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Abstract

A series of experiments were performed to investigate the relation between the impact resistance and the compressive strength of 

sedimentary rocks. The experiments were conducted by the use of Charpy hammer. As a result of these series of experiments an 

analytical relation was elaborated between the impact resistance and the compressive strength of sedimentary rocks. An envelope 

domain is presented as an upper and lower bound for this relation, respectively. In the case of the samples, regardless of temperature 

and saturation states, the impact work values fell within the range bounded by these limit lines (two straight lines). This makes it 

possible to obtain an estimated strength value by the help of the tests performed in this way only by determining the density and 

impact work. Measurements performed at different temperatures and saturation states showed that the temperature of the sample 

at temperatures between −12 °C and 20 °C only minimally affects the result. The water saturation of the sample has a much greater 

effect on the impact resistance.
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1 Introduction
Charpy already recognized that the collision energy of 
solid bodies and the yield strength of metals are related [1]. 
The Charpy pendulum is used to measure the impact 
energy, as this test is a well-developed and long-used pro-
cedure for other materials, especially for metals. For exam-
ple, recently a lot of researches have been done to determine 
the impact resistance of various metals [2], polymers [3] 
and glass composites [4], but only a few on natural stones. 
Most of the available researches also refer to igneous rocks, 
mostly various granites [5] were examined. The strength 
of the method is that it does not require any complicated 
equipment, it can be performed easily, so it can be used 
widely with natural building materials, as well.

Based on the international literature, many researches 
have already been carried out to determine the value of the 
compressive strength by the help of different simple test 
methods. Among them Cargill and Shakoor [6] evaluated 
measurement methods suitable for estimating the compres-
sive strength of stones. In this case, he used point strength 
measurement, Schmidt hammer strength estimation and Los 
Angeles wear test to determine the compressive strength. 

Zorlu et al. [7] looked for a solution in the case of sand-
stones on how to develop a method that can easily give the 
compressive strength. This is necessary aspect for practice, 
since even though compressive strength is one of the most 
important mechanical parameters, it is very difficult to cre-
ate a test specimen of the right size and condition. This is 
especially true advice if the examined rock is fractured. 
Çobanoğlu and Çelik [8] investigated the relationships 
between uniaxial compressive strength and point strength 
test, P-wave velocity and the rebound number of Schmidt 
hammer strength estimation, as well as the effects of core 
gauge size. Fener et al. [9] compared the various tests suit-
able for estimating the uniaxial compressive strength.

Borg [10] used the Charpy impact test in his research for 
rock drilling and modeling the dynamic effects that occur 
there, Furuzumi et al. [11, 12] investigated the dynamic 
fracture toughness of rocks and the change in crack prop-
agation speed. Komurlu [5] examined 13 different granite 
samples in a way that could also monitor the formation of 
the fracture pattern, Durif et al. [13] developed a real-time 
method capable of following the formation and propagation 
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of cracks using the impact test. He et al. [14] investigated 
the relationship between the change in loading speed and 
the value of compressive strength, Kharchenko et al. [15] 
investigated impact resistance as a result of changes in 
temperature and impact speed. Zhang and Zhao [16] aim 
to discuss the development and state of the art of dynamic 
testing techniques and dynamic mechanical behavior of 
rock materials. Zou and Wong [17], although not with a 
Charpy impact test, tested marble for dynamic loading.

Impact strength testing for stones was invented 
by Protodyakonov [18] in 1962, and then Evans and 
Pomeroy [19] developed the measuring device for it. 
Unlike the Charpy pendulum [1, 20, 21], this does not 
test a single specimen, but a specific weight is dropped 
20 times from a height determined for a 100 g sample. 
It specifies the amount of impact energy based on the 
stones remaining within the size range. In his study of the 
method, Kahraman [22] explained that there is no relation-
ship between the resulting impact energy and the one-way 
compressive strength.

The purpose of the series of this experiment is to find 
a relationship that shows the relationship between the 
impact resistance of rocks and the compressive strength. 
In the present research, we looked at the impact resistance 
of only one sedimentary rock, the green sandstone. The tests 
were compiled in such a way that the condition of the test 
specimens covered the conditions occurring in nature as best 
as possible. For this reason, the tests were carried out both 
in air-dry and saturated conditions with different tempera-
tures. In Section 2 the used equipment and the theoretical 
background are introduced briefly. The flow of the tests is 
presented in Section 3. The general finding and the elabo-
rated mathematical formulations are given in this section, 
too. The main finding of this work can be found in Section 4.

