Study of punch tip effect on creep of materials in impression creep test
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ABSTRACT: Applying supports like buttresses or boughs in underground structures (such as tunnels and mines) cause
indentation of the support into the bearing floor due to the creep which is caused by constant load from the support. Since creep
behavior is a time dependent characteristic of rocks, it is hard to investigate in practice the indentation depth of the support, the
changes in profile of the floor due to the indentation creep and the best support tip shape. It seems that for this kind of
investigation, impression creep test is a suitable one to obtain the creep behavior of the material of the floor, in small scale and in
short periods of time. In this study, the effects of different kinds of punch tip are compared experimentally and numerically. For
this purpose, four different shapes of punch tip (cylindrical with flat end, two conical shapes and cubic) are used to perform
impression creep tests under different loading levels. These tests are carried out on rock salt because of its softness and creep
behavior. Furthermore, all of these experiments were investigated numerically using commercial finite element analysis (FEA)
software, ANSYSTM, to acquire the profile of material beneath the punch during the experiment.

1. INTRODUCTION
Many sedimentary and metamorphic rocks exhibit
significant creep behavior over time. This will affect the
stability of rock structures due to strain accumulation
[1]. This time dependant phenomenon can be observed
in abandoned room and pillar type mines and those
structures which have been supported by local supports
and reinforcements in long times. Many studies have
been carried out on deformation of underground
structures due to static and dynamic loading, but there is
not enough studies involve with the deformation and
failure modes of floor rock beneath the local supports
like buttresses and boughs or pillars in pillar supported
mining methods [2, 3]. In this study the profile of creep
deformation of floor rock using different tip shapes of
supports has been investigated using both empirical and
numerical methods.
Traditionally, the most common way of investigating
creep behavior is to carry out a static load, or ‘creep’,
test; that is, holding a constant differential stress on a
cylindrical rock sample and measuring the resulting
strain as a function of time. Figure 1 shows a schematic
behavior of materials under constant load, involving

three individual stages of creep, labeled transient
(primary or decelerating); steady-state (secondary or
constant rate); and accelerating (tertiary or unstable).
The deformation may be distributed throughout the
sample in the first two phases, but the phase of
accelerating creep results in the eventual failure of the
sample by localization of deformation onto a single
plane. Formulation of design criteria and choice of
suitable stabilization techniques for structures require
understanding of the involved mechanisms for which
physical models implying structural heterogeneity
should form the basis [1, 4].
There are many ore bodies which are located underlain
by soft rocks such as shale. Because of viscoelastic creep
properties of soft rocks, the creep behavior has an
important role in the time-dependent deformation of
structures in such rocks. Creep properties cause many
difficulties in the design of structures in soft rocks.
In this paper the tip effects of supports have been
investigated on rock salt as one of the softest rocks .The
importance of salt and potash mining has increased due
to the high demand for these materials. Salt is not only
used for human consumption, but also it can also be used

as a fertilizer. One type of salt is sodium chloride which
is mainly used for human consumption.
“Salt type material” refers to materials that exhibit
viscoelastic and creep properties. The time dependent
deformation of salt has been studied by many scholars
since the late 1800s for various salt mines and resources
in an attempt to create a reliable time-deformation
predictive model [2, 5].
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Fig. 1. Schematic behaviour of materials under constant load.

In this study, the effects of different shapes of support
tips are compared using impression creep test to obtain
changes in profile of rock salt due to the indentation
creep.
For this purpose, four different shapes of indenter,
cylindrical with flat end, cubic and two conical indenters
with angels of 37 and 53 degree from the vertical axis
were made, and impression creep tests were performed
under four loading levels. Furthermore, all of these
experiments were modeled numerically by commercial
finite element analysis (FEA) software, ANSYSTM, to
compare the changes in profile of rock beneath the
indenters during creep tests.

2. EXPERIMENTAL PROCEDURE
2.1. Rock salt Composition Study
Because of having both elastic and viscous behavior,
rock salt is capable of showing creep behavior. This
property gives rock salt deformation the ability to
expand as well as flow when enough time and space is
given to do so [5]. Figure 2 shows the XRD result for the
rock salt which was taken from a rock salt mine in
Garmsar city in Iran, which shows that this sample is
almost pure sodium chloride.

