The significance of grain morphology, moisture and strain rate
on the rapid compaction of silica sands
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There is considerable interest in the high-rate compaction of brittle granular materials
such as sand. However, the vast majority of studies focus on a single granular system,
limiting our ability to make comparisons between materials to discern how granular
structure manifests as bulk material response. Here, three different silica sands with
similar grain size and shape are studied: we compare a rough quarry sand, a smoothergrained sand, and a sandy loam. Quasi-static compaction and planar shock loading
responses are compared, and recovered samples analyzed. The combination provides
information regarding the interplay between granular properties, loading conditions and
material response. We show that the fundamental grain-scale behaviour depends on
loading conditions: At low strain rates compaction behaviour is dominated by grain
morphology, and in particular smoothness and particle size distribution. Under shock
loading, grain rearrangement and force chain effects are suppressed, and the nature of
inter-granular contact points, modified by the presence of moisture or fines, is most
important. Furthermore, grain fracture under shock loading is substantially reduced
with increasing moisture content.
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The processes by which brittle granular materials compact largely depend on their microstructure and the
properties and interactions of the grains themselves. Predicting the dynamic response of these systems requires
knowledge of how grain-scale phenomena manifest as macroscopic response. Such insight is crucial for a wide
range of high rate applications including planetary formation and impact cratering1, the response to blast and
penetration2, and predicting and improving soil response to earthquakes and landslips through seismic
coupling3.
Developing a detailed knowledge of granular systems requires a sustained theoretical4 and experimental5
effort. Experimental data is required to guide and populate material models, which otherwise struggle to
predict how nonlinear grain-scale phenomena affect macroscopic behaviour. Shock compaction of dry sand
has been the focus of a number of studies6-9, with a few probing the additional effects of moisture10-12. The
authors have previously detailed the shock-release cycle in dry13 and wetted14 sand.
While experimental efforts to date have provided substantial information on the compaction of sands,
each study almost invariably probes a single granular material. In addition, there is often substantial variation
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in sample preparation and experimental techniques between studies.

There is, therefore, a lack of

understanding of the effects of changing morphology, moisture and strain rate5, although it is known that the
dynamic response depends strongly on factors such as grain shape, size, porosity, surface roughness and
arrangement15. Predictive modelling capability therefore remains limited16, 17. While studies directly comparing
the rapid response of different sands are lacking, a number of studies highlight how further research is needed.
Studies on glass spheres have shown that for stresses below that required for full compaction, systems of
smaller particles densify less than larger ones18, while the particle size distributions of fractured samples vary
depending on whether samples have been slowly compressed or shocked19. Arlery et al.12 presented data on
sand with 10% clay (kaolinite) added in an attempt to “stabilize and homogenize” the water content in their
samples. The resulting Hugoniots appear to differ from other literature data on sand, which may be a direct
result of the added clay fraction. Other studies suggest that both particle size20 and material composition21
affect shock response. In a previous paper14, we proposed that a small amount of moisture reduces the stress
concentration and shear strength at contact points, slowing shock velocity; while in fully saturated samples
shock velocity depends on the connectivity of the inter-granular structure.
In this letter, we report a series of experiments on three similar silica sands, highlighting the effects of
varying morphology, rate and moisture on compaction. Plate impact experiments have been supplemented by
uniaxial, quasi-static (QS) compaction tests with rigid lateral confinement, and post-compaction analysis of
grains to determine the extent of fracture.
To compare with the fine “rough” builders’ sand used previously13, 14, we introduce both a “smooth” sand
and a “sandy loam” as shown in Figure 1. The smooth sand, Leighton Buzzard “Fraction D” (sourced from
David Ball Group, UK), has translucent white grains and a more weathered grain surface, providing a useful
intermediary between the majority of sands and widely studied systems of silica spheres. The smooth material
also has a slightly larger modal grain size and narrower distribution. The sandy loam is very similar to the
rough sand except for the presence of silt (c.10%) and a small organic component (c.1-2%). The rough sand,
sandy loam and smooth sand have a very similar mean aspect ratio (0.743, 0.746 and 0.744 respectively), HS
circularity (4π.grain area/grain perimeter2) 0.819, 0.812, 0.812) and convexity (convex hull perimeter / grain
perimeter) (0.976, 0.973, 0.975), as determined using a Malvern Morphologi G3. Particle size distributions
(PSDs) are given alongside those for recovered samples in Figure 4. The smooth sand is 99.8% quartz, while
the rough sand contains 6-7% orthoclase, and the sandy loam 2-3% orthoclase and 1.6-2% goethite. These
small impurity fractions were deemed unlikely to significantly affect compaction response. All materials were
sieved at 850 µm to remove a small number of large grains, then dried for 24 h at 120 °C to remove residual
moisture.
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Figure 1: ESEM and optical images of the three sands used: (a) rough sand, (b) smooth sand and (c) sandy loam. While the
grains are similarly shaped, the grain surfaces on the smooth sand are substantially more weathered, and the sandy loam
contains a number of smaller particles.

