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[1] Small icy bodies in the outer solar system have been shown to consist of ice-silicate
mixtures. The results of previous impact cratering experiments on ice-silicate mixture
targets showed that a crater volume decreases with increasing silicate content. Surface
strength controls craterings in laboratory experiments and on small bodies with a certain
degree of strength. In this study we measured the uniaxial compressive and tensile strength
of the targets used in previous impact cratering experiments by uniaxial compression
and Brazilian tests, respectively, at 263 K and calculated the shear strength from the
measured values. We found the uniaxial compressive and tensile strength increased
with silicate content, which explains why the crater volume decreases with increasing
silicate content. Since the gradient of increase of the uniaxial compressive and the tensile
strength was different, the difference between the tensile strength and the uniaxial
compressive strength becomes smaller with the increase of silicate content up to 50 wt %.
We show that the crater spall diameter is better scaled by the tensile strength to compensate

the difference of the silicate content than by the uniaxial compressive strength.

Citation: Hiraoka, K., M. Arakawa, M. Setoh, and A. M. Nakamura (2008), Measurements of target compressive and tensile strength
for application to impact cratering on ice-silicate mixtures, J. Geophys. Res., 113, E02013, doi:10.1029/2007JE002926.

1. Introduction

[2] Pure ice has been often used in laboratory impact
experiments in order to simulate the impact process on icy
bodies [e.g., Kato et al., 1995]. From data of spacecrafts,
however, it has been shown that comets, Saturn’s rings and
satellites in the outer solar system consist of several kinds of
volatiles (N, CO,, CH4 and H,0) and silicate dusts [e.g.,
Keller et al., 2005; Estrada and Cuzzi, 1996; Kempf et al.,
2005; Porco et al., 2005]. When these small bodies have a
certain degree of strength, crater formation is controlled by
the strength, defining what is called the “strength regime”
[Holsapple, 1993]. In this strength regime, the mechanical
strength of the material is a key parameter to determine the
crater dimension and morphology. In fact, images taken by
the Stardust mission show pit halo depressions like Rahe
crater and flat floor craters on the surface of Comet 81 P/
Wild 2, and similar structures were observed in laboratory
hypervelocity impact experiments by using strength con-
trolled targets [Brownlee et al., 2004]. They used baked
resin-coated sand for the analogue of comet nucleus.
Although they succeeded to reproduce the characteristic
crater morphologies observed, the experimental condition
obtained was unrealistic for the crater made on the comet,
because the baked resin-coated sand could have a very
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different mechanical strength from the comet nucleus. Ice-
silicate mixtures are the main components to construct the
small icy bodies. Thus we should study the mechanical
strength of not only pure ice but also ice-silicate mixtures in
order to understand the impact cratering on the small icy
bodies.

[3] Previous impact cratering experiments on ice-silicate
mixtures showed that a crater size decreases with increasing
silicate content [Lange and Ahrens, 1982; Koschny and
Griin, 2001; Hiraoka et al., 2007]. Koschny and Griin
[2001] conducted impact cratering experiments on ice-
silicate mixtures at about 1 to 10 km s™'. They found the
crater volume decreased with increasing silicate content [see
Koschny and Griin, 2001, Figure 9]; however, the silicate
content was quite limited below 20 wt %. This negative
tendency of the crater volume to the silicate content was
found to extend up to silicate content of 50 wt % by
Hiraoka et al. [2007].

[4] The mechanical strength of ice-silicate mixtures,
which controls the cratering processes, depends not only
on silicate content but also target porosity. Arakawa and
Tomizuka [2004] found that the static compressive
strength of sintered ice-silicate mixtures at a strain rate
of 5.6 x 107 s~ followed an empirical power law
equation of the porosity from 12.5 to 37%, and the strength
was always lower than that of sintered pure ice. They
examined the samples with the silicate content of 50 wt %
only, and the porosity between 12.5 and 37%. On the other
hand, almost all the previous impact experiments made for
ice-silicate mixture targets were conducted using the sam-
ples with the porosity less than 10% and the silicate contents
varying until 50 wt %. Therefore it is necessary to study the
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Figure 1. Relation between the silicate content and the
crater volume. The symbols of Hiraoka et al. [2007] show
the results of each kinetic energy range of impact. The plots
of Koschny and Griin [2001] and Lange and Ahrens [1982]
show the crater volume calculated by fitting curves of each
paper at each kinetic energy.

mechanical strength of ice-silicate mixtures with wide range
of silicate content and small porosities.