2.2. Impression Creep Testing
Since conventional creep testing requires many
specimens to establish stress and temperature effects, a
new indentation creep test called “impression creep” is
introduced in which a cylindrical punch with a flat-end
is used to produce a shallow impression on a specimen
surface under the action of a constant load [6, 7]. The
details of this setup are explained in more details by
Moosaviet al (2008) [8].

As shown in Figure 3, a cylindrical rigid indenter of
cross-sectional area, S, is impressed onto the surface of
the sample under a load, L. The punching stress is then
L/S, which is constant for constant L and S. Under this
punching stress, the indenter penetrates into the material
to a depth h over time t [9]

Fig. 3. Impression creep testing [9].

Impression creep test is an elegant test technique which
offers the following advantages over the conventional
creep testing [10]:
• A small quantity of testing material is sufficient ,
• Constant high stresses can be obtained with a
relatively low constant dead load,
• Needs a simpler setup to determine temperature
effects on creep behavior of materials,
• Absence of tertiary stage of creep makes the
deformation more stable and the test is, therefore,
better suited for investigation on materials with
almost a brittle behavior.
Rassouli, et. al (2009) and Moosavi, et. al (2009),
showed that this new method can be applied on soft
rocks to obtain the power law creep parameters of such
rocks [11,12]. To investigate the creep behavior of rock
salt beneath the support tips, impression creep method
was used, which its apparatus is shown schematically in
figure 4. The indenter applies the load to the specimen.
This part is made out of hardened steel. Table 1 shows
four different shapes of indenters which were used for
this study. The amount of the applied load is also
measured by a load cell. For impression creep tests,

some

cubic specimens of rock
3 ´ 3 ´ 3cm dimensions were prepared.
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constant related to the properties of the material, Q is the
activation energy for creep, R is the gas constant, and T
is temperature in Kelvin degree. In this formula u is the
velocity of the punch, 2a is the punch diameter, A is a
thermal activation term (an empirical constant), s app is
the stress applied to the punch, B is a correction factor
for the average stress beneath the punch, and n is the
stress exponent. It is obvious that for conical indenters,
the s app decreases as the impression depth increase.
This is because the effective area of the indenter will
increase as the impression depth increases, so the
impression strain rate changes by the pass of time.
Fig. 4. Schematic of impression creep apparatus.

2.4. Tests Schedule

Table 1. Different shapes of indenters used for impression
creep tests
Shape of indenter
Cylinder with flat end and
diameter of 4 mm

Schematic of indenter

Cubic with dimensions of
4×4×4

As it has been shown in Table 2, impression creep tests
were performed for all four different kind of indenter in
Table 1, under constant temperature of 100 C0 and four
levels of loading; 52, 58, 64 and 70 kg. In these
experiments the amount of load was kept constant
because the stress level will change in conical indenters
as the indentation depth increases so all comparisons
will be based on same level of loading.
Table 2. Tests schedule
Indenter shape
Cylinder
Cube
Cone (370)
Cone (530)

Cone with angel of 37 degree
from vertical axis
Cone with angel of 53 degree
from vertical axis

Loading levels (kg)
52, 58, 64, 70
52, 58, 64, 70
52, 58, 64, 70
52, 58, 64, 70

3. TEST RESULTS
2.3. Theoretical Concepts
Identifying the creep characteristics of secondary creep
amongst three stages of creep behavior is more
significant in engineering problems since it is possible to
assess the stability of structure over its life time and
applying appropriate supports. As a result, in this study
an empirical model is used which is known as “creep
power law” or “Norton’s law” to model the secondary
creep. This model can best be described as follow:

e! = As n

(1)

In which A is a material constant, e , s , n and t are
strain, stress, stress power (which its value is typically
between 2 to 8) and time, respectively. The dot represent
first derivative of the terms.
Norton’s equation can be written as follow for
impression creep test:

