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Elastic modulus is a significant parameter in design and construction for rock engineering. Rock penetration test as a convenient
method to evaluate the modulus of rocks has a great potential to be used. Based on the elastic theory, the relationship between rock
penetration behavior and elastic modulus was established. In order to evaluate the elastic modulus, the shape coefficient is an
important parameter to be determined. However, due to many factors, the value of this parameter is still uncertain. To provide a
better insight into the shape coefficient and its factors, a series of penetration tests which used several types of rock samples with
different sizes were conducted to study the determination of shape coefficient under different conditions./e test results show that
sample size influences the shape coefficient, and with the increase in size, the shape coefficient decreases gradually to a stable value.
In contrast, confining pressure has less effect on shape coefficient, and in the moderate and low stresses region, a fixed value can be
selected for the test. Different types of rocks correspond to different shape coefficients. /e shape coefficient of hard rock is higher
than that of soft rock. Shape coefficient should be selected reasonably according to the penetration depth in practical application,
and the reason, furthermore, why back-calculated shape coefficient deviates from the theoretical value is also discussed.

1. Introduction

Elastic modulus is an important parameter for rock de-
formation. In rock engineering, it is also an important basis
for the design and construction. In routine practice, the
elastic modulus of the rock can be obtained by the uniaxial
compressive test of rock specimens. Although the test is
simple, it has to be restricted to the use of high-quality core
samples and associated sophisticated test equipment [1].
/erefore, a method which can measure the elastic modulus
quickly and conveniently is necessary. Several attempts have
been made to develop methods to evaluate the elastic
modulus indirectly, such as nanoindentation, needle pen-
etration test, point load test, Brazilian splitting test, and so
on [2–5]. Moreover the Smith rebound tester and borehole
elastic modulus method can also measure the modulus ef-
fectively in situ [6, 7]. /ese methods provide alternative
approach for the estimation of the rock modulus.

As an easily handled method, the penetration test, which
uses a rigid conical indenter to penetrate perpendicularly into
the rock and estimate the mechanical properties of the rock
based on measured penetration force and depth relationship,
has become a popular method [8]. An elastic contact me-
chanics model can be used to quantify the relationship between
the elastic modulus and the deformation characteristics under
the penetration load. To evaluate the modulus based on the
elastic theory, a shape coefficient should be given according to
the shape of indenter. However, the rock is a kind of complex
geological material and its deformation characteristics are
controlled by many factors. For the penetration test, the be-
havior of the rock is also influenced by the sample size and
confining pressure. It is hard to define shape coefficient as a
fixed value based on theoretical solution. /erefore, to give
reliable prediction of the elastic modulus for practical appli-
cation, it is necessary to provide a better insight into the shape
coefficient and its factors.
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To answer this question, a series of laboratory pene-
tration tests were conducted to study the values and in-
fluence factor of shape coefficient. For this purpose, various
types of rock with different size and confining pressure were
analyzed. Based on the back-calculated shape coefficients
under different conditions from the tests, the determination
of shape coefficient under different conditions is discussed.
Suggestions are also given to improve the prediction ac-
curacy of elastic modulus based on the penetration test
method.

2. Principle of Elastic Modulus Estimation

To relate the elastic modulus to the penetration load-depth
relationship, a mechanical model incorporating the contact
properties between the indenter and the rock is necessary. A
local coordinate system is defined by radial and angular
variables (r, φ). At some distance r from origin, a pressure P

acts on a small elemental area (Figure 1)./e deformation of
pressure on the surface is found from the sum of the de-
formation due to distributed point load P. /e mathematical
theory of Boussinesq and Hertz elastic contact problem is
generalized, and the relationship between elastic modulus of
uniform pressure and the deformation of load is shown in
the following formula:

uz �
1 − ]2

πE
B

s
P(r, ϕ)drdϕ, (1)

where uz is the distance of uniform pressure; S is the contact
area; E is the elastic modulus, GPa; and ] is the Poisson’s
ratio.

According to different indenter shapes, equation (1) can
be defined as ball, cylinder, and cone as follows [9]:
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where a is the radius of contact area which can be regarded
as the radius of indenter.

In order to simplify the calculation for practical oper-
ation, a shape coefficient can be defined to represent the
difference among the various indenter shapes. /en, the
integral of formula (2) can be written as a unified form:

uz �
1 − ]2

E
pmωma, (3)

where ωm is the shape coefficient.
Based on theoretical relationship in equation (2), the

shape coefficients for ball, cylindrical, and conical indenter
are 3π/4, π/2, and π, respectively. For the rock penetration
test, conical indenter with a hemispherical tip is usually used

in practice. Because the indentation depth of cone indenter is
small, the indenter can be regarded as a ball indenter [10].
With the increase in the penetration depth, the contact
between the indenter and the rock will become more
complex, and the rock is not completely elastic material, and
the actual value of shape coefficient is different from the
theoretical value for many different types of rock. In ad-
dition, the shape coefficient can be also influenced by the
sample size and confining pressure for the penetration test.
/erefore, laboratory penetration tests were designed to
provide a better insight into the determination of the shape
coefficient.