[5] The morphology of laboratory craters on brittle tar-
gets is typically a pit halo structure, which is similar to Rahe
crater on Wild 2 [Brownlee et al., 2004]. In brittle targets a
compressive wave caused by an impact makes shear frac-
ture in the target, and this region may correspond to a
central pit. The compressive wave reflects as a tensile wave
at the target surface. The tensile wave detaches thin frag-
ments from the surface region, and it is called “spallation”
[Melosh, 1984], which makes a halo. Thus the crater
morphology and dimension of brittle targets are expected
to depend on shear and tensile strength.

[6] In this study we measured the uniaxial compressive
and tensile strength of the targets used by Hiraoka et al.
[2007] at a strain rate ~2 x 107> s~ and a temperature of
263 K, which was the same temperature with our previous
study. Then the shear strength of the target was calculated
from the measured values. We first present brief summary
of our previous cratering experiments. Then, we describe
the measurements procedure of strength and the results. In
the end, we examine the relation between crater dimensions
and the three kinds of strengths.

2. Brief Summary of Our Previous Study

[7] Our previous impact cratering experiments were con-
ducted by a gas gun and a two-stage light-gas gun in a cold
room (263 K) at the Institute of Low-Temperature,
Hokkaido University, Japan. Cylindrical projectiles (pure
ice, 15 mm in diameter, 10 mm in height and 1.6 g in
weight) were used for the gas gun and truncated cone-
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shaped projectiles (nylon, 1.6 and 2 mm in diameter, 2.5 mm
in height and 7 mg in weight) for the two-stage light-gas
gun. The range of the impact velocity was from 299 to
657 m s~ and from 1480 to 3684 m s~ ', respectively.
Cylindrical targets were used for the experiments. Target
size was tuned corresponding to the accelerator: 20 or 30 cm
in diameter and 5 or 10 cm in height for the gas gun and
10 cm in diameter and 5 cm in height for the two-stage
light-gas gun. The silicate content of the target was changed
from 0 to 50 wt %. Powders of serpentine were used as the
silicate content. In order to mix ice and silicate powder
homogeneously in the target, we made the targets in the
following procedure at 263 K. First, we broke a commercial
ice block into small powders (snow) by an electric mixer. The
diameter of our snow particles were in the order of 100 pm.
Second, we mixed the snow into the silicate powders. These
mixed powders were put into the target container, and then
pushed with small quantity of purified water. We did the last
process over again until all prepared water was used. The
ratio of snow to water was 6:4 or 7:3. The target of 0 wt %
silicate content was made by the same procedure. Cross
section of the sample targets were inspected with a micro-
scope and found to be a homogeneous mixture with some
air bubble inclusions [see Hiraoka et al., 2007, Figure 1].
The porosity of the target used by Koschny and Griin [2001]
was assumed to be zero, but those of our target are estimated
to be at several percent. The mean diameter of the serpen-
tine powder was several microns in most of the experiments.
The porosity of the targets was estimated to be about 10%.
The crater volume was calculated by dividing the excavated
mass by the target density. The excavated mass was calcu-
lated by subtracting the postimpacted target weight from the
preimpacted target weight.

[8] The results showed a difference of crater morpholo-
gies between the pure ice and the ice-silicate mixture
targets. Although the impact produced many cracks around
the craters for the pure ice targets, there were less distin-
guished cracks for the ice-silicate mixture targets. The lack
of spallation was also observed for the targets with higher
silicate content, especially for the 50 wt % targets. The
crater volume decreases with increasing silicate content.
This tendency was especially clear for the results of the two-
stage light-gas gun. The relation between the crater volume
and the silicate content is shown in Figure 1 with the results
of the other previous studies. The crater volume in the 50 wt
% targets is especially smaller than those of the other
targets. More detail information about our previous experi-
ments is described by Hiraoka et al. [2007].

