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Abstract

Bullet impacts are a ubiquitous form of damage to the built environment arising from armed
conflicts. The risk of damage to cultural heritage is increasing as armed conflicts shift towards
more urbanised centres, yet the effects and mechanisms of small arms damage are unclear. The
aim of this thesis is to investigate the damage morphology and mechanisms of bullet impacts into
stone. The influences of target materials, impact angle, and projectile type on damage in limestone
and sandstone, was investigated through a series of controlled experiments.

A proof of concept study showed that digital documentation can be an effective method for
quantifying the surface morphology of impact damage, and that surface and subsurface damage
are linked. Controlled firearm impacts were undertaken to study the influence of projectile type,
target material, and angle of impact on surface and subsurface damage. Structure from motion
photogrammetry produced 3D models of damage for quantitative analysis. The results showed that
bullet impacts into natural stone targets at engagement distances of approximately 200m cause
approximately conical craters, with some impacts having a complex two-part structure. Radial
fractures centred on the impact crater are commonly present, and can reach sides adjacent to the
target face. Oblique impact trajectories result in asymmetric crater morphologies that can be
distinguished from damage caused by perpendicular trajectories.

In the subsurface, damage is characterised by grain crushing and pore space collapse close to
the impact point, with discrete open fractures characterising damage further away. Both surface
and subsurface fractures have circum- and transgranular pathways close to the impact, but with
increasing distance tend towards predominantly circumgranular pathways. Fracture intensity anal-
ysis reveals high fracture intensities close to the impact, which reduce beyond a distance of 10 mm
from the impact. Conical fractures, or zones of increased fracture intensity, dip away from the
crater centre, with the potential to form interconnected networks in the subsurface.

Cratering from bullet impacts into stone is controlled by momentum transfer, meaning target
and projectile properties have a strong influence on damage morphology. Limestone targets ex-
hibited wider, deeper, and more voluminous craters than impacts in sandstone targets . Craters
caused by a 5.56 x 45 mm NATO projectile, containing a steel tip, were wider and deeper than

craters caused by a 7.62 x 39 mm, without a steel tip, under comparable conditions.
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Chapter 1

Introduction

1.1 Armed Conflict and Heritage

Many modern rebel groups, terrorist organisations, and non-state militias utilise abundant Cold
War era stocks of weapons (Greene & Macaspac Penetrante, 2012). For example, weapons used by
Islamic State (IS) are predominantly AK variant assault rifles of differing origins, mainly ex-Soviet
and Chinese manufactured. Seizures also show a large number of AR-15 pattern rifles, such as
the US made M16 and M4 (Conflict Armament Research, 2014; Amnesty International, 2015).
The rapid fire rates (hundreds of rounds per minute) and high muzzle velocities (>700 ms~!) of
these types of small arms mean each projectile has substantial potential to cause damage. Conflict
Armament Research’s (2014) report highlights the variety of weapons available to non-state actors,
listing more than just rifles and machine guns, with personal anti-tank weapons, artillery pieces, and
improvised explosive devices also common. Contemporary armed conflicts regularly occur within
urbanised environments due to the prevalence of insurgency tactics and the increased urbanisation
of today’s world (Stone, 2015). The diversity of small arms (and therefore ammunition type) and
artillery being utilised in these environments will likely have diverse, and yet unquantified, damage
types. The diversity of impacts from small arms and shrapnel therefore present an ever increasing
risk to cultural heritage.

The United Nation’s (1972) definition of cultural heritage emphasises the ‘outstanding universal

value’ that it provides, and includes:

e Monuments: Architectural works, works of sculpture and painting, elements of structures of

an archaeological nature, inscriptions cave dwellings and combination of features, which are



of an outstanding universal value from the point of view of history, art, or science.

e Groups of Buildings: Groups of separate or connected buildings which, because of their
architecture, their homogeneity or their place in the landscape, are of outstanding universal

value from the point of view of history, art, or science.

e Sites: Works of man or combined works of nature and man, and areas including archae-
ological sites which are of outstanding value for the historical, aesthetic, ethnological or

anthropological point of view (Section I, Article 1).

These broad definitions mean that many buildings, monuments, and sites in urban areas are
classified as cultural heritage, making any intentional damage a war crime. Aware of this threat,
UNESCO further classifies conflict damage into four categories: intentional damage, collateral
damage, forced neglect, and organised trafficking/looting (Weiss & Connelly, 2017). Despite these
protections under international law, cultural heritage is regularly both a target and unfortunate
collateral of armed conflicts.

The most dramatic manifestations are the destruction of culturally significant sites by explo-
sives, rockets, and heavy artillery. Ideological extremism has led to the targeted demolition of
hundreds of cultural sites across the Middle East and North Africa (MENA) region, such as in
Afghanistan, Syria, and Iraq (Weiss & Connelly, 2017; Isakhan & Gonzdlez Zarandona, 2018).
Meanwhile, Russia’s invasion of Ukraine in February 2022 has led to high profile examples of con-
flict damage to heritage due to urban fighting and the use of long range missiles and artillery,
including to places of worship, museums, cemeteries, and war memorials (MKIP, 2022). Damage
caused by small arms projectiles (bullets) and shrapnel is ubiquitous in conflict zones and affects
a wide area around missile and artillery impact sites. Despite its abundance, there has been little
targeted, quantified investigation into the effects of this damage on material properties and future

deterioration.

1.2 Impact Studies

The following terms which are widely used later are defined here (Backman & Goldsmith, 1978):

e The Target simply refers to the object or material that is being impacted by the projectile.

Its use does not necessarily imply intent or purposeful aim.

e The Projectile is the object that is impacting the target.



e Perforation is the complete passage of a projectile though a target.
e Penetration is when a projectile is stopped by the target.

e Ricochet is when the projectile is deflected by the target, such that there is no complete

perforation.

e Spallation refers to material ejected from the target as a result of projectile impact. If the
target is perforated, then spall can be ejected due to the entry or exit of the projectile, and

is differentiated based on its face of origin, e.g. front face or rear face spall.

Since the invention of early firearms there have been investigations into the effects of projec-
tile impacts into various materials (Robins, 1742; Helié, 1840; Bahsforth, 1873; Robertson, 1941).
However, the first studies of projectiles and impact conditions relevant to this thesis stem from
military testing conducted during World War Two (WWII). These studies did not investigate in
detail the subsurface damage in target materials, nor its effect on future deterioration. Instead,
they primarily focused on the penetration and perforation resistance of construction materials,
such as concrete and brick, to various projectiles ranging from .30 calibre bullets up to 1000 1b
bombs. These target materials differ from the various natural stone materials used commonly
used in heritage sites. Bullet impacts of .30 and .50 calibre projectiles into concrete targets create
roughly conical, but irregular craters through spalling of target material. Impacts also exhibit
crushed material below, and spoke-like fractures centred about the impact (White, 1946). Ex-
periments simulating the impacts of bomb shrapnel into concrete observed funnel-shaped craters
with radial fractures (Road Research Laboratory, 1941). In some studies, radial fractures reach
the edge of the target block and fracture along block-mortar boundaries instead of traversing into
adjacent blocks (Tolch & Bushkovitch, 1947). The (semi-) conical crater, grain crushing below the
impact, radial fractures, and ejected material are common observations across a range of projectile
impacts into concrete (non-reinforced and reinforced) and natural rock targets (White, 1946; Tolch
& Bushkovitch, 1947; Yankelevsky, 1997; Frew, 2001; Booker et al., 2009; Soe et al., 2013; Kosteski
et al., 2015; Sovjdk et al., 2015; Rosenberg & Dekel, 2016; Rajput & Igbal, 2017). Relationships
between impact variables, such as projectile velocity and penetration depth, can be derived (Back-
man & Goldsmith, 1978; Rosenberg & Dekel, 2016). These empirical relationships primarily focus
on calculating the ballistic limit (i.e. the minimum velocity of a projectile to reliable penetrate a
target) of various metal tiles. The ductile nature of metal target materials mean there is less focus

on variables such as crater volume (Backman & Goldsmith, 1978).



Hypervelocity (>1,500 ms~!) experiments simulating meteorite impacts exhibit damage similar
to the ordnance experiments described above. Crater profiles from hypervelocity impacts have
deeper central penetrations and a shallower dipping surrounding spall zone, similar to ordnance
velocity impacts (Moore et al., 1963; Horz, 1969; Lange et al., 1984; Polanskey & Ahrens, 1990;
Kenkmann et al., 2018). Radial fractures are centred on the crater and grain crushing and pore
space collapse are observed directly below the impact (Polanskey & Ahrens, 1990; Buhl, Kowitz,
et al., 2013). Like ordnance velocity experiments, relationships between impact variables and
damage can be derived, but unlike ordnance velocity experiments, these relationships focus on
variables such as crater depth, diameter, and volume (Gault et al., 1963; Moore et al., 1963;
Melosh, 1980; Holsapple & Schmidt, 1982; Holsapple & Schmidt, 1987). A series of dimensionless
parameters (known as Pi-scaling parameters) can also be derived, enabling comparison between
different target materials and impact variables. Cratering in hypervelocity experiments is primarily
controlled by energy transfer and a spherical shock wave. There is an overlap in the range of
variables between ordnance and hypervelocity impact experiments, and although impact damage
is similar in appearance, the relevance of hypervelocity impact studies to ordnance velocity impacts
is unclear. It is also unclear how different impact variables, such as target properties, impact angle,

and projectile properties, affect the morphology and severity of damage.

1.3 Implications for Heritage

Impacts from bullets and shrapnel are one element in the spectrum of damage sustained by
heritage during armed conflict, which is often overlooked in initial damage assessments. There are
few studies on the quantitative effects of this widespread form of damage, but initial studies suggest
small arms impacts exacerbate deterioration of stone in the long term (Mol et al., 2017; Mol &
Gomez-Heras, 2018; Gilbert et al., 2020). Small scale impacts from .22 calibre lead bullets into
sandstone targets realign clay minerals beneath the impact (Mol & Green, 2015). This can act to
reduce the near surface permeability in the immediate vicinity of the impact (Mol & Green, 2015;
Mol et al., 2017). Targets that have undergone case hardening are less susceptible to moisture
ingress because pore spaces near the surface have been infilled with cement (if naturally case
hardened) or by consolidants (if artificially case hardened). However, case hardened materials
have a lower surface elasticity and exhibit greater fracturing as a result when impacted, compared
to unhardened surfaces, suggesting that target properties may influence the resultant damage

(Mol et al., 2017). Larger impacts caused by higher calibre rifle bullets and shrapnel show that



the most severe weakening is not directly under the impact point, but in the regions surrounding
the impact (Mol & Gomez-Heras, 2018; Gilbert et al., 2019). Mol and Gomez-Heras (2018) found
that fracture networks and energy dissipation caused by relatively contemporaneous (1936 — 1939)
weaponry are more complicated and extensive than damage caused by older firearms (such as 17!
muskets). Ballistic theory quantifies an array of variables influencing the partitioning of damage
during impacts, but fundamentally damage is controlled by the energy of the system. The primary
source of energy at impact is the projectile’s kinetic energy (Ex = 0.5mwv;?), which is proportional
to v? Average muzzle velocities of historic muskets were 400 — 500 ms~!, but the aerodynamic
inefficiency of spherical projectiles causes rapid deceleration with distance, at rates of 2.5 ms™!
per metre travelled (Krenn et al., 1995). Modern firearms, with rifled barrels, more aerodynamic
projectile shapes, and improved propellants, have greater average muzzle velocities (700 — 1000
ms~!) and lower deceleration rates (0.6 — 1 ms~! per metre travelled). This results in modern
projectiles retaining a greater proportion of their muzzle velocity at impact, resulting in greater
impact energies than historic firearms. Modern projectiles are also comprised of multiple materials,
typically a lead or steel core surrounded by a copper jacket. The shape and composition of modern
projectiles result in more efficient target penetration than spherical lead projectiles (Backman &
Goldsmith, 1978; Collins et al., 2011). Mol and Gomez-Heras (Mol & Gomez-Heras, 2018) also
observed large open fractures sub-parallel to unconfined faces on window ledges damaged during
the Spanish Civil War (1936 — 1939). These initial studies all indicate that the damage caused
by bullet and shrapnel impacts can alter target properties and that overall damage might be
more significant than just the visible surface damage. However there is little understanding from
observations and measurements of surface damage as to how it is related to subsurface damage. It
is vital to a comprehensive understanding of conflict damaged heritage that relationships between

the surface and subsurface damage are understood.

The changes in stone properties caused by impact aid the ingress of weathering agents such as
moisture and dissolved salts, enlarging the volume of stonework at risk of deterioration (Lebedeva
& Brantley, 2017). A higher effective porosity, i.e. the combination of inherent porosity and impact
induced fractures, facilitates greater ingress of moisture via capillary flow (Scherer, 2004). This
moisture can dissolve matrix and constituent minerals, reducing overall stone strength and further
increasing its effective porosity. Moisture transports dissolved salts into the stonework that create
outward pressures upon crystallisation, widening pore spaces and fractures. This results in the
loss of material from the surface of the stone, reduced stone strength, and an exacerbated negative

feedback loop of stone deterioration (Goudie & Viles, 1997; Scherer, 2004; Mol & Viles, 2012;



Navarre-Sitchler et al., 2015).

1.4 Main Research Aims and Objectives

The availability of small arms and their use use within urban environments is damaging cultural
heritage sites, increasing their risk to future deterioration and weathering. Within the broad spec-
trum of damage sustained, there is a limited understanding of the damage resulting from shrapnel
and bullet impacts. To address this, a series of controlled firearm experiments were conducted to
simulate small arms damage to stone constructions during conflict. The experiments used two dif-
ferent ammunition types, fired at two different angles of incidence, into two different sedimentary
stones. These samples were then used to quantify the surface and subsurface damage through 3D
photogrammetry (Chapters 3, 6, 4), scanning electron microscopy (Chapter 3), and thin section
and fracture intensity analysis via optical microscopy (Chapters 3, 5). General methodologies are
detailed in Chapter 2, with relevant specific details in the appropriate chapters.

This thesis aims to quantify the surface and subsurface effects of bullet impacts into sedimentary

stone through the investigation and synthesis of the following research questions:

1. To what extent does observable surface damage correlate with subsurface damage?
2. Can digital documentation effectively capture damage morphology?

3. How can we efficiently measure impact damage in the field?

4. What are the subsurface effects of bullet impacts in stone?

5. What influence does impact angle, target material, and projectile type, have on surface

damage morphology?

1.5 Thesis Outline

This thesis is comprised of 7 parts: The introduction above outlines how armed conflict poses
a risk to heritage, summarising the current state of research into small arms and shrapnel impacts,
and how alteration of stone properties influences its susceptibility to weathering deterioration.
It finishes with the main research aims of this thesis. Chapter 2 outlines common methodologies

used in later sections, whilst chapter specific methods are detailed in the appropriate chapters. The



following chapters address the above aims based on the original data gathered from my experiments,
followed by a concluding synthesis of the results and proposals for future research.

Chapter 3 presents a pilot experiment of a bullet impact into a sandstone target. It explores
and develops a methodology for quantifying surface and subsurface damage, which is used in
later chapters. It uses photogrammetry to produce a 3D model of the damaged target in order
to quantify the damage morphology and estimate the minimum extent of internal fractures. It
combines these results with observations of surface damage from scanning electron microscopy
(SEM), and subsurface damage from thin sections examined using optical microscopes, to discuss
how these expressions of damage are intrinsically linked throughout the target. Finally it analyses
how fracture intensity changes with increasing distance from the impact crater.

Chapter 4 follows on from Chapter 3, investigating the applicability of crater scaling relation-
ships derived from hypervelocity experiments to the results of ordnance velocity experiments. This
study compares three simplified volume geometries to the measured crater volume to propose a
quick and efficient method of estimating crater volumes in the field.

With surface damage sufficiently characterised, Chapter 5 investigates the subsurface damage
using thin sections examined using optical microscopy. Analysis of subsurface fracture intensity
highlights the spatial distribution of fractures within the target block.

Using the methods developed in Chapter 3, Chapter 6 explores the relationship between impact
trajectory and surface damage on a larger suite of experimentally generated examples of impact
damage. It uses the morphology of crater profiles to distinguish between oblique and perpendicular
impact trajectories, as well as the influence of projectile type and target lithology on the resultant
damage.

Chapters 3, 6, and 4 are the subject of published manuscripts (Campbell et al., 2021, 2022a,
2022b), whilst Chapter 5 is derived from a submitted manuscript. Oliver Campbell wrote all
chapters. Other contributions of authors are outlined at the start of each chapter.

Finally, Chapter 7 synthesises the findings of the previous chapters in the context of the research
aims, as well as laying out proposals for future work.

This thesis forms part of the larger Heritage in the Crossfire (HiTC) research project (Mol
et al., 2020). As part of HITC, Oscar Gilbert is conducting a parallel PhD based at the University
of the West of England. His thesis utilises some of the same materials studied here to investigate
the effects of haloclasty and temperature cycles on conflict damaged stone. As a result, Oliver
Campbell has co-authored additional publications with Oscar Gilbert related to the work of this
thesis (Gilbert et al., 2019, 2020).



Chapter 2

Methodology

2.1 Target Materials

2.1.1 Huesca Sandstone

A cube of sandstone (14.7 x 14.7 x 14.7 cm) was quarried from the Huesca region of Northern
Spain because of its analogous properties to heritage stones in the Middle East, such as the Umm
Ishrin sandstones at Petra in Jordan, which have sustained historical damage (Sancho et al., 2003;
Franchi et al., 2009). The Umm Ishrin is a well-sorted, medium-coarse-grained sandstone comprised
of quartz grains and varying amounts of calcite and clay cement (Franchi et al., 2009). The Huesca
sandstone (HS) is a well-consolidated, medium-grained sandstone with an average pore size of
40-70 pm. X-ray diffraction (XRD) analysis reveals a composition of quartz and calcite,with lithic
fragments and matrix comprised of clay minerals (muscovite, kaolinite and clinochlore) (Table 2.1)
(Mol & Green, 2015). Thin section observations of undamaged HS show no inherent fractures and

no apparent anisotropy at the scale of the sample (Figure 2.1a).

Phase Percentage (%)
Quartz 48
Gypsum 17
Calcite 13
Muscovite 13
Kaolinite 6
Clinochore 3

Table 2.1: Mineral composition of Huesca sandstone, derived from X-Ray diffraction analysis (Mol
& Green, 2015).



Figure 2.1: (a) Thin section photomicrograph of undamaged Huesca Sandstone under cross po-
larised light. It is a well consolidated, medium grained sandstone with average pore sizes of 40-70
pm. (b) Thin section photomicrograph of undamaged Cotswold Hill Cream Limestone under cross
polarised light. Spherical ooids can be seen tightly packed, with most pore space filled with sparry
calcite crystals. (¢) Thin section photomicrograph of undamaged Stoneraise Red Sandstone under
cross polarised light. Grains are predominantly quartz, with many exhibiting orange brown Fe-
oxidation rims that have been subsequently overgrown.

