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Abstract

J How Do Changes In impact Velocity Of A Spherical Ball Bearing Affect the
i Size of Crafers Left In A Sand Landing Area?

The research was divided into three experiments, each examining crater
diameter and depth resulting from the impact of a ball bearing in sand.
The key aspects of each were:
J/ i. Varied impact speed with an the angle of incidence of 20° {the landing
Y ared was fial);
- A ii. Constant impact speed with g varied angle of incidence; and
iii. Constant impact speed, 90° incidence but with varying sand density. /
3 | hypothesized that if impact speed doubles, crater diameters will
v increase by a factor of ¥2 and depths will double. However my
') experiments showed that while crater diameter could be described by an .
L‘*"’"b‘ expression similar to my hypotheses [{20.6) x (impact speed 04]], crater } jw‘)‘*&ﬁ
depth was significantly different [{13.2) x {impact speed 92, v
—p | predicted that the craters would have an ovular shope when the
angle of incidence was not 90°, with the oval becoming longer as the
angle of incidence decreases but with the width (shortest diameter of the
W) crater) of the oval remaining constant. | had problems with this
Uy" experiment as there was no real frend to the lengths or depths of the
craters. However they were ovular and the width remained consiant.
-5 | predicted that as sand density increases, depth of the craters will
increase and the diameters of the craters will decrease. | hypothesized
that as the density increases the craters will gradually change in shape
s from cones to vertical cylinders. My resulis showed Crater Diameter = 2e + (e 9
VN 6{Sand Density}-225 Crater depth decreased with sand density, but not by
(wt d mathematically expressible trend. My main unresolved issue across all
( the experiments was the shape of the craters since they were not inverted /
cones.
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1.0 Infroduction:
. "»ﬂb The aim of this essay is to investigate how changes in impact velocity of wa
(- a spherical ball bearing affect the size of craters left in a sand landing  ©
ared. reseoy
Wtoﬂ
1 believed that there would be a relationship between impact speed
“and crater characteristics that might be described mathematically. .
Furthermore, the relationship between variables could be applied fo M"‘"‘&ﬁ‘
much larger scenarios such as coliisions of matter generating craters in € -t
space and this is why it is worthy of investigation. (ms«&j\;%
¢ 1 % My basic hypothesis was that the crater would be an inverfed cone. \
f‘\j Consequently my research was be divided into three experiments, Vo Ypaatons o
vff, each examining crater diameter and depth resulting from the impact A dplmps
of a ball bearing in sand. The key aspecis of each were: PUJRIRSTY 1Y Qe
i. Variable impact speed with an the angle of incidence of 90° L N
Wf}r@ N (that is when the landing area was flat);
Ay yre ii. Constant impact speed with a varied angle of incidence; and
ii. Constant impact speed, 20° incidence but with varying sand
density.
2.0 Planning ( Maton
2.1 Theoretical Backaround
Investigating this question will involve physical laws on momentum,
equations of uniform motion, gravity, conservation of energy and
Newton's laws of motion. Classical physics provides us with five basic
laws of motion that | have utilized for this investigation. The laws are set
out below. The o’r‘her critical factor is gravity which is constant at 2.81
e m§Ton the earths surface.
v = U + at enables the calculation of final velocity of a body being v
accelerated over a given fime, where we iy/w“)
u = inifial velocity /\ ¢ JWM
v = final velocity ,4, G
a = acceleration 4 -.
t=time
o”‘f‘
\w}/’ This equation enables ’rhe calculation of the impact speed of the ball
7 bearing as described in Experiment 1 below
[
KE = 4 mv2 describes the kinetic energy of a moving body, where w;cw’
m= mass "
v = velocity "L
4
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| assumed that the craters would always have the same cross sectional

This equation is the basis of my hypothesis.