2 The Charpy test equipment and its theoretical 
background
Impact energy can be used as a measure of mechanical 
behavior of solid bodies, as indicated above. One of the 
most commonly used equipment to determine this energy 
is the Charpy hammer in case of metals. Since the Charpy-
test is not a common experience in rock mechanics, it is 
important to know its theoretical background. One can 
find review information in Lógó and Vásárhelyi's [23] 
paper. When the test specimen is broken, some of the pen-
dulum's kinetic energy is consumed, and the remainder 
continues to swing the pendulum. The impact work is the 
impact energy used to break the test piece, which can be 
read on the scale of the equipment.

As shown in Fig. 1, the pendulum of mass m attached 
to the end of the rod of length R starts from the position of 
height h0. In this case, the potential energy of the position is: 

E m g h0 0� � � . (1)

After the impact, the pendulum (Fig. 2) swings to a posi-
tion of height h1, where the potential energy of the position is: 

E m g h1 1� � � . (2)

Fig. 1 The theoretical figure of the pendulum

Fig. 2 The Charpy pendulum
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The difference between the positional potential ener-
gies gives the value of the energy used to break the test 
piece, i.e. the value of the collision work (W).

W E E m g h h� � � � � �� �0 1 0 1
 (3)

The exact measurement of the height during the test can 
often be solved with difficulty, therefore the value of the 
heights can be determined with the help of the initial (α0) 
and (α1) overshoot angles.

W m g R� � � � �� �cos cos� �
0 1

 (4)

Impact bending machines are already designed in such 
a way that the value of the impact work and the magnitude 
of the overshoot angle can be read directly by the help of 
an indicator, so the value of the impact work can be easily 
calculated by substituting it into Eq. (4).

During the measurements, it is strived to obtain as 
many measurement results as possible from a single test 
specimen, so at first the mechanical properties of each 
sample determined using non-destructive testing meth-
ods. Initially the test specimens are examined by a device 
(ultrasound) suitable for measuring P and S waves, and 
then, from the results obtained, the P-wave modulus 
(Eq. (5)), shear modulus (Eq. (6)), Poisson's ratio (Eq. (7)) 
and deformation modulus (Eq. (8)) are determined by 
using the following relationships: 

M Vdin p� �� 2  (5)

G Vdin s� �� 2  (6)

� din
p s

p s

V V
V V

�
� �

� �� �
2 2

2 2

2

2
 (7)

E Gdin � �� �2 1 �  (8)

where: 
• M: P-wave modulus,
• ρ: the density of the specimen,
• Vp: P-wave velocity
• G: shear modulus,
• ν: Poisson's ratio,
• Vs: S-wave velocity,
• E: stands for dynamic Young's modulus.

In the following we used the theory introduced above.

2.1 Temperature dependence
As it was indicated that the Charpy impact test was devel-
oped primarily for the qualification of metals, where the 
temperature of the sample to be tested greatly influences on 
the degree of impact resistance. As it can be seen in Fig. 3, 
the most intense change in impact work of this type of metal 
occurs in the range −50 °C–50 °C. Since traditional engi-
neering tasks are also within this range, we will also exam-
ine the test specimens in this temperature range. The exam-
ined samples were therefore measured with the Charpy 
impact test at temperatures between −12 °C and 20 °C. 

3 Material description and test preparations
During the experiments, green sandstones were exam-
ined in various states. The green sandstone, also known 
as glauconite sandstone, is a type of sandstone that often 
contains large amounts of glauconite (potassium-iron clay 
mineral) aggregates. It forms in the shallow sea, i.e. at 
a maximum depth of 400 m, usually in relatively warm 
water (15–20 °C). The geometries of more than a hundred 
specimens were designed so that the size of the grains 
that make up the sandstone affects the place of the frac-
ture and the direction of the fracture as little as possible. 
The test pieces (Figs. 4 and 5) are 25 × 25 × 60 mm in size, 
the geometric deviations are less than 1 mm for any size. 
The standard deviation of the sizes of the individual sides 
is shown in the following picture: 0.4 mm and 0.5 mm for 
the two shorter sides, while 0.6 mm for the 60 mm long 
side. It is commonly known that the measure of saturation 

Fig. 3 Effect of temperature change on steel [24]
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has an effect on the mechanical behavior of rocks. During 
the measurement, the specimens were either saturated 
with water or air-dried, and we also examined the tem-
perature as an influencing factor. As it was indicated the 
examined samples were measured at the temperatures 
between −12 °C and 20 °C. The number of the specimens 
are cc. 25 in each group. 

