the soil stress
may be affected.

The above issues are obstacles that agricultural engineers, interested in experimentally
recording very accurate soil stresses within the soil medium, must overcome. However, in
relation to buried artefacts, these issues do not seem to affect buried artefact damage.

Buried archaeology within the soil profile can be of any material, shape, or size. The differences
between soil and buried artefact stiffness can be considered a type of pre-existing condition.
Each artefact, depending on its type, shape, and material will have its own relationship with the
surrounding soil, and each will react accordingly. Therefore, a researcher intent on recording
applied pressure on a buried artefact should be most concerned with how well the properties of
the pressure transducer and the buried artefact match.

Also, depending on its age, a buried artefact will have existed within a particular soil profile for
some time. Its original deposition into the historical record could have happened by way of a
range of processes. The artefact may have been thrown away or been treated similarly with
other forms of detritus. The artefact may have been more carefully buried alongside the
deceased as a grave offering within a burial site. Small insects, rodents, or other biological
agent may have disturbed the surrounding soil at the time of or sometime after burial.
Preferential water flows during extremely wet periods could have changed the soil matrix, or
some form of human activity could have modified the soil in which the artefact was buried.

However the artefact ended up in the soil profile, some disturbance to the surrounding soil
matrix would most likely have occurred either at the time of burial or at some point during its rest
within the soil. Because of the large opportunity for soil modification around the artefact, any
research utilizing pressure transducers to investigate the pressure application onto a buried
artefact should recognize that a small amount of soil disturbance should not threaten the
integrity of the research since the situation in fact better represents a ‘real’ buried-artefact
scenario.Whether the subsurface pressures are measured in a way that best reports soil
stresses or pressures on buried objects, surface loading will generate subsurface pressures.
Therefore, it is important to have some idea of what the magnitudes these pressures might be.

Within the scope of this research, agricultural operations define the most relevant load type.
The exact types of vehicles and the exact subsurface pressures differ from between farms,
regions, and countries, but there are general types of machinery and tillage implements.
Tractors, big or small, wheeled or tracked, make up a large portion of the vehicles passing over
arable land. A variety of implements and other agricultural tools are generally pulled behind
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these vehicles to perform multiple tasks in the field. There is an array of vehicles available to
farmers for spraying and fertilizing crops. Heavier vehicles, such as harvesters and tractor-
trailer operations are also used on cultivated fields. Light off-road quad-vehicles are also used
by farmers for certain tasks.

All these vehicles have been studied in many ways by the agricultural engineering community.
New developments, ideas, and concepts are constantly being created to advance agricultural
technology. But the surface loading of the soil remains a constant consequence of agriculture.

Much research has been done on soil stresses under agricultural machinery. Various studies
compare soil stresses, each of them under a limited range of vehicles with or single tracks
and/or tyres (inflated and loaded to specification) (Arvidsson and Keller, 2007; Bailey et al,
1996; Blackwell and Soane, 1978; Blackwell and Soane, 1981; Christov, 1969; Horn, Way, and
Rostek, 2003; Pytka and Konstankiewicz, 2002; Lamandé, Schjgnning, and Peterson, 2006;
Lamandé et al, 2006; Mogilevets and Khallyyev, 1977; Pytka, 2001; Raper and Arriaga, 2005;
Pytka, 2005; Schjgnning et al, 2006; Way et al, 1997). There are also studies that measure
subsurface soil stresses using one or two vehicles, tyres, and/or tracks, specified accordingly, to
investigate certain aspects of soil mechanics and inform soil models, especially relative to soil
compaction (Abu-Hamdeh and Reeder, 2003; Ansorge, 2007; Bakker, Harris, and Wong, 1995;
Gysi, Maeder, and Weisskopf, 2001; Way et al, 1996; Wiermann et al, 1999).

The existing literature, while it does contain many small ‘case-studies’ with information on
magnitudes of subsurface pressures under various selected agricultural operations, does not
provide any single reference that catalogues the subsurface pressures generated under an
entire year of agricultural operations at specific depths within a specific soil type. While the
various small studies could be sought out, and the relevant subsurface pressure information
extracted into a comparative format, this would still not present an accurate or complete account
of the situation. This is largely due to variation within and between researchers’ methods and
experimental limitations. This is also due to the many different soil types and soil environments
that are used for experimental work.

This is important to note, as it highlights that the existing research is composed mostly of sets of
narrow studies where a small range of tyres or agricultural load cases are investigated within
specified soil types for surface or subsurface pressure generation. With so many sources of
variability in the pressure sensing of field soil, as well as in the many existing iterations of farm
machinery and field operations used between research studies, it remains impossible for the
identification of specific conclusions relating to the entire set of agricultural operations used by
one farmer over the course of a full year within a particular soil type of his field.