Quasi-static compaction experiments were performed on the three dry samples, providing comparative
information in order to decouple rate effects from morphological differences, using a method similar to Neal et
al19. Sand samples were loosely poured into position between 10 mm diameter high strength steel punches and
radially confined by a maraging-steel annulus, with an intermediate thin Teflon film to reduce friction. Each
sample was loaded to approximately 1.5 GPa at 0.02 mm s-1 using an Instron 600KPX universal testing
machine. Total axial, radial and frictional (through the lateral walls) forces were recorded. Subtracting the
frictional stress from the measured total stress provides the resultant stress through the sand sample, while the
recorded punch positions give sample density.
Results (Figure 2) indicate little difference between rough sand and sandy loam, suggesting that at low
rate the presence of some silt does not significantly affect compaction. The smooth sand compacts
substantially less readily, to the point that by 1.5 GPa, the remaining void fraction (comparing with the
compaction curve for z-cut quartz) is roughly 50% greater than that of the other two materials, as shown in
Figure 2a. In the smooth sand, an initially stiffer region at low stress indicates yielding of the soil skeleton5 at
approximately 20 MPa, whereas the other two materials do not show any such initial elastic response (Figure
2b).
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Figure 2: Quasi-static compaction data for the two materials in a gauged reactive (GREAC) cell22 (a), including a detail of
the low-stress region (b).

Plate impact experiments were performed following the method published previously13, 14. Smooth sand
was tested dry and moist, along with dry sandy loam, and compared to existing dry and moist rough sand
results14. The addition of any moisture makes the sandy loam highly inhomogeneous on a length scale of
several millimetres due to movement and agglomeration of the silt fraction. It was therefore impractical to test
moist sandy loam in our 4 mm deep sand cells.
After insertion into a cell, each material was prepared to a “lightly tapped” density, thus ensuring that
fracture or structural anisotropy was not induced in the samples due to pre-compaction. This gave densities of
rough sand (1.38-1.45) g cm-3, smooth sand (1.58-1.61) g cm-3, and sandy loam (1.43-1.49) g cm-3. 10% moist
sand samples were fabricated by mixing dry sand and water in a multi-axial powder mixer, then lightly
manually compacting the cells to (1.60-1.64) g cm-3 for both materials.
Time-of-flight and impedance matching techniques were employed to give shock velocity, particle
velocity and stress in the sand bed, using literature values for the Hugoniots of copper and PMMA23. Figure 3
compares the subsequent Hugoniot points in shock-velocity (Us) versus particle-velocity (up) space, along with
least squares linear fits. Compared with dry rough sand13, the smooth sand has a flatter Hugoniot, with the
lower Us for a given up indicating a lower stiffness than rough sand at higher impact stresses. Even lower
shock speeds and increased scatter are observed in the sandy loam, the latter attributed to greater
inhomogeneity due to the silt fraction.. Comparing moist smooth sand with moist rough sand14, we see no
discernible difference: the two Hugoniots overlap almost perfectly. All five data sets are confirmed as
normally distributed about their linear fits (Shapiro-Wilk24). Analysis of covariance25, based on estimated
common gradients to obtain an adjusted mean, gives the differences in shock velocity as (379±47) m s-1
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between dry rough sand and sandy loam; (181±50) m s-1 between dry rough sand and dry smooth sand; and
(37±59) m s-1 between the two moist materials.