| predicted the craters would be inverted cone shape with a slight
rounded edge at the top. This is because [ believed that as the badll
impacts the sand it would violently deplace the sand grains until the
energy from its motion is dissipated through the creation of movement
of the sand grains it hits which then displace others or fly into the air. At
initial impact a high amount of energy would be dissipated so the sand Fe
grains will move further. in addition the sand close 1o the surface will &
move more freely as there is little to hold it in place. As the ball bearing

slows to a halt it will dissipate less energy so the grains will move less Q‘a"*{ 2

thereby creating an inverted cone with a lip. As shown in fig.2. "’x::f >

(wmre, <%
On the basis of KE =% mv? if the impact speed the same ball bearing &, 4 ,
doubles, the kinetic energy of the ball bearing also doubles. Therefore men bhoned )
due to the law of conservation of energy, when the ball bearing

colides with the sand all its kinefic energy will be transferred to the .. %~ 2"

sand. | thought that if the ball bearing had twice as much energy, it dand ehaman]

would be able to remove twice as much sand from its landing area.

proportional to r2 and h. Therefore if volume doubles when impact cest volum

inverted cone shape. The volume of a cone is 1/3[r*h, so volume is j T b
speed doubles, depth of the inverted cone should doubles (ie crater would not

Reou Lic E\AA"

depth). Furthermore when height dropped from and volume double N R

the radius (and hence diameter) will increase by a factor of V2. Even 4 Fina, .
though the radius is half the diameter, the diameter will also increase

by a factor of ¥2. Depth increases more than diameter because much ke, -1

more energy is needed to push particles up and out (to increase

diameter) rather merely to be displaced (to increase depth) this is

ilustrated in fig.3. explenatons ot v. e
oo ceSeaccn on A o

3.0 Experiment One - Investigating Impact Speed

The first experiment varies the impact speed of the ball bearing whilst

keeping the angle of incidence in the coliision between the ball

bearing and the sand constant at 90°. This is conducted by dropping

the ball vertically onto the sand landing area, from different heights. /

The experiment will be in two parts.

The preliminary part calculates the speed of the ball bearing at impact

from different heights. The ball is dropped from eight different heights P
using an electromagnetic machine. An electronic timer is connected M
to the electro magnet and a landing sensor, enabling the time of the W
fall to be calculated to three decimal places. This approach aims o .
minimize human error. The most likely recording error is in ensuring the \J\W
height from which the ballis dropped is accurately repeated in this b

27
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2 experiments and those that follow. A redlistic error margin would be

- +or- tem
,}”\/ o '

This is followed by the main part which measures the crater
characteristics when the ball bearing is dropped. In this part the
landing sensor is replaced with a sandpit. The ball is dropped from the
same heights as above. The diameter and depth of the cones which IK’U:

are formed can be measured with a vernier caliper. mnea Surement|
s wikd, Cot Arann P‘?Q\l&\,\,\_m Yomie b how ore

Askefowe, 3.1 Hypothesis For Vertical Drop(Experiment One): ehoy Qevrie
wﬁﬂ“"‘v | predict that if impact speed doubles crater diometer will increase a ouk
qoes p factor of ¥2 and depths will double for the reasons set out above. e
b 2, whune . .
M vy A0 Experiment Two- Varying Angle Of Incidence
G This experiment will investigate the consequences of changing the

¢ i"’;’/ angle of incidence of impact.

rot 2.

in order to do this | could either project the ball bearing or change the
angle of the sand landing area, as both would have the same effect.
‘&)_ Changing the angle of the landing area gives much more accuraie / Tw‘g .

D

W: A results with simpler mathematics because the angle of incidence is

/ N"‘W easily measured. The apparatus for this experiment is shown in fig.4.

# l Lo In my results 1 will plot impact speed against angle of incidence (angle

“} L ™ "x'in fig.4). Angie x can be caiculated using simple frigonometry as
&"' both lengths “a” and “b” (see fig.4) can be measured and form the

i ,ﬁﬁ Jp. sides of a right angled friangle.

h -
W 4.1 Hypothesis For Angular Landing Experiment (Expetiment Two) — no previees

| predict That The craters in this experiment will have an oval shape, reseonta
rather than the circular shapes in experiment one. Furthermore |
=" believe that as angle "x" decreases the iength {longest diameter of the
+ o™ craters) of the ovals will increase and depth will increase. The width
N 1 {shortest diameter of the crater) of the ovals will remain constant.
Furthermore | predict impact speed is proportional {o the deepest
depth of the crafer multiplied by the longest diameter of the crater.