2.1.2 Costwold Hill Cream Limestone

Freshly quarried cubes (15 x 15 x 15 cm) of Cotswold Hill Cream Limestone (CHCL) were
selected as analogous to the Mokattam Limestones of Egypt, but also has common properties with
other U.K origin limestones used in the construction of heritage. CHCL is an oolitic grainstone
from the Middle Jurassic Inferior Oolite (quarried near Ford, U.K.). The average grain size is 0.5

mm and has a porosity of ~20% (Figure 2.1b). It has an average block density of 2.20 gcm 3.

2.1.3 Stoneraise Red Sandstone

Freshly quarried cubes (15 x 15 x 15 cm) of Stoneraise Red Sandstone (SRS) were selected for

controlled firearms experiments. SRS is a fine-medium (0.125-0.5 mm), quartz rich sandstone from



the Permian New Red Sandstones (quarried near Penrith, U.K) (Figure 2.1c). With a porosity
of ~11%, it generally has no internal layering, though some target blocks exhibit visible beds of
coarser grains (~1 mm). It has an average block density of 2.48 gecm™3. The density of each block

studied was determined by measuring the dry mass and dividing by the volume (3375 cm?).

2.1.4 Mechanical properties

Uniaxial loading experiments were conducted to determine the uniaxial compressive strength
(UCS) (ASTM D3967-16) and the indirect tensile strength (ASTM D7012-14) of SRS and CHCL
targets. Cylindrical cores (20 mm diameter x 40 mm length) were drilled perpendicular and parallel
to bedding. Cores were loaded at a constant rate of 0.005 mms~! using a Zwick/Roell Z050 static
testing machine. The standard force, deformation, and time step were recorded using the TestXpert

III software (version 1.5). The UCS (o,) was calculated using the equation:

oy = P/A, (2.1)

where P is the failure load and A, is the cross sectional area of the core. Further cylindrical cores
(30 mm diameter) were cut parallel to bedding, and then sliced into 15 mm thick disks for Brazilian
disk tests. The prepared disks were mounted on their thin edge between flat plates and loaded

perpendicular to bedding at a constant rate of 0.005 mms™?.

The indirect tensile strength (o)
was calculated using:

oy = 2P/(wtDy) (2.2)

where P is the failure load, ¢ is the thickness of the disk and Dy is the disk diameter. Linear
regression was carried out on straight sections of the stress-strain curves to find the axial Young’s
modulus parallel and perpendicular to bedding for each stone type. The ultrapulse velocity (UPV)
was measured in twelve undamaged blocks of each stone type using a Proceq Pundit 200 with 54
kHz exponential transducers (pulse voltage = 200 V| receiver gain = x1, frequency = 20 Hz). UPV
was measured in each of the three orthogonal directions by placing the transducers on opposite

faces. A bulk UPV value was calculated by averaging the three orthogonal directions.
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(a)

Brass jacket (b) Brass jacket

Figure 2.2: (a) Cross section of a 7.62 x 29 mm bullet head consisting of an ogival shaped brass
jacket and lead core. (b) Cross section of a 5.56 x 45 mm NATO bullet head with an ogival shaped
brass jacket containing a lead core and steel tip.

2.2 Controlled Impact Experiments

2.2.1 Preliminary Experiments

A block of Huesca sandstone (14.7 x 14.7 x 14.7 cm) was shot with 7.62 x 39 mm ammunition,
typical of many Kalashnikov (AK) variant rifles, including the well-known AK-47 used widely in
past and contemporary conflicts. It was fired from an AK-103 rifle at a range of 200 m, resulting
in a velocity (v;) of ~540 ms™! at the point of impact. The projectile is constructed from a brass
jacket and lead core, with a spitzer ogive-nose shape and has a mass (m) of 7.95 g (123 grains),

resulting in a kinetic energy (Kg = 0.5mwv;?) upon impact of 1,168 J (Figure 2.2a).

2.2.2 Full Experimental Regime

Controlled firearm experiments were carried out at Cranfield Ordnance Test and Evaluation
Centre (Gore Cross, UK) to simulate conflict damage to stone. This provided samples for both non-
destructive and destructive testing methods. T'wo different ammunition types used in contemporary
and past conflicts were fired from remote operated proof barrels at incident angles of 45° and 90°
to the target face. 5.56 x 45 mm NATO (abbreviated henceforth as NATO) is a standardised
cartridge used in the British standard issue SA80 service rifle, American M16-pattern rifles, as
well as many other military issue rifles around the world. The second ammunition type is 7.62 x
39 mm (abbreviated henceforth as AK-47). Both cartridges have a spitzer ogive nosed projectile
comprised of a brass jacket and lead core (Figure 2.2). The NATO projectile has an additional
steel tip inside the brass jacket and a mass of 4.04 g (63 grains), whilst the AK-47 projectile has
a mass of 7.95 g (123 grains).

The velocity of the projectile was measured using a Weibel SL-525P Doppler radar system
operating at 0.4 W and a frequency of 10.525 GHz. The kinetic energy (FE}) of the projectile at
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the point of impact was calculated using;:

E, = %mvf (2.3)
where m is the projectile mass and v; is projectile velocity at the point of impact. Test shots
were conducted on an open range at standard propellant load to measure the velocity decay of
each projectile, providing desired velocities for simulated engagement distances. Both cartridges
were remotely fired from mounted proof barrels 14 m from the targets, with propellant loads
adjusted to reduce velocity and simulate impacts at distances of 200 m (~540 ms~! for AK-47
and ~700 ms~! for NATO projectiles). Average engagement distances of urban firefights during
the Iraq War ranged from 26 m to over 126 m between combatants, and most soldiers are trained
for engagement distances of 0 — 600 m, so 200 m represents a reasonable distance for simulating
impacts in both urban and open scenarios (Fitzsimmons, 2015; MOD-UK, 2018). Additional
adjustments were made to the AK-47 and NATO cartridges to simulate a range of 400 m (~430
ms~! and ~600 ms~! respectively), as well as one shot conducted at standard propellant load
(impact at muzzle velocities of ~730 ms~! and ~930 ms~?! respectively). The kinetic energy of
the projectile at impact will be in the range 734-2118 J for the AK-47 projectile and 727-1747
J for the NATO projectile. Concrete blocks were placed on all faces, except the target face, for
confinement. Target blocks with visible bedding were oriented so that foliations were parallel to
the target face. Natural stone is typically strongest when loaded perpendicular to bedding, and a
consistent orientation relative to the target face means any influence of internal bedding will be

consistent across experiments.

2.3 Quantifying Damage Morphology

2.3.1 Reference Scheme

A 3D coordinate scheme adapted from Tikoff et al. (2019) was implemented to retain the
spatial position of observations and measurements. The target face of the sample is the XY plane
and the Z axis is orthogonal to this and negative into the block. The crater centre is used as the
reference point for all distance measurements and is defined as the point on the current crater floor

that is directly below the point of impact.
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Figure 2.3: Schematic of Huesca Sandstone target block showing the location of thin sections and
scanning election microscope (SEM) stubs. Black circle indicates the reference corner (adapted
from Tikoff et al., 2019). Inset shows block in its firing position, with the XY plane as the target
face and an azimuth of 000° assigned to the positive Y direction.

2.3.2 Photogrammetry

A 14-megapixel Fujifilm Finepix S3400 digital camera was used to photograph samples through
a 360° rotation at three overlapping camera positions. Samples were then overturned and the
process repeated. The camera was fixed on a tripod ~1 m from the sample and its optical zoom
(equivalent focal lengths 24-672 mm) used to ensure sufficient detail was captured. Additional
images were taken of the damaged surface to ensure adequate capture of the morphology. Images
were imported into Meshroom (version 2020.1.1), a free and open-source structure from motion
(SfM) pipeline developed by AliceVision® (Jancosek & Pajdla, 2011; Moulon et al., 2012). The
resulting 3D meshes were scaled and oriented in 3D space using CloudCompare (version 2.11.3),
with the target face horizontal and an azimuth direction of 000° directed towards the top edge of

the target face in it’s firing position.
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2.3.3 Surface Facets and Fractures

The FACETS plugin for CloudCompare (CloudCompare, 2020) was used to summarise the
morphology of impact damage to the Huesca Sandstone during preliminary tests. A Kd-tree
algorithm was selected to summarise the model because of its faster processing time and better
representation of geometry than the alternative fast-marching algorithm. The following Kd-tree
settings were applied: max angular difference = 5°, max relative distance = 1.00, max distance
at 99% = 0.2, min points per facet = 10, and max edge length = 0.30. These settings represent
the damage adequately and within workable processing time frames (minutes vs hours). A smaller
angular difference would have represented the morphology with a greater number of facets and
complexity, but the increased processing time and larger data set had a negligible influence on
the clustering observed in the stereonet. Facets representing undamaged areas of the block were

manually removed.

The Compass plugin was used to digitise surface fracture traces and measure their orientations
(Thiele et al., 2017). The 3D mesh and digitised fractures were then imported into Blender (version
2.92.0) to estimate the minimum internal surface area of the fractures. In order to compare these
values with the areas of damage at the surface, the scaled and oriented model was imported into
Meshlab where the area of exposed fracture surfaces was calculated (Cignoni et al., 2008; Ranzuglia
et al., 2013). The volume of material removed from the damaged block was also calculated in
Meshlab. Fracture planes from manual tracing (n = 24) and facet extraction (n = 674) are
presented on standard equal area lower hemisphere projections. Facet data was contoured using
a modified Kamb contour method with exponential smoothing (Kamb, 1959; Vollmer, 1995). The
Kamb contour method was chosen over alternatives, such as the 1% area, because it is independent

of sample size.

2.3.4 Crater Morphology

Crater volumes were calculated from photogrammetry models of damaged SRS and CHCL
target blocks in CloudCompare , while depth maps and cross section profiles were extracted in
Python (version 3.8.11). Crater outlines were digitised from plan view photographs in QGIS
(version 3.16.0). The edge of the crater was defined visually as the transition from a depression,
not including open radial fractures, to undamaged target face. Outlines were analysed in ImageJ

(version 1.53) to measure various shape parameters, such as crater area (A), which was then used
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to calculate an area equivalent diameter (D,,) using:

Deg = 2/A/1 (2.4)

Cross section profiles, centered on the deepest point of the crater, were measured at 10° intervals
and averaged to obtain a mean crater profile. The capture of digital imagery may not be possible
in all situations, so crater profiles were measured using an analogue Barton comb method. A 150
mm Barton comb was inserted into the crater and teeth adjusted to fit the crater profile. Four
profiles were taken at 45° intervals, starting at 000°, to be compared to profiles from the digital
model taken in the same orientation (Figure 2.4a). The photographed comb profile was digitised in
QGIS. The Root Mean-Square (RMS) difference between the comb profile (P.) and digital profile

(P4) was calculated using Equation 2.5.

Z?:1(Pci - Pdi)Q
n

RMSdifference = \/ (25)

The RMS difference for each sample was normalised (RMSy) to the maximum profile depth

(dmaz), as measured by the comb profile, to enable comparison between samples:

RMSdifference

dmax

RMSy = (2.6)

Crater volumes measured from the digital models were compared to the volumes of three simplified
geometries (see Table 2.2) derived from just crater depth (d) and radius (r = 0.5D.,) measure-
ments. The simplified geometries selected have previously been used to describe crater geometries
in hypervelocity experiments: simple cone (Horz, 1969; Kenkmann et al., 2011; Dufresne et al.,
2013), spherical cap (Giittler et al., 2012), and a parabaloid, typically representing the transient
crater (Kenkmann et al., 2011).

Geometry Volume Equation
Simple Cone V= imr?d
Spherical Cap V = %wd(Srz +d)
Paraboloid V= %7‘(‘7"2d

Table 2.2: Simplified crater geometries and volume equations. r = 0.5D., and d=crater depth.
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Figure 2.4: (a) Schematic of damaged target face showing the orientation of two Barton comb
profiles. (b) Schematic of thin section locations cut through the impact crater parallel to the X Z
plane. Black circle represents the reference corner of the 3D coordinate scheme adapted from Tikoff
et al. (2019).

2.3.5 Microscale Damage
Huesca Sandstone

Two stubs (~10 x 10 mm) were cut from the impact crater of the HS block and coated with a
30 nm thick Au-Pd coating for use in a scanning electron microscope (SEM). Backscatter electron
(BSE) images were obtained using an FEI Quanta FEG 650 with an Oxford Instruments Xmax"
EDS detector. Images were captured at pressure with a spot size of 5.0, a working voltage of 5.00
kV, and a working distance of 8.5 - 11.6 mm. Thin sections (28 x 48 mm) were cut from different
regions of the damaged HS block, with section planes oriented perpendicular to visible fractures
(Figure 2.3). Thin sections were scanned using an Epson Perfection 3170 photo scanner at 6400
dpi under plane and cross polarised light. Fractures were digitised in QGIS (version 3.16.0) as a

single polyline to preserve fracture geometry and characteristics.

Stoneraise Red Sandstone and Cotswold Hill Cream Limestone

For the damaged SRS and CHCL target blocks, polished thin sections (a combination of 75
x 50 mm and 28 X 48 mm) were cut through the centre of the impact crater parallel to the XZ

plane (Figure 2.4b). Thin sections were scanned using an Epson Perfection 3170 photo scanner at
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6400 dpi under plane and cross polarised light. Reflected light photo micrographs of each section
were taken at 1x magnification using a Leica DM750P optical microscope fitted with a MC190HD
camera. Microsoft ICE (Image Composite Editor)(version 2.0.3.0) was used to create a photo-
mosaic of full sections. Complete photo-mosaics and thin section scans were georeferenced and
fractures manually digitised in QGIS. Closed fractures were digitised as a single polyline and open
fractures as a polygon. The fracture map was thresholded into a binary image and NetworkGT’s (a
QGIS plugin) automatic fracture digitisation tool used to generate a fracture network of polylines
for analysis. This automatic digitisation approach ensures a consistent interpretation of fracture

geometries and fracture characteristics across samples.

Fracture Analysis

Important characteristics of fracture networks, such as length and orientation, can differ be-
tween interpretations conducted by different investigators (Sanderson & Nixon, 2015; Andrews et
al., 2019). Analysing fracture branches instead of full traces reduces this bias, as well as mitigating
any censoring effects of the sample region because the intersection with the edge now only affects a
single branch, instead of the full fracture trace (Sanderson & Nixon, 2015). The NetworkGT plugin
for QGIS was used to calculate P, values for each thin section (Nyberg et al., 2018). P, values
characterise fracture frequencies, intensities, and volumes, where x represents the dimension of the
sampling region and y is the dimension of measurement (Dershowitz & Einstein, 1988; Dershowitz

& Herda, 1992). For example, Py; is a measure of fracture length (L) per section area (A;):

P = ZL/AS (2.7)

Dimensionless intensity values are those where the dimension of measurement and sampling are

the same (e.g., Py2) (Sanderson & Nixon, 2015). Pay values are calculated by the equation:
P22 = P21 . Lc (28)

where L. is the characteristic length, defined simply as the arithmetic mean of branch lengths
(Sanderson & Nixon, 2015).

P, values were calculated using the digitised fracture maps and QGIS’s NetworkGT plugin.
For all samples, the centre of the crater is used as the reference location from which intra-sample

distances are measured from. For HS sections, topology parameters (inc. P, values) were cal-
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culated using the NetworkGT plugin for each full thin section. The calculated value was then
assigned to the mid point of the section and its distance to the crater centre measured. For SRS
and CHCL thin sections, a grid sampling for the calculation of topology parameters was under-
taken. A sample grid (spacing = 0.25 mm, sampling radius 0.75 mm) was constrained to section
outlines (excluding areas lost to sectioning) and a distance to the crater centre for each grid point
obtained. The orientation of fractures was weighted for fracture length and displayed on equal

area rose diagrams.

Uncertainty Calculation

Uncertainty in the distance from the crater centre measurements for all targets is estimated
to be &+ 2 mm, based on the contribution of several factors: (i) The measurement of section lo-
cations during the cutting process. (ii) The possible loss of material at the edges of thin sections
during production, though every effort was made to minimise this. (iii) The scaling of the 3D
model (for the HS target). (iv) The measurement of points on the 3D model (for the HS tar-
get). (v) Geo-referencing of thin sections and photo mosaics. The digitisation in QGIS was the
primary source of uncertainties in the calculation of fracture intensities. The thin section scans
used for digitisation are limited in their resolution, despite a very high resolution of scanning (6400
dpi). Fracture apertures narrow to the point they become indistinguishable from adjacent grain
boundaries (pixelation distance). In this situation, fracture trace was terminated if there was no
distinguishable aperture when it reached grain boundaries, or there was no clear continuation of
the fracture beyond that grain. For the lateral placement of polylines in the HS thin sections,
important in determining the sample area, this uncertainty was individually estimated for each
section, with values between 0.029 and 0.033 mm. The perimeter of the measured sample area was
then expanded and contracted by these uncertainties to determine the maximum and minimum
sample areas respectively. A fracture length uncertainty for HS sections of 0.1 mm was deemed
appropriate as it is approximately 3 - 4 times the measured pixelation distances at boundary lo-
cations, so represents an average combined uncertainty where multiple grains are in contact. A
minimum and maximum fracture trace network for HS sections was calculated by decreasing and
increasing the length at all isolated tips (‘I’ nodes) by this uncertainty. The maximum Ps; and Pas
values were calculated using the minimum sample area and maximum trace length map. Minimum
P51 and P,y were calculated using the maximum area and minimum fracture trace length map.
Another source of uncertainty in mapping fracture intensities with distance from the crater is that

one value represents a 2D area, covering a range of distances from the crater centre. The range
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Figure 2.5: (a) Diagram showing how fracture traces were terminated when there was no distin-
guishable fracture aperture after it reached grain boundaries. (b) Diagram showing how fracture
tips (‘I nodes) have a range of pixels instead of a sharp boundary. Fractures were digitised conser-

vatively, terminating at the last pixel identifiable as the fracture (red line). The pixelation distance
was measured for each section and used as the uncertainty when calculating fracture topology pa-

rameters.
of distances that a section covers depends on its orientation relative to the impact. Thin section

planes that are roughly concentric to the crater centre have a smaller range of distances (~8 mm)

than those oriented radially (up to 50 mm).
SRS and CHCL fracture maps were digitised conservatively, i.e. fractures were plotted to the

last pixel identifiable as part of the fracture, resulting in a minimum extent fracture map. The
fracture length uncertainty for each sample was measured: 0.031 mm for SRS sections and 0.026

mm for CHCL sections. ‘I’ nodes were extended by this uncertainty and new topology parameters

calculated using the same sample grid spacing and sample radius.
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Chapter 3

Damage Caused by Bullet Impacts

into Sandstone

3.1 Abstract

The shift of armed conflicts to more urbanised environments has increased the risk to cul-
tural heritage sites. Small arms impacts are ubiquitous in these circumstances, yet the effects and
mechanisms of damage caused are not well known. A sandstone target was shot under controlled
conditions to investigate surface and subsurface damage caused by bullet impacts. A 3D model
of the damaged block, created by structure from motion photogrammetry, shows that internal
fracturing was at least as extensive as the visible surface fractures. Backscatter electron imaging
of the damaged surface shows a shift from intragranular fracturing and grain size reduction at <
5 mm from the impact point to primarily circumgranular fracturing and grain ‘plucking’ at 20
mm from the impact point. Internal fracture intensity decreased with distance from the centre of
the crater. Volumes around the impact point are therefore at greater risk of subsequent weather-
ing deterioration, but significant damage extends to the periphery of the target, rendering whole
blocks vulnerable. The surface crater, despite being one of the most conspicuous aspects of conflict

damage, has many times less area than internal and surface fractures.
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3.2 Introduction

In situ measurement of stone properties are highly desirable for heritage conservation efforts
but is generally restricted to non-destructive testing (Pope et al., 2002; Jo & Lee, 2011; Allen
et al., 2018; Hatir et al., 2021). Impacts cause compaction and grain size reduction near the point
of contact and increased surface permeability, suggesting greater susceptibility to the ingress of
weathering agents such as moisture and salt (Mol & Gomez-Heras, 2018; Gilbert et al., 2019,
2020). The development of fracture networks increases the depth within the stone to which weath-
ering processes can extend, expanding the region at risk of deterioration (Lebedeva & Brantley,
2017). Measurement of such effects is vital in assessing portions of heritage at the highest risk
of further deterioration. Field instruments such as surface hardness probes, permeameters, ultra-
pulse velocity meters, moisture probes, and infra-red scanners can provide valuable information on
stone conditions, but the non-destructive nature of these methods precludes direct observation of

subsurface damage, for which alternative methods are required.