As it stands, there is no full record of the magnitudes of subsurface pressures that might offer all
the information relative to any one particular buried-artefact case. This information would be
very useful, if not necessary, for anyone interested in knowing how buried artefacts might react
in a cultivated field.

CRANFIELD UNIVERSITY 17 A.P. DAIN-OWENS, 2010



2.3 Soil parameters as indices of soil resilience and sustainability

In addition to addressing the factors that would have an immediate mitigating effect on the
manifestation of indirect damage to buried artefacts, it is important to recognize that the quality
of short and long-term management of a soil resource can either amplify or reduce damage to
buried artefacts. Good soil management involves recognizing that any “anthropogenic
intervention” (Lal, 1994, p. 43) to a soil will have either a positive, neutral, or negative effect on
the longterm soil condition, and appropriately choosing field operations to encourage the
maintenance of a resilient soil.

Soil resilience, as a concept, is context-based, and therefore its definition depends on the
situation. Soail resilience can refer to the functionality and performance of the soil system,
alternatively, to the soil's physical structural integrity. It can be viewed in relation to the soil's
ability to either recover from applied stress, or resist change from an applied stress (Estwaran,
1994, pp. 24-25). Within the context of this research, soil resilience is best related to the
structure of the soil and its ability to resist change from applied stress that has potential to
degrade the soil structure.

Any physical manipulation of soil by agricultural operations will modify the soil's physical
structure, with the effect of modifying the function, or performance, of the soil (Lal, 1994, p. 54).
Agricultural operations are generally performed with the intention of improving the physical
aspect of the soil so that it can provide a better medium for seeds to germinate, plants to grow,
and for a crop to thrive. However sometimes irreversible damage can be caused if the soil
condition is not right for the operation (e.g. too wet), or the operation is not fit-for-purpose (e.g.
too heavy). Soil that is mistreated in such ways becomes degraded, weaker, and more
vulnerable to further damage. The loss of structural resiliency in the upper layers of the soil
profile exposes the deeper layers to higher magnitudes of pressure transfer and more
opportunity for compaction and deformation. Buried objects within these deeper layers of soil
such as buried artefacts become more vulnerable to damage by surface traffic. Thus, managing
soil to promote resiliency potentially increases its ability to resist pressure transfer through the
soil profile, mitigating or even preventing damage to buried artefacts.

The successful farmer (in relation to securing not only high crop yields but long-term field-soil
health and sustainability with minimum external inputs) requires an intimate knowledge of the
soil system. The soil medium will provide years of harvest provided it is healthy and resilient. If
cared for properly, the soil resource can provide resistance to environmental changes, such as
drought, flood, freeze, heat. Plants growing in any soil medium thrive with a healthy soil system,
as their above-ground biomass depends on the below-ground biomass to properly function.

With today’s modern approach to agriculture that involves the use of many large, heavy, and
implement-pulling vehicles and machinery, it would be good sense to attempt to maximise the
resilience of the soil medium. Protecting the surface levels of the soil as well as the subsurface
depths of the soil profile from irreversible damage would be a key focus in achieving this aim. If
the soil layers are protected from over-loading, deep compaction, and other physical damages,
any surviving historical artefact residing within the soil medium has a better chance of surviving
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intact. Therefore, preventing damage to the soil profile and soil system helps to allow proper
soil chemistry, nutrient cycling, and biological activity.

Agricultural engineers, like farmers, must have an adequate working knowledge of the soil
system. They must be interested in the aspects of the soil system, but they will inevitably view
the soil system and soil properties relative to any agricultural vehicle or implement. Farmers
must, from time to time, deal with broken machinery or other field-working issue, so they too are
able to take a similar viewpoint as an agricultural engineer. They will focus on the realm of
effects that the soil can have on the machine, or that the machine can have on the soil, and thus
the presentation of the basic soil system, soil properties, issues and opportunities relating to the
soil-vehicle/machine relationships will be classified and dealt with differently than would, for
example, a soil scientist, soil biologist, or even a soil engineer. Agriculturalists (a loose term
used by the author to include both farmers and agricultural engineers) thus define the soil and
its properties relative to its immediate function.