4.2 Reasoning Behind Hypothesis For Experiment Two
As the angle of incidence (angle “x") decreases, the landing area
becomes steeper. On impact the sand displaced down the slope will
slide further because it will be affected by gravity {or rather a vector
thereof). This will result in the crater forming an ovular shape as shown in
—» fig.5. The width will fluctuate but not change significantly since the ball
bearing is always being dropped from the same height and there is
—% only a slope in one direction, as shown in fig.6 The formula for the

‘u‘:“‘.-



volume of half an ovalis 2/3[7 i r2r3 P where 11 is the deepest depth of
Al the crater, rp is the widest diameter of the crater and rs is the shortest
~ diameter of the crater. In this experiment if rs is relatively constant as |
o expect, i 12 is proportional to impact speed.

v

u\:\”: ? y Depth of the craters will increase as the slope becomes steeper (angle
LY “x"/angle of incidence decreases) because the steeper the slope, the
Jr\g D more the ball bearing will slip down it on impact. This is shown in fig.7

b

5.0 Experiment Three- Changing Density/ Texture

This experiment varies the iexture of the sand by increasing its density,
by progressively adding more and more water to the sand. My six
readings will be at Oml, 250mi, 500mi, 1000mi, 1500ml, and 2000ml of
water added. Water was chosen to increase density because it will
spread evenly throughout the sand and has a convenient mass of
lg/cm?®. In this experiment the ball bearing is dropped from 175cm with
three repeats at each density.

5.1 Hypothesis for Density Changing Experiment

As density of the substirate increases the grains of sand will be more
difficult to displace. Therefore the depth of the craters will increase and
the diameters of the craters will decrease. The craters will gradually
change in shape as the density increases from originally being inverted
cones to ending up as vertical cylinders.

5.3 Reasoning Behind Hypothesis For Experiment Three

Diameters will decrease as density of sand increases. This is because if
density increases the mass of any given volume increases. An increase
in mass results in it requiring much more energy to move the sand of
any given volume. For instance if the mass of a sand granule multiplies
by “x” then it will need to be give "x” times the amount of KE to move
the same distance (Because KE= ‘/z mv3). Since the same amount of
energy is given whatever the density of the sand, the sand will move
“x" fimes less far.

Depth of the craters will increase with density. This is because as the
sand increases in density it will contain much more water. More wafer

This combined with the fact that very litfle sand will be liffted up and
thrown to the edge of the crater {as the sand will be much heavier) will

.- result in much deeper craters. The combined effect of increasing
depth and decreasing diameter all as density increases will result in the
craters changing from cones to cylinders. Shown in fig.8.

{/ results in less loss of KE fo friction as the ball bearing falls into the sand.
W"%

! hitp:/Awww.science.co.il/formula.asp /

e




6.0 Variables: M) iy «ff
\r@'
To conclude my planning | have constructed a variable table for all .,
three experiments: W
independent Dependent Relevant Fixed Variables \ §
Variables Variables T
Experiment | Impact Speed | Crater Depth, | Angle Of Incidence, Water ! §
One Crater Content and thus Density Of Sand,
Diometer -» Heat Of Sand, Mass of Ball Bearing |«
Experiment | Angle Of Crater Depth, | Water Conient and thus Density Of
Two Incidence Crater Sand, Impact Speed, Heat Of
Diameter Sand, Mass Of Ball Bearing
Experiment | Water Content | Crater Depth, | Angle Of Incidence Impact Speed,
Three and thus Crater Heat Of Sand, Mass Of Ball Bearing
Density Of Sand | Diameter

6.1 Controlling Fixed Variables

Sand Temperature- This is kept constant by using the same sand for all
experiments, in the same room on the same morning so the value
should not change. | will take the temperature of the sand at the start
of every experiment.

L]
¢ » . Mm!ﬁ . U@
Mass of Ball Bearing- This is fixed by using the same ball bearing for vM s :',w" o
each experiment. € o W waad wa\;"“:&\wﬁm
A

P gj- Water Content and thus Density of Sand- This is kept constant by using
the same sand for experiments 1 and 2, this variable is controlled by
measuring the mass of the sand before each experiment.

Angle Of Incidence Between Sand And Ball Bearing- This is kept
constant for experiments one and three because the sandpit landing
will not move and neither will the machine dropping the ball bearings.
Providing the sand is flat the angle will be vertical.