This chapter therefore presents a pilot experiment conducted to simulate conflict damage to
stone buildings. It begins to address a gap in the literature, of which there is little in the way
of quantitative studies using bullets and natural stone under conditions comparable to conflict
situations. It furthers advances the work of Gilbert et al. (2019) by characterising the surface
morphology of impact damage and quantifying macro-scale fracture networks using 3D models
generated by photogrammetry. It describes the microscale surface damage within the crater using
scanning electron microscopy and highlights links to subsurface damage observed through thin

section microscopy and fracture intensity analysis.

3.3 Methods Summary

To avoid repetition, only a brief summary of methods is presented here (full details and de-
scription is available in Chapter 2). A cube of Huesca sandstone (14.7 x 14.7 x 14.7 cm) was
shot with 7.62 x 39 mm ammunition to simulate damage to stone heritage in a conflict situation.
A 3D model of the damaged target block was generated using one hundred and forty-two images
(142No.) in Meshroom and FACET analysis was conducted in CloudCompare. A series of stubs
and thin sections were produced for microscale analysis using scanning electron (SEM) and optical

microscopy techniques.
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Figure 3.1: Summary of data measured from the 3D model of Huesca sandstone shot with 7.62
x 39 mm ammunition. A rendering of the block is visible with the minimum extent of internal
fracturing estimated from surface traces shown in orange. Note the large fracture just below the
centre of the model that is sub-parallel to the target face. The stepped damage region is outlined
by a solid white line, and the impact crater by a dashed white line. The white arrow shows the
bullet trajectory and black crossed circle marks the crater centre. (inset) A lower hemisphere equal
area projection of the poles to fracture planes estimated from surface traces (black triangles), and
the orientation of facets (grey circles) representing the stepped morphology of the damage surface.
Facet orientation data is contoured in blue using a modified Kamb contour, indicating two distinct
clusters of orientations: A steep NW dipping set and sub-horizontal set.

3.4 Results

Surface damage from the impact consists of a shallow, bowl-shaped impact crater which is
truncated by material loss along a stepped surface from one corner of the block. The loss of
material is substantial: 3.812 x 10% mm?3, ~12 % of the block’s initial volume (outlined in Figure
3.1). Surface fracture traces with macroscopic apertures are present on the remaining stone, with
radially oriented traces centred on the crater, and traces sub-parallel to the target face (XY plane)

up to 80 mm from the crater centre (Figure 3.1). Most radial fractures intersect the edge of the
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block and are visible on adjacent sides. The damaged surface, excluding the crater, has a stepped
morphology with distinct steeply and gently dipping surfaces (Figures 3.1c and 3.1). The facet
data shows two distinct orientations, one dipping steeply towards (X, nin, Yinaz) and the other sub-
parallel to the XY plane. The degree of clustering of poles to fractures ranges from 10 ¢ to 18 o,
where o is the number of standard deviations from sampling a random distribution.

The impact resulted in a shallow, bowl-shaped crater directly below the impact (Figure 3.1).
The crater has a deep central pit surrounded by a shallow dipping region separated by a change
of slope. The floor of the crater has a lighter colouration than surrounding damage as a result
of the comminuted material and grain fracturing. Back-Scatter Electron (BSE) imaging from
within 5 mm of the crater centre display fractures going through and around grains, conchoidal
quartz fracture surfaces, and comminuted material (Figure 3.2). The fractures observed can be
seen penetrating the stone surface, where they have apertures < 20 pm. Around 20 mm from the
crater centre, circumgranular, and to a lesser extent intragranular, fracturing is visible within the
shallower spall zone. The majority of fracturing is however circumgranular, separating grains from
the clay matrix and leading to distinct oval-shaped depressions where grains have been ‘plucked’
from the surface (Figure 3.2b). Some fractures visible in BSE images cut across clay minerals at a
high angle to mineral cleavage, similarly observed in thin sections from below the surface (Figures
3.2bii and 3.3i).

Radial fractures appear as a single trace at the macro scale (e.g. HS_RF_1P), but at the
microscale are multiple shorter branches that overlap or join together (Figure 3.3). Aperture
varies along the fracture length, narrowing at the fracture tips and overlap zones, and widening in
the middle. Fracture paths are both circum- and intragranular. Sections close to the impact crater
have open, curved fractures sub-parallel to the crater floor, linked by occasional short fractures
with an approximately radial orientation. Fracture paths are again indiscriminately both within
grains and along grain-matrix boundaries. Fracture mode changes with increasing distance from
the crater centre. As distance increases, fracture networks tend towards circumgranular paths and
intragranular fractures are less common, particularly those traversing quartz grains.

Quantification of the fracture networks suggests that fracture intensity (P21 and Pa3) decreases
linearly with increasing distance from the crater centre (Figure 3.4). The Py value of sample
HS_RF_1P appears to differ from this trend and has a lower value (0.117 vs 0.193) than sample
HS_FS_4P which is 25 (£2) mm further from the crater. With the exception of HS_RF_2P, the
characteristic branch length of samples (L.) is approximately 1 mm (Figure 3.4). The impact

has generated a combined 312,980 mm? of new internal and external surface area. The minimum
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Figure 3.2: Backscatter electron (BSE) image of surface damage within the impact crater. (a)
HS_IC is sampling the crater centre, showing heavily comminuted material, conchoidal fracture
surfaces on quartz grains, and intragranular fracture paths (i). (b) Sample HS_CR from the spall
zone of the impact crater shows grain plucking, less comminution, fracturing of clay minerals at
a high angle to cleavage (ii), and a larger proportion of fractures having circumgranular paths
around grains (iii).

estimate of the internal area is half that of external fracture surfaces (Table 3.1). The impact
crater comprises a relatively small proportion of the overall induced damage, with the majority
of the newly generated surface area related to internal and external fracturing, with a minimum

estimate of 0.110 for Ps5 intensity.
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Figure 3.3: Thin section micrograph under cross polarised light of sample HS_RF_1P showing the
path of radially oriented fracture. The fracture path is both circum- and intragranular as seen in
inset (i) and (ii) respectively. White arrows indicate intragranular fracturing. Note the fractures
cutting across clay minerals at a high angle to cleavage in the lower left of (i), as well as the zone
of overlap between the shorter fracture strands that make up the macro-scale radial fracture.

Region Area (mm?)
External of damaged block includes: 122,510

- Impact Crater 2,520

- Stepped Region 17,850
Internal fractures (min. estimate) 10,470
Total surface area (min. estimate) 132,980

Table 3.1: Surface area measurements obtained from the 3D model of the damaged Huesca Sand-
stone.

3.5 Discussion

The surface damage represented by the impact crater and stepped region is linked to a network

of subsurface fractures, which consists of circum- and intragranular fracture paths of varying aper-
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Figure 3.4: Graph showing the decrease in P»; (hollow symbols) and Pso (filled symbols) values
with distance from the point of impact. The minimum and maximum differences show how much
distance a section can represent in a single value.

tures that decay in intensity with increasing distance from the crater centre. Surface observations
within the impact crater and spall zone show a shift of fracturing towards circumgranular pathways
with increased distance from the impact, which is also seen throughout the subsurface sections and
reflected in the fracture intensity plots. The micro-fractures provide evidence to support Gilbert
et al.’s (2019) suggestion that increased permeability and decreased surface hardness associated
with the impact crater is related to micro-fracturing, as well as mirroring observations of grain
fracture proximal to impact by Mol et al. (2017). Gilbert et al. (2019) observed a light powdery
appearance on the crater floor and a smaller surface hardness reduction relative to other areas
of the impact damage. This is indicative of grain crushing and compaction directly below the
impact, an observation made in hypervelocity impact experiments and supported by this study’s
SEM observations of fractured grains and comminuted material. Zones of pervasive fracturing and
crushing are evidenced as impact breccia beneath natural craters (Kumar, 2005) and as heavily
comminuted grains in experimental samples (Polanskey & Ahrens, 1990; Buhl, Poelchau, et al.,

2013). Further similarities to hypervelocity experiments are the bowl-shaped crater, the shallow
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surrounding spall zone, and the penetrative radial fractures (Lange et al., 1984; Polanskey &
Ahrens, 1990; Buhl, Kowitz, et al., 2013). Greater fracture intensity values closer to the crater
centre, and direct observation of surface and subsurface fractures support observations of a de-
creasing degree of grain size reduction with distance from the impact by Buhl et al. (2013). The
irregular fracture paths present across grains and along grain boundaries are similar to dynamic
fractures where propagation stabilises at high velocities, resulting in rough and irregular fracture

surfaces (Ravi-Chandar, 1998; Buhl, Kowitz, et al., 2013).

During the dynamic fracture caused by impacts, higher strain rates tend to result in higher
fracture intensity, as more flaws are required to fail in order to accommodate the high strain
rate (Lawn, 1993). Buhl et al. (2013) measured axial strain, and the axial strain rate, below
hypervelocity impacts in sandstone where they observed a very high strain rate directly beneath
the impact, which rapidly decayed within 4-5 projectile diameters (~8 mm in their study). For this
study, 4-5 projectile diameter would equate to a distance of 30-38 mm (using the widest diameter
of the projectile). Because stubs were removed from the crater centre, fracture analysis could not
be performed closer than 28 mm from the crater centre, so these results may only represent a
small portion of the sample that experienced the highest strain. As such, inferences of damage
directly below the impact are drawn with care. However, direct observation of grain comminution
and micro-fracturing on the surface suggest that fracture intensities may be higher in this region,
especially when taken together with the clear relationship between fracture intensity and distance
from the crater centre. The decrease in fracture intensity values with distance is similar to the
decay in strain rate observed beyond 8 mm by Buhl et al. (2013).

Fractures are an important control of the mechanical properties of masonry and the long term
susceptibility of heritage to weathering. They provide new pathways for moisture ingress, and
their influence on stone properties (surface area, porosity and pore size distribution, compressive
strength, and modulus of compressibility) facilitates further deterioration through salt crystallisa-
tion and frost cycles, potentially resulting in the loss of large fragments of material (Theoulakis
& Moropoulou, 1997; McCabe et al., 2010). This link between fracture damage and deterioration
was explored further by Lebedeva and Brantley (2017), who found weathering fronts advanced
faster in stone with smaller fracture spacing (greater intensities). This would suggest that regions
proximal to the impact may experience the fastest advance of weathering deterioration, and should
therefore have a higher priority in terms of conservation strategies.

Structure from Motion (SfM) is a relatively quick and easy field method for capturing mor-

phology without imposing additional deterioration or damage. SfM requires minimal investment,
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needing only a digital camera and computer, whereas other methods of 3D model generation such
as terrestrial laser or structure from light scanning may require specialist equipment and propri-
etary software. SfM has been useful in cataloguing heritage as a whole, and SfM from drone-based
cameras has proven archaeological applications, including the study of inaccessible sites such as
high walls (Ferndndez-Hernandez et al., 2015). The quality of SfM models produced in this study
was sufficient to characterise impact damage morphology and quantify fracture areas. The estima-
tion of internal fracture area relies on fracture traces being present across changing relief on the
model (e.g. on different sides of the block). Limited relief, e.g. when fragments are held in place by
adjacent blocks, or where visual observation of block sides is obscured, will result in underestimates
of fracture surface area. However, models still provide valuable information for conservation work
with regard to fracture orientations and length. Radial fractures are observed reaching the edge
of the block, and can travel along mortar bonds and destabilise larger sections of masonry beyond

the impacted block (Tolch & Bushkovitch, 1947).

The size and shape of the target block appears to influence the resultant damage. The initial
compressive stress wave at impact can reflect from free surfaces as a tensile wave of equal magnitude,
which can interact with the secondary tensile stress wave and lead to tensile stresses exceeding
the target’s strength (Melosh, 1984). The magnitude of the stress waves is proportional to the
distance from impact, so greater distances to a free surface (i.e. a larger target) will result in lower
maximum stresses during the interaction of stress waves. The lower ratio of projectile size to target
dimensions in this experiment compared to hypervelocity experiments (Polanskey & Ahrens, 1990;
Kenkmann et al., 2018) may explain why a relatively larger proportion ( 12%) of the volume loss.
Mol and Gomez Heras (2018) observed greater impact damage to the detailing on stone statues

where the distance from the impact point to a free surface was relatively small.

Even within the same calibre, ammunition can be highly variable, depending on its purpose
(e.g. armour piercing), which affects characteristics such as shape (e.g. spitzer, round nose, hollow
point), and composition. These variables influence the damage caused by impact. Hypervelocity
experiments (Poelchau et al., 2013) suggest that variables resulting in greater kinetic energy lead to
larger crater volumes. The angle of impact also influences the amount of kinetic energy transferred
to the target, and where peak pressures are experienced. Pierazzo and Melosh (Pierazzo & Melosh,
2000b) showed that shallower angles of impact generate peak pressures further down trajectory
and closer to the surface than perpendicular impacts. The likelihood of perpendicular impacts in a
conflict scenario is small, and conclusions drawn in this study may need modification to deal with

oblique impacts, for which the impacts described here are a baseline in ongoing investigations.
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Microscale observations through SEM and thin section samples have demonstrated a link be-
tween damage visible on the surface and damage within the subsurface. Thin sections enable the
relationship between subsurface fracturing and the impact to be quantified, supporting previous
suggestions and observations that damage is greater closer to the impact point (Buhl, Kowitz,
et al., 2013; Mol & Gomez-Heras, 2018; Gilbert et al., 2019). The negative trend of P, values
with distance from the crater centre suggest negligible fracture intensities 115-120 mm from the
crater centre, approximately 80% of the block’s dimensions. Further experiments are needed to

investigate if this value is a constant.

3.6 Conclusions

This study has shown that an experimental impact into natural stone results in substantial ma-
terial loss from cratering and from the expansion of a macro-scale fracture network intersecting the
edge of the target block. The stepped surface of the fracture network has two distinct orientations:
one sub-parallel to the target face and the other steeply inclined towards one corner. The crater
is surrounded by penetrative radial fractures that reach adjacent sides, and fractures parallel to
the target face up to 80 mm from the crater floor. The total crater area is substantially less than
that of the stepped region, and indeed of the internal fractures. Surface cratering, which is com-
monly the most apparent feature of conflict damage, may not be the most important expression
of damage, with fractures accounting for ~4-7 times as much damage by area.

On the micro scale, open aperture and grain boundary fractures are visible in thin sections on
both the surface and within the target block. Directly below the crater floor sub-parallel open
aperture fractures traverse grains and grain boundaries, transitioning to fractures primarily along
grain boundaries with increasing distance from the crater floor. Fracture intensities measured from
the sections show a decrease from P; = 0.33 close to the impact to P»; = 0.12 further away, with
values that become negligible towards the margins of the block. Subsequent weathering poses
a greater risk to regions proximal to the impact than those further away. Integrating scales of
observation and non-destructive testing has shown surface and subsurface fracture damage to be
linked throughout the block, meaning surface damage provides a foundation for understanding the
internal damage caused by bullet impacts. Therefore, by analysing the surface damage, inferences
on the extent and degree of subsurface damage can be made without the need for destructive

analysis methods.
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Chapter 4

Bullet Impacts in Stone:
Formation of Near-Conical Craters
with a Close Control of Target
Material

4.1 Abstract

Bullet impacts are a ubiquitous form of damage to the built environment resulting from armed
conflicts. Bullet impacts into stone buildings result in surface cratering, fracturing, and changes to
material properties, such as permeability and surface hardness. Controlled experiments into two
different sedimentary stones were conducted to characterise surface damage and to investigate the
relationship between the impact energy (a function of engagement distance) and crater volumes.
Simplified geometries of crater volume using only depth and diameter measurements showed that
the volume of a simple cone provides the best approximation (within 5%) to crater volume measured
from photogrammetry models. This result suggests a quick and efficient method of estimating
crater volumes during field assessments of damage. Over the engagement distances studied (100-
400 m), there is little consistent effect on crater volume, but different target materials result in
an order of magnitude variation in measured crater volumes. Bullet impacts in the experiments

are similar in appearance to damage caused by hypervelocity experiments, but crater excavation
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is driven by momentum transfer to the target rather than a hemispherical shock wave. Target
material plays the dominant role in controlling damage, not projectile energy as predicted by some

impact scaling relationships.
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4.2 Introduction

Chapter 3 has shown that fracture damage can extend deep into the target material and generate
4-7 times more new surface area than the impact crater alone. It used 3D photogrammetry models
to investigate the morphology of surface damage for a single bullet impact in sandstone.

This chapter investigates a simpler approach: can crater volumes be estimated using just
depth and diameter measurements and simplified volume geometries? A simple approach for
estimating crater volumes is invaluable for surveys of heritage damage in conflict zones, where
factors such as safety or accessibility can limit effective time on site. In the latter part of the chapter,
accurate crater volume estimates from photogrammetry are used to compare the damage and
scaling relationships of bullet impacts with those of hypervelocity experiments. The comparison

yields insights into cratering mechanics.

4.3 Methods Summary

Freshly quarried cubes (15 x 15 x 15 cm) of Stoneraise Red Sandstone (SRS) and Cotswold
Hill Cream Limestone (CHCL) were selected as target materials for controlled impact experiments
. Photogrammetry methods were used to generate 3D models of impact craters, from which cross
section profiles and crater volume were extracted. Quasi-static compression experiments were
undertaken to measure the uniaxial compressive and indirect tensile strengths of each stone type.

Full details of these methods are provided in Chapter 2.