The specimens were investigated first by non-destruc-
tive tests and then destructive tests. During the non-de-
structive tests specific mechanical properties of speci-
mens (Table 1) i.e., density, P and S wave velocity of the 
ultrasound wave, temperature, water absorption, geomet-
rical dimensions were determined. The destructive tests 
include the impact test and the uniaxial compressive test. 
In this case as well, as much data as possible were deter-
mined from one sample.

In order to do this, we first performed the Charpy pen-
dulum test, and then the uniaxial compressive strength test 
(Fig. 6). The results obtained in this way were analyzed 
using statistical methods.

4 Results of the tests and derived formulations
The obtained measurement results were compared with each 
other according to several different aspects. Our goal is to 

be able to find a correlation between the impact energy and 
some property or properties of the sample as widely as pos-
sible. Additionally, the secondary goal is to find physical 
quantities which are fundamental ones for daily practice in 
using rocks. When selecting these physical quantities, we 
tried to give priority to data that can be easily determined, so 
that neither special instruments nor complicated procedures 
are needed for the applicability of the obtained correlation.

The examined sandstone (Figs. 4–6) is fine-grained and 
can be considered homogeneous from the point of view of 
the measurement, as evidenced by the fact that the highest 
deviation in the density measurement is only 0.03 g/dm3 
(Table 2). In the case of impact work, the standard deviation 
is already larger, this is partly due to the material of the green 
sandstone. Since this is a sedimentary stone, the settlement 
direction of the individual layers could be detected during 
the measurements, despite the fact that it was not notice-
able to any extent with the naked eye. In the case of sam-
ples at normal temperature, there is approximately a 35% 
difference between the impact work of saturated and air-
dried samples. In this case, the higher values were obtained 

Table 1 Properties of the specimens – statistic calculations

Physical 
quantity

dry 
frozen

dry 
normal

saturated 
frozen

saturated 
normal

M (GPa)
average 17.80 17.78 17.75 17.73

standard 
deviation 1.34 1.14 1.14 0.02

ν (-)
average 0.25 0.25 0.25 0.25

standard 
deviation 0.02 0.02 0.02 0.02

E (GPa)
average 13.78 13.30 13.73 13.56

standard 
deviation 0.82 0.68 0.70 0.73

G (GPa)
average 5.52 5.33 5.49 5.44

standard 
deviation 0.27 0.25 0.24 0.26

Fig. 4 Green sandstone specimen

Fig. 5 Specimen after the test

Fig. 6 Uniaxial compressive strength test
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during the measurement of air-dried specimens. In the case 
of frozen samples, this difference was around 24%. Here, on 
the other hand, the higher impact work values were obtained 
during the examination of the saturated samples.

It is known in rock mechanics, that the saturated samples 
are weaker in general. This trend is even more valid in case 
of sedimentary stones. Our experiments prove with specific 
numbers for green sandstone this phenomenon. The reliabil-
ity of the impact resistance test is on the same level as the 
Schmidt hammer test or the Poldi hammer test in mechan-
ics. The impact resistance of frozen, saturated specimens are 
strongly affected by the impact resistance of ice. It could 
lead, that the original 35% being turned to 24%. On the other 
side it could have practical meaning, because the ground 
freezing methods are quite common in the excavations.

During the evaluation of the measurement results, 
we obtained the result that, in the case of the examined 
samples, the value determined by the quotient of impact 
energy, density and compressive strength has a mathemat-
ically well-describable relationship with each other.

In case of the samples, regardless of temperature and sat-
uration state, the impact work values fell within the range 
bounded by two straight lines (Fig. 7 (a), (b)) which can used 
as envelope lines of impact "resistance" of the samples. This 
makes it possible to obtain an estimated strength value with 
the help of the tests performed in this way only by determin-
ing the density and impact work. Before defining each limit, 
we used statistical methods to check whether each value was 
greater than the average minus three times the standard devi-
ation, or if it was smaller than the sum of the average and 
three times the standard deviation. If a sample does not fit 
into this range, it cannot be taken into account when estab-
lishing the limits. In the case of the examined green sand-
stone, all measured values were in the appropriate range, so 
when setting up the boundary curves, it was only necessary 
to find the straight line that starts from the origin and passes 
through the two outermost elements of the set of points.

Based on this, if the density divided by σc (Fig. 7 (a)), 
the upper limit of the values is described by Eq. (9), while 
the lower limit is given by Eq. (10). 

� �c W� �425  (9)

� �c W� �32  (10)

Here W means impact work, ρ is the density of the speci-
men, σc is the compressive strength of the specimen means.

If the impact work is compared with the quotient of 
σc and density (Fig. 7 (b)), then the limits in Eq. (11) and 
Eq. (12) are given.

