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Experiments on Penetration Response of a Cylindrical Object
into Rock Under Impact Loads
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The authors developed a practical drop-weight type testing equipment and utilized for different purpos-
es. In this study, the authors have used this device to investigate the penetration response of cylindrical
objects into rock under different impact velocities. The authors utilized paraffin as a frictionless elastic-
perfectly plastic material and Oya tuff and Ryukyu limestone as brittle rocks for impact tests. The author
reports the outcomes of experimental results and discusses their implications in rock mechanics and rock
engineering. Experiments showed that penetration depth and normalized tip stresses are proportional to
momentum imposed on samples and relations developed are in good agreement with experimental results.
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1. INTRODUCTION

The penetration response of cylindrical objects into
rock may be of great interest in some certain fields
such as impact type excavation, demolition of struc-
tures and impact of meteorites (Fig. 1). For this pur-
pose, split Hopkinson pressure bar (SHPB), drop-
weight shock device are commonly used.

The authors developed a practical drop-weight
type testing equipment and utilized for different pur-
poses! 234367 In this study, this device was used to
investigate the penetration response of cylindrical
objects into rock under different impact velocities.
Paraffin was selected as a frictionless elastic-perfectly
plastic material while Oya tuff and Ryukyu limestone
were chosen as brittle rocks. The drop height was

varied in order to investigate the effect of impact ve- Fig. 1. Some examples impact induced damage.
locity as well as the momentum imposed on samples.

During experiments, the load and accelerations in-

duced by shock loads are simultaneously measured 2. SHOCK DEVICE AND THEORETICAL
and the fracturing state was recorded through high- CONSIDERATIONS

speed video-cameras. The outcomes of experimental

results and discusses their implications in rock me- (1) Shock Device

chanics and rock engineering. A new experimental apparatus was developed to
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investigate the behaviour of rocks under shock waves
as shown in Fig. 2. The device equipped with load
cell, non-contact laser transducers, accelerometer up
to 500G. The non-contact type laser displacement
transducers measure the displacement of the loading
platen. The load cell is capable of measuring much
higher dynamic loads. The displacement of the load-
ing platen is allowed to move downward up-to 20
mm in order to prevent the total destruction of sam-
ples upon failure. The cylindrical weight (5, 10 and
15 kgf) can be dropped from different heights up to
500 mm with an interval of 50 mm. The device may
be fundamentally categorized as the drop-weight
apparatus and it is possible to evaluate the
mechanical behaviour and characteristics of rocks
subjected to shock waves during pre-failure as well as
post-failure stages. Some additional monitoring is
done using infra-red camera and high-speed video

camera.
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Fig. 2. A view and a schematic drawing of the testing device.

(2) Theoretical Considerations

The maximum nominal velocity at the time of impact
on samples can be computed from the following for-
mula:

Vi =+/20H4 1)

where g is gravitational acceleration and Hq is drop
height. In this study, we also define maximum nomi-
nal strain rate by dividing the maximum nominal im-
pact velocity by the sample height for uniaxial testing
condition as given below:

by =2 )

Maximum acceleration is obtained from the accelera-
tion response during the experiment. It is expected
that the maximum acceleration increases with the
increase of strength of rock samples. On the basis of
theoretical definition of momentum, the theoretical
relation for momentum (P) applied to a sample may
be written in the following form:

2H, Y,

oo P=w-12% (3
g g

P=W

Where W is the weight given in kgf or N. The unit
utilized in processing experimental resultsis N -S.

3. STATIC TESTING DEVICE

A static testing device named OA20KN was
utilized for evaluating the penetration-load response
under static condition as shown in Fig. 3. The device
is displacement-controlled and its loading capacity is
20 kN.. The displacement rate utilized during static
tests was 0.1 mm/s .

R

Fig. 3. Static testing devices OA20KN®

4. MATERIALS AND IMPACT OBJECT

Paraffin, Oya tuff and Ryukyu limestone were
used in experiments and impact device was hardened
steel.. Fig. 4 shows views of samples tested under
shock loads. In addition, some static tests were car-
ried out to compare the difference in deformation
responses and resistances under shock and static

conditions.
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Fig. 4. Views of samples tested.