Impact Speed- Height dropped from should remain completely

constant since the electromagnet dropping the ball bearings will not

be moved in between readings. In my resuits | will give rcy—ﬂ lcmto
incorporate human error by myself in placing the eleclromagnet at the

correct height between experiments. All experiments are on the same

morning, so room temperature shouid not change enough to effect s
the speed with which the ball bearing falls, thus impact speed be the

same from a given height. /




Below is a table showing how | will measure all the readings which |
need, the errors | need fo take into account and how much of a
margin | will give.

Method of
Reading Acquiring Possible Errors Error Margins
Reading
Cdlibrator not
Crater Depth Vernier Caliper placedin *
v deepest part of 47
crater "”
Cadlibrator not
. . . placed across *
_ Crater Diameter Vernier Caliper widest and
shortest places
. Humaon error in
Height Dropped Tape meagsure } reading off % (+-) Tcm
o~ From :
height
Time Taken To Fall Electronic Timer - *
o _Caiculation Calculated
W incorporating incorporating
»w impact Sl;)eed ‘:czirlen to - errors in height
: S (v2 =u? + 2as) dropped from
Trigonomeitry . .
Angle Of Incidence | measured raise MEeasure (+-) 0.1 Degrees
in height of one incorrect|
side of sand pit Y
A Mig?;;’g?;gen The sand will nof
'éﬁa. T Volume of Sand product of the a%fgg] getzlfy (+-) 5cm?
N Container Length width P
. the sand
and height of | i
. anding area
the container
Mass Of Sand
Container Scales ) (+-) 10g
mg;.—;gf ;'Eee Caiculated
Density Of Sand . incorporating
. container by - h
Container errors in volume
the volume of and mass
the container
Human errorin
\ U\ | SandTemperature | Thermometer reading off 7 (+-} 2 Kelvin
temperature
Scales - (+-} 0.2 grams

A

/ Mass Of Ball Bearing

9
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*Indicates an error will be calculated by taking an average of the rem T
three repeats. The error will be the difference between the largest and s e
smallest of the repeat readings. o A

There is only error which | cannot account for in my experiments and
this is that when the ball bearing falls it will sili be in the crater. | /
remove it using a magnet, potentially changing the shape of the
crater. There is nothing | can do to incorporate this error into my results
though it should not affect my overall pattern of results as the situation
is the same for every single reading.

Apparatus: Diagrams are shown in figures 9,10 and 11. /

e Aomd o Mae by 7
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11.3 Comparison with Previously Recorded Data: /
Other physicists have investigated the causes of crater shapes, with the
following conclusions:

We report on craters formed by balls dropped into dry, non-cohesive,
granular media. By explicit variation of ball density “pb-" diameter Db, /
and drop height H, the crater diameter is confirmed fo scale as the 1/4

power of the energy of the ball at impac@(: M*Y;“"w < rabassnned

Still, geophysicists have developed a rule of thumb that both crater /

diameter and depth increase with impact energy accordingfoa  ~

formula where energy is raised fo the 1/4 powerll N\c\‘ﬂ P rrlantnn,
(w TR

This seems very similar to my hypothesis as kinetic energy is proportional

to vZ and power of multiplied by the Y4 power equals V2. Consequently

my results for in Experiment 1 showing power relationships of 0.21 and , .\ | ¢
0.55 are not to far from 0.25, 9
= = ud
11.4 Unresolved Issues conchnig
Following my investigation there are still some unresolved issues which |
would try to solve if | were to research this topic further:

« Why do the lines on the graphs look as if they would not pass
., Ihrough the origin? | think it may be because even f theoretically
X ©  the ball were placed on the sand with no force it would still sink
slightly. Thus even if impact speed is Om/s there will still be a 7

CIOIT__ &\ sn sk A T

» s there o common cross sectional shape for all craters? |
predicted aoll craters formed where the ball was dropped
perpendicular to the sand were inverted cones, this turned out to
be proved wrong by my results.

e How is crater size affected by density? | feel even though |
experimented on this aspect, it only culminated in three . e
completely valid results. | like to investigate this area further,

B e e NP

lam
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11.0 Evaluation

Overadll the resulfs of the experiments were in line with the frends |
expected, even if my initial hypotheses did not prove wholly accurate.
However there are anomalies in my results and improvements to my
method could have improved fhe accuracy of my results substantially
and shed more light on unresolved issues. In addition | have become
aware of data which has already been collected by professional
physicists on this issue, with which my data could be compared. | will
discuss ali these areas in my conclusion.