4.4 Results

4.4.1 Target Properties

Compression tests show that the sandstone targets have higher compressive and tensile strengths
than the limestone targets (Table 4.1). Reported strengths are the average value of the n number
of cores measured + one standard deviation. The uniaxial compressive strength perpendicular and
parallel to bedding for the Stoneraise Red Sandstone (SRS) (n = 9) is 40.0 & 5.9 MPa and 44.0 +
13.1 MPa respectively, while the Cotswold Hill Cream Limestone (CHCL) (n = 9) values are 10.6
+ 1.5 MPa and 8.8 &+ 2.1 MPa respectively. The indirect tensile strength parallel to bedding (i.e.
loading direction perpendicular to bedding) for the SRS (n = 10) is 5.0 + 0.3 MPa and 2.2 4+ 0.2
MPa for the CHCL (n = 12). SRS (n = 9) samples have a higher axial Young’s Modulus with 2.6
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+ 0.4 GPa and 3.0 £+ 0.6 GPa parallel and perpendicular to bedding respectively. CHCL (n = 9)
has values of 1.5 + 0.3 GPa and 1.1 £+ 0.5 GPa for the same orientations. SRS (n = 12) has an
average Ultrapulse Velocity (UPV) of 833 ms~!, faster than the average of 569 ms~! in CHCL (n
= 12) targets.

Sandstone n  Limestone n

Bulk UPV (ms™1) 833 12 569 12
Perpendicular UCS (MPa) 400 £59 9 106 £15 9
to bedding Axial Young’s Modulus (GPa) 26 +04 9 15 +£03 9

UCS (MPa) 440 +£131 9 88 +21 9
Parallel

Tensile (MPa) 5.0 +£03 10 22 +£02 12
to bedding

Axial Young’s Modulus (GPa) 3.0 +£06 9 11 +£05 9

Table 4.1: Summary of the mechanical properties of Stoneraise Red Sandstone (SRS) and Cotswold
Hill Cream Limestone (CHCL). Bulk UPV is the average value of ultrapulse velocities (UPV)
measured in each orthogonal direction. n = number of samples tested to give average value.

4.4.2 Surface Damage

All experiments resulted in the formation of an impact crater and material loss. The floor of
the impact craters have a fine grained, powdery appearance with a pale discolouration. Damage

varies with lithology and projectile type. Sandstone targets impacted with AK-47 projectiles

Sandstone Limestone
AK-47 NATO * AK-47% NATO
d (mm) 4.6 12.5 14.0 23.3
D., (mm) 33.8 47.3 59.8 65.1
V (cm?) 1.9 8.3 14.1 24.7
d/De,q 0.13 0.23 0.23 0.35
Number of samples 4 5 3 4

Table 4.2: Summary of average depth (d), diameter (D.,), measured volume (V), and
depth/diameter ratio for targets of Stoneraise Red Sandstone and Cotswold Hill Cream Lime-
stone shot with 7.62 x 39 mm (AK-47) and 5.56 x 45 mm NATO projectiles.

aAverages do not include sample SRS_23 which had an impact velocity significantly faster than
other samples. For SRS_23: d = 17.5 mm, D, = 68.5 mm, V = 24.6 cm?, d/D., = 0.25.

b Averages do not include sample CHCL_09 which had an impact velocity significantly faster than
other samples. For CHCL_09: d = 42.5 mm, D, = 102.2 mm, V = 107.6 cm®, d/D., = 0.42.

34



exhibit shallow, cone-shaped craters with average depths of 4.6 mm, diameters of 33.8 mm, and
volumes of 1.9 cm? (Table 4.2). There are few visible surface fractures surrounding the impact
crater and where present they are short and have closed apertures. Some samples have a dark
grey discolouration in and around the impact crater from the lead core of the projectile (Figure
4.1). Limestone targets have a more complex, two-part structure of a deep central depression
surrounded by a shallow dipping spall region (Figure 4.1). Of the four samples, three had impact

velocities of 429 + 5 ms~! and one of 532 ms~!.

The slower impacts had average depth and
diameter measurements of 14.0 mm and 59.8 mm respectively. The faster impact had had larger
values of 42.5 mm and 101.9 mm respectively. The crater volumes, measured from photogrammetry
models, show the difference in dimensions between the slower and faster impacts, with the three

slow impacts having an average volume of 14.1 cm® and the fast impact 107.6 cm?.

The NATO projectile, excluding the test conducted at full propellant load, produced deeper
(12.5 mm), wider (47.3 mm), and larger volume (8.3 ¢cm?®) craters in the sandstone targets than
the AK-47 projectiles. The test conducted at full propellant load had the largest diameter (68.5
mm) and volume (24.6 cm?) of the six samples, but it was not the deepest crater. The steel
tip of the NATO projectile remained embedded in the floor of the impact crater in five out of
six experiments. Crater profiles are more complex than the simple cone-shaped craters created
by AK-47 projectiles, with a shallow spall zone surrounding a steep sided central excavation.
Fractures with open apertures radiate from the impact crater, and can reach the edge of the
target face. Limestone targets have more radial fractures with wider apertures than impacts into
sandstone targets. The craters have a two-part structure of steep sided central excavation and
shallow dipping spall zone. NATO impacts into limestone targets caused craters with an average
depth of 23.3 mm and diameter of 65.1 mm. Crater volumes are over twice as large (24.7 vs.
11.0 ecm?) as comparable impacts into sandstone targets. For the studied engagement distances
(i.e. simulated distance between firearm and target), the impact energy does not appear to have a
strong influence on crater volume. For near identical impact energy, there can be up to an order

of magnitude difference in crater volume (Figure 4.2).

Of the studied simplified crater geometries, the simple cone provides the closest estimate to the
volume of the crater measured by photogrammetry, with sandstone craters underestimated 4.9%
on average and limestone craters slightly overestimated by 1.4%. These values are substantially
smaller than the overestimation for sandstone and limestone craters by the spherical cap (52.8%
and 80.2% respectively) and paraboloid (42.6 and 52.1% respectively) geometries (Table 4.3, Figure

4.3a). The simple cone geometry was also applied to asymmetric craters created by oblique impacts.
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The geometry estimates crater volumes within 6.3% of the photogrammetry values, almost as

accurate as for the perpendicular impacts (4.9%).
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Figure 4.1: Photographs of impact craters and summary of 18 cross section profiles caused by 7.62
x 39 mm (AK-47) (a-b) and 5.56 x 45 mm NATO (c-d) projectiles. An azimuth direction of 000°
points towards the top edge of the target block in its firing position. Profiles oriented between
000° £ 045° are coloured green, while profiles oriented 45° either side of 090° are dashed grey. The
crater outline is marked with a solid black line and incipient spall fragments by a dashed black
line. Fractures can be seen radiating from the impact crater to the edge of the target block. The
steel tip of the NATO projectile can be seen embedded in the target block (c-d).
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Figure 4.2: Photogrammetric crater volume against the kinetic energy of projectiles, 7.62 x 39 mm
(AK-47) and 5.56 x 45 mm NATO, at impact. Engagement distance is derived from the projectile
velocity for a given kinetic energy.

Geometry Sandstone Limestone
Simple Cone —49+12.0 1.4+ 182
Spherical Cap 52.8 + 23.2 80.2 £ 61.2
Paraboloid 426 £ 179 521 £ 274

Table 4.3: Average differences (as a %) between estimated and measured crater volumes. Positive
values represent an overestimation of measured volume. Data is only grouped into lithology type
because further separation into projectile type adds little to the discussion.

4.5 Discussion

For both the simple cone-shaped crater and the more complex two-part structures, radial frac-
tures centred on the impact crater, and crushed target material on the crater floor, resemble damage

resulting from hypervelocity experiments (Lange et al., 1984; Polanskey & Ahrens, 1990; Dufresne
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Figure 4.3: (a) Estimated crater volumes normalised to the crater volume measured from pho-
togrammetry models plotted against photogrammetric volume. Sandstone targets (filled markers)
have smaller crater volumes than limestone targets (hollow markers). The simple cone geometry
(triangle marker) provides the closest estimate to the measured volume (dashed line). (b) Esti-
mated crater volumes normalised to the crater volume measured from photogrammetry models
plotted against depth/diameter ratio. There is a statistically significant, though weak, trend of
increasing overestimation with increasing depth/diameter ratio.

et al., 2013). In this study, relatively undeformed projectile material (steel tip of NATO projectile)
is embedded in the floor of the crater, unlike most hypervelocity experiments in which the projec-
tile is melted and/or ejected (Baldwin et al., 2007; Ebert et al., 2013). The embedded projectile
material here lies at the base of short, cylindrical penetration channels, akin to observations made
from experiments investigating the penetration of rigid steel rods into concrete (Rajput & Igbal,
2017). Corrosion of the projectile’s steel tip when exposed to the elements over some time after
impact may locally exacerbate fractures, similar to the deterioration seen in reinforced concrete
due to corrosion of rebar, except on a much smaller scale (Li, 2003). There is no evidence of any
AK-47 projectiles penetrating into targets, only smearing of lead material around or in the impact

crater.
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The simple cone geometry provides the best estimation (within 5%) of the measured crater

volume using depth and diameter measurements. The spherical cap and paraboloid geometries

substantially overestimate the measured crater volume. This overestimation stems from the mor-

phological differences of the geometries, visualised in Figure 4.4. The concave down form of crater

walls, created by the two part structure of a deep central pit and surrounding spall zone, diverges

from the simplified geometries (cone, spherical cap, paraboloid) which have straight or concave up

crater walls. This effect is more prominent in the spherical cap and paraboloid geometries, which

is reflected in over estimations of 50 - 80%. Additional geometry measurements, such as the width

and depth of the central excavation or spall zone, may provide better estimates of crater volume,

but the extra time and effort required in measuring these values would compromise the goal of a

Depth (mm) Depth (mm)
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Figure 4.4: Average cross section profile of sample SRS_14 and cross section through the simplified

crater geometries that use the max depth and D,.
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quick and efficient field method.

Simplifying crater geometries to estimate volume from two rapidly acquired measurements al-
lows many impacts to be studied in a shorter time than photogrammetry. Measurements of depth
and diameter are possible with simple analogue tools such as calipers and depth gauges. Although
this study took a digital approach to these measurements, it is unlikely the substitution with ana-
logue values will affect the overall conclusions, as Chapter 6 shows reasonable agreement between
analogue crater profiles obtained using a Barton comb and profiles measured from photogrammetry
models. Volumes can be estimated in the field with the simplified geometry, providing an overview
of crater volume distribution while investigators are on site, supporting first-response assessments
of conflict damage to heritage. Imaging of a site for photogrammetry models can be done relatively
quickly (minutes per impact), but the post-field production and analysis of models (hours to tens
of hours) lengthens the overall method time. Smartphones cameras, and the Light Detection and
Ranging (LiDAR) capability of new generation iPhones or hand-held scanners, are increasingly
able to generate 3D SfM models approaching the precision of those using digital cameras and
StM software, or those derived from terrestrial laser scanning (TLS) (Luetzenburg et al., 2021;
Riquelme et al., 2021). The LiDAR sensors in iPhones were developed to enhance photographs,
and not to produce surface coordinates like traditional TLS. However, downloadable applications
have been developed to utilise the iPhone hardware to produce models that are of comparable
precision to SfM and TLS methodologies (Luetzenburg et al., 2021). At present, the measurement
of crater volumes and fracture orientations from 3D models in the field is still limited by the need
for computers with appropriate software. Analogue field measurements remain the simplest and
most accessible means of initial damage assessment.

Photogrammetry and simplified volume estimations could be viewed as complimentary meth-
ods. Volume estimation from depth and diameter measurements provides a good first order method
of quantifying impact damage and its distribution, enabling on site testing of hypotheses and tar-
geted data collection towards areas at highest risk of future deterioration. If the situation permits,
imaging of the site for SfM photogrammetry models provides a more accurate quantification of the
damage, as well as digitally preserving heritage sites in a way that can be used as a baseline to
track changes over time (Westoby et al., 2012; Mol & Clarke, 2019).

The three simplified geometries presented here show an increasing overestimation of crater
volume with increasing depth/diameter ratio (Figure 4.3b). This is likely the result of the deeper
central pits, causing divergence of crater wall morphology from the straight or concave up profile of

the simplified geometries. Therefore care should therefore be taken when estimating the volume of
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craters with higher depth/diameter ratios. This method has been developed for impact craters with
good rotational symmetry (created by perpendicular impacts), however the simple cone geometry

does suitably estimate the volume of craters created by oblique impacts (within 6.3%).

In hypervelocity experiments, crater volume is linked to the kinetic energy of the projectile (i.e.
impact energy). The greater the amount of energy available, the larger the peak pressures experi-
enced by the target, and the greater the material failure (Rinehart, 1968; Holsapple, 1993; Zhang
et al., 2000). Hypervelocity experiments exhibit well established correlations between increasing
impact energy and crater volume (Figure 4.5). Impact energies and crater volumes presented here
are of a similar magnitude to some hypervelocity experiments. However, for the range of impact

energies of this study (approximating engagement distances of 100 - 400 m) , the crater volumes
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Figure 4.5: Plot showing the trend of increasing crater volume with increasing kinetic energy (at
impact) displayed by hypervelocity experiments from Moore et al. (1963) and the Multidisciplinary
Experimental and Modelling Impact Crater Research Network (MEMIN) (Kenkmann et al., 2018).
The results of this study have a wider range of crater volumes for the narrow range of impact
energies studied, particularly impacts into sandstone with 7.62 x 39 mm (AK-47) projectiles.
NATO = 5.56 x 45 mm NATO projectile.
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do not follow the relationship with impact energies observed in the MEMIN (Multidisciplinary
Experimental and Modelling Impact Research Network (Kenkmann et al., 2018)) or Moore et al.’s
(1963) hypervelocity studies. For a given impact energy, limestone targets from this study have
larger crater volumes than hypervelocity experiments, whereas sandstone targets impacted by AK-
47 projectiles have smaller volumes. No systematic relationship between crater volume and impact
energy is evident.

To compare impact experiments into targets with different properties, it is useful to use di-
mensionless parameters. Holsapple 1993 gave a generalised equation for crater volume in strength-
dominated (i.e. the scale of impact means crater formation processes are governed by material

strength), non-porous materials:

Eys « 22 (4.1)

where V is the crater volume, m, p, and v; are the projectile mass, density and velocity, p; is the
target density, Y is the measure of target strength, and p and v are scaling exponents (Poelchau
et al., 2014). For strength controlled craters, V increases at a rate somewhere between momentum
scaling (V o muv;) and energy scaling (V o mwv?), imposing limits for p of: 1/3 < u < 2/3
(Holsapple & Schmidt, 1982; Poelchau et al., 2014). Equation 8 can also be written using three

scaling parameters (pi-scaling): cratering efficiency (7, ), a strength term (73), and a density term

(71'4):

7T3“ 1-3v
Ty X g2 %y (4.2)

Multiple linear regression of the experiments conducted here failed to produce values for g and v
of any statistical significance and within the limits for p. The creation of the generalised equation
for non-porous materials poses the question of its applicability to the porous targets of this study.
However, hypervelocity impact experiments with a range of non-zero porosities could be used to
calcualte values of p and v (Moore et al., 1963; Gault & Wedekind, 1978; Kenkmann et al., 2018),
whilst numerical models found no change in u for target porosities 0-35% (Wiinnemann et al.,
2011). This suggests that target porosity is not the sole reason for the failure to obtain values of
w and v in this study.

The use of pi-scaling assumes that the impact causes a shock wave that is equivalent to an
explosion at depth, and assumes a point source (Gault & Wedekind, 1978). The validity of this

assumption may be why hypervelocity impact craters remain relatively circular except at very
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low impact angles (Gault & Wedekind, 1978). A condition of the point source assumption is
that impact velocity far exceeds the target sound speed (Housen & Holsapple, 2011). The impact
velocities of the experiments reported here are similar or below the UPV (i.e. sound speed) values
of the target lithology, so these experiments may not produce a shock wave at impact. Without a
shock wave, crater excavation is instead driven by momentum transfer from the projectile to the
target, a process influenced by the strength of both the target and projectile materials. Limestone
targets in this study had compressive and tensile strengths 75-80% and 50% weaker respectively
than the sandstone targets, resulting in greater crater volumes than sandstone impacts, even at

lower impact energies (Figure 4.2 & 4.5).

The strengths of each target lithology were measured under quasi-static strain rates (< 10 s™1),
but rock strength is strain rate dependent, increasing rapidly after a critical threshold strain rate
(Zhang & Zhao, 2014). Rae et al. (2020, 2021) show that at stain rates > 10? s=!, the dynamic
compressive strength of rocks can be double the quasi-static strength. Cho et al. 2003 show that
dynamic tensile strength is greater than the static strength at strain rates 10° - 10* s=!. They
suggest that microcrack formation relieves the stress on adjacent microcrack tips, arresting the
formation of a defined fracture plane. With increasing strain rate and frequency of microcracks,
increasing stress is accommodated without fracture plane formation, resulting in a high dynamic
tensile strength (Cho et al., 2003). The free surface at the block surface may influence the stress
field around microcracks in a similar way, relieving stress and arresting fracture plane formation.
Bullet impacts exhibit strain rates of 103 — 10% s=!, varying due to quantities such as target and
projectile material, impact energy, impact trajectory, and projectile shape (Clifton, 1980; Walley,
2010; Rosenberg & Dekel, 2016). The target strengths used here are therefore a minimum value.
The clear correlation between target strength and crater volume indicates that any increase in

strength due to strain rate may be comparable between the two lithologies.

The projectile strength in these experiments appears to have an influence on damage, with
the harder steel tip of the NATO projectile resulting in larger impact craters than comparable
impacts using the lead cored AK-47 projectiles. The steel tip of the NATO projectiles remains
relatively undeformed and embedded in the crater floor, likely experiencing a greater interaction
time with the target. Barnouin-Jha et al.’s (Barnouin-Jha et al., 2007) low velocity (85 — 250
ms~!) experiments yielded results incompatible with proposed crater scaling relationships, which
was suggested to have been due to increased interaction time between projectile and target. They
propose that the penetration time is critical to the cratering process, and that depth/diameter

ratios will be larger than expected for impacts at much higher velocities. Kenkmann et al., (2018)
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reported depth/diameter ratios ranging from 0.1 to 0.56 for impact velocities of 2,500 — 7,850
1

ms~ . Average depth/diameter ratios of experiments here (0.13- 0.35) fall within this range of
values for much lower impact velocities, so do not initially appear to support Barnouin-Jha et al.,
2007 suggestion. The ogival shape of the projectiles in this study is different from the spherical
projectiles used in both the hyper- and low velocity experiments discussed, possibly increasing
penetration potential and reducing the direct comparability between the sets of experiments.
Target lithology is a greater factor determining final crater volume than impact energy, despite
the scatter observed here (Figure 4.5). This could be used in conjunction with knowledge of
heritage construction materials to prioritise post-conflict efforts on weaker materials. Any process
that reduces stone strength, such as mechanical damage during construction or chemical and
physical weathering, will make these particular regions of monuments more susceptible to greater
damage. Conversely, processes that may increase the strength of the stone, such as confining
pressure from the surrounding structure, could reduce the amount of damage experienced in these
regions. There is up to an order of magnitude variation amongst the crater volumes measured
from photogrammetry models for the same impact energy (see NATO projectile into sandstone
targets in Figure 4.2). The cause of this variability in impact geometry under very similar impact
conditions may be the result of internal variations within target lithologies. Despite target blocks
being quarried from the same beds and oriented in the same way with respect to internal foliation,
natural sedimentary stone has inherent variability that may result in variable crater volumes for the
same conditions. There is similar inherent variability in hypervelocity experiments (e.g. MEMIN
(Kenkmann et al., 2018) and Moore et al.’s (1963) data, Figure 4.5), for which scaling relationships
could still be derived. Some different form of scaling relationships might exist for the ordnance
velocity experiments presented here, which additional experiments at a greater range of impact

energies could help to derive.