In the UK, soil is commonly described by iterations of its physical state — relative to type and
structure, as classified by the soil series classification system (King, 1969). The seedbed ,
created in any field irrespective of soil series is described by the word “tilth.” Andrade-Sanchez
and Chancellor (2009) provide a useful explanation of soil tilth and the theory behind its relation
to the agricultural machinery. “Tilth is the result of a combination of many physical soil
properties, but the most common expression of tilth in tillage studies is related to the structural
state of soil.” (Andrade-Sanchez and Chancellor, 2009, p. 345). It is considered to be a “tillage-
induced state of soil,” (Andrade-Sanchez and Chancellor, 2009, p. 345) that can be analyzed by
investigating soil particle size, soil strength, and soil aggregate stability (Voorhees and
Lindstrom, 1984). The quality of soil tilth is expected to have some effect on the efficiency of
the field operations to perform their specified job (Watts and Dexter, 1994). A more scientific
approach even utilizes tensile strength testing of soil aggregates to dictate a measure of soil
friability (Dexter, 2004). Andrade-Sanchez and Chancellor (2009) provide the background of
the sail tilth relationship with agricultural machinery while at the same time recognizing that the
exact “nature of the relationship between energy and soil tilth has not been established,” citing a
difference in scales (p. 345).

Soil can also be described in relation to its ability to provide vehicle traction (Wulfsohn and Way,
2009, p. 215). It seems that the two most important descriptors in this relationship are “soil
normal strength (ability to resist sinkage) and soil shear strength (ability to resist horizontal
deformation (Bekker, 1969; Yong et al., 1984:, Wong, 1989: Upadhyaya and Wulfsohn, 1993)"
(Wulfsohn and Way, 2009, p. 215). Some of the main soil property descriptors utilized to
classify soil within traction performance limits are proposed to be “gradation of particle size,
porosity, bulk density, water content, shear strength parameters, plate sinkage parameters
(normal strength), and cone penetration resistance (cone index);” and description of more
overall features of the terrain are defined relatively, including “soil texture class, structure, and
moisture status” (Wulfsohn and Way, 2009, p. 215).

The scale of the soil-vehicle relationship also affects how the soil system is described and
referenced in the literature. Terrain studies focus on soil trafficability, as a measure of “the
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ability of the terrain to support and provide traction for vehicle operation” (Shoop, 2009, p. 186);
where the way that the soil interacts with the vehicle’s contact points is the main area of focus,
and the word terrain is defined as “the material that compromises the ... soil, vegetation ... [and]
the geometry of the ... surface” (Shoop, 2009, p. 186). Here there is also a need to characterize
the soil surface, as there is an overall interest in predicting “off-road vehicle performance,
trafficability, and soil deformation (compaction and rutting) that result from vehicle passage”
(Shoop, 2009, p. 186). Shoop indicates that the descriptive parameters relative to soil
trafficability are “soil type, structure, grain size distribution [same as soil particle size], Atterberg
limits, water content [same as moisture content], and density,” (2009, p. 187) are all important in
an evaluation of trafficability, and can all be evaluated relative to an overall measure of soil
strength.

In the above three ‘systems’ defining variations and classification of the soil-versus-machine
relationship (soil tilth, traction, and trafficability), the measurement and evaluation of soil particle
size (relates to soil type), soil normal strength, moisture content, soil structure (soil aggregate
size is related to this) is a central theme in defining the quality of the soil-machine relationship.
These four soil properties must thus be central in the evaluation of a sustainable and resilient
soil medium as seen by a farmer or agricultural engineer.

Of the four soil properties, soil type and soil moisture are somewhat ‘uncontrollable,’ as they are
inherent to a field. Soil type is a very heterogeneous soil property, and depending on the
geology of the land can vary below field scale; soil moisture is controlled by the seasonality /
weather conditions of the field's location. Soil strength is somewhat related to soil type and
moisture, but it can change relative to the extent and type of soil manipulation imposed on the
field by the farmer and so should be considered a relatively controllable factor. Soil structure is
also related to soil type, but it too depends on the extent and type of soil manipulation imposed
on the field — usually with more soil work resulting in a loss of soil structure. The four soil
properties are also integrally related with each other in interesting ways.

However controllable or uncontrollable these soil properties may be, the quality of the soil and
field depends on the farmer maintaining some level of stewardship in his field work.
Degradation of the soil can cause deterioration of the soil’s ability to not only provide a good
quality medium for crop growth, but also to lessen the soil’s ability to resist soil deformation and
pressure transfer to deeper levels of the soil profile. This loss of resiliency could harm not only
the farmer’s yield and future cropping levels but any buried archaeology (a historical resource)
that exists within the soil.

It is important that these key parameters affecting soil sustainability are monitored and cared for
during field operations. Currently, it is not exactly known how differences in cultivation methods
or field operation regimes might affect buried artefacts, but it is obvious that an applied interest
in long-term profitability and soil health would have extended effects, one of which would include
enhanced protection for buried artefacts.
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2.4 Perceived opportunities for further investigation

This literature review and concurrent discussion about the factors involved in buried artefact
damage in cultivated soils highlights some knowledge gaps and research areas open for further

study.
1.