Figure 3: Hugoniot data for (a) the three dry sands and (b) the two moist sands (with dry rough for reference). The
Hugoniots of the three dry materials differ substantially, while adding 10% moisture results in both rough and smooth sand
behaving similarly. Dry and moist rough sand data reproduced from Appl. Phys. Lett. 107, 174102 (2015), Copyright 2015
AIP Publishing LLC.

To recover shocked sand samples, five capture cells were built and impacted with 50 mm diameter
copper flyer plates at 500 m s-1. A 15 mm steel cup held a 3 mm deep, 40 mm diameter sand bed on top of 9
mm of polyethylene glycol 1,000. A 3 mm deep oxygen-free copper front plate ensured that the sample was
contained after impact, and this inner cell was housed within a larger aluminium surround.

Capture

26

experiments on granular materials pose a particularly challenging set of issues , in that the sample will
invariably be loaded multiple times. Characterizing the loading history is difficult with stress gauges, which
are unreliable for repeated multi-dimensional loading. Simulations using the GRIM Eulerian hydrocode with a
compaction EoS (based on experimental QS and plate impact data) and Johnson-Holmquist constitutive model
were used to show that the sample 'rings up' to a peak stress of 2-3 GPa, depending on initial density and
position within the bed – conditions broadly comparable with the quasi-static data. As the dry and moist
materials exhibit similar shock impedances, differences in stress history between experiments will be small. In
the case of saturated sand, peak loading stress will be higher, potentially resulting in more grain fracture –
however even at this stress, results show fracture is minimal. A Malvern Mastersizer 2000 laser-particle-sizer
was used to measure recovered particle size, specifically sphere equivalent radii.
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Figure 4 compares the PSD results for the rough sand (4a), smooth sand (4b) and sandy loam (4c); there
are clear qualitative differences with moisture and rate. In all cases, the solid blue line shows the PSD of the
source material. The corresponding PSD of the shock compacted dry materials is shown by the dotted green
lines. In all cases there is a single peak at ~50 µm, with minimal variation between the three sands except for a
slightly greater extent of fracture in the smooth sand. Adding moisture has a very significant effect (dashed
orange and long-dashed purple lines for rough sand). A single peak in the PSD is still evident, but the shift in
modal grain size due to shock-loading is less for wetter samples.
In comparison, the QS compacted (dry) material shows very different behavior. In all cases, the resulting
PSD (short-dashed red line) is bimodal, having one peak close to that of the original material, and a second
peak close to the position of the peak observed during shock compaction. The three materials behave
similarly, although for the smooth sand the peaks are less well separated, resulting in an overall flatter
distribution, and with fewer very small grains.
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Figure 4: Particle size distributions for initial and compacted materials. Under shock loading, all three materials fracture to
a similar extent; under QS loading conditions, the rough sand (a) fractures more readily than the smooth (b), while the
rough sand (a) and sandy loam (c) exhibit bi-modal particle size distributions. Moist and saturated shocked samples exhibit
substantially less particle fracture (a). Note that all y-axes are scaled equally for ease of comparison.

These apparently complex differences in behaviour, seen as a result of varying rate, morphology and
moisture, can all be explained by considering grain-scale processes. Fracture and rearrangement are interlinked
processes ongoing throughout compaction, with at least a small amount of fracture generally required to
facilitate substantial rearrangement. During compaction, even very small applied stresses overcome frictional
forces and begin to fracture weak structures in the rough sand (primarily abrasion and attrition), resulting in
the comparatively soft response with an apparent yield stress of zero. Conversely, the stiffer initial compaction
region in the smooth sand (Figure 2b) is indicative of a lack of fracture below approximately 20 MPa5.
7