4.6 Conclusions

Bullet impacts into limestone produce wider, deeper, and more voluminous impact craters than
the same projectiles impacting sandstone targets. Limestone targets also have tensile strength
50% lower, and compressive strength values 75% lower than sandstone targets. Sandstone targets
impacted with 7.62 x 39 mm (AK-47) projectiles have shallow, cone-shaped craters. Targets
impacted with 5.56 x 45 mm NATO projectiles, and impacts of both projectiles into limestone

targets, have a two part-structure consisting of steep sided central excavation pit surrounded by
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a shallow dipping spall zone. Radial fractures are centred around the impact and reach the edge
of the target block, providing conduits and entry points for weathering agents such as salt and
moisture.

The volume of a simple cone, calculated from two simple measurements of crater depth and
diameter, estimates crater volume within 5% of the accurate value determined from photogram-
metry models. This result allows for a quick and efficient method for initial assessment of heritage
sites damaged in armed conflict.

Impact craters generated here are similar in size and morphology to craters generated by hy-
pervelocity experiments. However, projectile velocities below the sound speed of the target, pene-
tration of the projectile, and the lack of scaling between crater size and impact energy, imply that
damage is not governed by a shock wave. Crater excavation is instead controlled by momentum
transfer, strongly influenced by target and projectile properties. Thus over the range of impact
energies studied, engagement distance has little consistent effect, but target material typically cre-
ates an order of magnitude variation in crater volume. This suggests that heritage sites built of

stone with lower strength values are at risk of greater damage from conflict.
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Chapter 5

Subsurface Fracture Damage

Caused by Bullet Impacts in Stone

5.1 Abstract

The immovable nature of built heritage means that it is particularly vulnerable during times
of armed conflict. Although impacts from small arms and shrapnel leave relatively inconspicuous
impact scars, they may elevate the risk of future stone deterioration. This study investigates the
subsurface damage caused by bullet impacts, which is not apparent from surface inspection, in
order to better understand the geometry and mechanics of this form of conflict damage to her-
itage. Controlled firearm experiments were conducted to simulate conflict damage to sandstone
and limestone buildings. The bullet impacts created conical fractures or zones of increased frac-
ture intensity below the impact, radial fractures and spallation, in addition to a crater. Dynamic
fracture distinguishes the formation of these features from quasi static cone crack experiments,
while the lack of a shockwave differentiates these bullet impacts from hypervelocity experiments.
Damage was created by momentum transfer from the bullet, so that differences in target properties
had large effects on the nature of the damage. The crater in the limestone target was almost an
order of magnitude deeper than the sandstone crater, and large open fractures formed in the lime-
stone below the crater floor, compared with zones of increased fracture intensity in the sandstone
target. Microstructural analysis of subsurface damage showed that fracture intensity decreased
with increasing distance from the impact centre, suggesting that regions proximal to the impact

are at increased risk of future deterioration. Conical subsurface fractures dipping away from the
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impact beneath multiple impact craters could link up, creating a continuous fracture network. By
providing pathways for moisture and other weathering agents, fractures enlarge the region at in-
creased risk of deterioration. Their lack of surface expression makes understanding their formation

a vital part of future surveying and post conflict assessments.
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5.2 Introduction

Chapter 3 showed that the surface damage and internal fracturing were intrinsically linked, so
this chapter aims to characterise and quantify the subsurface damage caused by modern rifle bullets
in greater detail. This will further the understanding of damage mechanisms, and aid in linking
the damage to potential deterioration of built heritage. Observations of fracture morphology from
thin sections studied under optical microscopy are combined with fracture intensity analysis of
digitised fracture maps to examine how subsurface damage changes with distance to the crater

centre.

5.3 Methods Summary

Freshly quarried cubes (15 x 15 x 15 cm) of Stoneraise Red Sandstone (SRS) and Cotswold Hill
Cream Limestone (CHCL) were selected as targets for controlled firearm experiments to produce
damaged stone blocks, as detailed in Chapter 2. Targets were shot with 7.62 x 39 mm ammunition,
with propellant loads modified to reduce projectile velocity and simulate impacts from a distance
of 200 m. Impact velocities of 521 ms~! for the CHCL target and 539 ms~' for the SRS target
resulted in projectile kinetic energies of ~1125 J and ~1154 J respectively. The crater centre is
defined as the point a the centre of the crater floor, typically the deepest point, and is used as the
reference point from which distances to fractures and features of damage are measured within the
sample. Polished thin sections were cut through the middle of the impact crater, parallel to the
X Z plane, as described in Chapter 2. Fracture intensity analysis was carried out for both samples

following the methodology described in Chapter 2.

5.4 Results

5.4.1 Sandstone Target

The SRS sample (SRS_09) has a shallow, roughly conical shaped crater with an area equivalent
diameter of 40 mm and a maximum depth of 5.1 mm (Campbell et al., 2022b). 15 mm directly
below the crater floor is an open (< 1.5 mm) fracture that is approximately 16 mm in length, but
does not reach the edge of the section (Figure 5.1). 80 mm directly below the crater centre there is
an open fracture with a minimum aperture of 1.4 mm. Maximum aperture cannot be determined

because the upper fracture wall shows evidence of material loss from sectioning (Figure 5.1a,b).
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Both of these open fractures are sub-parallel to the orientation of the beds defined by grain size
changes, ~5° from the target face (95°/275° relative to the assigned ‘North’ of the thin sections).
Two relatively dominant orientations of fractures become apparent from the rose diagram : the

first are, as described above, sub-parallel to the orientation of internal bedding (95°/275°), while

the second group is approximately orthogonal to this with orientations 0°/180° (Figure 5.1c).
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Figure 5.1: Fracture map (a) through the centre plane (X Z) of a Stoneraise Red Sandstone sample

270°

3

(SRS_09). Open fractures (solid red regions) are visible oriented sub-parallel to the target surface
close to the impact crater, at a depth of 20 mm and ~80 mm below the crater (black arrows).
There is a high number of closed (red line) fractures within a 7 mm radius of the crater centre. (b)
Map of Py fracture intensity values across the thin sections. The highest values (dark blue) are
within 7 mm of the crater centre. There is a region of relatively higher fracture intensity (dashed
square) with an approximate orientation of 35°/215°. For both maps impact direction is top to
bottom and the original block outline is shown as a dotted line. (c¢) Equal area rose diagram
showing the orientation of all fractures, weighted for fracture length, mapped within the sandstone
sample. Radial scale is the square root of the weighted frequency.

Directly below the crater centre is a zone of primarily intra- and trans-granular fractures,
forming a zone of intense fracturing that extends to a depth of ~7 mm below the crater floor
(Figure 5.2a-¢). The highest Py fracture intensity value calculated (0.124) is in this region, 5.9
mm away from the crater centre (Figure 5.1b, 5.2d). The largest negative and positive uncertainties
for P51 values are —0.0101 mm~"! and +0.0720 mm ™! respectively, with an average uncertainty of

+0.0004 mm~!. Many grains exhibit multiple closed fractures that originate at contact points with
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adjacent grains, forming connected networks across multiple grains. Open, extensional fractures
are visible just beneath the crater floor, traversing from the crater centre towards the crater rim
(Figure 5.2f-g). These fractures have both inter- and trans-granular pathways, with no measurable
lateral displacement between fracture walls. They are primarily sub parallel to the target face
of the samples (Figure 5.2h). In the top central section there appears to be a band of damage
stretching from the southwest (SW) corner of the section to an area of material loss directly below
the crater centre (Figure 5.2i-k). The band has an approximate orientation of 35°/215°. There are
few fractures in the thin sections beyond the large open fractures 80 mm below the crater floor.
The few fractures present are short, intra-granular fractures, typically confined to a single grain.
This is visible in the peak in Py; intensity at 80 mm below the crater centre (Figure 5.3), followed

by very low intensity values moving further from the crater centre.

There are few fractures in the thin sections beyond the large open fractures 80 mm below the
crater floor. The few fractures present are short, intra-granular fractures, typically confined to a
single grain. This is visible in the peak in Py intensity at 80 mm below the crater centre (Figure

5.3), followed by very low intensity values moving further from the crater centre.

Figure 5.2: (Figure Overleaf.) (a) Fracture map of the thin section through the impact crater in
Stoneraise Red Sandstone (SRS_09), showing closed and open fractures (red). Dashed box shows
the location of panels (b-e). Solid black box outlines the location of panels (f-h). Grey box shows
the location of panels (i-k). (b) Reflected light photomicrograph showing substantial grain crushing
(top of frame) at the crater floor and a high number of trans- and intergranular fractures in the
region beneath. Interconnected fracture pathways are seen in the fracture map in panel (¢). The
highest fracture intensity value (0.124) is observed in the lower right of the P»; intensity map (d),
5.9 mm from the crater centre (out of frame towards the top right). Topology parameters were
calculated using the branch network (black lines) interpreted by the NetworkGT plugin based on
a threshold image of the digitised fractures (red lines). The orientations of the digitised fracture
network show a slight predominance in orientation around 45°/225° and 90°/270°. (f-g) Reflected
light micrograph and corresponding fracture map of open, extensional fractures directly below the
crater edges. Fractures are oriented sub-parallel to the target face as seen in the rose diagram
for the region (h). (i) Reflected light photo micrograph and fracture network showing a region of
fracturing from below the crater to the SW corner of the central section. (j) P»; fracture intensities
and NetworkGT branch map for the same region. There appears to be a slight trend of fracture
orientations from 45°/225° (k), though the dominant orientation for the region is perpendicular
to the target face. All rose diagrams (e, h, k) are plotted as equal area diagrams, orientation
frequency is weighted for fracture length, and the radial scale is the square root of the weighted
frequency.
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Figure 5.2: Caption on previous page.
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Figure 5.3: P»; fracture intensity with increasing distance from the crater centre for the sandstone
(a) and limestone (b) target blocks. Red line is a 2 mm moving average of Py intensity with
distance from crater centre. Inset shows the full extent of P»; values in the sandstone target.

5.4.2 Limestone Target

The limestone target (CHCL_09) has a wider (101.9 mm) and deeper (42.5 mm) crater than the
sandstone sample (Campbell et al., 2022b). The crater has a two-part structure of shallow dipping
outer spall zone surrounding a deeper, flat bottomed pit. The inflection point between these two
regions on the crater edges forms an overhang with the upper wall of large open fractures. The
open fractures have a gently convex up shape across multiple thin sections, reaching the edge of
the target block (Figure 5.4a). It was noted during thin section production that these fractures
have surface exposure on the faces adjacent to the impacted face. The exposure in thin section
represents a 2D profile through an axis-symmetric, conical shaped fracture plan with its apex at
the impact crater. The aperture of the open fracture is at its widest (~13 mm) where it intersects
the crater, narrowing to ~1.5 - 2 mm near the edge of the target block. This fracture forms a

wedge of incipient material (incipient wedge) that appears to be unconnected to the rest of the
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target block in the plane of observation. Peak P»; values in the limestone target are lower than
those in the sandstone (0.053 vs. 0.124, with high P5; values localised in the near surface region
of the spall zone in the top right section, beneath the crater floor, and around the open fractures

I and

(Figure 5.4b). The largest negative and positive uncertainties for Py values are —0.178 mm ™~
+0.0005 mm .

Fractures throughout the sample are generally sub-parallel to the target face (Figure 5.4c),
although there is another group of fracture with an orientation 50°/230°. Material below the spall
zone surface is highly fractured, with grain sizes beyond the scale of observation in optical sections
(Figure 5.5a-c). The top surface of the incipient wedge is the floor of the spall zone surrounding the
central excavation, and has an orientation of approximately 45°/225°. Some fractures within the
wedge, particularly those close to the spall surface, are oriented parallel to the spall surface, while
other fractures throughout the wedge have an orientation perpendicular to this surface (Figure
5.5¢). Higher Py values are localised around these fractures and their intersections (Figure 5.5d).
This orthogonal pair of fractures is bisected by a third group, with orientations of approximately
100°/280° (Figure 5.5¢).

Clasts of wall rock are present within the aperture of large open fractures that traverse multiple
sections. there are several narrower (> 15 mm) open fractures sub parallel to, but distinct from,

the large fractures (Figure 5.5f). Up to 2 mm beneath the floor of the central excavation there is a

20 mm
—
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Figure 5.4: Caption overleaf.
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Figure 5.4: (Figure on previous page.) Fracture map (a) through the centre plane (XZ) of the
Cotswold Hill Cream Limestone (CHCL) sample (CHCL_09). An open fracture (black arrows) is
present across multiple thin sections, intersecting the edges of the target block and the crater.
Open fractures are visible sub-parallel to the target face and forming incipient spall fragments
(dashed rectangle). There are crater floor parallel, closed fractures (red line) directly below the
crater centre. (b) Map of P fracture intensity values across the thin sections. The highest values
(dark blue) are localised along the wide open fracture (black arrows) and around the crater centre.
For both maps impact direction is top to bottom and the original block outline is shown with
a dotted line. (¢) Equal area rose diagram showing the orientation of all fractures, weighted for
fracture length, mapped within the limestone sample. The fractures are predominantly sub-parallel
to the target face. Radial scale is the square root of the weighted frequency.

set of open fractures < 0.2 mm wide and parallel to the crater floor. 6 mm below the crater floor
is a zone of crushed ooids and very fine-grained material, much of it below the scale of observation
(Figure 5.5g). There is another large open fracture (0.6-5.5 mm wide) starting at least 20 mm
below the crater floor and oriented towards the lower left of the block (in section view) before
intersecting the edge of the section area at a depth of 30 mm below the crater floor (central thin

section in Figure 5.5a).

5.5 Discussion

5.5.1 Damage Mechanics

The experiments conducted here were carried out at conditions between hypervelocity and
quasi-static experiments (Table 5.1), with potentially some overlap between the conditions for these
ordnance impacts and those of hypervelocity impacts. Strain rates of 103-10% s~! here compare
with 10%-10% s~! for hypervelocity experiments and <10% s~! for quasi-static experiments. Another
way to compare the experimental conditions is the ratio of impact velocity to P wave velocity in
the target: these experiments have values of 0.66 to 0.94 compared to values of 0.9 to 2.9 for
hypervelocity and ~10'° for quasi-static experiments. Despite these considerable differences, there
are several features in common between the different experiments (Table 5.1).

The open fracture observed in the limestone sample dipping away from the crater resembles the
‘near surface’ fractures observed below hypervelocity impacts into gabbro (Figure 5.6) (Polanskey
& Ahrens, 1990). Polanskey and Ahrens (1990) suggest that the fractures form along the boundary

between a near surface region, as defined by Melosh (1984), and deeper regions of the target. In
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Figure 5.5: (a) Fracture map of the top central and right thin sections of sample CHCL_09 showing
closed (red line) and open (solid red) fractures. Grey box indicates the location of panels (b-e),
dashed black box indicates location of panel f and solid black box panel g. (b) Photomicrograph
taken under cross polarised light (XPL) of an incipient wedge formed at the edge of the crater. (c)
Fracture map showing multiple orientations of open and closed fractures in the wedge, correspond-
ing to increased P»; intensity, as shown in panel d. (e) Equal area rose diagram of length weighted
fracture orientations in panels b-d. Radial scale is the square root of the weighted frequency. (f)
Photomicrograph under cross polarised light of a large open fracture present across several sec-
tions that intersects the edge of the target block. The fracture contains clasts of wall rock and has
narrower fractures sub-parallel to it but several mm away (white arrows). (g) Photomicrograph
under XPL highlighting a region of crushed ooids and carbonate material 6 mm below the crater
floor.
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the near surface region, target material experiences reduced peak compressive stress due to the
reflection at a free surface of compressive stress waves as tensile waves of equal magnitude. As rock
is generally weaker in tension than compression, these tensile waves can overcome rock strength
and result in extensional fracturing, i.e. spallation. Polanskey and Ahrens (Polanskey & Ahrens,
1990) show good correlation of both location and orientation between the boundary of the near
surface zone and ‘near surface’ fractures below hypervelocity impacts. Calculation of the near
surface boundary for the experiments conducted here, as defined in Melosh (1984) (Equation 5.1),
resulted in a depth below target surface (Z,) of 4.2 — 9.3 mm for the limestone experiment (Figure

5.7a) and 4.1 — 14.2 mm for the sandstone experiment (Figure 5.7b).

_C.T
L

4(d* + s%)
42— C2T2

( )z (5.1)

Where C, is the target sound speed, T is the rise time of the stress pulse (and T' = a/U) where a
is the projectile diameter and U is its impact velocity, d is the depth of burst, and s is the distance
along the surface (X axis) from the impact point. The depth of burst is the effective centre of the

spherical stress wave that diverges from the impact site and defined here as d ~ 2a(p,/ pt)% with

Hypervelocity Impact  Ordnance Velocity  Quasi-Static

Impact Indentation
(This Study)

Strain Rate (s7!) 10* - 10° 103-10° <103
v;/Cr, 0.9-29 0.66 — 0.94 ~1010
Spall fractures v v -
Conical fractures or At the boundary of the 5-10x the depth of Cone cracks
zones of fracture near surface zone the near surface zone
Radial Fractures v v v
Concentric frac- v v v
tures
Crater Mechanics A point source equivalent Momentum transfer Quasi-static

to an explosion at depth crack growth
References i ii iii

Table 5.1: Summary of the similarities and differences in damage appearance and mechanisms for
hypervelocity impacts, ordnance velocity impacts, and quasi-static indentation experiments. wv;
= impact velocity, C; = P-wave velocity. '(Buhl, Kowitz, et al., 2013; Kenkmann et al., 2018;
Veysset et al., 2021), #(Clifton, 1980; Walley, 1994; Rosenberg & Dekel, 2016), lii(Chaudhri &
Kurkjian, 1986; Bourne & Rosenberg, 1996; Grujicic et al., 2009; Veysset et al., 2021)
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Figure 5.6: (a) Summary sketch of damage to San Marcos Gabbro during a hypervelocity impact
(Polanskey & Ahrens, 1990). Schematics (not to scale) of damage observed in limestone (b) and
sandstone (c) targets shot with 7.62 x 39 mm ammunition.

pp the projectile density and p; the target density (Melosh, 1984). In this equation d is similar to,

but not the same as the ‘depth of burst’ for an explosion that produces a crater the same size as

the impact, a common reference depth used in

hypervelocity experiments. The value of d (38.8

mm) for the limestone target is similar to the maximum crater depth (42.5 mm), a similarity not

observed in the sandstone target (36.6 vs. 5.1 mm). For both targets in this study, the theoretical

hyperbola of the near surface boundary does not have a strong correlation with the observed

subsurface fracturing (Figure 5.6). Fractures are present in the near surface zone of the sandstone

target, but they are parallel to the crater floor or

target surface, comparable to those labelled ‘spall

fractures’ by Polanskey and Ahrens (1990) (Figure 5.6a). One experiment of Polanskey and Ahrens
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L created near surface fractures with a

(1990), using a commercial lead bullet fired as 890 ms™
steeper inclination than predicted by their theoretical near surface parabolas. The results of this
experiment resemble the orientation of the increased fracture intensity zone in the sandstone target
of this study. Winkler et al. (2018) observed localised shear zones below hypervelocity impacts into
quartzites that dip away radially from the crater centre, some of which have orientations similar to
those observed in the sandstone target of this study. The shape of the near surface zone is strongly
controlled by the stress pulse caused by the impact (Melosh, 1984; Polanskey & Ahrens, 1990).

