Observation of grain size limited dynamic failure in a typical granite
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Understanding the dynamic fragmentation of geological materials is important to many fields, but is
particularly significant for mining. Here, a series of expanding ring experiments are reported, investi-
gating the dynamic fragmentation of a typical granite from a mining environment. In addition to in-situ
diagnostics which measure time-resolved loading characteristics, fragments were soft-captured and
analysed. Measured fragment size distributions agree well with existing theory, but show unexpected
strain rate variation. Specifically, the reduction in fragment size with rate is shown to be limited as the

fragments neared the material grain size, a phenomenon not previously observed. Inter-granular failure
was confirmed by fractographic analysis of the recovered material. The phenomenon was hypothesised
to be caused by the fragmentation being dominated by an intergranular fracture mechanism which
becomes inhibited when fragments near the grain size. More generally, the approach provides a new
experimental route through which the fragmentation of geological materials can be understood.

1. Introduction

Understanding the failure of geological materials is of
fundamental importance to fields as diverse as civil engineer-
ing and interplanetary impact '=>. While quasi-static strength
and toughness characteristics are relatively well understood*,
the high strain rate properties of geological materials remain
poorly described. In particular, understanding the dynamic
failure and fragmentation of different types of rock is vi-
tally important to the mining industry, as it underpins the
blasting process. Vast amounts of energy are used in post-
blast comminution?, so given the scale of the industry, even
modest improvements in efficiency through better scientific
understanding can result in significant reductions in energy
usage. However, despite the importance of high-rate failure,
accurate characterisation of dynamic rock processes remains
a challenging problem. The wide range of strain rates in-
volved makes small scale experiments difficult; in the region
close to the centre of a blasthole, rates approach 104 s7! but
drop away rapidly with distance”. In contrast, applying pre-
cise diagnostics to full-scale mining operations is extremely
costly. The situation is further complicated by the multi-scale
inhomogeneity of geological materials, necessitating exten-
sive material characterisation. In this paper, we describe a
series of laboratory-scale experiments that study the high-
rate loading of a typical granite, revealing the dominance
of microstructure in controlling macroscopic response. We
use ‘Lake Quarry Granite’ (LQG) a well characterised Aus-
tralian granite typical of a mining environment, composed
of 74.8 + 1.1 % orthoclase and 25.2 + 1.1 % bronzite. Thin
ring-shaped samples were loaded in a radial geometry, which
causes circumferential tension. The tension causes cracks to
grow across the ring and results in fragments being formed.
The geometry provides a simple analogue for a blasthole, yet
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given the specific strain rate, can be analysed using existing
ring-fragmentation theory. We show that the reduction in
fragment size with increasing rate becomes limited by the
grain size of the material, which is of fundamental importance
in developing realistic constitutive models.

2. Background

The brittle nature of geological materials means that,
when dynamically loaded, they generally fracture in several
places producing multiple fragments of different sizes and
shapes>. A variety of alternative methods exist for studying
dynamic fracture including Hopkinson bars®=® and spall ex-
periments” and cylinder expansion experiments '” in gas guns.
However an expanding ring experiment has some advantages
over these methods, in general being of a higher strain rate
than Hopkinson bars and easier to recover fragments than in
gas guns. There is also a fundamental advantage in that the
geometrical arrangement of the experiment is much closer to
that found in the application, and the loading pulse shape is
correct. An explosive loading produces a Taylor wave load-
ing profile ! which is difficult to replicate precisely in non
explosive loading environments. Other methods such as cra-
tering '> are also used, but are not so easily analyzed in terms
of the results. The method proposed here is simple, replicates
the real-world geometry and loading, is able to be conducted
safely in a laboratory environment and also allows for multi-
ple time resolved diagnostic methods to be employed. Geo-
metric, empirical and physical models have been developed
to predict the fragment size distribution (FSD) produced by
rings. Geometric models are based on a body being geometri-
cally divided in a random manner '>. Simple empirical forms
for the FSD have also been suggested based on experimental
results '3, Physical models are generally based on the relative
rate of the expansion of the ring and the propagation speed of
release waves emanating from the fracture surfaces, referred
to in the literature as ‘Mott release waves’ '3~1>. These Mott
waves propagate around the ring, relaxing the material and
stopping further crack growth '>. Higher strain rates cause
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Figure 1: Schematic of the expanding ring experimental apparatus. Dynamic loading of the ring sample was provided by the
copper cylinder containing a small explosive charge. The experiments were instrumented using high speed photography, laser

velocimetry and soft capture.

greater circumferential stresses before relaxation, which in
turn cause more cracks to initiate and grow '>-!7. The speed
of the Mott waves remains constant, so increasing the strain
rate produces smaller fragments. The most relevant physical
model to geological materials is the elastic Mott model 1>
which assumes the material remains elastic on both loading
and release. Previous studies have shown the model agrees
well with experiments '*~1518-23 " The elastic Mott model
predicts the fragment probability density function, f(/), to
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where 1 is the fragment length and [ is a length scale
parameter defined by
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where o is related to the initial crack distribution, c is the
elastic sound speed and ¢ is the strain rate.