11.1 Improvements to my method for daia collection

If | were fo repeat these experiments | would amend them to increase
the accuracy of my results and to increase the relevance of the
experiments to the research question.:

+ More repeats would give a more accurate average and -

Lasmadiawa Yy generated a more precise eror range.

%

« Digital caliper as opposed to a vernier cdliper would minimise
any human error in measuring crater data.

« A greater range of impact speeds may unearth unknown frends,
in particular the affect of the ball bearing reaching terminal

locit - N Ly
ol e gt
s Tesling the wet sand with an angled landing would explore ranghs

whether there was a relationship with the results of the wet sand
with a flat landing area; and if the relationship was similar to that
observed for dry sand {as shown in experiments 1 and 2).

¢ Investfigate the relationship between other variables (such as
mass or cross-section of ball} and crater size (in particular volume
of craters).

e Vary the impact speed and the angle of incidence fo assess
whether the crater size was described by the formula for half an
oval.(2/3[rnrars).

11.2 Anomalies and Errors:

My error bars were Wrwghout the investigation N
however they could have had a more precise range if more repeats

were conducted. There was only one substantial anomaly in my

investigation and this was in my second experiment and causes a large

kink in the graph. | feel this error is possibly due to an error in measuring

the height which the side of the container was raised, resulting in the
incorrect calculation of the angle of incidence. '

14




10.0 Experiment Three:

The principal results to this experiment are shown in table 6 and graphed
in Graphs 5 and é. Graph 5 suggests that as density of sand increases the
average depth of craters increases but not proportionately. Graphs 6
shows that as sand density increases the crater diameter decreases until
the crater is no wider than the diameter of the ball bearing.

10.1 Analysis;

As | predicted, as sand densily increases average depth of craters also
increases, the reasoning behind this is explained in my planning section
for experiment three.

N\ My results for Crater Diameter vs. Sand density appear to be very
) uncorelated, however if the last two resulis are removed, the points run 7 -
- \ erfectly through a power trend line showing Crater Diameter = )
{2e+[6(Sand Density}-22462]) this is again almost cerainly linked 1o the >
7 ) power relationship between KE and impact speed. The-reasan | -
‘[ Temoved my last two results is that for these two readings the sand had
reached the point where it had absorbed as much water as it could thus
the sand at the top was very much liquid and thus simply fell into the
crater onto the ball bearing, this is llustrated in fig.13 k 2

Von
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8.1 Analysis

¥

7, Crater depth: | predicted that as height doubled crater depth would SN
v doubile. Graph 2 shows that this is not the case. For instance at an 0/,‘7\,1 w’*‘d"
\Q impact speed of 2 m/s the crater depth is approximately 15mm and kwé‘ "

only increases to 18mm af double the impact speed. The relationship is o
) 7 a power relationship whereby crater depth = 13.197x(impact speed) Py

02173, A power relationship is Undersicndabi@gsmoy be related to the
energy of the projectile, as when you double the ball bearing'’s speed
it's KE increases by a factor of 4. oA, Antne |

e
Crater Diameter: | predicted that as height doubled crater diameter
would increase by a factor of ¥ 2. The Graph 3 suggests there is
another power relationship whereby Crater Diameter = 20.621 x
(Impact Speed)0-5568, However this mathematical expression is
reasonably close to my hypothesis. The table below shows the
suggested crater depth is 20.6mm when the impact speed is 1m/s rising
to 30.3mm at 2m/s {and so on}, on the basis of the expression above.
However this is only 4% different than my hypothesis predicted. The
difference appears to increase as impact speed increases.

Impact
Speed

Suggested Hypothesised Difference
Crater Crater
Diameter Diameter
mm mm

20.6
30.3
44.6
65.6

m/s

292
412
58.3

A%
8%
13%
N 2 e
Nevertheless as the first hypothesis was clearly wrong must either mean o >

that the ball bearing having twice as much energy does not 3“} -)JJ A
necessarily remove twice as much sand, or the craters are not inverted Vp"‘) ,5“ '
cones.