The model discussed above assumes the rise time remains constant as shock/stress propagates

(Melosh, 1984), which is unlikely for the ogive nose shape of the projectile in this study.

The conical form of the subsurface fractures in the target lithologies presented here also resemble
conical cracks below indentation and contact loading studies into glass and ceramic targets (Cook
& Pharr, 1990; Chen et al., 1995; Latella et al., 1997; Lawn, 1998; Chaudhri, 2015). Cone fractures,
also known as Hertzian cracks, form initially as a ring crack around an indentor, before propagating
in a conical form with continued load. It is conventionally assumed that the angle of the cone crack
matches the pre-existing stress field with an angle of approximately 30° to the surface (Kocer &
Collins, 1998), which is similar to the angle of the fracture in the limestone target and zone of
increased fracture intensity in the sandstone target. Cone cracks are considered to propagate
stably, requiring quasi-static conditions (Yoffe, 1982; Walley, 2010; Tumbajoy-Spinel et al., 2013;
Kiipferle et al., 2017). However, impact induced fracturing is generally thought to be a dynamic
process, leading to multiple flaws propagating unstably instead of a single, stable fracture (Lawn
& Wilshaw, 1975; Lange et al., 1984; Buhl, Kowitz, et al., 2013). Furthermore, the cone crack
experiments use target materials with no porosity, contrasting with the relatively porous (11-20%)
targets presented here. Chen et al. (2016) observed radial fractures around an indentor for target
porosities between 5% and 45%, but no Hertzian cone cracks. They suggest this was due to the
small radius of the indentor and relatively low target hardness resulting in plastic deformation
before the critical load for cone crack formation could be reached. Impacts of flat ended projectiles
into granite tiles at velocities of 207-537 ms™! by Hogan et al. (2011) created conical cracks
that reached the rear face of the target tiles. Other experiments impacting spherical projectiles
into fused-silica and Pyrex targets, at velocities up to 340 ms™!, also resulted in conical cracks
below the impact (Chaudhri, 2015). Similar impacts in the same study, but into soda-lime glass
targets, produced an array of splinter cracks that resemble dynamic fracturing more than stable
propagation, suggesting that target material has an influence on cone crack formation from impacts

(Chaudhri, 2015). The loading rate (25 pms~!) of Chen et al.’s (2016) indentation experiments
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Figure 5.7: (a) Summary diagram of damage to Cotswold Hill Cream Limestone. The predicted
depth of burst (d) (triangle) and crater centre are a similar distance below the original target face
(dashed line). Z, is the depth of the near surface zone parabola at lateral distance (s) from the
impact point. The theoretical near surface zone is shaded blue. (b) Summary diagram of damage
to Stoneraise Red Sandstone. The predicted depth of burst (d) (triangle) is substantially deeper
in the target than the crater centre. Z, is the depth of the near surface zone parabola at lateral
distance (s) from the impact point. The theoretical near surface zone is shaded orange. Vertical
and horizontal scales are the same.

is orders of magnitudes lower than experienced by the experiments of Chaudhri (2015), Hogan et
al. (2011), and those presented here. Both Chaudhri (2015) and Hogan et al. (2011) described
these conical fractures as Hertzian cone cracks, but their similarity to the experiments here, the

limestone target in particular, suggests an alternative dynamic mechanism.

The propagation of radial fractures is observed in the hypervelocity, ordnance velocity, and

quasi-static indentation experiments. Radial fractures form due to the tensile stress perpendicular
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to the spherical compressive stress (or shock) wave caused by contact loading or impact into a
target (Arakawa et al., 2000). Chen et al. (2016) observed four radial fractures in glass targets at
orthogonal orientations around the indentor. They suggest the propagation of fractures in these
orientations relieves stress in the interim regions, meaning that growth of the four fractures accom-
modates the increasing indentation load. The radial fractures observed in hyper- and ordnance
velocity experiments are more numerous and have less regularity in their spacing. Impact loading
creates far greater strain rates (Table 5.1) compared to those in Chen et al.’s (2016) experiments,
possibly exceeded the ability of only a few orthogonally oriented and radial fractures to accommo-
date strain, resulting in new fractures forming in the interim areas. The propagation of multiple
fracture strands at once is indicative of dynamic fracturing, observed by Chaudhri (2015) and
Hogan et al. (2011).

Both target lithologies of this study exhibit extensional fractures parallel to the crater floor,
resembling observations of concentric fractures below hypervelocity impacts (Polanskey & Ahrens,
1990; Kenkmann et al., 2011; Chen et al., 2016; Kenkmann et al., 2018) (Figure 5.6a, ¢). Similarly
concentric fractures are also present beneath point loading experiments in glass and ceramics.
However the fractures beneath the point loading experiments are thought to be caused during the
unloading phase, as the load on the compressive zone below the indentor is released (Azeggagh
et al., 2015; Chen et al., 2016).

Both hypervelocity and ordnance velocity impacts exhibit spall fractures at the edge of the
crater. Where not directly visible in the subsurface, the presence of spallation is evident in the
shallow dipping region surrounding the central excavation (Polanskey & Ahrens, 1990; Kenkmann
et al., 2018; Campbell et al., 2022a). The spall fractures form when the initial compressive stress
wave reaches the free surface of the target face and reflects back as tensile wave of equal magnitude
(Melosh, 1984). Spall fractures are typically found close to the target face because the radial decay
function causes wave energy to drop below the failure strength of the target material (Melosh, 1984;
Polanskey & Ahrens, 1990; Poelchau et al., 2014). There are no spall fractures in quasi-static
indentation experiments because the loading rates do not produce a stress wave of substantial
magnitude. Instead the continual loading increases compressive stresses in the region directly
below the loading.

The observations in this study have some similarities to those in both the near surface zone of
hypervelocity experiments and Hertzian cone cracks, but different mechanisms involved in these
ordnance velocity impacts preclude either the hypervelocity or cone crack mechanics from fully

explaining the observations made here. The formation of spall fractures parallel to the target face
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and crater floor show that tensile stress waves formed when the initial compressive stress wave
was reflected at the surface. The interaction of these waves reflecting from the impacted face and
adjacent sides of the target block may have caused regions of tensile failure, similar to the for-
mation of the near surface zone in the hypervelocity experiments. However, the mechanics of the
ordnance impacts, involving momentum transfer and longer interaction time between the projectile
and target, and the geometry of the target blocks has resulted in a sufficiently different expression
of subsurface damage that the theoretical near surface zone is not applicable. The hypervelocity
(>1500 ms~!) experiments used spherical projectiles and cratering in these experiments was pri-
marily controlled by the generation of a shock wave originating at some depth below the surface,
but these conditions and processes may not be applicable to experiments presented here. Camp-
bell et al. (2022a) found that bullet impacts with velocities of 400-900 m s~ did not follow crater
scaling relationships found in hypervelocity impacts. They also found that impact craters had iden-
tifiable crater asymmetry when impact trajectories were oblique (Campbell et al., 2022b). This
asymmetry is not observed in hypervelocity impacts, except for those with very oblique trajectories
(<15° to target face), because of the symmetrical nature of the point source model for hyperve-
locity cratering mechanics. Campbell et al. (2022b) suggest they observed crater asymmetry in
their experiments because the impact velocity was lower than, or similar to, the sound speed of the
target materials, so no shockwave was generated upon impact. Cratering was instead controlled
by momentum transfer from the projectile to the target. This invalidates the point source assump-
tion critical to hypervelocity. The impact velocities in this study (532 ms~! and 539 ms™!) are
lower than the respective P-wave velocity of the limestone (569 ms~!) and sandstone (822 ms™1)
targets, so the generation of a shock wave at impact is unlikely. The results presented here support
the suggestions made by Campbell et al. (2022a) that bullet impacts into stone are predominantly
controlled by target properties, primarily material strength. Although there are some similarities
between the damage created by hypervelocity experiments and this study, such as the near-surface
fractures, spalling, and grain crushing below the impact, the damage mechanisms in each case are

probably different.

5.5.2 Implications for Conservation

Fractures play a fundamental role in the transport of moisture and weathering agents by in-
creasing porosity and linking together isolated pores within the stone (Cueto et al., 2009; Tiab
& Donaldson, 2015). Both stone types have increased fracture intensity in the regions proximal

to the bullet impact, as well as regions of increased fracture intensity or open fractures dipping
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Figure 5.8: For impacts with a spacing less than the diameter of the impacted block d;, subsurface
conical fracture and damage zones can form an interconnected network that affects a greater region
than suggested by the surface damage alone.

away from the impact crater at about 30°. Fracture width and intensity play a substantial role
in influencing fracture capacity and transmissivity, with fracture intensity strongly correlated to
overall permeability (Zhang & Sanderson, 1995; Tiab & Donaldson, 2015). The pattern of higher
fracture intensities closer to the crater centre suggests that regions directly surrounding the impact
will have the highest induced porosity and permeability, and may therefore be at the highest risk
of weathering from moisture related processes. Higher surface permeability surrounding impact
craters has been observed in historic and experimental impacts (Mol & Gomez-Heras, 2018; Gilbert
et al., 2019). The large open fractures present in the limestone target creates localised areas of high
fracture intensity that penetrate deep into the block. Higher fracture intensity has been linked to

greater rates of weathering (Lebedeva & Brantley, 2017).

Because the open fracture dips away from the crater centre, most of the fracture is not visible
from the surface. Hidden subsurface damage may affect a much larger region than visible surface
damage. Fractures that intersect the sides of the impacted block can break along the mortar
block boundary, or the mortar itself, possibly destabilising a wider region than just the impacted
block (Tolch & Bushkovitch, 1947). Impact craters, particularly from shrapnel, commonly do not
occur in isolation; structures typically have multiple impacts across their surface. If these impacts
have subsurface damage zones similar to those in this study, there is the possibility they may link
up in the subsurface. Figure 5.8 illustrates how multiple impacts with a spacing less than the
impacted blocks diameter may form interconnect fracture networks below the surface that have
greater footprint than the observable surface damage. The increased permeability and decreased
stone strength resulting from the interconnected damage zones may lead to exacerbated material
loss and greatly increase degree and rate of future deterioration. The interaction of subsurface

damage from multiple impacts is an interesting and important avenue for future research.
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The limestone target in this study has lower fracture intensities throughout, despite exhibiting
greater surface damage than the sandstone sample. The P»; values of the limestone target do not a
show a sharp increase within 10mm of the crater centre, as observed in the sandstone target. Energy
above the requirement to exceed the target strength can be transferred as kinetic energy, causing
material to be ejected from the impact site as ejecta, or the surrounding areas as spall fragments
(Melosh, 1984). The lower tensile strength of the limestone compared to the sandstone may explain
the larger crater dimensions in the limestone target, the maximum depth of the limestone crater is
42.5 mm, 8 times deeper than the crater in the sandstone. The region of highest fracture intensity
in the limestone target may thus have been ejected.

The observations of impact induced fracturing in this study are important for conservator’s
post-conflict approaches to damaged heritage. Surface parallel spall fractures and interconnected
subsurface conical fractures mean that regions with multiple impacts in close proximity may require
rapid stabilisation to prevent substantial material loss. The increased permeability and porosity
surrounding the impact mean these regions are at increased risk from moisture related deterioration
(e.g. dissolution, salt crystallisation), so efforts for protecting against moisture, such as erecting
temporary rain covers or shelters, can be prioritised where impacts are most numerous or exposed.
Rapid observation of surface damage suggest where these priority actions should be focused for
short term protection. Once a more detailed and comprehensive assessment of the damage and
the risk of deterioration it poses, has been undertaken, then targeted and specific remediation
efforts can be conducted. The results of this study support the results of (Mol & Gomez-Heras,
2018) and (Gilbert et al., 2019), further aiding the identification of priority regions for post conflict

stabilisation

5.6 Conclusions

Apart from the visible surface crater, bullet impacts into stone create conical fractures or zones
of increased fracture intensity below the impact, radial fractures, and spallation. Similar features
are also seen in hypervelocity experiments and quasi-static indentation experiments that form
cone cracks. However, the strain rates and impact velocities of bullet impacts are intermediate
between the hypervelocity and quasi-static experiments, and the mechanisms causing damage are
distinct from these experiments. Fracturing from the bullet impacts was dynamic (unlike cone
crack experiments) but a shock wave did not form (as in hypervelocity experiments). Damage

was caused by momentum transfer. The distinct conditions and damage mechanics in the bullet
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impacts created differences in the details of the geometry of their damage compared to the faster
and slower velocity impact experiments.

The subsurface damage caused by bullet impacts differs between target lithologies. Sandstone
exhibits predominantly closed aperture inter- and intragranular fracturing, with some open frac-
tures sub-parallel to the target face, as well as zone of grain size reduction and compaction directly
below the crater. Limestone exhibits target surface parallel open fractures and open fractures
curving away from the crater at angles of 30° and propped open by clasts of wall rock. These open
fractures can intersect sides of the target block adjacent to the impacted face, potentially leading
to the loss of large volumes of material.

Py, fracture intensity is highest closer to the crater centre in both lithologies and greatly
decreases beyond 5-10 mm from the crater centre. This shows that the region directly surrounding
the crater centre is at the greatest risk of deterioration from weathering. Regions at risk are not
limited to the impact crater, open fractures and zones of higher fracture intensity adjacent to
them provide conduits for moisture ingress and regions of increased susceptibility to weathering
processes. These fractures have the potential to link up with subsurface fractures below adjacent
impacts and exacerbate the risk of future deterioration from weathering processes across a much
larger area. Small and apparently inconspicuous impact craters have subsurface damage that can
extend up to 80 mm from the target face into the targeted block, but have little to no visible
surface expression. This is important for proper surveying and post conflict risk assessments of

heritage sites.
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Chapter 6

Bullet-Induced Damage: Assessing
Strain of Perpendicular vs.

Oblique Impacts

6.1 Abstract

Controlled experiments were conducted to investigate the surface damage caused by perpendic-
ular and oblique impacts of bullets into sandstone and limestone targets. Individual bullets fired
under conditions simulating modern rifles, at typical combat distances, generated craters with di-
ameters from 22 to 74 mm and depths from 3 to 24 mm. Craters in limestone targets were up to
twice as large and deep as those in sandstone. Limestone craters showed a complex shape consisting
of a central excavation surrounded by a shallow dish, compared to the simple bowl shape of most
sandstone impacts. Radial fractures extending to the edge of the target block were common in
limestone targets. Impacts at an angle of 45° to the surface in both rock types result in asymmetric
craters. Two common types of cartridge (ammunition) were compared: the steel-tipped 5.56 x 45
mm NATO projectile, which generally produced larger and deeper craters than the 7.62 x 39 mm
projectile that is commonly fired from AK-47 rifles, despite having approximately half the mass
of the latter. These results characterise the magnitude and styles of damage that can be expected
at many sites of cultural significance involved in contemporary conflict zones, and have important

implications for their conservation: for example building stone with low tensile strength is likely
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to sustain more damage and be at risk of greater deterioration.
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6.2 Introduction

The aim of this chapter is to provide a quantitative assessment of damage caused by modern
rifle bullets in scenarios typical of modern conflict, particularly to cultural heritage sites. Due
to protections surrounding heritage, methods of study need to minimise additional damage or
deterioration. Chapter 3 and Chapter 4 have shown that digital photogrammetry provides a
means of capturing data from field sites for further analysis, and is a completely non-destructive
approach. Such digital means have been useful in recording heritage and mapping decay (Jo & Lee,
2011; Fernéandez-Hernandez et al., 2015). This chapter applies the methods formulated in Chapter
3 to digital 3D models of experimental bullet damage into targets consisting of two different types
of natural stone, with two different but commonly used types of ammunition. Up to this point, the
thesis has focused predominantly on the damage caused by perpendicular impacts. This chapter
compares crater morphology from perpendicular and 45° impacts, and suggests several criteria for

differentiating them.

6.3 Methods Summary

Freshly quarried cubes (15 x 15 x 15 cm) of Stoneraise Red Sandstone (SRS)(18No.) and
Cotswold Hill Cream Limestone (CHCL)(12No.) were selected as target stones. Controlled firearm
experiments, as detailed in Chapter 2, were conducted to produce damaged blocks for analysis.
Approximately 300-400 images for each damaged block were processed into 3D models using Mesh-
room. This number of images ensures the ‘structure from motion’ (SfM) software has enough
common reference points of the entire target block to produce an accurate 3D mesh and texture
file, facilitating additional observations of fractures on faces other than the target face. Digital
cross sections obtained from the photogrammetry models were compared to manually measured

Barton comb profiles.

6.4 Results

All samples experienced material loss and the formation of an impact crater on the target face
which contained fine grained, powdery material and a pale discolouration in the central region.

Crater size and morphology differs between lithology, angle of impact, and projectile type.
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6.4.1 90° impact trajectory

Sandstone targets shot with AK-47 projectiles have shallow, bowl shaped craters with an av-
erage depth of 4.62 mm and an average diameter of 33.76 mm (Table 6.1). An average aspect
ratio of 1.10 supports visual observations of a roughly circular shape. There are few visible surface
fractures surrounding the craters, but if present, they are short and appear closed. Within and
around some craters there is a dark grey discolouration from the lead core of the projectile. The
cross section profiles through impacts have a rotational symmetry around the centre of the crater
(Figure 6.1).

Limestone targets shot with the same projectile type have deeper (23.95 mm) and wider (73.97
mm) impact craters than sandstone targets. The crater morphology is composed of two regions,
a steep sided central region, and surrounding that a shallower dipping spall region separated by a
change in slope (arrows in Figure 6.2c). Some impacts have prominent radial fractures emanating
from the crater edges, in some instances with apertures several mm wide and extending to adjacent
faces. Other samples only have one or two radial fractures with narrow apertures (~1 mm), which
can also extend to the edge of the target face. Some samples have incipient spall fragments that
are raised above the target face. They are bordered by very narrow aperture fractures that are
roughly concentric to the crater edge.