2.

Lack of literature relating to buried artefact damage by pressure transfer under field

operations:

a. There is a lack of quantified information on the indirect damage to buried
artefacts by agricultural operations.

Researchers and archaeologists alike agree that there is a need for
experimental studies using rigorous methods, collecting sound data within
real and experimentally-created situations. At this time, the knowledge
gap exists at an international level.

Indirect damage mechanism is not quantified in literature:

a. Many archaeological surveys and case studies have been able to document
plough / tillage implement direct damage to buried artefacts, through direct
physical contact between a tillage tool and an artefact. While case studies and
surveys are not considered experimental, they do provide information that may
be evaluated. While indirect damage, seems to have been overlooked, it does
seem to be a large part of the buried artefact damage issue.

The indirect type of damage would be primarily caused by soil-surface
loading, generally delivered by field operations, subjecting buried
artefacts within the soil profile to the application of relatively high levels of
subsurface pressure. An artefact buried within the plough layer could be
subjected to the direct damage caused (for example) by a plough share;
however, artefacts located deeper than the reach of the plough blade
remain at risk.

. This type of damage may have been overlooked simply because it is a

less visible and less extreme form of artefact damage. The concern is
that indirect damage from pressure transfer is still able to cause an entire
ceramic pot to shatter, or crush a human bone, scenarios which would
irreversibly deplete the buried historical record.

Investigation is required to fill these existing research gaps. The undertaking of such research
would require extensive experimental work in both a controlled laboratory as well as in a field
environment.

1.

The subsurface pressures at which buried artefacts break needs clearer definition.
Since there are many types of artefacts existing in cultivated soils across England, a few

basic artefact types must be chosen to represent larger classes of artefact types. The

chosen artefact type(s) would need to represent artefacts that would be most vulnerable
to in-field damage.

a. Ceramic-type artefacts would be a useful study material, as the human societies
tend to use ceramic in most historical periods, and thus a large amount of
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information can be gained from studying ceramic artefacts. Ceramics, being thin
and brittle, are also easily damaged or broken in their buried state.

b. Bone artefacts, especially human bone, would also be an appropriate study
material. Archaeologists can discover much information from human skeletons,
and if the fragile bones are damaged or destroyed in their buried state, this
information becomes lost.

2. The type of subsurface pressure magnitudes being generated under contemporary field
operations within cultivated soil should be quantified.

a. Understanding the individual and cumulative effects that both farming operations
and cultivation methods have on the soil medium is important for the evaluation
of how buried artefacts behave in situ.

Once the breakage point and characteristics of chosen types of buried artefacts have been
quantified, and these breakage points correlated to subsurface pressure magnitudes, breakage
thresholds can be evaluated relative to field operations.

Correlation of the surface loading and the subsequent effects on buried artefacts will yield a
better understanding of the issues surrounding buried artefact breakage in cultivated soils, and
will enable strategies for the protection and mitigation of the buried historical resource on both
national and international levels.
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Chapter 3: Buried Artefact Breakage Laboratory Trials

3.1 Introduction

This work has focused on the indirect damage caused by pressure transfer to buried ceramic
artefacts. The investigations explored the potential effects that subsurface pressures generated
by soil-surface dynamic loading (i.e., farm tyre/track-supported operations) have on buried
ceramic pseudo-artefacts and real aged, non-stratified, and non-collagenous human bone
artefacts. This chapter describes experiments conducted to estimate the magnitudes of
subsurface pressures that correspond with buried artefact breakage. Threshold peak
subsurface pressures were then correlated to peak subsurface pressures collected under field
operations, making it possible to define which field operations might or might not break buried
artefacts in a cultivated field.

This investigation used replicate ceramic pots to simulate real ceramic artefacts. The pots were
crafted for the project by Andrew McDonald, a specialist in pottery reproductions. More
information about the pot reproduction process is described below.

The real aged, non-stratified, and non-collagenous human bones were medieval human radii
bones excavated by archaeologists at the Wharram Percy Medieval Village site. The bones
were donated to the project by Simon Mays of English Heritage (human skeletal biologist;
Portsmouth, England).

3.2 Methods
3.2.1 Pressure sensing

Ceramic strain gauge pressure transducers were used for the subsurface pressure sensing
aspect of this work (Figure 3.1). These sensors are of robust, waterproof, construction and thus
durable enough to withstand the rigors of this research.

These sensors were produced by Roxspur specifically for this project, as a simpler, modified
version of model #M6420-92. Manufactured to industry standards, they can sense applied
pressures up to 10 bar (1.0 bar = 14.5 psi = 100.0 kPa). The minimum sensitivity, or electrical
resolution, of the sensors was 0.0007 bar. After considering steady state noise in the data
recording, a realistic minimum sensitivity was found to be ~ 0.02 bar.