3. Measurements of Uniaxial Compressive and
Tensile Strength

[v] We measured the target uniaxial comlpressive and
tensile strength at a strain rate (~2 x 107> s~ ') by uniaxial
compression and Brazilian test [Mellor and Hawks, 1971] in
the cold room (263 K) in the Institute of Low-Temperature,
Hokkaido University. Note that the results here might be
quite different at the temperatures of comets and satellites of
the outer solar system. In the uniaxial compressive test,
cylindrical specimens were loaded uniaxially without con-
fining pressure and the specimen fractured with vertical
cracks, which is one of the typical fracture morphology of
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Table 1. Sample Dimensions and Results
Silicate Sample OcOor oy
Run Sample Type®  Content, wt %  Height, mm MPa
Uniaxial Compression Test
S08-002 pure ice 0 46.1 3.58
S08-007 pure ice 0 48 4.98
S08-012 pure ice 0 48.6 5.13
S10-002 pure ice 0 48 5.60
S10-003 pure ice 0 49.8 6.09
S10-004 pure ice 0 48.6 5.98
S10-008 FS 5.3 472 6.64
S10-009 FS 5.4 46.4 7.34
S10-010 FS 5.4 46 5.97
S08-003 FS 13.4 43.9 7.69
S08-008 FS 13.3 44 7.27
S08-013 FS 12.5 47 6.15
S08-004 FS 26.4 43.9 7.90
S08-009 FS 25.6 452 7.65
S08-014 FS 254 37.5 7.36
S08-005 FS 385 43.8 5.32
S08-010 FS 35.6 45.1 6.92
S08-015 FS 39.1 42.8 6.87
S10-011 FS 39.3 472 7.01
S10-012 FS 383 46.9 7.66
S08-006 FS 47.9 46.5 8.26
S08-011 FS 51.3 42 8.32
S08-016 FS 50.6 432 9.07
S10-005 CS 49.2 47.7 8.37
S10-006 CS 50.2 49.8 8.28
S10-007 CS 50.2 48 8.04
S10-013 CD 51.3 47 8.57
S10-014 CD 51.3 454 8.91
S10-015 CD 51.6 473 8.85
Brazilian Test

S09-002 pure ice 0 223 0.70
S09-007 pure ice 0 23.8 0.74
S09-012 pure ice 0 23.1 0.772
S09-003 FS 12.6 27.5 0.567
S09-008 FS 11.4 30.2 1.07
S09-013 FS 12.0 28.6 0.868
S09-004 FS 22.9 27 0.902
S09-009 FS 23.9 22 1.25
S09-014 FS 24.7 26.9 1.40
S09-005 FS 349 27.1 1.63
S09-010 FS 37.2 26.1 1.93
S09-015 FS 37.1 24.9 2.01
S09-006 FS 44.9 28 1.76
S09-011 FS 48.4 26.9 2.43
S09-016 FS 47.2 28 2.35
S10-016 CS 50 26.8 K
$10-017 CS 50 28.8 b
S10-018 CS 50 15 b
S10-019 CD 45.5 343 1.32
S10-020 CD 51.2 27.7 1.52
S10-021 CD 46.6 32.4 1.37

9FS, CS, and CD mean the sample made by silicate powders of fine
serpentine, coarse serpentine, and coarse dunite, respectively.
"We could not measure the strength.

brittle materials in the uniaxial compression test. The
Brazilian test is one that compresses disc-shaped specimen
diametrically inducing a stress that causes the sample to
yield in tension. The tensile strength, o7 is calculated using

(1)

where F is the maximum compressive load during the
measurement, d is the diameter of the sample, and / is the
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thickness (height) of the test specimen, respectively. On the
basis of the concept postulated by Griffith, the diameter of
the maximum stress circle through o7 point on Mohr’s
diagram is equal to 407 Consequently, the Mohr’s envelope
is expressed in a common tangent of the 407 stress circle
and a o¢ stress circle, which represents the uniaxial
compressive strength. In this case, the shear strength, og
is approximately obtained from an intersection of 7 axis in
the diagram and the common tangent, and can be calculated
by the following equation [Kobayashi and Okumura, 1971].
If o c> 30 T

oc-0orT
0y = ——F———-—. 2
s 2 O'T(O'C_?)O'T) ( )

[10] Ice-silicate mixture samples were prepared in cylin-
drical sample containers by following the same steps of the
procedure in our previous experiments [Hiraoka et al.,
2007]. The porosity of the samples was estimated to be
about 10%, which was similar to the porosity of the targets
used by Hiraoka et al. [2007]. The silicate content of most
of the samples was serpentine powders with typical diam-
eter of several microns, similar to the powders used in the
cratering experiments. We used two other kinds of powders
for comparison that were coarse serpentine and dunite
powders. These powders were about 200—-500 pm in
diameter. The silicate content of the samples using fine
serpentine powder was changed from 0 to 50 wt % for both
measurements. Crystalline density of serpentine and dunite
is about 2.62 and 3.24 g cm . Only 50 wt % silicate
content specimens were prepared for the coarse powder
samples.

