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Summary

In this paper, the piston rebound common to both the Schmidt Impact Hammer and down-
hole hammer drills has been analyzed and calculated by means of stress wave theory and
the energy conservation law. A quantitative relationship between the amount of rebound of
the piston and the impact resistance index, or hardness of the rock, has been established.
Those analytical results will not only be of bene®t in acquiring a deep understanding of the
usable range and condition of the Schmidt Impact Hammer, but also provide a de®nite
answer to the feasibility of using the hammer rebound in drills with down-hole hammer tool
to carry out a real time measurement of the nature of the formation under the bit.

1. Introduction

Typical techniques, which use impact hammer rebound either directly or indirectly
on rock to estimate rock properties, include the Schmidt Impact Hammer and the
Shore Scleroscope (Atkinson et al., 1978). In the Shore Scleroscope a small dia-
mond-tipped indentor is directly dropped onto the specimen and the hardness of
the specimen is measured by recording the rebound height of the indentor, while in
the Schmidt Impact Hammer a spring-loaded piston is not directly projected
against the material tested but through an anvil. This anvil is in contact with the
material surface. The height of the piston rebound is taken as an empirical mea-
surement of the material properties, especially hardness.

Although the Schmidt Impact Hammer was originally developed to compare
the surface rebound hardness of concrete (Kolek, 1958), it has been widely used
for over 30 years as an index of rock hardness. In order to verify the feasibility of
this method in estimating the nature of the rock, considerable experimental re-
search has been conducted in the past and is now underway regarding the relation
between the Schmidt hardness index and other properties of the rock. Various
techniques for recording Schmidt hammer rebound, and experimental results



measuring Schmidt rebound values of di¨erent rock types, have been proposed
and reported in the literature (Hucka, 1965; Yong and Fowell, 1978; Poole and
Farmer, 1978, 1980; Goktan and Ayday, 1993; Inyang and Pitt, 1993; Janach and
Merminod, 1982; Sheorey et al., 1984; Liu et al., 1990). Because the Schmidt Im-
pact Hammer test is very similar in principle to a down-hole hammer while drill-
ing, a patent in 1971 suggested predicting the drillability of the formation under
the bit by measuring the hammer rebound (Martini, 1971). Although many ex-
perimental results have shown that the Schmidt Hammer rebound was in a good
agreement with rock drillability or cutting ability, to the knowledge of the authors
there does not exist any published material theoretically analyzing the relation
between hammer rebound and rock properties, such as drillability. In fact, a good
and approximately linear relationship between hammer rebound and a rock im-
pact resistance index is the prerequisite for using hammer rebound to create a rock
drillability index. This paper theoretically analyzes the hammer rebound in the
Schmidt Impact Hammer and in a drill with a down-hole hammer. The analytical
results not only provide a better understanding of the range and conditions for
applying the Schmidt Hammer but, what is most important, verify the feasibility
of using the hammer rebound in down-hole hammer tools to carry out a real time
measurement of the drillablity of the formation under the bit.

2. Schmidt Hammer Rebound

The Schmidt Impact Hammer largely consists of a piston, spring, and anvil, as
shown in Fig. 1. The piston is pre-loaded by the spring, then projected against the
metal anvil bar that is held in tight contact with the rock surface. The height (h) of
the piston rebound is taken as the index of rock hardness.

Di¨erent Schmidt Hammer models are available to provide di¨erent levels of
impact energy. However, for a given Schmidt Hammer the original impact energy
is the same in all tests. Assuming that the original impact energy is E0, then the
®nal velocity V of the piston prior to impact is

Fig. 1. The principle of the Schmidt Impact Hammer
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V � 2E0

M

� �0:5

; �1�

where M is the mass of the piston.
This is equivalent to the velocity of the piston dropping freely from the height

h0 (seen in Fig. 1), where h0 � 0:5 V 2/g. Thus we can de®ne the ratio of the re-
bound height h to the equivalent original height h0 of the piston as the relative
rebound of the piston, eh, then eh can be expressed as

eh � h=h0 � V 2
e =V 2; �2�

where Ve is the rebound velocity.