Impacts into sandstone targets with NATO projectiles produced craters on average 2.9 times
deeper (13.29 mm vs. 4.65 mm) and 1.5 times wider (50.82 mm vs. 33.76 mm) than AK-47
projectile impacts. Craters have a slightly higher aspect ratio of 1.17, and a crater outline that
tends towards a square shape (Figure 6.3). Some craters have radial fractures with visible open
apertures away from the crater. The steel tip from the projectile remains embedded in the crater
floor. Crater profile morphology is more complex than the simple bowl craters observed in AK-47
projectile impacts. Profiles have a central region with steep sides and a shallow dipping outer spall

region, similar to impacts of AK-47 projectiles into limestone targets.

68



“Iofourerp JuoreArnbe vore = P2(7 ‘yjdop xew=p

.@@M,ﬁmu o[} UO Sainjoe.tj 90RLINS I[(ISIA JO QOEQEOW@.—U pue uoIpuoo wﬁﬁm oo 10] wy@w@gdhﬁa Jojero o8eIoAr 9y} Jo %MNEESW ‘179 91q%®],

‘sopdures ouIos Ul }20[( A} JO 93P 9} 0} saINjoRI danyde MOITRN 9T'1 [4iarte ere G¥ ouojspueg
sornjrode Pasod )M SoIN)ORI) 1I0TS 01’1 9.°€¢ 29V 06
")P0[q 91} Jo 98pa o1y 09 seamjoely uado sey opdures au() 121 ey 668 Gv (LF-5TY) W g x 2oL
"98po 199RID HIM DLIJUSIUOD SAINJORI] MOLIRU A PaIOpIOq otosot|
sjuowrdery [redg oo[q oy} JO 28pe oY) 03 senjoely [erperl uad() 80T L6°€L G6'€T 06 :
‘soanjrode poso[d M SOINIORI] JI0US ATOA MO [ ¢GGe {79 474 ouojspueg
‘sojdures owos Ul seanjoely uodo [RIpey LT°T 280G 6G°€T 06 OLVN WW ¢f x 9¢°C
Y001 JO 98pa 0} pusyxa Ajysout sernjoery uad() 02T [4ig 8¢'0T v ouojsouII|
¥o0[q o1} Jo 98po o1} 04 senjorlj uado ‘Terpry Q1T G5'¢9 G9'GT 06 i
saanjoery ornpey poadsy (ww) o7 (ww) p () oedw] jo o[Suy  jaSief, ar130afoxg

69



(a)

(b)

()

(d)

(e)

(f)

(9)

(h)

Depth (mm)

0.0 -
25 4 000 + 45°
090 + 45°
-5.0 4 SRS 09 900 —— Average Profile
T T T T T
-20 -10 0 10 20
E - -
N
£ 11 000 + 45°
a 5 - i 090 + 45°
g SRS_]_S 45° —— Average Profile
T T T T T
-10 -5 0 5 10
£ 04 - P ——
E 54
s 000 * 45°
s -10 090 * 45°
O _15 4 — Average Profile CHCL_12 90°
T T T T T T T T T
-40 =30 -20 -10 0 10 20 30 40
—~ 0 A=
€
E 5
s 000 + 45°
o —10 090 + 45°
o - .
Average Profile CHCL_25 45°
T T T T T T T
-30 -20 -10 0 10 20 30
04
=51 000 + 45°
090 + 45°
—10 o — Average Profile SRS_14 900
T T T T T
-20 -10 0 10 20
’E‘ 0.0 -~ i ey
£ -25 .
£ _504 000 + 45°
S 090 = 45°
o —7.5 1 SRS_22 45° —— Average Profile
T T T T T T T
-30 -20 -10 0 10 20 30
_ 0 - e —— T el
S -10 000 * 45° -
53 090 + 45° N3a
& -15 . e
—— Average Profile CHCL 18 90°
T T T T T T T T T
-40 -30 -20 -10 0 10 20 30 40
'g 0.0 — P
E 255 1
S -5.0 000 + 45°
& . 090 + 45°
e - —— Average Profile CHCL_30 45°
T T T T T T T
-30 -20 -10 0 10 20 30

Distance from crater center (mm)

Figure 6.1: Caption overleaf.
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Figure 6.1: (Figure on previous page.) Summary of 18 cross sections for each sample. Profiles +
45° to 000° are coloured green, while profiles £ 45° to 090° are dashed grey. Note the asymmetry
imposed by the 45° impact in sample SRS 22 (f). Profiles with similar azimuth to projectile
trajectory (grey dash) have a wider diameter and shallower slopes, whilst profiles orthogonal to
this (green) have steeper slopes and a narrow diameter. Other angled impacts show steeper dipping
up-range sides and shallower dipping down-range ones (e.g. sample CHCL_25 (d) and CHCL_30
(h). Incipient spall fragments can be identified as areas raised above 0 mm depth on crater edges
(e.g. between —20 and —10 mm on sample CHCL_25 (d) and +15 mm on sample CHCL_30 (h).
Direction of projectile is left to right for 45° impacts.

Limestone targets shot with NATO projectiles have, on average, shallower (15.65 mm) and
narrower (63.55 mm) craters than those shot with AK-47 projectiles. All craters have open radial
fractures that extend to the edge of the block, though apertures are not as wide as seen in AK-47
projectile impacts. There are metal smears and grey lead deposits at the base of the craters, with
the steel tip either embedded or absent, leaving a small central depression at the base of the crater.
This depression is reflected in the cross sectional profiles as a vertical sided pit at the middle of the
profile. Crater morphology is similar to other impacts in that it has a steep sided central region

surrounded by a shallower dipping spall zone.

6.4.2 45° impact trajectory

Sandstone targets impacted with AK-47 projectiles at 45° have extremely shallow (3.13 mm)
craters with an average diameter of 21.42 mm. Crater shape is still roughly circular with an aspect
ratio of 1.16, though this is slightly larger than perpendicular impacts at the same conditions.
Cross sections along the same axis as the projectile trajectory (C Profiles) show an asymmetry in
morphology. They have a shorter, steeper wall on the up-range (towards 270°) side and a longer
shallower wall on the down-trajectory side (towards 090°). The morphology of the orthogonal A
profile is more symmetrical. Dark-grey lead residue is present on down-range regions of the crater
edge and adjacent to the crater on the target face.

Limestone targets impacted by AK-47 projectiles at 45° have the highest aspect ratio (1.24)
of all samples across both rock types impacted using this projectile. The impact craters are on
average shallower (8.99 mm) and smaller in diameter (41.22 mm) than perpendicular impacts into
the same target material. The two samples shot under these conditions, are quite different. One
sample shot at 45° (CHCL_25) has incipient spall fragments at the crater edge, and open fractures
that extend from the crater to the edge of the block. This differs from another sample (CHCL_28)
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shot under the same conditions, which has no radial fractures around the crater and a greater

difference between analogue and digital profiles (Table 6.2).

Projectile Target Average RM Sy difference

i 6.0 %
Limestone 101 %
NATO 1%
Sandstone 9.2 %
9.7 %
Limestone 131 %
15.7 %
AK-47
Sandston 17.8 %
ancsone 14.2 %

Table 6.2: Average of normalised Root Mean-Square difference (RM Sy ) between profiles obtained
via the Barton comb method and from digital photogrammetry.

Oblique impacts of NATO projectiles into sandstone targets resulted in the most elongate
craters of any conditions, with an average aspect ratio of 1.45. Crater depth averages 6.48 mm and
average diameters 35.53 mm. These craters are larger than sandstone targets impacted by AK-47
projectiles at both angles of impact. The long axis of the crater is (sub-) parallel to the trajectory
of the projectile. The cross section profiles reflect the higher aspect ratio, with profiles + 45° of
the A profile (000°) showing a narrower, steeper sided cross section, while profiles & 45° of the C
profile are wider with shallower dipping sides (Figure 6.1f).

Much like other angled impacts, NATO projectiles produce shallower (10.28 mm) and narrower
(46.32 mm) impact craters in limestone targets than perpendicular impacts with the same projec-
tile. Impact craters under these conditions generally fall into 2 groups based on crater morphology.
The first group has many, open fractures radiating from the crater to the edge of the target block.
Fracture orientations are predominantly between 000° and 180° i.e. in the down-range half of the
block. This group also has multiple incipient spall fragments bordered by fractures concentric to
the crater. The second group have fewer or no radial fractures visible, the occasional incipient
spall fragment, and most have metal smears or traces of the projectile on the crater floor. Both
groups show a distinct asymmetry in the C profile, with a short steep up-range wall and a longer

shallow dipping down-range one (Figure 6.2).
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Figure 6.2: (Caption on previous page.) Depth maps (left) of impact craters caused by 7.62 x 39
mm (AK-47) projectiles into blocks of Stoneraise Red Sandstone (SRS) (a-b) and Cotswold Hill
Cream Limestone (CHCL) (c-d). Black line is the crater outline, the white cross (+) is the deepest
point of the crater, and the white circle marks the geometric centre. Black arrows indicate the
change of slope between central depression and outer spall zone. Direction of projectile is left to
right for 45° impacts. Adjacent to each depth map (right) is a comparison of digital (black line)
and analogue comb (red) profiles taken at 45° intervals starting at 000° (labelled A-D). The dashed
grey line shows the original undamaged target face. Root Mean-Square difference (RMS) values
are in mm. Profiles and depth maps of all samples can be found in supplementary data.

6.5 Discussion

There is a stark contrast in the crater morphology caused by AK-47 projectile impacts into
sandstone and limestone targets. For perpendicular impacts, sandstone targets have simple, shal-
low, bowl-shaped craters, whereas limestone targets exhibit a two part structure of steep sided
central pit and shallow dipping outer spall region (dish shaped). This two-part crater morphology
is similarly observed during hypervelocity experiments into multiple target lithologies (Polanskey
& Ahrens, 1990; Dufresne et al., 2013; Michikami et al., 2017). Reported strength values for similar
rock types to this study (Mokattam Limestone vs. Umm Ishrin Sandstone), suggest the limestone
targets have lower compressive (40 MPa vs. 105 MPa) and tensile strengths (1.3 MPa vs. 2.84
MPa) than the sandstone targets (El-Nahhas et al., 1990; Abdel-Mooty et al., 2013; Delmonaco
et al., 2014). This difference in strength values based on lithology is dependent on its composi-
tion and microstructure, and a similar relationship may not apply for different lithologies. The
restriction of spallation to the limestone targets, despite their higher porosity (and thus stress wave
attenuation), is consistent with their lower tensile strength. Limestone targets have longer radial
fractures with wider apertures than observed in sandstone targets, possibly linked to their greater
porosity (20% vs. 11%) (Hatzor & Palchik, 1997).

All limestone targets had deeper and wider crater dimensions than in sandstone targets shot
with the same conditions (Table 6.3). The different response of the two lithologies is due to the
target properties, but pinpointing the exact variable is difficult from the experiments presented
here. There is a paradoxical relationship in hypervelocity experiments between porosity, strength,
and crater size. Increased porosity, when viewed independent of stone strength, acts to decrease
crater size through the dissipation of energy during pore space collapse (Poelchau et al., 2013).

Compressive strength of the target lithology has a similar effect on crater size: the stronger the
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target material, the smaller the impact craters. However, increasing porosity decreases compres-
sive strength, so while the decreased strength acts to increase crater size, the increased porosity
acts to counter this (Palchik, 2006; Poelchau et al., 2013). The lower velocities (~400-900 ms~1)
of the experiments presented here may preclude a shockwave forming upon impact. In this case,
momentum transfer from the projectile to the target controls crater excavation. Momentum trans-
fer is influenced by both target and projectile properties. The steel tip of the NATO projectile is
embedded, relatively intact, in the crater floor of some targets, because it is stronger than the all
lead core of the AK-47 projectiles. The impact energy of both projectiles is similar, yet NATO
projectiles result in larger crater volumes, suggesting projectile properties have caused greater mo-
mentum transfer to the target. The considerable differences between the damage caused in the
two different rock types emphasises that consideration of target material properties, particularly

the tensile strength, is a key aspect of evaluating and understanding bullet impact damage.

Angle 7.62 x 39 (AK-47) 5.56 x 45 NATO
of Impact dcpcr/dsrs Dcucr/Dsrs deucr/dsrs Dcucr/Dsrs

90° 5.19 2.19 1.18 1.25

45° 2.87 1.92 1.59 1.30

Table 6.3: Ratios of the limestone (CHCL) to sandstone (SRS) crater dimensions show that for all
conditions, limestone targets exhibit deeper and wider craters to sandstone counterparts. d=max
depth, D = area equivalent diameter.

Oblique impacts can be distinguished from perpendicular impacts where stone type and pro-
jectile are the same. Perpendicular impacts are deeper and wider than comparable angled impacts,
a pattern also observed in hypervelocity experiments with increasing obliquity (Michikami et al.,
2017). This is due to perpendicular impacts transferring more kinetic energy to the target than

oblique trajectories. Projectiles with oblique trajectories are more likely to ricochet, retaining

Figure 6.3: (Figure overleaf.) Depth maps (left) of impact craters caused by 5.56 x 45 mm NATO
projectiles into Stoneraise Red Sandstone (a-b) and Cotswold Hill Cream Limestone (c-d). Black
line is the crater outline, the white cross (+) is the deepest point of the crater, and the white circle
marks the geometric centre. Direction of projectile is left to right for 45° impacts. Adjacent to each
depth map (right) is a comparison of digital (black line) and analogue comb (red) profiles taken at
45° intervals starting at 000° (labelled A-D). The dashed grey line shows the original undamaged
target face. Root Mean-Square difference (RMS) values are in mm. Profiles and depth maps of
all samples can be found in supplementary data.
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kinetic energy that would otherwise be transferred to the target in a perpendicular impact (Gault
& Wedekind, 1978). Crater size is also linked to the kinetic energy of the projectile, so with less
energy transfer, the maximum stress values experienced in the target may not exceed its strength,
resulting in less fracturing and smaller crater dimensions (Rinehart, 1968; Holsapple, 1993; Zhang

et al., 2000).

All of the perpendicular impact craters have a broadly symmetrical distribution of damage
around the point of impact, with no clear asymmetry in crater profiles. The planform crater shape
is roughly circular, but spallation of plate-like clasts from crater edges has modified the crater
outlines so that the aspect ratios diverge from 1 (perfectly circular) by average values up to 0.18.
This modification has been observed in other impact experiments into natural stone (Dufresne
et al., 2013). 45° impacts have higher aspect ratios than perpendicular impacts under similar
conditions, but in many cases this difference is small, e.g. NATO projectiles into limestone targets
(1.20 vs. 1.18) (Table 6.1). Threshold aspect ratios for characterising obliquity can be defined for
given targets and projectiles (Table 6.1). NATO projectile impacts into sandstone targets have the
highest aspect ratios, evident from the narrower diameters of the craters in A profiles compared

to the C profiles (Figure 6.1).

In hypervelocity experiments involving granite targets, crater elongation does not occur until
impact angles fall below 15°, and for loose sediment targets, less than 30° (Gault & Wedekind,
1978). This is due to hypervelocity impacts producing a hemispherical shock wave which drives
the excavation of material from the crater (Braslau, 1970). The symmetry of the shock wave which
drives the excavation of material results in circular impact craters except for very low incidence
angles. The velocity range (~400-900 ms~1) of the experiments presented here may be too slow to
generate a hemispherical shock wave, so circularity may not occur in moderately inclined impact
trajectories. Crater elongation is observed here for some conditions at impact angles of 45°, and
cross section profiles in line with the impact trajectory (C profiles) show the same steep up range
slope and shallow down range slope as very oblique hypervelocity experiments (Gault & Wedekind,
1978; Wallis et al., 2005). This may be the result of the asymmetric distribution of peak stresses
down range of the impact point. Greater fracturing in this region may lead to increased excavation,
and therefore increased crater diameter in this orientation, explaining the asymmetric aspect ratios
observed. Wallis et al. (2005) show that subtle asymmetry is present in impacts with even a small
degree of obliquity, though these impacts were into aluminium plates, which may not be directly
comparable because of their ductile deformation. The Wallis et al. (2005) study does indicate that

any obliquity can cause an asymmetric distribution of damage, suggesting that some regions of
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stone surrounding the impact will be at risk of faster deterioration than others.

To properly combat future deterioration of impacted stone from weathering, it is important
to understand the type of damage and its location. These experiments show that asymmetric
cross section profiles, shallower and smaller craters, and higher aspect ratios characterise oblique
projectile trajectories. Analogue measurement of profiles using a Barton comb is a simple and
cheap way of collecting data in the field. This method can provide measurements of crater depth,
diameter, and morphology, without additional processing. The method is however limited to
sites and impact damage that are accessible to the researcher. Photogrammetry as an alternative
is more versatile in terms of site accessibility and safety: aerial drones can successfully obtain
imagery without direct access to a site (Ferndndez-Hernandez et al., 2015). Photogrammetry also
preserves a digital record of the damage, that can be used to monitor change over time or measure
additional variables (Kempa, 1993; Teza et al., 2019; Campbell et al., 2021). On the other hand,
this method requires more post-collection processing to turn photographs into usable 3D models,
which can be time consuming depending on the number of images and computing power available
(Westoby et al., 2012). This study used between 300 and 400 images to generate 3D models of
the target blocks in their entirety; this number could be reduced and still produce usable models.
Gilbert et al. (2019) and Campbell et al. (2021) created and analysed a good-quality 3D model
generated from only 142 images. Even fewer images could be used if only the impact crater was
modelled.

Analogue collection methods for crater profiles allows the digital models to be ‘ground-truthed’
to damage observed in the field. The normalised Root Mean-Square difference (RM Sy) between
the profiles produced by analogue and photogrammetric methods range from 6.0% to 17.8%. There
are several factors to consider when evaluating the difference between analogue and digital profiles.
Firstly, the Barton comb has a limited number (~150) of teeth with a set width (~1 mm), creating a
stepped profile that can miss subtle changes in the crater morphology. The digital profile method
interpolates between the point cloud data, allowing as many sample points along the profile as
desired. This results in a much smoother profile, so even without any other source of difference,
profiles from the two methods would not match perfectly. The normalised difference for deeper
craters (e.g. those impacted with NATO projectiles) is consistently around 10%. Profiles from
both methods are in reasonable agreement with each other, and therefore either method is a viable
choice, depending on the specific research aims and conditions of the field site.

The use of non-destructive methods for assessing stone is invaluable for fragile and damaged

heritage. For oblique impacts, internal damage, such as fracturing, may be more intense in a
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downrange direction, as suggested by the shift in the location of peak pressures experienced with
increasing obliquity (Pierazzo & Melosh, 2000a). The use of damage morphology to identify asym-
metry and infer a possible downrange direction is a useful first approach to identify regions at
risk. Following up with further non-destructive methods, such as surface hardness, ultra-pulse
velocity, and surface permeability measurements can identify and corroborate damage surrounding
impacts (Mol et al., 2017; Mol & Gomez-Heras, 2018; Gilbert et al., 2019). This would identify
vulnerable regions at risk of increased capillary rise and salt-driven deterioration, allowing for more
comprehensive and specific weathering risk assessments to be made. Such detailed assessments will
prove invaluable to the conservation efforts of culturally important sites, especially those recently
affected by armed conflict. In these areas, the opportunity for high resolution and highly tech-
nical investigations may be (temporarily) limited. This method could support relatively fast and

inexpensive first-response documentation and interpretation of damage for those working in situ.