Both geometric and empirical fragmentation models are
useful mathematical functions to fit to FSDs, but they do
not describe strain rate variation or consider microstructure.
The physical models do include strain rate variation, but
neglect microstucture by assuming a continuum material.
Grain structure is a key parameter for geological materials,
so experimental data demonstrating its effect is essential for
understand the fragmentation process and the development
of new models.

3. Experimental Methods

Expanding ring experiments are a well-established tech-
nique for studying the dynamic fragmentation of metals
which have been applied, though much less frequently, to ce-
ramics Y, plastics >, but not geological materials. Similar
experiments (cylinders rather than rings) are also used to
examine similar material behaviour for example?®?’. The
expanding ring apparatus used here, shown schematically
in figure 1, consisted of a hollow copper cylinder contain-
ing an explosive charge, which radially loads a sample ring
mounted on the outside. Ring samples (ID 22.29 + 0.05
mm, OD 30.53 + 0.05 mm, thickness 4.16 + 0.16 mm) were
cut from bulk LQG using diamond-tooling to give a square
cross-section of 4.2 X 4.2 mm with sides parallel to within
0.1°. The average grain size was 0.45 mm, giving approx-
imately 10 grains through the ring. The explosive charges
each consisted of a Teledyne Risi RP-501 electric bridge-wire
detonator and varying masses (nominally 0, 0.2, 0.5 and 0.7
grams) of Primasheet 1000 C3, to generate several different
loading intensities and strain rates. A series of eight exper-
iments were performed, with two repetitions at each of the
four different loadings, inside a steel confinement chamber
with a 30 mm thick polycarbonate window.

A series of diagnostics were deployed to follow the ex-
periments. An Invisible Vision UHSi 12-24 framing camera
with a 500 mm focal length mirror lens was used to observe a
section of the ring (0.5us exposure and 1us interframe time).
The sample was front-lit using flash lamps as shown, and the
side face of the sample was coated with a thin layer of white
paint to improve contrast (the coating was thin and weak
compared to the rock, so did not affect the fragmentation).
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The expansion velocity profile of the external ring surface
was measured using a 1 mm diameter spot size heterodyne
laser velocimeter (Het-V) 28, operating at 1550 nm and sam-
pling at 2 GHz. A 16384 points (819 ns) Fourier transform
window length was used in the analysis?® to convert the out-
put into velocity profiles. From the expansion velocity, the
circumferential strain rate can be calculated using

¢=2 3
;

where v is the radial expansion velocity and r is the outer
radius of the ring. The outer ring surfaces were also coated
with a thin layer of retro-reflective paint to improve the Het-V
signal.

The ring assembly was surrounded by a 25 mm thick
layer of 1000 Mn polyethylene-glycol, cast inside a 150 mm
diameter steel tube, to soft capture the granite ring fragments.
Post experiment, fragments were recovered from the capture
media by hot vacuum filtration at 80 °C. FSDs were measured
by sieving and weighing the recovered fragments, binning
the results into sieve-pass intervals of 0-140, 140-250, 250-
300, 300-560, 560-710, 710-1000, 1000-2000, 2000-3150
and 3150-6000 pm. For comparison with these results, the
probability density function for a particular model can be con-
verted into the cumulative mass fraction distribution, F,, (/).
Assuming the ring only fractures radially, the mass of a frag-
ment, m, is related through m « / and the cumulative mass
fraction distribution is given by

Jy xfodx
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For the elastic Mott fragmentation model 1, the cumula-
tive mass fraction distribution is:
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which was fitted to the measured FSDs to obtain the
length scale parameter for each experiment.

4. Results and Analysis

A typical high speed photographic sequence is shown
in figure 2. The sample begins as a solid ring; as loading
progresses, cracks initiate at the outside and grow through

10 mm

Figure 2: High speed photographic image sequence of a section
of the ring from experiment 1 [Xing et al. 2017]. The time
above each image denotes the time since initiation of the
detonator. The ring sample can be seen to stretch, fracture
radially and move outwards as distinct fragments.

the material. The cracks continue to grow until they reach the
edges of the ring, separating into free fragments, which move
out radially. The fracture pattern within the rings can be seen
in the final image of figure 2; the cracks on the outer surface
are equally spaced and aligned radially, whereas cracks on
the inner surface are diagonally aligned. Ring fragmenta-
tion models generally assume radial cracking, indicating the
limitations of current theory, and are a potential source of
discrepancy.

Figure 3 shows a typical expansion velocity profile, ex-
tracted from the Het V measurements. The radial velocity
rises rapidly to a peak, due to the arrival of the loading wave,
which then reduces slightly as the ring stretches. The subse-
quent constant velocity plateau corresponds to the fragments
having separated and being in free flight, leading to Mott
waves which have relaxed the tension in the ring. The plateau
start, indicating the arrival of the Mott waves, coincided with
the onset of the fractures being observed with high speed pho-
tography. Peak expansion velocities were used to calculate
the circumferential strain rate in each experiment (using equa-
tion 3), summarised in Table 1. No strain rate was recorded
for experiment 8 due to recording error.