At higher stresses, the smooth sand is more able to re-configure itself (in response to ongoing fracture as
loading stress is increased) such that force chains carrying stress through the material are relatively evenly
distributed, engaging a high percentage of the bulk in resisting compaction, leading to the steeper curve in
Figure 2a. In the rough sand the stress distribution is less even, so some contact points – jammed in place by
inter-granular friction – experience very high stresses, leading initially to more uneven fracturing of grains.
The preferential fracture of certain grains naturally leads to the bimodal PSD, a process more evident in the
rougher sand. Bimodality may be further enhanced through feedback whereby fines effectively “cushion” the
remaining larger grains by increasing co-ordination number27, counteracting the usual preferential fracturing of
larger grains28. These fines are present initially in the sandy loam, and created at low stresses by attrition in the
rough sand; the effect is less prevalent in the smooth sand, where the post-compaction fines content is lower.
Under shock loading the processes are quite different; the main observations being different compaction
behaviour between all three dry sands, and a unimodal PSD. During shock there is insufficient time for
substantial grain re-arrangement, and the supersonic nature negates significant stress propagation ahead of the
compaction front – so the concept of force chains or a granular backbone is largely inapplicable. Instead, the
shock-compaction wave progresses through the material, affecting all the grains and resulting in the unimodal
PSDs observed. In support of this hypothesis, consider that grain fracture probability due to loading a single
grain generally follows a log-normal distribution29. As a function of particle number (not shown) the PSDs of
all the shocked samples closely follow log-normal distributions, consistent with the stress state under shock
loading not being controlled by complex (multi-grain) force chain interactions.
The differences seen at the shock front are based on the nature of inter-grain contact points. We have
seen previously14 that the addition of a little moisture slows the shockwave, while full saturation results in two
different shock Hugoniots depending on inter-grain connectivity. Similarly, the fine particles in the sandy loam
appear to soften the contact points between larger grains, reducing the peak stresses and resulting in its very
low shock impedance (Figure 3a). The fines that soften the interaction in the rough sand during quasi-static
loading are created during the loading process, hence the divergent behavior of the two materials under shock
conditions.
Under shock loading the dry smooth sand is softer than the rough at higher stresses, in contrast with the
results for quasi-static compaction, but the mechanisms for this remain unclear. The lower shock speed may be
a result of reduced stress-focusing in the smooth sand, arising in part from a higher mean co-ordination
number in the initially denser smooth sand samples. Furthermore, one recent model17 predicts that an increase
in friction will accelerate grain locking and increase the inelastic response, resulting in a higher wave speed
and reduced dispersion. The addition of moisture has a consistent effect on shock response: although materials
respond quite differently when dry (Figure 3a), both the rough and smooth sands behave almost identically
when moist (Figure 3b), in agreement with the trend predicted by Borg et al30. Here, the grain-grain contacts
become defined by localized moisture rather than surface texture. Given that the Hugoniot for moist rough
sand is much closer to that for dry than saturated14, the minimal fracture observed for moist sand strongly
suggests shock speed is not controlled by the extent of grain fracture.
Overall, we have studied three silica sands with similar modal grain sizes and initial bulk densities. We
have established fundamental qualitative differences in the granular response to loading at different rates:
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At low rate, grain morphology and surface texture is dominant; smoother grains are more readily able
to re-configure and “spread the load”, while in rougher sands inter-granular friction inhibits the
process. Preferential fracture of certain highly loaded or weak grains leads to a bimodal particle size
distribution, with fines (present initially or produced through abrasion and attrition of rough
asperities) enhancing the process.



At high rates, grain rearrangement is suppressed, so morphological differences have less effect.
Instead, the compaction wave is dominated by contact point shock-coupling, which can be modified
by moisture or fines. Grain surface roughness also affects shock response, though the origin of this
phenomena is not yet fully understood. Shock loading affects all grains without the multi-grain
interactions of extensive force chains, leading to a unimodal distribution of fractured grain sizes.

We have demonstrated that microscopic properties are strongly coupled with the macroscopic compaction
response of brittle granular materials, and provided a set of experimental procedures for probing these
phenomena. Crucially, this insight regarding which grain-scale phenomena are relevant in each regime
provides a valuable aid for developing accurate morphology- and rate-sensitive material models, both
continuum and discrete. More generally, our insights help establish a roadmap towards a more comprehensive
description of granular compaction, and the long term goal of developing “designer” granular materials with
dynamic properties to suit specific requirements.
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