The pressure transducers were mounted into aluminium cylinders (Figure 3.2), since they were
considered to be relatively small compared to the buried objects being tested within this study.
Once mounted, the sensors were calibrated using an air pressure system of calibration (Dain-
Owens, 2006).
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Flint tempered bead-rimmed jar

The bead-rimmed jar was selected to represent the hand-made pot fired at
higher temperatures, commonly flint tempered, dating from the middle to late
prehistoric periods. These pots are generally found in domestic assemblages
and were used as storage or drinking vessels (Oxford Archaeology, 2008).

These pots were coil-built and fired to 800 degrees Celsius, slightly higher than is
believed to be typical for this type of pottery. A higher temperature was used, as
the flint inclusions caused the pot to crack when fired at low temperatures. The
pots survived firing when the temperature was raised and the flint content
decreased. The end product was slightly more robust than originally intended,
and was thus more representative of the later, rather than the middle prehistoric
period.

Quartz tempered generic narrow mouth jar

The quartz tempered jar was selected to represent the type of mass produced
wheel-thrown pottery increasingly produced by specialist potters (as opposed to
pot-making in domestic contexts) throughout the later prehistoric and historical
(particularly Roman) periods. The use of a pottery wheel and the development of
kiln firing allowed pots to be consistently stronger. This is a style of pottery
frequently recovered within domestic contexts, from a wide range of different
periods (Oxford Archaeology, 2008).

The pots were wheel-thrown and fired to 900 degrees Celsius using a fine quartz
(sand) temper. The finished pot was consistent in its characteristics, robust and
shared a good likeness to originals found in excavations.

Shell tempered Late Saxon St. Neots type cooking pot

The shell tempered pot was selected to represent generic, domestic cooking pots
of the later historical periods. They are less common at archaeological sites than
other pottery types, but represent an important type of pottery found in many
significant archaeological contexts (Oxford Archaeology, 2008).

The pots were wheel-thrown and fired to a temperature of 900 degrees Celsius
using a shell temper of up to 0.01 m in size, consisting of crushed marine shells
(oyster). Once again a higher firing temperature was needed than was originally
planned, in order to maintain pot stability. The end product was a moderately
robust pot that adequately represented the material it was attempting to replicate.

For the production of all of the replica pots, a generic modern potters-clay was used. Therefore
the differences in pot characteristics derived from using different tempers, pot construction and
firing temperatures/techniques, and not from differences in indigenous English clays.
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Before burying the pots in the soil for the breakage trials, the pots were instrumented with an
electrical system that would enable in situ (buried) breakage detection (Dain-Owens, 2006).

This instrumentation consisted of two painted-on, silver conductive traces that would form an
electric circuit around part of the pot. This electric circuit remains closed and connected as long
as the pot is intact. When a subsurface pressure is applied onto the pot and fracture occurs, the
conductive trace is broken. The conductive circuit was connected via wires running from the
buried pot to a circuit board, to a data logging system, which recorded when the circuit broke.
This breakage detection system was based on the instrumentation used in Dain-Owens, 2006;
however some improvements and modifications were made to adapt the system to objects
having more surface variation.

Each conductive trace was painted around a pot in a specific pattern to form a continual circuit
that broke with the pot. The pot orientation and shape had been found to dictate specific circuit
pattern and trace placement (Dain-Owens, 2006). In this study, the application pattern of the
conductive trace was the same on all pots because they were all buried in the same horizontal
position. This orientation was used as it was previously found to be the weakest position in
previous pilot studies (Dain-Owens et al., 2007).

Within these trials, one conductive trace was placed around the top rim of the pot (with three
loops in the circuit — one on the inside of the pot rim, one on the top of the pot rim, and one on
the outside of the pot rim, all within the same circuit trace). A second trace was painted in a
sinuous circuit around the body of the pot. See Figure 3.4 for images of how the pots were
instrumented.
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The following descriptions relate to the numbered images in Figure 3.7:
(1) shows a section of the soil bin before pot burial;
(2-3) show pots before burial;

(4) shows the hole, dug carefully to a size slightly larger than the pot, and to the
depth that the pot, when placed inside the hole, would have a topmost depth
of 250 mm;

(5-7) show the filling of the grog tempered pot, with 7 showing how the pot would
be placed in the hole before burial,

(8) shows the flint tempered pot, filled with compacted soil;
(9) shows the shell tempered pot filled with compacted soil;

