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Impact craters in loose granular media
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Abstract. The craters formed by the impact of steel balls with a loose sand bed are experimentally studied.
Both crater size and morphology depend strongly on the impact angle. Two scaling laws, corresponding

to length and width, respectively, are proposed.

PACS. 45.70.-n Granular systems — 83.80.Fg Granular solids

Craters exist on Mars, the Earth, and other planets
with solid surface. As “written” record of impact events,
craters have been of fundamental interest among geophysi-
cists [1-4]. It is possible to estimate the threat of asteroids
to the Earth provided that the impact process is com-
pletely revealed. Two very recent experiments [5,6] on
impact craters formed by dropping a ball vertically into a
container of granular material suggest that many impor-
tant aspects of large-scale crater formation can be mean-
ingfully modelled in low-energy laboratory experiments on
granular media, although a detailed analogy may be lim-
ited. The crater diameter is confirmed to scale as the i
power of the impact energy. However, natural impacts take
place over a variety of angles and the crater shape is not
always circular [7-11].

Here we focus on the influence of the impact angle on
the crater morphology and size. The experimental appara-
tus and procedures are as follows. A device with 2m long
stainless-steel groove with a semicircular cross-section was
designed. The inner/outer diameter is 1.9 cm/2.5 cm. The
inclination angle, 6, of the groove can be changed. A 90 cm
long, 20cm wide and 8.3cm deep container of naturally
mixed, dry and noncohesive quartz sand is placed under
the lower end of the groove. The analysis of sand diameter
has been performed by Zhou et al. [12]. The mean size of
grains is 0.228 mm. The volume fraction of the granular
medium has a great effect on the crater formation. To keep
the same initial state of sand bed, a special treatment is
adopted before each test. At first, the sand is stirred up.
The generated sandpiles are slightly higher than the con-
tainer edges which are very straight and smooth. Then, a
rigid ruler is slowly pushed along the two longer edges of
the container. Some sand grains flow out during this pro-
cess. Finally, a small silo is used to add sand to a few places
which are lower than the container edge. The mass differ-
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ence between the added and lost sand is less than 0.250 kg.
As a comparison, the total sand in the container exceeds
15kg. The added sand is also smoothed by the ruler. Now
the sand bed is almost loose and flat everywhere. The
noticeable defects are further repaired by lightly tapping
or blowing. In the experiment, a steel ball, ranging from
0.40 cm to 1.83 cm in diameter, is released with zero speed
from a site of the groove. It will collide with the sand bed
after rolling a distance, h, along the groove. The total en-
ergy dissipation due to the friction between the ball and
the inner surface of the groove cannot reach 3% of the
ball’s potential energy or mgh sin . When the ball comes
to rest, we begin to observe the crater. To reduce the in-
fluences of the container edge and the lower end of the
groove, the impact site is kept near the center of the con-
tainer and a distance of about 2.5 mm between the surface
of the sand bed and the groove is needed. We vary 6 from
10° to 80°, h from 10 cm to 200 cm. For vertical impacts,
a like method as described in [5, 6] is applied.

As pointed out in previous studies [7,8,13], the resul-
tant crater depends on many factors. The crater shape
is jointly determined by the release site, the ball diam-
eter and the impact angle, etc., in this experiment. The
impacte angle plays a dominating role. For example, al-
though other factors may be greatly different, all craters
are circular when 6 = 90°. So we can make a rough
classification of crater morphology in the light of the
impact angle, see Figure 1. i) For large impact angles
(70° < 0 < 90°), craters are often circular. A simple crater
(Fig. 1(a)) is the most familiar sight. We also find a cir-
cular crater with a small central peak (Fig. 1(b)). But
the complex crater seen by Walsh et al. [6] does not ex-
ist in our experiments since the cohesive forces between
grains are very weak for the granular medium we used.
ii) For medium impact angles (40° < 6 < 70°), an ellipti-
cal crater, which has never been investigated in previous
experiments on low-energy impacts, appears. Unlike the
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(b) crater with a central
peak

(a) simple crater

(c) elliptical crater (d) crater with the ball ex-

posed

(e) triangular crater

Fig. 1. Typical craters.

uniform rim of the simple crater, the lowest or highest lo-
cation of the rim occurs on the prolate axis of the ellipse
for this type of craters. In most cases, the ball is buried
completely (Fig. 1(c)). While Figure 1(d), in which the
ball is exposed partly, indicates that the ball will move a
distance after the impact. The sand is pushed outwards
and forward. This process leads to the formation of an
elliptical crater. iii) For small impact angles (8 < 40°),
the typical crater configuration (Fig. 1(e)) is distinctly
different from that depicted above. It looks like an acute
triangle or a tadpole. A similar scenery of crater morpholo-
gies as shown in Figures 1(a) and (c) is observed on many
planets. A detailed comparison of circular craters between
laboratory and planetary has been performed by Walsh et
al. [6]. From a mathematical point of view, the elliptical
crater can be well identified with eccentricity rather than
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Fig. 2. Eccentricity of an elliptical crater versus impact angle.