A typical mass distribution for the soft captured fragments
is shown in figure 4, fitted by the elastic Mott model (equation
5). The model is in good agreement with the data, indicated
by the high coefficients of determination (CoD) in Table 1,
and allows the characteristic fragment length scales, [, to be
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Figure 3: HExpansion velocity profile from experiment 3. The
expansion velocity rises rapidly to a peak during loading, then
reduces as the ring stretches, followed by a constant velocity
plateau where the fragment is in free flight.
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Figure 4: Cumulative mass fraction distribution from experi-
ment 1 and fitted elastic Mott fragmentation model. The shape
of the model agrees well with the experiment.

extracted, also summarised in Table 1. For comparison, the
grain size of the original LQG was measured from a series of
micrographs®’, averaging over 452 grains. The elastic Mott
model was also fitted to that grain size distribution, giving
lp =0.19 + 0.03 mm with a CoD of 0.959.

Table 1

Length scale parameters and coefficients of determination
from the fitted elastic Mott fragmentation models and
measured strain rates of the expanding ring experiments.

Expt. Strain rate  Length scale Coefficient of
(¢/1073 s7!) parameter  determination (R?)
(,/mm)
1 3.96 £ 0.09 0.95+ 0.04 0.998
2 293 £0.03 16=+0.2 0.970
3 4.98 £ 0.07 0.55 + 0.02 0.999
4 558 £ 0.04 0.27 £ 0.04 0.966
5 8.05 + 0.10 0.37 + 0.07 0.986
6 6.58 £ 0.04 0.25 + 0.02 0.991
7 6.64 +£ 0.04 0.24 £0.03 0.977
8 - 0.35 + 0.04 0.985

Figure 5 shows the variation in fragmentation length scale,

Iy, with strain rate (points), compared to the length scale
parameter of the grains (horizontal dotted line). Initially,
Iy reduces roughly linearly with strain rate, following the
expected behaviour. However, as the strain rate approaches
approximately 5.5x10 s~!, the fragment sizes stop reducing
and remain broadly constant. This unexpected phenomenon
corresponds to the point at which /; nears the grain size of
the material.

Optical microscopy of a fragment, showed in Figure 6,
demonstrates that although there are rough fracture surfaces,
the fracture occurs around individual grain boundaries. Ap-
proaching a constant fragment size at high strain rates is
inconsistent with existing theories, which generally predict
that fragment sizes should continue to reduce. In fact, the
initial reduction in fragment size we observe is much faster
than predicted by equation 2. The dynamic resistance of a
material can be described by fragmentation toughness,

3
Ky =\ 15pcex® ©)

where K is defined in analogy to fracture toughness, x
is the nominal fragment length and p is the bulk density 3.
Figure 6 shows the experimental data from Table 1 and the
smooth interpolation converted to toughness using equation
6. K normally increases slowly with rate (i.e. equations 2
and 6), however in this case we see a rapid fall, followed by
a leveling off around the point where the fragment size ap-
proached the grain size. The complex variation in toughness
further demonstrates the experimental results do not agree
with the existing fragmentation theory and new models are
required.

5. Conclusions

The expanding ring technique was successfully applied to
characterise the high strain rate tensile response of a typical
granite, and was compared with the behaviour expected from
existing theory. The distribution from the elastic Mott model
was in good agreement with the measured FSDs, but showed
an unexpected strain rate dependence; fragment sizes reduced
with rate until a point, after which they remained constant.
This discontinuity point coincided when the fragment size
neared the original grain size of the material. It is hypoth-
esised that this phenomena, which has not previously been
observed, is caused by the fragmentation process being dom-
inated by intergranular failure; initially the increasing stain
rate causes greater tensile stresses in the ring which results
in small fragments, as predicted by current fragmentation
theory, but at the discontinuity point the material reaches
complete intergranular fragmentation, where the material
has disintegrated into into single grains, and the fragments
cannot reduce any further without activating an intragranular
fracture mechanism.

Optical microscopy of the fragments confirmed the fracture
occurred at grain boundaries which gave credence to the
proposed hypothesis. However, further experimental data is
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Figure 5: Variation in the length scale parameter with strain rate from the expanding ring experiments. The grain size of the
original material has been added for reference. The length scale parameter of the recovered fragments reduces with strain rate,
until it reaches the grain size, after which point it remains constant. The solid blue line is an interpolation to guide the eye.

Figure 6: Optical microscope side-view image of fracture surface of a large fragment from Experiment 3. The edge is rough and
the peak spacing of the roughness is on a similar scale to the grain size, 450 um, which suggest intergranular fracture.

needed to confirm this hypothesis and could be achieved by a software.
series of expanding ring experiments on geological materials
of varying grain size.
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