2.1 Stress in the Anvil

Impact of the piston on the anvil through the release of energy stored in the spring
will generate a transient incident stress si�t� in the anvil. When the incident stress
is transmitted into the interface of the anvil and rock, it will be partially re¯ected
back into the anvil in the form of the re¯ected stress sr�t�. To simplify analysis,
assumptions were made that the piston has the same diameter and material as the
anvil and that the incident stress wave is a rectangular pulse with a duration of t
and amplitude of 0:5rcV . One can utilize the force-displacement relationship be-
tween the anvil and rock (Wijk, 1989) (seen in Fig. 2) and the continuous inter-
change in conditions between the force and displacement at the interface of the
rock/anvil to deduce a relationship for the re¯ected stress waves.
The force F acting on the interface of rock-anvil is

F � A�si � sr�: �3�
According to the relationship between the dynamic stress and velocity of the
mass in elastic bodies, the velocity of the contacting end of the anvil can be
expressed as

du

dt
� si

rc
ÿ sr

rc
; �4�

Fig. 2. Force and displacement curve
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where u is the transient displacement of the anvil. r; c, and A are the density, one-
dimensional wave velocity, and cross-sectional area of the anvil, and/or the piston.
The force-displacement relationship between the anvil and rock shown in Fig. 2
can be written as

F � Ku (loading)

Fmax ÿ gK�umax ÿ u� (unloading),

�
�5�

where K is the rock impact resistance index and g is the unloading rate coe½cient.
For loading, we can obtain the following equations:

A�si � sr� � F ;

du

dt
� si

rc
ÿ sr

rc
;

F � Ku:

The initial condition is t � 0; F � 0:

9>>>>>>>=>>>>>>>;
�6�

For unloading �t > t�, the equations are

A�si � sr� � F ;

du

dt
� si

rc
ÿ sr

rc
;

F � Fmax ÿ gKumax � gKu:

The initial condition is t � t; F �t� � lim
t!tÿ

F �t�:

9>>>>>>>=>>>>>>>;
�7�

Solving Eqs. (6) and (7), we can obtain the re¯ected wave sr�t� as follows

sr�t� � 0:5 � r � c � V � �1ÿ 2eÿb�t=t� �0 < tU t�
r � c � V � �1ÿ eÿb� � eg�b��1ÿ�t=t�� �t > t�;

�
�8�

where

b � Kt

rcA
: �9�

For the Schmidt Hammer of the type L suggested by ISRM, the diameter of the
anvil is 15 mm, the weight of the piston is 140 g, and the estimated duration t is 50
ms. In the meantime, although considerable research has shown that the rock im-
pact resistance index, K, changes with the rock type, indenter shape, and loading
condition, it will increase with the rock hardness or uniaxial compressive strength,
sc, for a given indenter (Wijk, 1989; Wagner and Schumann, 1971; Lai et al.,
1991; Goldsmith and Wu, 1981; Szwedzick, 1998). In the ®eld of rock excavation,
the rock hardness can be de®ned by the rock uniaxial compressive strength or
impact resistance index (Lai et al., 1991; Szwedzick, 1998). Usually, the rocks with
a uniaxial compressive strength less than 20 MPa are categorized into very soft;
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20@ 50 MPa are soft, 50@ 120 MPa are medium hard, 120@ 200 MPa are hard,
and above 200 MPa are considered very hard. For an anvil of 15 mm diameter,
based on the results of the stamp tests (Wijk, 1989), the estimated K values of very
hard rocks (sc � 200 MPa), medium hard rocks (sc � 80 MPa), and soft rocks
(sc � 40 MPa) are 250, 90, and 50 MN/m respectively. Let r � 7:8� 103 kg/m3,
c � 5600 m/s. From the expression of b, we can ®gure out b values of rocks in the
Schmidt Hammer impact system. b is equal to 1.64 for hard rocks with a K value
of 250 MN/m, 0.59 for medium hard rocks with a K value of 90 MN/m, and 0.33
for soft rocks with K 50 MN/m.