(10) shows the quartz tempered pot in the process of filling. For this pot, the
handle of the trowel was useful in compacting the fill soil in layers, as the
neck of the pot was not wide enough for a hand to fit through;

(11-12) show the grog tempered pot placed in the bottom of the hole, with the soil
being packed in around it in layers;

(13-15) shows the shell tempered, quartz tempered, and flint tempered pot
respectively at the bottom of their holes, before refilling;

(15-17) show the flint tempered pot at the bottom of the hole, as the soil is
gradually filled in and compacted in layers around the pot;

(18-19) show the hole after the pot has been covered with soil, gradually filling up
with soil as the refilling and compaction in layers continue;

(20) shows the hole after the refilled hole has been levelled off to match the
surface level of the rest of the soil bin;

(21) shows the entire soil lane after all sensors, pots, and bones have been
buried prior to a trial.

The results of the soil bin pot breaking experiment were not easy to predict, but it was
understood that the main parameters determining the pot breakage thresholds would be pot
size, shape, and material strength. The bigger pots were expected to break more easily and
under lighter loads; the smaller ones less so, and under heavier loads. The pots that were fired
at a lower temperature and that had larger temper inclusions were expected to break under
lighter loads; the pots fired at higher temperatures and with smaller pieces of temper were
expected to break later, under heavier loads; this is demonstrated and discussed within the
discussion chapter (Chapter 6).

3.2.3 Human Bone Burial

The decision to use human bones in addition to ceramic pots in this study was made at an early
stage in the project. It was not however, a decision made easily, and it involved much ethical
discussion.

This project had an end goal of helping archaeologists and land managers to preserve and
mitigate damage to buried artefacts. The value of buried artefacts generally lies in the
information that can be gleaned from them by trained experts (archaeologists, anthropologists).
Artefacts potentially contain clues to a variety of aspects of culture and society during their
original period of use. Information can come from any material artefact; however, no other
artefact can give as much insight into a person’s life as human bones. Animal bones yield
information about human settlements and give more clues to the society’s status, general
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wealth, and general occupation, but they do not provide information intrinsically connected to
people (as previously described). Bones from a cow will not answer why its owner died or the
owner’s age, for example. For this reason, human bones are given more protection relative to
other artefact types.

A trained archaeologist deciphering a human bone can determine whether the person was
male, female; young or old; if they had any terminal ilinesses or other disease; if they suffered
from malnutrition or were healthy; their social class; their occupation (depending on what the
occupation was); and sometimes even the cause of death. More information related to society
type and size, and time period can be gained from looking at whether bones are found on their
own, in a group of burials, or a mass burial, as well as by looking at the position of the deceased
in burial.

This project took all of the above information into account when deciding whether or not to use
human or animal bone. Since there was no previous research relating to damage to human
bones in cultivated or actively managed fields, there was no existing information upon which to
base a management strategy that would protect these buried bones.

The need was thus evident to investigate damage to buried human bones in actively managed
or cultivated soils, and as this project had the resources to address this problem, the decision
was made to include a small study using relatively non-valuable human bones to get a
preliminary idea of what was happening to the human bone artefact-type under soil submitted to
dynamic surface loading.

The specific bone-type used in this study was the human radius bone. A set of 10 radii bones
were provided by English Heritage for buried breakage testing. All bones were from the
Wharram Percy Medieval Project Site, a medieval village in Yorkshire, England that has been
extensively excavated and catalogued by archaeologists. Figure 3.8 shows some of the
medieval skeletons unearthed at Wharram Percy. Figure 3.9 shows the English Heritage bone
collection from which the bones came for use in this study.
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elastic material strength properties. They would not bend in breakage tests; as without any
collagen they become brittle. The bones were evaluated visually and found to be in good
condition, without any pre-existing cracks or damage. They were confirmed to be ‘average’
bones free of disease by Simon Mays, the English Heritage human skeletal biologist based in
Portsmouth. The bones in this study were probably of mixed male and female origin, but were
all adult bones, similar in size.

The brittle property of the bones was particularly important to this study. Brittle bones are much
more delicate and fragile than fresh bones. Without the collagen, bones lack the ability to
absorb some of a load by deflection (strain), and instead will crack and break at a lower load
threshold. Over time, bones naturally degrade and lose collagen. This study used non-
collagenous bones in order to best represent bones buried in actively managed fields and land.

With a chosen bone type and a set of quality-selected medieval non-collagenous human radii to
study, the burial and test methods implemented in pot testing had to be adapted for bone
testing. The same burial depth was used (250 mm topmost depth); and instead of investigating
the effect of bone type (similar to the study on pot type), the bone orientation relative to the tyre
path was explored.