[11] The test specimens were 32 mm in diameter and 43—
48 mm in height for the uniaxial compression test and 20—
35 mm in height for Brazilian test, respectively. Loading
rate was 5 and 3 mm min~' for the uniaxial compressive
and Brazilian test, respectively. Thus the strain rate of the
uniaxial compressive test was 1.7 t0 2.2 x 107> s, On the
other hand, since the loading direction is perpendicular to
the strain direction in the Brazilian test, it is not straight-
forward to calculate actual strain rate of Brazilian test.
However, the strain rate should be close to the value of
sample diameter/loading rate, 1.5 x 10~ s~'. The sample
type and results are listed in Table 1.

4. Results

[12] Since ductile deformation was observed for ice and
ice-silicate mixtures, the uniaxial compressive and tensile
strength were defined by the maximum values of the stress
of each stress-strain curve when we observed large cracks.
For the uniaxial compressive test the stress of ice decreased
rapidly after the maximum stress, and that of ice-silicate
mixtures also decreased but the stress only gradually
changed. In the Brazilian test the amount of plastic defor-
mation of ice-silicate mixture samples increased with
increasing silicate content. Since the contact between load-
ing head and the sample changed from linear to planar with
increasing amount of plastic deformation, the tensile
strength of the specimens with the higher silicate content
might not be measured precisely. However, the error due to
the planar contact is probably smaller than several percent
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Figure 2. Relation between the silicate content and the
uniaxial compressive and tensile strength. Symbols repre-
sent the sample type, which is the same in Table 1. Solid
line shows the exponential fitting line of the uniaxial
compressive strength for the mixture samples made by fine
serpentine powders (equation (3)). Dashed line shows the
exponential fitting line of the tensile strength for pure ice
and the mixture samples made by fine serpentine powders
(equation (4)). The superscript italic a and b denote the
results of Arakawa and Maeno [1997] and Arakawa and

according to an error estimate for an arch-like contact
[Mellor and Hawks, 1971], then within the scatter of our
measurements. The results of the uniaxial compression and
Brazilian test are shown in Figure 2 with the results of the
previous measurements. Both strengths increase with sili-
cate content. Figure 3 shows the samples after the uniaxial
compression and Brazilian test.

[13] The uniaxial compressive strength did not differ
among the samples of fine, coarse serpentine, and dunite
particles. It gradually increased as the silicate content
increased, with perhaps a more rapid rise between 0 and
5 wt %. The uniaxial compressive strength of the specimen
with 37.5 wt % silicate content was lower than expected.
The reason of this inconsistency is not clear. An empirical
equation of the uniaxial compressive strength for the mix-
ture samples made by fine serpentine powders is

oc = (65 + 0.5)€<0‘004i0‘002)R, (3)

where R is the silicate content and the correlation coefficient
of this fitting is 0.71. Arakawa and Maeno [1997] measured
the uniaxial compressive strength of pure ice at 263 K,
which was 6.6 MPa at lower strain rate (4.2 x 107* s™").
This pure ice sample was bubble free, which would explain
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why its uniaxial compressive strength was higher than those
of our samples. Arakawa and Tomizuka [2004] measured
the uniaxial compressive strength of sintered ice and ice-
silicate mixtures at 263 K at 5.6 x 107> s~'. Although their
silicate content and one of the porosity were almost the
same with our samples, the uniaxial compressive strength of
the sintered ice-silicate mixture, whose porosity was 12.5%,
was smaller than that of the sintered pure ice and our results.
This maybe indicates that the cohesion between ice and
silicate of our samples is stronger than that of the sintered
ice-silicate mixtures of Arakawa and Tomizuka [2004].