2.2 Rebound Analysis

A. The Possibility of Rebound

Whether the piston in the Schmidt Impact Hammer rebounds will mainly depend
on the second re¯ection of the residual impact energy and the transmission of the
re¯ected wave from the rock through the impact ends of the piston and anvil.
When the re¯ected wave from the interface of the rock and anvil is transmitted to
the impact end after t � L=c, the anvil is temporarily separated from the piston for
a short interval. This is because of the tension section in front of the re¯ected
wave, and the impacting end is considered as a free end. When the after-com-
pression section of the re¯ected wave arrives at the impact end of the anvil, the
anvil will obtain a upward displacement, which allows it to recontact the piston.
At the moment when the anvil contacts the piston, the remainder of the re¯ected
wave will be transmitted into the piston and will be again re¯ected into tension at
the free end of the piston. Thus, the necessary and su½cient condition for judging
if the piston will bounce back up is that the total displacement of the impact end of
the anvil produced by the re¯ected wave is larger than zero, that is

u � 2

rc
�
�y

0

sr dt > 0: �10�

Inserting the expression for sr�t�, (3) into the above inequality and integrating
between limits 0 and y gives the condition of the rebound

b � 2 � �eÿb ÿ 1� � 1ÿ 1

g

� �
> 0: �11�

The critical value b corresponding to di¨erent unloading coe½cients g, is shown in
Fig. 3.

From Fig. 3 it can be seen that when g < 2 the rebound will take place for any
rock, but when g!y, there exists a critical b value of 1.6 and only when b > 1:6
will the piston rebound. It should be noted that the impact energy in the Schmidt
Hammer is kept low and the curvature radius of the contacting end of the anvil is
relatively large. Impact of the Schmidt Hammer does not result in destructive
damage of the rock under the anvil. Therefore, for rocks with a good elasticity, the
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unloading coe½cient g will be less than 2 and the Schmidt Impact Hammer can
record the rebound. However, for very low strength rocks with large plasticity,
research has shown that even under very low impact energy the unloading coe½-
cient g will approach y (Wijk, 1989). Obviously, when rock is extremely soft
(<10 MPa), and in the meantime, has a strong plasticity, the piston will not re-
bound. Thus, the Schmidt Impact Hammer is not suitable for use in very soft
plastic rock.

B. Contact Time

Assuming t � 0 when the re¯ected wave arrives at the impact end, the contact
time, T, is de®ned as the time taken from t � 0 to the moment when the anvil
recontacts the piston. Note the following cases and di¨erent expressions of sr�t�
during the period 0 < tU t and t > t,
if

2

rc
�
� t

0

sr dtV 0; �12�
then

0 < T U t; �13�
if

2

rc
�
� t

0

sr dt < 0; �14�

then

T > t; �15�
we have

Fig. 3. Critical value b resulting in the rebound of the piston
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T �
1:6 � t

b
b V 1:6

t � 1ÿ 1

g � b � ln 1ÿ gÿ g � b

2 � �eÿb ÿ 1�
� �� �

b < 1:6:

8>><>>: �16�

C. Rebound Height of the Piston

As the anvil recontacts the piston at t � T , the compression section of the re¯ected
wave �t > T� will be transmitted into the piston and will be re¯ected again at the
free end of the piston after the time of Lh=c. After another interval of Lh=c this
second re¯ected tension wave from the free end of the piston will arrive at the
impact end, which will result in the rebound of the hammer.

The average rebound velocity can be calculated according to the conservation
of momentum of the piston.

Mh � ve �
�T�t

T

sr � A dt: �17�

ve � A

Mh
�
�T�t

T

sr dt: �18�

For b V 1:6, T U t

ve � rcAV

2Mh
�
� t

T

�1ÿ 2 � eÿb�t=t� dt� 2 �
�T�t

t

�1ÿ eÿb� � eÿg�b���t=t�ÿ1� dt

� �
: �19�

Noting that T � 1:6t=b when b V 1:6, we can obtain the relative rebound height
eh as follows

eh � ��b ÿ 1:6� � g� 2 � g � �eÿb ÿ eÿ1:6� ÿ 2 � �1ÿ eÿb� � �eÿ1:6�g ÿ 1��2
g2 � b2