3. Penetration Tests

Laboratory penetration tests were conducted to study the effect
of rock types, sample size, and confining pressure on the shape
coefficient. Different types of rock, including red sandstone,
coal, mudstone, grey sandstone, and sandy mudstone, were
used in the test. /e rock was cut into cube samples with
different sizes. To reduce the discrete of the test results, each
group of samples is represented by a set of 5 samples.

A servo-controlled loading system and an indenter with a
cone angle of 60° and a tip diameter of 4mmball were utilized to
apply the penetration load as shown in Figure 2(a). /e size of
indenter is suitable for the application of in situ drilling en-
gineering./e sample was placed just below the indenter./en,
the penetration load was applied on the upper surface of the
specimen at a load rate of 2.5mm/min until failure occurs.
During the process, applied load of the conical indenter was
recorded using a computerized data acquisition system. LVDT
was used to monitor the indentation depth. To study the in-
fluence of in situ pressure on the shape coefficient, an additional
lateral loading apparatus (Figure 2(b)) was also used in the test
to apply bidirectional confining pressure. /e bidirectional
loading apparatus was designed as a hollow ring-shaped
chamber, which facilitates the application of two independent
perpendicular loads. /ese two loads were applied to the rock
specimen by two servo-controlled hydraulic jacks in the
apparatus.

4. Results and Analysis

4.1. Effect of Size Ratio on Shape Coefficient. For the labo-
ratory penetration test, a range of different sizes of specimen
was usually used in the test. Scale effect is an important
factor for the application of the test method. /e test was
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Figure 1: A point load acts vertically on semi-infinite half space.
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conducted on finite size of the laboratory specimens rather
than semi-infinite surface of rock. /erefore, the shape
coefficients back-calculated from the test results differ from
the theoretical value. In addition, the size of the specimen
will affect the deformation of the rock under penetration
load, which leads to the difference in shape coefficient. In
order to investigate the influence of sample size on the shape
coefficient, a series of red sandstone specimens with different
sizes were selected for the penetration test. /e mechanical
parameters of the red sandstone in the test are shown in
Table 1. /e relationship of load and penetration depth
obtained under different sample sizes is shown in Figure 3.
/e size ratio in Figure 3 was defined as the ratio of sample
side width to the indenter diameter. According to the linear
section of the load-penetration depth relationship, real
modulus and Poisson’s ratio are obtained by the uniaxial
test; the shape coefficient under different conditions can be
calculated by equation (3). /e back-calculated shape co-
efficients for different size ratios are shown in Figure 4.

Based on the test results, it is noted that the shape coef-
ficient varied over a wide range from 1.6 to 8 for different
sample sizes. Great discrepancy between the back-calculated
shape coefficient and theoretical value can be observed for the
small size samples. With the increase in sample size, the shape
coefficient decreases exponentially. When the size ratio reaches
37.5, it decreases gradually to stable values. According to the
cavity expansion model [9], the core zone under the indenter
deforms to adapt to the volume of the material replaced by the
indenter. /e increase in specimen size results in the im-
provement of the boundary stiffness, which restricts the de-
formation of the influence area. So, a low shape coefficient can
be obtained by using equation (3) for a large sample. However,
considering that the influence zone of the penetration load is
limited, it is reasonable to assume that the scale effect can be
neglected for the sample with a size ratio larger than 37.5.
/erefore, a value of shape coefficient of 1.6 can be used for the
in situ penetration test. However, for the samples 10 cm in
width, which are most commonly used in the laboratory, a
larger shape coefficient should be used in the estimation of the
elastic modulus.

4.2. Influence of Confining Pressure on Shape Coefficient.
For the in situ penetration test, it is different from the
conventional laboratory test because the tested rock mass is
under the state of in situ stress. Whether the rock elastic
deformation is affected by the confining stress is also a
critical and fundamental issue in the application of the in
situ penetration test. To give a reasonable prediction of the
elastic modulus, the shape coefficient should be modified
considering the behavior difference resulting from the
confining pressure. In order to give a better insight into the
influence of boundary conditions on the shape coefficient,
penetration tests of 100mm red sandstone under different
confining pressures were conducted. /e back-calculated
shape coefficient was calculated in the same way as above,
and the results are plotted against the confining pressure as
shown in Figure 5.