with the “ellipticity” defined by Bottke et al. [11]. Af-
ter averaging eccentricities of all craters at certain impact
angles, we find that eccentricity increases with decreas-
ing impact angle, see Figure 2. This tendency is in accord
with the results of hypervelocity experiments [7,14]. The
mean eccentricity of 223 Martian elliptical craters classi-
fied as “Likely” and “Possible” in reference [11] is calcu-
lated. This value (= 0.71) is included in our experimental
results (Fig. 2).

Now let us consider the scaling laws for the crater size.
The release site, h, the ball diameter, d, and the grain size,
dg, are three relevant length scales. As far as we know, dg
plays a fundamental role in two situations. When d ~ d,
the impacting ball may rebound from the granular bed and
eject a few grains [13,15]. The crater could have the same
length scale as a single grain in this case. For very small
grains (dg < 0.090 mm in Ref. [6]), cohesive forces directly
exert an influence on crater formation. Since d > d, and
dg =~ 0.228 mm in this experimental study, the effect of
grain size is insignificant, as compared with that of h and
d. So, it seems that the simplest forms of crater size are

= Cldahl_aa (1)
w = Cypd®h'=P, (2)

where [ and w, both defined by the location of the maxi-
mum rim height, are the crater length and width, respec-
tively. If the width is not a constant in the direction of
the impact (as in Fig. 1(e)), the measured maximum value
is defined as the crater width. Given an impact angle, 6,
the nondimensional coefficients, C; and C,, and the expo-
nents, « and 3, can be obtained by using the least-squares
method. Figure 3, in which only the data for § = 40°, 60°
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Fig. 3. Scaling of the crater size with ball diameter and release
site: X for d = 0.60cm, + for d = 0.95cm, * for d = 1.10 cm,
* for d = 1.27cm, o for d = 1.43cm, e for d = 1.60cm, ¢ for
d = 1.83 cm, solid lines for predictions of equations (1) and (2).

and 80° are plotted and Cy = sicﬁ, shows that equa-
tions (1) and (2) agree well with experimental results. C,,
is normailzed by sin @ for the convenience of further data
treatment.

It is found that the coefficients and exponents in the

above scaling laws are not constants in the whole range of

(a) Ci as a function of 0 (b) Ci as a function of 6

Fig. 4. Coefficient versus impact angle: B and X for the data
obtained by the least-squares method, solid lines for predic-
tions of equations (3) and (4).
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Fig. 5. Exponent versus impact angle: B and x for the data
obtained by the least-squares method, solid lines for predic-
tions of equations (5) and (6).

impact angle. The fitted expressions are as follows:

o, — [0.03631 +0.21691 exp(0/0.32145), 6 < 6, 3)
1= 11.05722 4 4.81566 exp(—6/0.39149), 6 > 6,
v — 0.70089 + 2.81827 exp(—0/0.80073) ()
w = 4+11.67266 exp(—0/0.16161),
~ [0.16433 + 0.0279 exp(0/0.22920), 0 < 6o, 5)
*=10.75, 0> 0y,

B = 0.69528 + 0.21284 exp(—0/0.84159),

27 (or 40 in degrees). The comparisons be-
tween the fitting curves and the experimental data are

given in Figures 4 and 5. The i power law, which has

been established when 6 = 90° [5,6], is still valid to de-
scribe the crater length for large impact angles. But such
a simple law fails for the width scale and all cases of small

where 0y ~
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impact angles. Both C; and « in length scaling will in-
crease with € until the morphology of the crater changes
obviously, or the elliptical crater appears, and then C; de-
creases, « remains a constant (about 0.75). Cy, and [ are
all decreasing functions of 6.

In summary, we have systematically investigated the
crater morphology and measured the crater length and
width. For large and medium impact angles, striking sim-
ilarities are seen in laboratory and planetary crater mor-
phologies. Based on experimental data, two scaling laws
are proposed and the applicability of i power law is given.
The present work suggests that the behaviour of a granu-
lar medium under the oblique impact of a hard object is
very interesting. The dependence of crater formation on
the impacting material properties, the volume fraction and
cohesive forces of granular media, planetary gravity and
atmospheric parameters, etc., should be further studied in
detail. Theoretical description and numerical simulation of
the observed phenomenon are also needed.
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