: �20�

When g!y, the relative rebound height may be simpli®ed into:

eh � � b ÿ 1:6� 2 � �eÿb ÿ eÿ1:6��2
b2

: �21�

For b < 1:6, T > t

ve � rcAV

Mh
�
�T�t

T

�1ÿ eÿb� � eÿgb��t=t�ÿ1� dt; �22�

eh � �eÿg�b ÿ 1�2 � �2 � �e
ÿb ÿ 1� � �1ÿ g� ÿ g � b �2

g2 � b2
: �23�

The rebounds of the piston calculated from Eqs. (15) (16) and (18) are shown in
Fig. 4.
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Figure 4 shows that the rebound of the Schmidt Hammer is dependent on the
unloading coe½cient of the rock, g, and the dimensionless value b. For a given
Schmidt Hammer, b will only be relevant to the impact resistance index K or
hardness of the rock. In the case of brittle rocks, the impact of the Schmidt
Hammer will not result in rock breakage and the unloading coe½cient is relatively
low, about 2 (for an ideal elastic body g � 1). Thus, for brittle rocks the rebound
values from the Schmidt Hammer will increase with the impact resistance index or
hardness of the rocks. However, when the rock is extremely hard (>300 MPa) the
rate in the increase of the rebound will slow with increasing hardness or b value.
From Fig. 4 it can be seen that when b is less than 4 the relationship between the
rebound and the impact resistance index, or hardness of the rock, is approximately
linear while the increase of the impact resistance, or hardness, will not result in a
great change of the rebound value when b > 10. Figure 4 also shows that the
Schmidt Hammer is not suitable for accurately measuring the relative hardness of
very soft plastic rock. This is because the unloading coe½cient of very soft plastic
rock is close to y and the b value is very small, so the Schmidt Hammer will not
rebound.

The above analysis reveals that the Schmidt Hammer method is of limited use
on very soft plastic rock and extremely hard rock. This is consistent with the range
of use of the Schmidt Hammer suggested by ISRM and some experimental results.

On the other hand, if the design of the Schmidt Hammer is revised so that the
impact energy is greatly increased, and the curvature radius of the anvil is
decreased, then the rock under the anvil would be crushed. This is equivalent to
the case with an unloading coe½cient of y. From Fig. 4 it can be seen that the

Fig. 4. The rebound of the Schmidt Hammer as a function of b
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range with an approximately linear relationship between the rebound and b value
will increase. If the material under the anvil is an ideal elastic body, such as a
spring, then g is equal to 1 and the rebound will be the greatest.

3. Down-hole Hammer Rebound

In the down-hole hammer the piston directly strikes the bit, as shown in Fig. 5.
Because the length of the bit is ordinarily comparable to its diameter, the wave
e¨ects in the bit can be neglected. That is, the bit can be considered a rigid body.
On impact, part of the energy of the piston is transmitted into the bit and forces
the bit to penetrate into the rock. The remainder of the energy is available to
launch the piston back up away from the bit after the contact. Here, the relative
rebound of a down-hole hammer, eh, is also expressed as the square of the ratio of
the bounce-back velocity, Ve, to the original velocity V of the piston.

eh � V 2
e =V 2: �2�

Utilizing the principle of the energy conservation, we have

Ei � Ee � Et; �24�
where Ei is the original kinetic energy of the piston, Ei � 0:5rALhV 2, Er is the
rebound kinetic energy of the piston, Er � 0:5rALhV 2

e , Et is the energy transmit-
ted to rock, Et � hEi, and h is the coe½cient of energy transmission in a down-
hole hammer tool.

Combining Eq. (2) with (24) yields the relative rebound of the piston

eh � 1ÿ h: �25�
Let b � Kt=�rcA� and a � 2bMb=Mh. Note that the unloading e¨ect can be
omitted because of the high incident impact energy of the hammer. Utilizing the
bit motion equation and its initial condition, we can derive the energy transmis-
sion e½ciency as follows (Li et al., 1998):

Fig. 5. The principle of the down-hole hammer
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When a > 1, b V 0:5pa=�aÿ 1�0:5

h � 2 � �1� eÿp=
������
aÿ1
p
�2

b
: �26�

When a > 1, b < 0:5pa=�aÿ 1�0:5

h � 2 �
1�eÿ4�� b=a�� 2

�aÿ1� � �sin�2 �
����������
aÿ1
p � b

a��
����������
aÿ1
p �cos�2 � ����������aÿ1

p � b
a�� � �eÿ4��b=a� � sin�2 � ����������aÿ1

p � b
a�ÿ

����������
aÿ1
p �eÿ2��b=a��

b
:

�27�
Since a � 2�Mb=Mh�b, from the equation b � 0:5pa=�aÿ 1�0:5, we can obtain the
range of b suitable to formulas (25) and (26) and formulas (25) and (27), respec-
tively, as listed in Table 1 and Table 2.