It should be noted that since the bones were not symmetrical, their position in the soil as well as
their position relative to the path of surface loading had to be specified. It was decided that all
bones would be buried dorsal-side-up, as if the bone was connected to a human arm positioned
palm-down on the flat soil surface.

It was also decided to test the radii bones at two orientations relative to the oncoming surface
load because little was known about how they would break, and simply testing the bones in both
orientations would yield more information about buried bone breakage. The bones were split
into two groups, each orientated in one of two positions, either perpendicular or parallel to the
path of surface loading. Each trial within the study would thus include one bone orientated
perpendicular to the tyre path, and one bone orientated parallel to the tyre path (two bones per
trial). The perpendicular orientation was estimated to be the worst case scenario for the bone,
as it placed the bone’s centre in a position where it might bend the most and thus be in high
tension from a tyre surface load. The parallel orientation was estimated to be less damaging to
the bone, however it was estimated that this orientation was the most likely to yield crushing
bone failure. See Figure 3.11 for a schematic diagram of the buried bone orientations.

CRANFIELD UNIVERSITY 36 A.P. DAIN-OWENS, 2010



8

%1

1"*2 34*5






+
~~
* ot
N -
o +
1
IOI
*  +
*
N
)
O).+-
N
- +
—~
1 -
) -
- + ©OO
* -+
N
-
—~
* N
+ ~—~ -
Ou —
* =
o ¥
o -

()