[14] Although the sample height/diameter ratio (//d) was
different among the samples (from 1.2 to 1.6), the effect of
this variation was small compared with the scatter caused by
the individual difference among the samples as shown in the
following. It is well known for the uniaxial compressive test
that the uniaxial compressive strength of brittle materials is
affected by the strain rate and //d. Because the variation of
the strain rate due to the difference of the sample height is
very small, it would not have any significant effect on the
uniaxial compressive strength. Hawks and Mellor [1970]
showed that uniaxial compressive strength of rocks de-
creased up to 30% with increasing value of //d between 1
and 2.5 or 3.0. However, our measurement results do not
show this trend. This indicates that the effect of the
difference of //d is within the scatter of our measurements
due to the other origins, such as the difference in the internal
structure of the samples due to the preparation process.

[15] The tensile strength increased with silicate content
differently from the uniaxial compressive strength. Thus the
ratio between the uniaxial compressive and tensile strength
changes with silicate content. Tensile strength of the spec-
imen with dunite coarse powders 50 wt % was smaller than
that of the serpentine fine 50 wt %, while the coarse
serpentine 50 wt % continued plastic deformation without
fracture. We could not determine the tensile strength of the
coarse serpentine sample. An empirical relationship of the
tensile strength for the samples made by fine serpentine
powders is as follows:

oy = (068 + 0.07)e(0.026i0A0()3)R’ (4)

where the correlation coefficient of this fitting is 0.99.

[16] Tensile strength is controlled by growth of cracks in
the sample. Since silicate powders block off crack growth in
the sample, the increase of the tensile strength is enhanced.
This is consistent with the less number of cracks observed
around the crater on ice-silicate mixture targets. The lack of
spallation for the higher silicate content targets is also
consistent with the increase of the tensile strength with
silicate content. The difference of the tensile strength among
different sample types, i.e., with serpentine and dunite, may
be caused by the different volume of the silicate grains and/
or different grain shapes. Since the grain density of dunite is
larger than that of serpentine, total volume of the serpentine
powders is larger than that of the dunite powders even if the
specimens have the same silicate content in weight. Fur-
thermore, serpentine grains have needle like structures
which correspond to larger cross sections. Thus the serpen-
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Figure 3. Samples after (top) the uniaxial compression and (bottom) Brazilian test. From the left,
silicate content is 0, 12.5, 25, 37.5, and 50 wt %, respectively.

tine powders have an advantage in prevention of crack
growth.

5. Relation Between Crater Dimension and
Target Strength

[17] Crater volume V in the strength regime depends on
impact velocity U, projectile radius a, projectile mass
density 6, target strength Y, and target mass density p.
Dimensional analysis is the primary tool used to derive
scaling relationships. In the case of the strength regime,
there are six parameters, with three independent dimensions
of mass, length, and time. Therefore there is a simpler
relation among three dimensionless combinations. In the
work by Holsapple [1993], the choices of these groups are
as follows:

o 14 )
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silicate content
Owt%
12.5wt%
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50wt%

10-1 I I
10+ 103 102
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Figure 4. Relation between the dimensionless uniaxial
compressive strength and the crater depth normalized by the
projectile radius. The solid line shows the fitting line of the

where m is projectile mass. The left term can be changed
into dimensionless crater depth or diameter. In this chapter,
we discuss the most appropriate strength among the uniaxial
compressive, tensile and shear strength of the target, for the
dimensionless crater depth, diameter and volume, respec-
tively. Since the density ratio of the projectile and the target
in this study was changed only over factor 1.7, it is difficult
to discuss and determine the dependence on the density
ratio. Thus the index of the density ratio is fixed to —0.4
[Holsapple and Housen, 2007].

5.1. Crater Depth

[18] Figure 4 shows the relation between the dimension-
less uniaxial compressive strength and the crater depth
normalized by the projectile radius. The crater depth
increases with the impact when it was below 700 m s~ .
On the other hand, the results obtained with the impact
velocity between 1.5 and 3.6 km s~' are almost constant.
This feature can be also seen in impact experiments with
rock and metal targets [Kadono and Fujiwara, 2005]. The
crater depth is well scaled by the uniaxial compressive
strength, especially for lower impact velocity. Table 2
shows correlation coefficients of fitting curves when the
uniaxial compressive, tensile or shear strength are used for
the scaling. A least squares fit of all results at lower impact
velocity in Figure 4 gives

Ca . _1ar02( OC ool p\ 04
Ci_ jgrasoa( o€ Pyt ©)
a pU 1)

where C, and a are the crater depth and the projectile radius,
respectively.