6.6 Conclusions

In experiments to investigate the surface damage caused by rifle bullets for conditions simulating
modern conflicts, impacts excavated craters with diameters from 22 to 74 mm and depths from
3 to 24 mm. In all conditions, limestone targets had larger crater dimensions than sandstone
targets. Limestone craters were from 1.2 to 5.1 times deeper than sandstone craters, and from
1.2 to 2.1 times greater in diameter. Limestone targets also exhibit a more complex, two part
crater morphology consisting of a central excavation surrounding by a shallow dish shaped spall
zone, compared to the simple bowl shape of the sandstone craters. Limestone targets had a higher
occurrence of radial fractures extending from the crater to the edge of the block than sandstone
targets. Target properties are a major factor in determining the extent and distribution of bullet
and shrapnel damage, suggesting building stone with low tensile strengths are at greater risk of
significant damage.

Impacts with an incident angle of 45° produced craters that were shallower and narrower than
experiments shot at 90°. Oblique impacts also caused asymmetrical crater profiles, with a steep
dipping up range slope and a shallower dipping down range one. Differences between perpendicular
and oblique impact damage are quantifiable: for example, crater aspect ratios can distinguish
perpendicular from oblique impacts for given target and projectile types. Of the two ammunition
types, the 5.56 x 45 mm NATO projectiles produced larger and deeper craters than the 7.62 x 39

mm (AK-47) projectiles, as well as causing the most prominent asymmetry in crater profiles and
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outlines for oblique impacts.
This characterisation of damage common to contemporary conflicts, with a focus on cultural

heritage caught in the crossfire, is important for the conservation of affected sites.
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Chapter 7

Conclusions and Further Work

The overall aim of this thesis was to understand the microstructures and deformation mecha-
nisms of bullet impacts in stone, with a focus on its application to conflict damaged heritage by

addressing the following questions:
1. To what extent does observable surface damage correlate with subsurface damage?
2. Can digital documentation effectively capture damage morphology?
3. How can we efficiently measure impact damage in the field?
4. What are the subsurface effects of bullet impacts in stone?

5. What influence does impact angle, target material, and projectile type, have on surface

damage morphology?

The following section summarises the main findings of Chapters 3-5 to address these research
questions. It then outlines conclusions summarising the main findings and suggests potential

future work.

7.1 To what extent does observable surface damage corre-
late with subsurface damage?

Chapter 3 shows that fracture types visible on the surface of the crater floor under Scanning
Electron Microscope (SEM) match fracture types just below the crater floor. Surface and sub-

surface observations show a shift from both circum-and intra-granular fracturing proximal to the
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crater centre, to predominantly circumgranular fracturing further away. Visible surface damage
is mostly localised around the point of impact as an excavated crater and surface fracturing, but
some impacts have discrete radial fractures further away. In the subsurface, fracturing is more
intense close to the crater centre, and decreases with increasing distance, with only larger open
fractures penetrating deep into the target blocks (Chapter 5). Fractures intersecting the surface
of the target, similar to the radial and surface parallel open fractures observed in the experiment
documented in Chapter 3, were observed in the further experiments described in Chapter 5 to have
open apertures in the subsurface, often propped open by clasts of wall rock. Mol and Gomez-Heras
(2018) and Gilbert et al. (2019) measured increased surface permeability around impacts, with a
good spatial relationship to impact craters and surface fracturing. The investigation of subsurface
damage in Chapter 5 suggests that increased fracture intensity proximal to, and spall fracture
around, the impact contributed towards the increased permeability measured by Mol and Gomez-
Heras (2018) and Gilbert et al. (2019). Surface permeameters, like the TinyPerm IIT used in these
studies, generally measure permeability in a shallow volume up to ~10 mm from the probe (Mertz
et al., 2016). The fracture intensity analysis undertaken in Chapter 5 showed that the highest Py
values are within ~10 mm of the crater centre, and the spall fractures surrounding the crater are
largely within 10 mm of the target face. These findings suggest that surface permeamters are a
suitable method of identifying regions of increased fracturing around impacts during post-conflict
assessment of damaged heritage. They also support a strong link between the observable and
quantifiable surface damage and the unseen subsurface damage. The conical fracture, or zone of
increased fracture intensity, dipping away from the crater centre which is reported in Chapter 5
shows that damage visible on, or in very close proximity to, the surface is intrinsically linked to

damage at depth within the target.

7.2 Can digital documentation effectively capture damage

morphology?

Digital photogrammetry is an effective tool in the conservation of heritage, whether it is creating
3D models of heritage to preserve them digitally, or using models for recording deterioration
over time (Rizzi et al., 2007; Mol & Clarke, 2019; Teza & Pesci, 2019). The piolt study in
Chapter 3 showed that the surface morphology of damage can be effectively captured and useful

information extracted, such as the orientation of facets and estimates of the internal extent of
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fractures. Chapter 6 showed that digital means can accurately capture crater morphology and
resulting point clouds enable the measurement of many 3D variables, such as crater volume, or
2D variables such as cross section profiles. This supports other studies finding that Structure-
from-Motion (SfM) photogrammetry is as accurate as other methods of modelling heritage, such
as laser scanning (Koutsoudis et al., 2013; Brandolini & Patrucco, 2019). The photogrammetry
models generated in this thesis show that subtle changes in the slope of crater walls are measurable,
distinguishing between steeper angled central excavations and shallow dipping outer spall regions.
The asymmetry of crater profiles can be quantified and its presence indicates oblique impact
trajectories. 3D photogrammetry models provide greater flexibility for post processing analysis
than analogue methods, where cross sections have to be individually measured by hand and crater
volumes are difficult to measure in the field. Digital imagery offers several advantages over the
collection of analogue measurements as a method of damage evaluation in heritage contexts. The
capture of digital imagery is a ‘hands-off’ method that reduces the risk of causing additional
damage or deterioration to potentially fragile stonework. Another advantage is the speed data can

be collected in the field, and the greater number of options for post processing analysis.

Chapter 4 addresses this weakness in analogue methodologies, finding that the measurement of
crater depth and diameter can be used to estimate crater volume in the field by simplifying crater
geometry to a conical volume. This is an important finding for when site conditions prevent the

capture of digital imagery suitable for SfM methods.

7.3 How can we efficiently measure impact damage in the

field?

Non-destructive testing can require substantial time to collect sufficient measurements for reli-
able analysis, which may not always be possible in post-conflict assessment scenarios. As discussed,
digital documentation provides an effective way of accurately capturing and analysing surface
damage. The collection of images for generating 3D models is quick and requires little specialist
equipment or training. This is advantageous over analogue methods where the measurement of
multiple crater profiles and other crater geometries for each impact can take longer. However, in
situations where a high number of impacts are to be studied, the use of SfM models has its limi-
tations, primarily in the subsequent processing time required to generate a high number of models

outweighing the time gains in the field. In these situations, simple volume approximations from
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only two measurements of crater depth and diameter are a far more efficient means of investigating
a high number of impacts. The use of simplified geometries can also be conducted in the field,
meaning conservators can estimate crater volumes, as demonstrated in Chapter 45, for a site and

tailor any further data collection based on those results.

7.4 What are the subsurface effects of bullet impacts in

stone?

Fracture intensities are highest closest to the impact point, and decrease rapidly at approx-
imately 10 mm from the impact (Chapter 3 and 5). This is observed for both sandstone and
limestone targets, along with the transition in fracture type from circum- and transgranular frac-
turing close to the impact, to predominantly circumgranular fracturing further away (Chapter
5). Bullet impacts also cause conical fractures, or regions of increased fracture intensity, that dip
away from the impact at about 30°. Fractures in close proximity to a free surface generally have
orientations (sub) parallel to that surface as a result of tensile stress waves reflecting from that
surface. Microstructural analysis suggests that the regions immediately surrounding the impact
are at the most risk from future deterioration because they have the highest amount of fracturing,

and therefore permeability and hardness reduction.

7.5 What influence does impact angle, target material, and

projectile type, have on surface damage morphology?

As discussed in Chapters 6 and 4, impact cratering from bullets at ordnance velocities is primar-
ily controlled by momentum transfer. The absence of a shockwave originating from a point source
means that for oblique impact trajectories, the stress field during impact will not be symmetrical.
Although the probability of exactly perpendicular impacts in conflict scenarios is low, the study of
perpendicular impacts in this thesis has established a baseline of damage for future comparisons.
This baseline showed that asymmetric crater morphology can be used to identify oblique impacts
(Chapter 6). Oblique impacts result in asymmetric crater profiles, as well as smaller crater di-
mensions and volumes than for perpendicular impacts. Radial surface fractures also tend to have
a down trajectory orientation, suggesting that alongside crater profiles, fracture damage is also

asymmetrically distributed around the impact.
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Gilbert et al. (2020) show relatively more deterioration from weathering across the target
face for oblique impact than for perpendicular impacts, whilst perpendicular impacts experience
greater weathering deterioration in the impact crater itself. They suggest that this is due to
an increased intensity of shallow subsurface spall fractures in the oblique impacts, compared to
increased fracture intensity surrounding the impact in perpendicular impacts. Fracture intensities
created by perpendicular impacts are highest within 10 mm of the crater centre. This finding from
Chapter 5 supports one aspect of this conclusion. Further studies are needed to determine how
subsurface fracture intensities change with oblique impacts, and how different lithologies behave
under subsequent weathering conditions.

Momentum transfer as the primary cratering mechanism means target properties play a sub-
stantial role in controlling the impact damage. Quantifying the exact effect of single target variables
is difficult to achieve due to the complex nature of ballistic impacts, and the competing effect of
different target properties on cratering mechanics, such as strength and porosity. In general, tar-
gets with greater porosity and lower tensile and compressive strengths produce deeper and wider
impact craters than target materials that are less porous and have higher strength values. This is
observed in Chapters 4 and 5 with limestone targets exhibiting wider, deeper, and more volumi-
nous craters than sandstone targets under comparable impact conditions. The limestone targets
were more porous than sandstone targets (20% versus 11% respectively) and have lower tensile
(2.2 MPa versus 5.0 MPa) and compressive strengths (10.6 MPa versus. 40 MPa).

The properties of the projectile also have a strong influence on impact damage during momen-
tum transfer. The stronger the projectile, the greater the amount of kinetic energy transferred to
the target, and thus the greater the impact damage. This is observed in Chapters 4 and 5 with
targets impacted by 5.56 x 45 mm NATO rounds with steel tips exhibiting larger craters than
comparable experiments impacted by 7.62 x 39 mm rounds without steel tips. Targets impacted
with 5.56 x 45 mm NATO often had short penetration tunnels at the crater centre, with the steel
tip of the projectile remaining embedded and relatively underformed. Targets impacted with both
projectile types showed little evidence of penetration by the lead or copper projectile material.

These softer components likely deformed upon impact and ricocheted.

7.6 Conclusions

This thesis has investigated the microstructures and deformation mechanisms of bullet im-

pacts in stone through a combination of digital photogrammetry models, analogue methods, and
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microstructural analysis of impact damage generated during controlled firearm experiments. A
pilot study proved the suitability of 3D photogrammetry methods and informed the design of a
larger experimental campaign. The surface morphology of bullet impacts into stone were studied
using 3D models of damage, analogue measurement of crater profiles, and simplified volume ge-
ometries. Subsurface damage was investigated using thin section samples from damaged targets.
Microstructural observations and fracture intensity analysis show how impact damage beneath the
target surface varies with distance from the point of impact. The main conclusions of this thesis

are:

e Bullet impacts into stone cause an approximately conical crater, with a more complex two-
part structure in limestone targets. Radial fractures are centred on the impact crater. Lime-
stone targets have greater numbers, apertures, and lengths compared to similar impacts in

sandstone targets.

e Bullet impact craters in limestone are 5x deeper, 2x wider, and more voluminous than
comparable impacts into sandstone targets. Limestone targets also have a greater number of

open radial fractures around the impact, some reaching faces adjacent to the target face .

e Impacts from 5.56 x 45 mm NATO projectiles produce deeper and larger volume craters in
both target lithologies than 7.62 x 39 mm projectiles under comparable conditions . Impact
craters from 5.56 x 45 mm NATO projectile in sandstone for example were 3x deeper, and
twice as wide as craters from 7.62 x 39 mm. The steel penetrator of NATO ammunition

often remains embedded in the target face of both lithologies.

e Oblique impacts cause shallower, narrower impact craters than perpendicular impacts under
similar conditions. Oblique impacts can be discerned from perpendicular ones using asym-
metry in the crater profiles of oblique impacts, and larger aspect ratios of the crater shape.

Oblique impact trajectories produce an asymmetric stress field and distribution of damage.

e The volume of impact craters caused by bullet impacts can be approximated as a simple
cone. Measurements of only depth and diameter can estimate crater volume to within 5% of

the accurate volume measured from photogrammetry models.

e Bullet impacts into stone result in conical fractures, or zones of increased fracture intensity,
that dip away from the impact point. These fractures have the potential to form intercon-

nected networks that affect a larger region than is immediately obvious from the surface
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damage. Observable surface damage from bullet impacts in stone therefore indicates the

minimum likely extent of damage.

Subsurface fracture intensity is greatest proximal to the impact, with peak average values
of 0.02 mm~! and 0.05 mm~" for limestone and sandstone targets respectively, and rapidly
decreases by at least 80% with distances greater than 10 mm from the crater centre. The
demonstration of a link between the surface and subsurface damage supports the use of non-
destructive testing and photogrammetry on damaged heritage as a way of informing on the

subsurface condition of the stone.

Subsurface damage to stone from bullet impacts is characterised by grain crushing and pore
space collapse proximal to the impact point, with damage further from the impact charac-
terised by discrete radial fracturing. Fractures tend to have a sub-parallel orientation to free

surfaces where they are in close proximity to them.

The formation of multiple and branching factures on both the surface and subsurface are
indicative of dynamic fracture processes. Damage to stone from bullet impacts occupies
a parameter space in between conditions from quasi-static loading and hypervelocity im-
pact experiments. Damage observed in this thesis has similarities to observations in both
quasi-static and hypervelocity experiments, such as radial fractures on the surface and in the
subsurface, conical shaped fracture planes dipping away from the crater centre, and grain
crushing below the loading point. However, the formation mechanisms in each type of ex-
periment are different, with bullet impacts governed by momentum transfer, hypervelocity
experiments governed by energy transfer, and quasi-static experiments following Griffith’s

steady state fracture mechanics.

7.7 Suggestions for Future Work

The results of this thesis have led to the formation of new questions on the damage caused by

bullet impacts that were not addressed in this thesis.

Bullet impacts into sandstone and limestone targets have shown that the target material is

one of the main influences on the size and extent of impact damage. However, built heritage has

far more diversity in its construction materials, with marble, granite, and clay bricks all potential

materials for future investigation. Experiments similar to those conducted here but with a wider

range of target properties would strengthen the relationships proposed in this thesis, as well as
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providing conservators with greater confidence in the applicability of experimental results to their

particular field sites.

Additional experiments studying similar lithologies could build upon the work of this thesis by
expanding the range of impact variables studied. Increasing the number of intervals for the angle
of impact obliquity would improve our understanding of how crater morphology changes with angle
of impact. This would provide baseline data for comparing to field scenarios where the angles of
impact would be far more diverse that the two categories studied here. With these additional
experiments comes a larger database of impact damage at a range of conditions. This larger
dataset may enable the derivation of scaling relationships, using a similar approach to that taken
for hypervelocity experiments, but resulting in the first relationships for ordnance velocity impacts.
Conflict scenarios have more diverse causes of impact damage, with artillery and high explosives
capable of creating variable and abundant shrapnel that can affect a wide area. With more possible
sources of shrapnel projectiles, it is possible these impacts may be more numerous in a conflict
situation than those caused by bullets. A study investigating the difference between damage caused
by shrapnel and damage caused by bullet impacts would help ascertain the applicability of this
thesis’s findings to shrapnel impacts.

Chapter 5 characterised the subsurface damage caused by bullet impacts and found spatial
relationships between greater damage intensity and the crater centre. This study only investigated
in detail two samples out of the 8 produced during controlled firearm experiments, investigating the
influence of lithology on the subsurface damage. Similar detailed investigation on the remaining
samples and variables (angle of impact, projectile type) would provide the results to test the
universality of the relationships proposed.

The use of additional technologies, such as X-Ray Computed Tomography (XRT), to investi-
gate the subsurface fracturing in 3D would further improve our understanding of the nature and
distribution of damage beneath bullet impacts. XRT has been successfully used to quantify the
porosity of reservoir rocks (Verhelst et al., 1995; Yang et al., 2013; Martinez-Martinez et al., 2016),
so could be adapted to image fractures and changes in porosity caused by bullet impacts. XRT
was tried on samples of this study, but target block size limited the spatial resolution to a voxel
size larger than the scale of the damage that was intended to be imaged. This would have to be
overcome, possibly through a subsampling regime or smaller target blocks, but if successful would
further the understanding of the spatial distribution of damage around bullet impacts, and would
be a complementary method to destructive methods (thin sections) of investigating the microscale

damage in the subsurface .
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Photogrammetry has been proven useful in producing accurate 3D models to enable quantitative
analysis of damage morphology. Whilst this study used ground based cameras, there is no reason
why imagery obtained from drone based cameras cannot be used. Drone based photogrammetry
has widespread use in the geoscience and heritage communities (Ferndndez-Hernandez et al., 2015;
Manousakis et al., 2016; James et al., 2017; Hellman, 2018), but its application to the surveying of
conflict damaged heritage is currently untested. A possible next step would be to develop and test
a method for creating photogrammetry models of damaged heritage using drone based imaging.
Post-conflict scenarios may still pose residual dangers to conservators seeking to access a site for
assessment, so utilising remote operated drones would enable the damage to be assessed and regions

of risk identified without risk to personnel.
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Appendix

Please find the Appendix materials in the digital repository
submitted alongside this thesis.

Appendix A: Huesca Sandstone 3D Photogrammetry Model

Appendix B: Cotswold Hill Cream Limestone 3D Photogrammetry Mod-

els

Appendix C: Stoneraise Red Sandstone 3D Photogrammetry Models
Appendix D: Crater Depth Maps for CHCL and SRS Targets
Appendix E: Profile Method Comparisons for CHCL and SRS Targets
Appendix F: Python Script of Methods Used in Chapter 6

Appendix G: Crater Geometry Data and RMS Values used in Chapter 6

Appendix H: Impact Variables, Crater Geometry, and Complied Litera-
ture Data Used in Chapter 4

Appendix I: QGIS Package for Fracture Intensity Analysis of Sample
CHCL_09

Appendix J: QGIS Package for Fracture Intensity Analysis of Sample
SRS_09
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