0

/

2

-~
~~~
*
)
)
+
o
)
- ~
N
o —~ +
~ I —
+
~—~ +
) -
~—~ )
T+
N
~~
N
o o
~~
o -
+
x ~
o
l.( -
™ "™
®) \Y
N N

++

0 )’

0/



properties. Indeed it may be seen to have mechanical similarities to the ceramic material of the
pots tested within this study.

An unknown factor was the strength of the bone material relative to the strength of the ceramic
material of the pots. Although the materials were both brittle, bone has a laminate structure,
which strengthens it even when its flexible component has degraded away. The shape, and
internal structure, also has an effect on the breakage dynamics of the bone. The bone has a
rod-like shape, while the pots have a cylinder-like shape. If the two objects were made of
exactly the same material, but retained their different shapes, they would still break differently
when buried and subjected to surface loading.

In summary, it was not possible to predict how the bones would break (or even if they would
break). If either orientation of the bone was to break, it was thought that it would be the
perpendicularly-orientated bones. It was estimated that the bone would have a clean break
perpendicular to the proximal-distal axis of the bone. There was also the possibility that the
ends of the bone would be crushed (as their structure was different from that of the central
length). There were hypotheses that the bone parallel to the tyre path might not break in the
middle, but rather the ends or the entire bone might get crushed under the dynamic surface
loading.
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Within each trial, the tyre was prepared for each run by inflating it to a specific pressure and
loading it hydraulically to a specific load. Six runs were performed within each trial, with
increasing inflation pressures and magnitudes of load to increase overall surface loading at the
soil surface. This generated successively higher subsurface pressures on the buried objects.
As the pots were instrumented with a breakage detection system alongside pressure sensors,
the pressure at which breakage occurred could be identified.

The tyre inflation pressures and load configurations are presented in Table 3.1.

Table 3.1: Tyre data for all trials

Run # 1 2 3 4 5 6
Tyre Trelleborg Agricultural Cross-Ply Im‘plement Tyre

Trial 600/55-26.5 (tread removed by buffing)

Setup  Pressure (bar) 0.5 1.0 1.5 2.0 2.5 2.8
Load (tonne) 1.7 2.8 3.8 4.9 5.9 6.5

During the trial runs, a data logging system was used to record the relative resistance for each
of the pot and bone circuits. By observing the point at which this resistance changed, the timing
of object breakage could be determined while the object remained buried. The output from the
buried pressure sensor was also recorded simultaneously. Figure 3.15 contains a schematic
diagram of the experimental setup in the soil bin.

The data logger was a FYLDE Mobile Micro Analogue 2 FE-MM8 (Fylde Electronics, Lancashire
UK). The data collection for the pot and bone conductive traces was via a direct line passed
through the FYLDE unit to enable the relative resistance to be recorded. The sensors’ output
signal was captured and conditioned using a FE-366-TA Bridge Transducer Module card. This
card utilized a dual channel bridge transducer and a strain gauge amplifier. It was capable of
conditioning the signal using a filter, a shunt balance, an auto-zero function, and also internal
jumpers to set the gain, filter, and bridge type.

Once the tyre runs were completed for each trial, the pots, bones, and sensors were excavated.
All events were carefully documented. Documentation included comprehensive photography,
measurements of any object sinkage, and notes relating to buried object breakage and
fragmentation. This documentation allowed the effectiveness of the conductive trace method to
be assessed in addition to enabling the investigation of breakage dynamics.
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The pot and bone breakage data are summarized in Tables 3.2 and 3.3, respectively. The
objects are listed in ascending order of breakage. It should be noted that the rim of every pot
type broke either at the same time or before the body of every pot type. Also, the bottom of
bones broke at the same time as the top of the bones, except in one run, where the bottom
broke but the top one did not. The Shell Tempered pot can be viewed as the most fragile pot,
as it failed during Runs 2 and 3 in the 5 trials; the amount of peak subsurface pressure
necessary to break it was 1.32 bar. The Quartz Tempered pot was shown to be the strongest
pot used in the trials, as it broke only in Runs 5 and 6 of all trials. The Parallel Bone orientation
never broke. This indicates that this orientation is much stronger than the Perpendicular Bone
orientation. Within the four trials, the Perpendicular bone orientation broke fully twice, partially
once, and not at all once.

Table 3.2: Pot breakage data collected from the soil bin trials.

Pot Type Trace Breakage Run
Shell Tempered Rim 2-.2-2_2_3
U URUSRUURURURU - o) AR 3-3=8=8 23 e,
Grog Tempered Rim 3-3-3-3-X
OO RO RSOSSN - ... SNSRI 32384 X
Flint Tempered Rim 3-3-4-4-5
e OO 4-4-4-4-6__
Quartz Tempered Rim 5-5-6—-6-6
Body 5-6-6-6-6

Pot types (treatment) are listed in order of observed ‘weakest’ to ‘strongest’ pot type. The lowest peak
subsurface pressure necessary to break a pot was 1.32 bar for the shell tempered pot rim.

Table 3.3: Bone breakage data collected from the soil bin trials.

Pot Type Trace Breakage Run
Parallel ; Top X =X-=X-=X (never broke)
S - ... NS X=X=X=X (neverbroke) .
Perpendicular Top 5—-4-X-X
Bottom 5-4-6-X

The ‘treatment’ was the orientation of the bone in the soil bin relative to the tyre path.

By noting the peak pressures of runs within a trial, and the runs in which the pots and bones
broke, the pressure and breakage point could be correlated, providing the breakage point
thresholds for each pot type and bone orientation.

Following consultation with the statistics team at Cranfield University (Charles Marshall, Pat
Bellamy) and with GenStat Technical Support (Roger Payne), a regression was done using a

- binomial logit statistical analysis (via GenStat for Windows 10th Edition, a statistical data

V/
i)

analysis software package: http://www.vsni.co.uk/software/genstat/).

The type of regression analysis is based on survival statistics theory. The data were analysed
according to the breakage point of a pot/bone relative to their ‘survival’ or, non-breakage, up to
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that point. The analysis included all object breakages (from all runs) and estimated the
distribution of breakage for each artefact type. Since the data recorded from the trials were for
total breakage of any pot/bone, the inputs to this analysis were either 0% or 100%.

The analysis assessed whether or not a significant relationship existed between the breaking
points of the pots/bones and the peak subsurface pressures; e.g., whether or not there was a
good correlation between the breakage of any buried object and the pressures recorded at
those breakage points. If the variability within a pot type had been too high, the analysis would
not have found any significant regression (see Table 3.4 and Table 3.5).

The outputs were regression parameters of slope (B) and intercept (a) for each object. These
factors were then used to define a prediction curve. Equation 1 shows the driving equation, with
accompanying explanation.

Equation 1

Base equation (one side logit, one side linear):

INn(P/(100-P)) OR In(r/(n-1) =B*x+a
In = natural log base e
P = object survival proportion (non-breakage; as a percentage)

P=100*r/n

n = number of objects in each trial
r = number of survivals (number of objects that did not break) in each trial
B = slope
a = intercept
X = peak subsurface pressure

Prediction equation:

Used to solve for P, using the B (slope) and a (intercept) factors:

P =(100%exp( B * X + a))/(1+exp( B * X + )
Or, interms of r and n,

r=(n*exp(B *x +a))/(1+exp(B * x + a))
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The prediction curves are shown in Figure 3.17 and Figure 3.18 (for pots and bones,
respectively). This provides a means to link the results of this study to outside data.

The prediction equation allows for thresholds to be calculated for any given peak subsurface
pressure. Figure 3.19 and Figure 3.20 are charts that have been created to show where the
80%, 90%, and 100% thresholds lie for the pots and aged bones used in this study. If outside
pressure data were to be compared to the resulting breakage threshold found in this study, the
prediction equations could be used with any pressure input of X. The B (slope) and a (intercept)
factors used would relate to the pot or aged bone in question.
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