� �c W� � �9 23.  (11)

� �c W� � �0 736.  (12)

Table 2 Average density and impact work values of the samples in 
different conditions

dry 
frozen

dry 
normal

saturated 
frozen

saturated 
normal

Density  
(g/cm3)

average 2.42 2.41 2.41 2.41

standard 
deviation 0.03 0.03 0.03 0.02

Impact work 
(J)

average 8.63 10.22 10.71 7.55

standard 
deviation 2.71 1.84 0.63 2.07

(a)

(b)

Fig. 7 Impact work comparison, envelope lines: (a) ρ/σc, (b) σc/ρ
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If we examine samples with the same temperature but 
different saturation states (Fig. 8), it can be seen that the 
measured values are divided into two clearly distinguish-
able ranges according to the water saturation state of the 
sample A function can be fitted to the boundary. One can 
use any mathematical methods to determine this curve. 
We select the Langrage-approximations to calculate it. 
The solution of the problem above can be obtained by the 
use of nth degree of Langrange interpolation polynomials, 

P x y L xn i i i
i

n

� � � � �
�

�

�
1

1

;  (13)

where the ith Lagrange polynomial is 

L x
x x x x x x x x x x
x x x xi

i i n

i i i

� � �
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�� �� �

� � �

�

1 2 1 1 1

1 11 1 1

0 1 2 1 1
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�
�
�

1

1; if x xi

 

(14)

here n+1 means the number of the available points (here 
the experimentally determined values).

Introducing ω(x) = (x − x1)(x − x2) … (x − xn+1) the base 
polynomial can be calculated by 

L x
x

x x xi
i i

� � � � �
�� � �� �
�

�
. (15)

Since we want to separate two ranges from each other, 
we can only use a curve with an even degree during the 
procedure, since in the case of functions with an odd 
degree, the nature of the curve is not suitable for divid-
ing the measurement results into ranges in our case. As a 
result, in each case at least three points had to be selected 
to determine the curve. A point on the curve is the point 

where the product of the impact work and the quotient of 
σc and ρ is the maximum. The other point is where the 
quotient of the impact work and the quotient of σc and ρ is 
the minimum. The intermediate point is the value closest 
to the average the quotient of σc and ρ of the two points.

Neglecting the details of the calculation the Lagrange 
approximation, in the case of samples with a normal tem-
perature, i.e. 22 °C the boundary function between the two 
states is described by Eq. (16): 

W
c c

� � �
�

�
�

�

�
� � � �0 00889 0 070724 10 48447

2

. . .
�
�

�
�

. (16)

The relation given by Eq. (16) delimiting the two states 
was determined from the data using a Lagrange approxi-
mation can be seen in Fig. 8 in case of non-frozen dry and 
saturated samples.

In addition, a comparison is performed to find the rel-
ative error in these approximations (linear and polyno-
mial) of the compressive (tensile) strength. This would 
greatly facilitate the development of an on-site inspec-
tion that is easy and quick to perform to get the unknown 
strength value if the specific impact work values (min. 3) 
are known. 

This comparison was also performed for samples 
with the same saturation state but different temperatures. 
The test specimens have a temperature between −12 °C 
and 20 °C and are saturated with water. The comparison 
(Fig. 9) showed a similar trend as in the previous case, 
it can also be observed that the measurement results are 
divided into two groups. Here, the boundary function is 
described by Eq. (17) obtained in a similar way: 

W
c c

� � �
�

�
�

�

�
� � � �0 03083 0 742696 6 548063

2

. . .
�
�

�
�

. (17)

One can see the evaluation of the impact work in func-
tion of normalized compressive strength in Fig. 9.

Fig. 8 Non frozen (normal) specimen's impact work in function of 
normalized compressive strength

Fig. 9 Frozen specimen's impact work in function of normalized 
compressive strength
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The boundaries (envelope lines) of the different states 
(Figs. 10, 11) can also be easily defined. These are given 
by Eq. (9) and Eq. (18) in case air-dry, not frozen speci-
mens, Eq. (9) and Eq. (19) in case of air-dry frozen sam-
ples, Eq. (10) and Eq. (20) in case saturated, not fro-
zen specimens, and in case of saturated frozen samples 
Eq. (9) and Eq. (21).