From the above formulae it is easily inferred that the piston rebound of a
down-hole hammer depends mainly on a combination of the piston, bit, and rock
properties. The relative rebound of the down-hole hammer, as a function of the
ratio of Mh to Mb, is shown in Fig. 6.

Figure 6 shows that the rebound of a down-hole hammer will be mainly depen-
dent on both the ratio of the bit mass to the piston mass and the rock impact re-
sistance index or hardness. When the bit is much heavier than the piston, the
original kinetic energy of the piston will mainly be used for piston rebound. A
sudden change in the nature of the formation under the bit will not result in a
signi®cant variation of the rebound value, although the relationship between the
relative rebound and the rock impact resistance index or hardness is close to lin-
ear. This result reveals that it is impossible for one to measure or estimate the na-
ture of the formation by measuring the rebound generated by the impact of a very
light piston on the bit because there will be only a small change in value with
changing rock hardness. However, when the bit mass is close to or less than the
mass of the piston, then the rebound will signi®cantly increase with the impact
resistance index or b value of the rock, provided that b lies within the range of b1

to b2 as shown in Fig. 6. From Fig. 6 it can be seen that the lower limit value, b1,
will slightly decrease with an increase in the piston mass. When Mh � 4Mb the
lower limit value b1 is close to 1. The change in the upper limit value b2 with pis-
ton mass is slight. For the cases of Mb < Mh the upper limit value b2 is about 10.

Table 1. The range of b suitable for formulas (25) and (26)

Mb=Mh 1/20 1/10 1/4 1/2 1 2 4 10 20

b> 10.25 5.49 3.23 3.47 5.44 10.12 19.86 49.40 98.71

Table 2. The range of b suitable for formulas (25) and (27)

Mb=Mh 1/20 1/10 1/4 1/2 1 2 4 10 20

b 10@10:25 5@5:9 2@3:23 1@3:47 0:5@5:44 <10:12 <19:86 <49:4 <98:72
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When b < b1, or b > b2, the rebound of the piston will instead decrease, or slowly
increase with the rock impact resistance index or b value.

In actual drilling, the estimated b will fall in the range between 1 and 10 (Li et
al., 1998). Note that the b value is an indirect parameter of the rock impact resis-
tance index or hardness, and b < b1 (when Mh � 4Mb; b1 is about 1) means that
the rock is extremely soft and b > 10 means the rock is extremely hard. Moreover,
in actual down-hole hammer drilling the piston is usually heavier than the bit.
Thus, in drilling with a down-hole hammer, if the rebound of the piston can be
measured in real time, then the idea for carrying out a real time measurement of
the nature of the formation under the bit, by the means of the signal from the re-
bound of the down-hole hammer, is feasible.

4. Conclusion

4.1 Theoretically analytical results have clearly shown that when rock is neither
very soft nor very hard, the rebound of the Schmidt Impact Hammer and the
down-hole hammer will approximately linearly increase with the impact re-
sistance index or hardness of the rock.

4.2 The Schmidt Impact Hammer can be used as a means of estimating the drill-
ablity, or cutting ability, of rock in a laboratory or in situ. However, it is of
limited use on very soft and very hard rock. This is consistent with a lot of
experimental data and its range and condition of use, suggested by the ISRM.

Fig. 6. The rebound of the piston in the down-hole hammer as a function of b
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4.3 The idea for carrying out a real time measurement of the nature of the for-
mation under the bit, by means of the signal from the rebound of the down-
hole hammer, is feasible only when the piston mass in the down-hole hammer
is close to, or heavier than, the bit mass.
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