Figure 5 shows displacement vs. time curves for the
result of impression tests with conical indenter with
angel of 530 as an example of impression creep tests. As
it was anticipated, the second stage of creep for conical
indenters never achieves the steady state creep with a
constant creep rate. Because of instant variation of
effective area of the conical indenters, and as a result
variation in applied stress, the second stage of creep for
such indenters is curvature. As it can be seen, the
impression displacement increases as the applied load
increase.
The displacement rate of secondary creep for both
cylindrical and cubic indenters are represented in Table
3. For impression tests with both kinds of conical
indenters a linear trend-line has been fitted to the second
stage of creep to compare the displacement rate in those
experiments. These results are also represented in Table
3.

With respect to these results, the displacement rates for
cylindrical and cubic indenters at equivalent level of
loading are almost the same. So, to compare the profile
deformation beneath these two indenters, the stress
concentration due to the indenter shape must be
investigated with numerical analysis. The relevant
displacements to cubic and cylindrical indenters are less
than those for conical indenters.
With respect to the data represented in Table 3, the
displacement rate for the tests with conical indenter (370)
is more than displacement rate for the tests with conical
indenter (530).

a general purpose finite element modeling package for
numerically solving a wide variety of mechanical
problems. These problems include: static/ dynamic
structural analysis (both linear and non-linear), heat
transfer and fluid problems, as well as acoustic and
electromagnetic problems.
Figure 6 represents two-dimensional (2-D) half-space of
finite element width model for all four kinds of indenter
investigated in this paper. For cylindrical and conical
indenters, the advantages of the axisymmetry of the
problems were taken.
The models were meshed as shown in Figure 6, using
standard Plane 183 elements for the indenters and
samples, Contact 175 elements for the surface of the
indenters and Target 169 elements for the sample
surface, which is in contact with the indenters. All the
elements in these models were two-dimensional 8-node
quadrilateral elements, with a total of 2040 elements for
the model with cylindrical indenter, 2007 elements for
the model with cubic indenter, 2517 elements for the
model with conical indenter (370) and 2169 elements for
the model with conical indenter (530).
The contact between the indenter and the specimen
surface were modeled using contact element, and the
surfaces were assumed frictionless.

Fig. 5. Displacement vs. Time curves for 530 conical indenter.
Table 3. Displacement rate of different indenter shapes.
Indenter shape
Cylinder

Cubic

Cone (370)

Cone (530)

Loading levels
(kg)
52
58
64
70
52
58
64
70
52
58
64
70
52
58
64
70

Displacement rate
(microns/sec)
8×10-08
9×10-08
10×10-08
30×10-08
8×10-08
9×10-08
10×10-08
20×10-08
70×10-08
85×10-08
100×10-08
200×10-08
53×10-08
57×10-08
65×10-08
70×10-08

4. NUMERICAL STUDY
Computational simulation has been commonly employed
to analyze the impression creep of different materials
since analytical solutions for many impression creep
problems do not exist [13]. In this study, commercial
finite element analysis (FEA) software, ANSYSTM has
been used to model the impression system. ANSYSTM is

Impression of the sample was simulated by applying a
uniform pressure Pz on the top surface of the punch,
which has been simplified as an arrow, using a built-in
feature of the FEA code, such that;

PZ = LP

(3)

where LP is the desired punch load. In the models with
cylindrical and cubic indenters, the circumference of the
contact line of the punches were assumed to have a fillet
of 0.5 µm radius, in order to avoid potential singularities
at the corners. This was also applied at the tip point of
the conical indenters.
The specimen, assumed to be a 20mm high cylinder of
40mm diameter. Indenter dimensions are represented in
Table 4, and material properties are represented in Table
5. Mesh dimension for the indenters is 0.2mm, for the
specimen just beneath the indenter is 0.3mm and for the
rest of the specimen is 0.6mm.
The specimen was modeled as an elasto-plastic solid
displaying steady-state creep via power-law relation,
which was given in equation 2. The punches are
assumed to be non-deformable.
Table 4. Indenter dimensions
Indenter shape

Cylinder

Diameter of base
of the indenter
(mm)
4

Height of the
indenter (mm)
5

Cube
5
Cone (370)
8
Cone (530)
8
Table 5. Material properties

5
10.9
5.6

Material

Poison’s ratio (υ)

Indenters
Salt rock

PZ

Elastic Modulus
(GPa)
550
20

indenter was about 0.016 Also it is obvious that the
stress concentration beneath the conical indenters is
more than the stress concentration under the cylindrical
and cubic indenters, and for the conical (370) indenter is
more than (530) indenter.