(1) Paraffin

Paraffin was the pioneering material for research-
ers to study the fracturing and formulating elasto-
plasticity and elasto-visco-plasticity. In non-linear
regime, its behavior is perfectly plastic and its friction
angle is known to be nil. This material was chosen to
investigate the effects of various parameters such as
drop height and weight so that the effect of momen-
tum imposed on impact objects. Furthermore, the

material is commercially available with very low cost.

The diameter of the samples was 50 mm while its
height was 50 mm Table 1 gives the physico-
mechanical properties of paraffin samples tested.

Table 1. Physico-mechanical properties of paraffin.

4 V o VS UCS
3

(kN/mr’) (kmis) (k) (MPa)

0.89-0.9 1.86-2.19 0.79-1.05 1.71

(2) Rock Samples

Ryukyu limestone is widely distributed in Ryukyu
Archipelago. Depending upon the formation process,
it is fundamentally divided into coral, sandy and con-
glomeratic limestone. Samples of sandy (locally
known as Awaishi) Ryukyu limestone, Oya tuff were
prepared. The mnominal
50x50x50 mm. Table
properties of rck samples.

size of samples were
2 summarizes mechanical

(3) Impact Object

The impact object has a shape of cylinder with a di-
ameter of 10 mm and height of 35 mm. It is made of
hardened steel.

Table 2. Physico-mechanical Properties (static)

Rock 4 vV, |V, o ucs

N km/s | km/s | MPa MPa

Awaishi | 224 | 443 | 249 34 28.1
Oyatuff | 166 | 187 | 1.15 | 05-1.0 | 47-112

5. EXPERIMENTS ON PARAFFIN

Dynamic impact tests were carried out by varying
drop height from 200 mm to 350 mm while keeping
the weight of drop cyclinder as 5 kgf (49.1 N). Fig. 5
shows views of the samples tested under static and
dynamic conditions. The plastic zone in the vicinity
of the impact object is whitish for the drop height of
200 mm while radial tensile fractures (angle between
fractures is 120 degrees) developed for the drop

Fig. 5. Views of samples tested under static and dynamic loading

conditions.

Fig. 6 shows the time-nominal tip pressure response
for the drop heights of 200 and 350 mm. of the im-
pact object. Nominal tip pressure is defined the ratio
of dynamic force over the tip area of the cylindrical
impact object. Fig. 7 shows the penetration versus
nominal tip pressure response under static condition
(loading velocity 0.1 mm/min). When both figures
are compared, the dynamic resistance is more than 3
times than that under static condition.
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Fig. 6. Time vs nominal tip pressure response for different drop

height under a drop weight of 5 kgf.
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Fig. 7. Penetration vs nominal tip pressure response under static

condition.

6. EXPERIMENTS ON ROCKS

(1) Experiments on Oya Tuff

Dynamic impact tests were carried out by varying
drop height from 200 mm to 500 mm while keeping
the weight of drop cyclinder as 10 kgf (98.1 N). Fig.
8 shows views of the samples tested under static and
dynamic conditions. The plastic zones in the vicinity
of the impact object appear as holes. In addition, ra-
dial fractures developed in dynamic and static tests.
Fig. 9 shows the time-nominal tip pressure response
for the drop heights of 200, 350 and 500 mm. Despite
the variation of drop heights, the overall resistance
remains almost constant. Fig. 10 shows the penetra-
tion versus nominal tip pressure response under static
condition (loading velocity 0.1 mm/min). When both
figures are compared, the dynamic resistance is more
than 1.79 times than that under static condition.

Fig. 8. Views of samples tested under static and dynamic loading

conditions.
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Fig. 9. Time versus nominal tip pressure response for different

drop height under a drop weight of 10 kgf.
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Fig. 10. Penetration versus nominal tip pressure response under

static condition.