� �c W� � �78  (18)

� �c W� � �65  (19)

� �c W� � �176  (20)

� �c W� � �136  (21)

In this temperature range, based on the test results, 
there was no difference between the individual results to 
the extent expected for metals. Based on the results shown 
in Table 3, it can be seen that the difference is 0.3 J for the 
smallest values, and 1.3 J for the maximum impact val-
ues in the air-dry case. If the samples are saturated with 
water, it can be seen that significantly different values are 
obtained during the test when they are frozen, however 
almost no different between the medians and the average 
of the impact works in case of dry normal and saturated 
frozen samples, respectively. The differences between the 
medians and the average of the impact works are cc. 10% 
in the cases belongs to the samples of saturated normal and 
dry frozen rocks. The reason for this is that the water in 
the sample is also in a frozen state, thereby even strength-
ening the sample. On the other hand, if saturated samples 
are examined without freezing, the water saturation sig-
nificantly worsens the impact resistance of the sample.Fig. 10 The boundaries (envelope lines) of the different states of specimens

Fig. 11 Impact work in function of normalized compressive strength, where the boundaries (envelope lines) of each state: (a) saturated, frozen 
samples, (b) saturated, normal samples, (c) dry, frozen samples, (d) dry normal samples

(a) (b)

(c) (d)
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Based on the results above, it can be stated that in this 
temperature range, i.e. between −12 °C and 20 °C, the 
water saturation of the sample has a greater influence on 
the impact resistance than the temperature of the sample. 

For each range, it becomes possible not only to define 
a lower and an upper limit curve (envelope lines) of the 
impact work for the given range, but also to give an 
expected estimate for the given state, using the median 
value of normalized compressive strength of the samples 
(Fig. 12). This estimate is given by Eq. (22) for the air-dry 
frozen state, Eq. (23) for the air-dry, normal state, Eq. (24) 
for the saturated frozen state, and Eq. (25) for the satu-
rated normal state.

� �c W� � �0 0037.  (22)

� �c W� � �0 0043.  (23)

� �c W� � �0 0032.  (24)

� �c W� � �0 0106.  (25)

This relationship can also be determined for all sam-
ples, in this case regardless of temperature and saturation 
state (Eq. (26)): 

� �c W� � �0 0106. . (26)

One can see the evaluation of compressive strength in 
function of the impact work in Fig. 12.

During the optimal design procedures, one needs elliptic 
design domain of the data set to provide convexity of the 
feasible solutions. It also can demonstrate the uncertainty 
of the data set with this application. In this way the different 
sets of impact works–UCS data set were used to define this 
domain. A MATLAB code was written on the optimization 
principle, that the covered elliptic area should be minimal, 
while any of the measured points has to be inside the domain 
(under the ellipse). The following elliptic curves were deter-
mined: Fig. 13 all measured specimens, Fig. 14 saturated 
specimens and Fig. 15 dry specimens, respectively. 

Table 3 Impact work and uniaxial compressive strength in different conditions

average median min max

imp. res [J] UCS [kN/m2] imp. res [J] UCS [kN/m2] imp. res [J] UCS [kN/m2] imp. res [J] UCS [kN/m2]

dry frozen 8.6 60.0 9.6 67.2 4 26.7 11.8 90.8

dry normal 10.2 53.7 10.3 54.7 4.3 18.7 13.1 86.8

saturated frozen 10.7 66.5 10.8 68.7 9.1 32.8 11.7 91.5

saturated normal 7.6 29.4 8.35 26.9 3.9 16.9 10.7 49.7

Fig. 12 Estimation of impact work based on the median value of the 
normalized compressive strength

Fig. 13 Elliptic design domain for all points

Fig. 14 Elliptic design domain for saturated specimens
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5 Conclusions
Based on the tests performed, it can be concluded that 
the Charpy impact test can also be used on sandstones, 
based on the measurement results, meaningful and clearly 
defined correlations can be seen. The lower and upper lim-
its of the range of the measurement results can be deter-
mined regardless of the saturation state and temperature. 
By the use of these relationships, it is easy to determine 
either the compressive strength of the sedimentary rocks 
based on the knowledge of the impact work, or the impact 

work based on the knowledge of the compressive strength. 
The latter case can be useful for explosions, since the 
maximum and minimum required impact energy can be 
estimated with a simple relationship.

In addition to the boundary (envelope) lines the mini-
mal elliptic design domains were also determined for the 
different saturation states. These domains are very use-
ful in structural optimization, when the convexity of the 
design domain has to be provided.

Measurements performed at different temperatures and 
saturation states showed that the temperature of the sam-
ple at temperatures between −12 °C and 20 °C only mini-
mally affects the result. The water saturation of the sample 
has a much greater effect on the impact resistance. Due to 
the ice in the samples, the impact resistance of the frozen, 
saturated sample either does not change compared to the 
impact energy of the air-dry sample or increases slightly.
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Fig. 15 Elliptic design domain for dry specimens
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