}
2 I
4 .
8 \.Mf’\" k

~

9.0 Experiment Two:

The principal results to this experiment are shown in tables 4 & 5 and
graphed in Graphs 4. The graph suggests that as the angle of incidence
decreases (ie the ball bearing hits at a more oblique angle, the slope
being steeper) crater depth increases.

2.1 Analysis:

| correctly predicted that as angle of incidence increased crater depth
would decrease. However the cratfer is only about 19.4mm when the
angle is 78° compared to 18.4mm at vertical, a change of only 5.4%. |
had problems with the Corryzng out of this experiment and | feel there
are still unresolved issues, both of which are discussed in my evaluation.

K i
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Results and Analysis \(f

7.0 Experiment One: Part 1 measuring iImpact Speed
Supporting calculations for deriving Impact Speed are on tables 1 and 2. Tobles

These tables also show the error in impact speed. Errors in all the resulis / Loz

are caiculated in the same way. The erroris [plus or minus) the largest ._
difference in two of the repeats i.e. the range of the repeats. .- dhould

b, hage .

Table 1 shows the fime taken for the ball bearing fo fall. In order to
colculate the average time | took a mean of three repeats.

Calculation of impact speed was done using the formula {v=u + at) W
e.g. when dropped from 100cm 9.0.9
1 -
Impact speed = original speed + (acceleration x time in freefall) \
=0m/s +(9.8Im/s? % 451 .33218/ )
= 443 m/s A

Error in impact speed (table two) was calculated by using the formula
(vZ=u?-2as) and incorporating the errors for height dropped from “s).

Eg. from100cm v=[N 2a  x (s-+1)}/3

The line on Graph 1 is curved due to air resistance, showing that as

e
height increases impact speed does not increase proportionately. This o

——
e e

;)mlf— IS I w‘f\v' ,)</

, Lo vsed Ho A
}: \::“\d ic“"'mpw v=v(19.62% 0.99) = 441 m:,: .ifm Ahgft:{ubu;\
e e Y ::!\(]19.62 x 1.00)= 443 — fo ok Ll@e,vroc o W
N % v=v(19.42x 1.01) =445 _ — 2) <hodd b o.ozm/,,;md)k
Thus the error in the range of the results here is 0.04 m/s which = (-+) 4%. 0'401 "'; y

is because as height increases, the ball bearing is in flight longerso it | . 4 sedon.

accelerates to a higher speed and is therefore more affected by air Aaw 5

| @R

resistance. The graph wouid intercept at the origin.

8.0 Experiment One: Part 2 - e A

The depth and diameter of craters in this experiment are shown in table Chous s Cofreek
3 and 4 respectively, and graphed in Graphs 2 and 3. The graphs Hraovg e
suggest that as impact speed of the ball bearing increases both crater Rl fous ~p

depth and diameter increase too. The graphs describe a power
relationship as follows: ‘

Depth of Crater = 13.2 x (impact Speed)o2

Diameter of Crater = 20.6 x (impact Speed)0$

Loy
()
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12.0 Research Question Conclusion

How Do Changes In Impact Velocity of a Ball Bearing and Sand Density
Affect the Size and Shape of Craters Left In A Sand Landing Area When
a Ball Bearing is dropped into 112

Within this investigation | learnt that as impact velocity increases both
crater depth and diameter increase with a power frend. When the bal
bearing is dropped onto an angled landing area craters are an oval
shape rather than circular. Increase in sand density reduces crater
diameter with a negative power frend as crater depth increases.

e

‘UCLA Department of Physics & Astronomy, Los Angeles, CA 90095-1547 )}, X vt N), o}"b \;ﬂ)ﬂ
hitp:/farxiv.ore/PS _cache/cond-mat/pdf/0301/0301549v2 pdf L wy” (y )’,J MJJ/
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Graph 1

A GRAPH TO SHOW HOW IMPACT SPEED VARIES WHEN A
64G BALL FALLS FROM DIFFERENT HEIGHTS
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Graph 3

A Graph To Show How Crater Diameter Varies with Impact
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Graph 5

Average Depth Of Craters /mm

How Does Average Depth Of Craters Vary With Sand
Density
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Graph 7

A Graph To Show How Average Crater Diameter Varies With
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H conclusion

i formal presentation

J abstract
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