(2) Experiments on Awaishi

Dynamic impact tests were carried out by varying
drop height from 200 mm to 350 mm while keeping
the weight of drop cyclinder as 10 kgf (98.1 N). Fig.
11 shows views of the samples tested under static and
dynamic conditions. The plastic zones in the vicinity
of the impact object appear as holes. In addition, ra-
dial fractures developed in dynamic and static tests.
Fig. 12 shows the time-nominal tip pressure response
for the drop heights of 200 and 350 mm. Despite the
variation of drop heights, the overall resistance re-
mains almost constant. Fig. 13 shows the penetration
versus nominal tip pressure response under static
condition (loading velocity 0.1 mm/min). When both
figures are compared, the dynamic resistance is more
than 3 times than that under static condition..

(a) Dynamic
N 8

(b) Static

Fig. 11. Views of samples tested under static and dynamic load-

ing conditions.
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Fig. 12. Time versus nominal tip pressure response for different
drop height under a drop weight of 10 kgf.
200

Awaishi

100}

% 1 2 3

PENETRATION (mm)

NOMINAL PRESSURE (MPa)

Fig. 13. Penetration versus nominal tip pressure response under

static condition.

7. DISCUSSIONS

(1) Effect of Momentum

As noted from the experimental set-up, the height
and weight of the drop object are the most important
parameters on the amplitude of the imposed impact
load. With this mind, the ratio of measured dynamic
static tip pressures obtained from the experimental
results are plotted in Fig. 14 as a function of the mo-
mentum theoretically defined by Eq. (3). The exper-
imental results differ depending upon the material
type and they are fitted to a linear function.
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Fig. 14. Momentum versus the ratio of dynamic tip pressure over

the static tip pressure.

(2) Penetration and Damage

The penetration depth and damage around the im-
pact object differ depending upon the height and
weight of the drop object as well as the characteristics
of the materials. Fig. 15 shows the penetration strain
defined as the ratio of penetration (0 ) over the diam-
eter of the cylindrical impact object as a function of
momentum given by Eq. (3). The experimental re-
sults are fitted to the following function

o 2
2 _ap 4
5 @

Where a is empirical constant.

As noted from Fig. 15, the empirical relation given
by Eq. (4) presents a good fit to the experimental re-
sults. Fig. 16 shows the plastic zone under static and
dynamic conditions. The plastic zone development is
co-centric and expands outward depending upon the
momentum imposed on the cylindrical impact object.
Fig. 17 shows the plastic zone development in the
vertical cross-section. As noted from the figure, a
semi-spherical plastic zone occurs beneath the tip of
the cylindirical impact object and propagates as the
amount of the penetration increases. However, radial
fractures develop as the penetration depth increases
irrespective of material type.
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Fig. 15. Experimental results for momentum versus penetrations

strain.

(3) Effect of Brittleness

As pointed out previously, paraffin is a perfectly
plastic ductile material while Oyaishi and Awaishi
are brittle materials. Figures 5, 8 and 11 show the
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post-test views of samples while Figs. 16 and 17
show close-up views of plastic zones. Fundamentally,
plastic zone development are similar for both ductile
radial fractures
due to tensile stresses occur and they become domi-
nant after a certain amount of penetration.

and brittle materials. Nevertheless,

Paraffin Awaishi

Oyaishi

(b) dynamic
Fig. 16. Plastic zones under static and dynamic conditions.
Paraffin

Oyaishi Awaishi

Fig. 17. Plastic zones in vertical cross-sections.

8. CONCLUSIONS

A practical drop-weight type testing equipment was uti-
lized to investigate the penetration response of cylindrical
objects into rock under different impact velocities. Paraffin
was used as a frictionless elastic-perfectly plastic material
while Oya tuff and Ryukyu limestone are used as brittle
rocks. Experimental results indicated that momentum re-
lated to the height and weight of the impact object and de-
fined by Eq. (3) is an important parameter to explain ex-
perimental results. The dynamic tip pressure is a linear
function of the momentum while the pentrtion strain de-
fined as the ratio of penetration over the diameter of the

impact object obeys the power function.
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