Table 2. Correlation Coefficients of Fitting Curves When the
Uniaxial Compressive, Tensile, or Shear Strength Are Used for the
Scaling

Crater Depth/ Crater Diameter/ Crater Volume/
Projectile Projectile (Projectile
Radius® Radius Radius)’
Uniaxial compressive 0.74 0.91 0.73
strength
Tensile strength 0.43 0.93 0.82
Shear strength 0.36 0.93 0.81

Impact velocity ranged below 700 m s~

50f7
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Figure 5. Relation between the (a) dimensionless uniaxial
compressive, (b) tensile and shear strength, and (c) crater
diameter normalized by the projectile radius. The fitting
lines for the results of 12.5, 25, and 37.5 wt % silicate
content are shown in plot. The bold dash-dotted line in
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5.2. Crater Diameter

[19] Figures 5a, 5b, and 5c show the relation between the
dimensionless uniaxial compressive, tensile and shear
strength, and the crater spall diameter normalized by the
projectile radius. When the normalized crater diameter is
scaled by the uniaxial compressive strength, the crater
diameter of the higher silicate content is still smaller than
that of the lower silicate content (see Figure 5a). In the case
of the normalized crater diameter scaled by the shear
strength, the fitting lines in Figure 5c are still scattered.
On the other hand, the tensile strength scales the crater
diameter to compensate the difference of the silicate content
(see Figure 5b). This is consistent with the model that the
crater diameter is determined by the spallation. However,
the correlation coefficients of the fitting curves shown in
Table 2 are almost the same. A least squares fit of all results
in Figure 5b gives

Co _ . —00x007( OT 4002\ 04
oy or N
a pU 6

where Cp, is the crater diameter.

5.3. Crater Volume

[20] Figures 6a, 6b, and 6¢ shows the relation between the
dimensionless uniaxial compressive, tensile and shear
strength, and the normalized crater volume. The normalized
crater volume is better scaled by the tensile strength to
compensate the difference of the silicate content than by the
uniaxial compressive strength or the shear strength (see
Figures 6a, 6b, and 6¢). However, the correlation coeffi-
cients of the fitting curves shown in Table 2 are almost the
same similar to the crater diameter. A least squares fit of all
results in Figure 6b gives

V_ [o-l4x02( 9T
a

—1.15+0.07 04
pU2>

5 ®)

[21] The reason why the crater volume is controlled by
the tensile strength is as follows. The tensile strength
increases with the silicate content more rapidly than the
uniaxial compressive strength. Furthermore, the crater vol-
ume is roughly in proportion to the crater depth and square
to the crater diameter. Thus the crater volume is controlled
by the tensile strength. Increase of the tensile strength with
silicate content is probably the main reason why the crater
volume decreases with silicate content.

6. Summary

[22] Previous impact cratering experiments indicate that
the crater volume in ice-silicate mixture targets decreases
with increasing silicate content. In order to understand this
tendency we measured the uniaxial compressive and the
tensile strength of ice-silicate mixtures with silicate content
at a low strain rate (~2 x 10> s ") and calculated the shear
strength. Both the uniaxial compressive and tensile
strengths increased with silicate content, although the gra-
dient of increase was different. The uniaxial compressive
strength gradually increased as the silicate content in-
creased, with perhaps a more rapid rise between 0 and 5
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Figure 6. Relation between (a) the dimensionless uniaxial
compressive, (b) tensile and shear strength, and
(c) normalized crater volume. The fitting lines for the
results of 12.5, 25, and 37.5 wt % silicate content are shown
in plot. The bold dash-dotted line in Figure 6b shows the
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wt %. When we apply these strengths to the previous results
on laboratory impact cratering experiments [Hiraoka et al.,
2007], the crater depth with the impact velocity ranged
below 700 m s~ is well scaled by the uniaxial compressive
strength of the target. The crater diameter and the crater
volume are scaled by the target tensile strength by compen-
sating the difference of the silicate content. Increase of the
tensile strength with silicate content is probably the main
reason why the crater volume decreases with silicate content.
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