Due to the influence of rock sample size, the shape
coefficient is higher than theoretical value of ball indenter. In
comparison with the test with no confining pressure, the
back-calculated shape coefficient for the sample under
confining pressure is lower. /e main reason is that the
sample maintains a compress stress state under confining
pressure, resulting in difficulty in the penetration of in-
denter. /en, a higher load-depth relationship can be ob-
tained and induces the decrease in the back-calculated shape
coefficient. It indicates that a lower shape coefficient should
be used in the in situ penetration test. In addition, it should
be noted that the shape coefficient is not significantly af-
fected with the increasing confining pressure. A fixed value
of shape coefficient can be selected for the test on the in situ
rock mass in the moderate and low stresses region.

4.3. InfluenceofRockTypesonShapeCoefficient. To study the
influence of rock types on the shape coefficient, five
different types of rock, red sandstone, grey sandstone,
coal, mudstone, and fine sandstone, are selected for the
penetration test. All the sample sizes are about 100mm.
/e mechanical parameters of various rocks obtained
from the standard uniaxial compression test are shown in

α = 2mm

60°

(a) (b)

Figure 2: Testing system.
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Table 2. /e obtained elastic section of load-penetration
depth relationship and elastic modulus was used to make a
back-calculation of shape coefficient. Furthermore, the
influence of Poisson’s ratio can be neglected [4]. Poisson’s
ratio of red sandstone is used for different types of rock.
Based on equation (3), the calculated shape coefficients are
shown in Figure 6. /e back-calculated shape coefficient
of red sandstone from the results of another test is also
shown in Figure 6 [11].

/e result in Figure 6 indicates the discrepancy between
the theoretical shape coefficient and back-calculated value.
Most of the back-calculated shape coefficients vary between
2 and 4. For the sandstone, a value for ωm of 3.2 to 3.6 can be
obtained from the test results whereas a lower value can be
obtained for the soft rock such as coal and mudstone.
Considering the influence of rock sample size, for soft rock,
the back-calculated shape coefficient is close to the theo-
retical value, but for sandstone and other rocks, the shape

Table 1: Mechanical parameters of red sandstone.

Parameters Unconfined compressive strength σc (MPa) Elastic modulus E (GPa) Poisson’s ratio ]
Value 43.07 5.67 0.32
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Figure 3: Load-penetration depth curves with different size ratios.
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coefficient is obviously higher than the theoretical value. It is
shown that for soft rock, compared with the uniaxial load
deformation characteristics, the load deformation charac-
teristics under penetration load have higher stiffness.

Because of the difference in mineral formations and
cementation for different type of rock, it is important to

select the appropriate shape coefficient for different types of
rock rather than a fixed theoretical value.

5. Discussion

/e indenter selected in this test is a conical indenter with a
hemispherical tip. When the indenter is pressed into a small
depth, it can be approximately regarded as a spherical
contact. However, when the penetration depth reaches a
certain value, its contact radius will increase continuously. It
is more appropriate to regard it as a cone indenter. /e
increase in contact area will lead to the decrease in contact
pressure, and then the shape coefficient will increase which
was confirmed by the calculation of other test results
[12–14]. /erefore, the depth of penetration is an important
reference for the selection of shape coefficient in the pen-
etration test.

In the penetration test, the rock under the indenter will
be crushed under the penetration load. However, owing to
the high contact pressure, the crash zone can be compacted
and solidified. /e properties of the compacted crash zone
will affect the penetration behavior of the indenter. For the
soft rock with high porosity, the compacted zone exhibits a
higher stiffness response [15–17]. /is explains why a lower
shape coefficient can be obtained for the soft rock. For the
moderate and hard rock, the compacted crash zone may
exhibit an equal or higher stiffness response, resulting in the

Table 2: Mechanical parameters of various rocks.

Rock Strength (MPa) Elastic modulus (GPa) Average shape coefficient
Red sandstone 43.07 5.67 3.57
Mudstone 10.79 2.16 3.07
Fine sandstone 98.23 9.93 3.46
Coal 8.09 1.08 2.39
Grey sandstone 104.09 11.43 3.23
Red sandstone [11] 80.56 9.70 3.53
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difference of back-calculated shape coefficient. /is phe-
nomenon can be verified by the experimental results [18]. So,
the compacted behavior of the crashed rock should also be
considered in the determination of the shape coefficient.

6. Conclusion

In the present study, a series of penetration tests were
conducted to study the influence of shape coefficient which
is used to evaluate elastic modulus with the penetration test.
/e test results based on commonly used cone indenter can
be summarized as follows:

(1) /e shape coefficient is related to the size ratio of
rock and indenter. As the size ratio increases, the
shape coefficient decreases gradually to stable values.

(2) /e shape coefficient is not significantly affected by
the in situ confining pressure. A fixed value of shape
coefficient can be selected for the test on the in situ
rock mass in the moderate and low stresses region.

(3) Different types of rock have different shape coeffi-
cients rather than a fixed theoretical value. Shape
coefficient of soft rock is lower than that of hard rock
because of the behavior of the crashed rock. And the
shape coefficient should be selected according to the
penetration depth.
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