0.27
0.3
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Fig. 7. Schematic the developed Von-Mises strain field under
cylindrical indenter.
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Fig. 8. Schematic the developed Von-Mises strain field under
cubic indenter.

(c)

(d)

Fig. 6. Schematic of impression creep of half-plane for: (a)
cylindrical indenter; (b) cubic indenter; (c) conical indenter
(370); (d) conical indenter (530).

After testing the models for mesh independence, the
models were first solved for elastic specimen to attain
the primary creep with elastic deformation, and then they
were solved with Norton’s model to investigate the creep
behavior of salt rock under different shapes of indenters.
Figures 7-10 show the development Von-Mises
equivalent creep strain after 1000 hour creep within the
specimen just below the punch during the creep test with
Lp= 70kg and T=100 C0.
As observed, the total amount of Von-Mises strain under
the conical indenter (370) is about 0.9 which is more than
the Von-Mises strain below the conical indenter (530) in
which this amount is about 0.65. Both of them are more
than the Von-Mises strain of deformed region under the
cylindrical and cubic indenters. This amount for cubic
indenters was about 0.028 an dfor the cylindrical

Fig. 9. Schematic the developed Von-Mises strain field under
conical indenter (370).

Fig. 10. Schematic the developed Von-Mises strain field under
conical indenter (530).

Fig. 12. Strain versus time curve for cubic indenter

In these figures the material pile-up on the sample
surface around the indenters is magnified. It is apparent
that a distinct material pile-up appears on the sample
surface around the circumference of the impression for
the conical indenters, and this phenomenon is more
significant in conical (370) indenter.
Typical Von-Mises strain versus time curves are shown
in Figures 11-14. As it was mentioned before, the
models were primarily run for the elastic behaviour, and
then the simulations were assumed steady-state creep
law. These figures reveal the presence of transient creep
stage, during which the impression velocity decreases
gradually. For cubic and cylindrical indenters this
velocity eventually converges to a fixed value (a steadystate velocity) in which for this stage the impression
depth versus time is almost linear. As it was predictable
from experimental results, the second stages for conical
indenters are non-linear and are curvatures.

Fig. 13. Strain versus time curve for conical indenter (370)
indenter.

The amount of total strain for the material under the
conical indenter (370) is more than conical indenter
(530), and both of them are much more than total strain
of material below the cubic and cylindrical indenters.
This total amount of strain for the material beneath the
cubic indenter is also more than what under the
cylindrical indenter.
Fig. 14. Strain versus time curve for conical indenter (530)
indenter.

5. CONCLUSION

Fig. 11. Strain versus time curve for cylindrical indenter.

This empirical/numerical study was undertaken to make
further contributions to the understanding the tip effects
on creep behavior of materials under different shapes of
loading bars. For this purpose, impression creep
apparatus was used with four different shapes of
indenter; cylindrical, cubic and two conical indenters
with angels 37 and 53 degree from the vertical axis.
With respect to the achieved results, the secondary creep
for those experiments with cylindrical and cubic
indenters was almost linear, but this stage for the
experiments with both cylindrical indenters was nonlinear because the effective area on the sample surface
varies as the impression depth increases, and as a result
the applied stress decreases.
The amount of displacement rate for the tests with cubic
and cylindrical indenters at the same level at applied
load was almost the same. By fitting a linear trend-line
to the to the second stage of creep for the experiments
with conical indenters, the displacement rate for tests
with conical indenter (370) was more than those for tests
with conical indenter (530) at the same level of applied
load. This amount for both conical indenters was much

more than displacement rate for the cubic and cylindrical
indenters.
For computational simulation, commercial finite element
analysis (FEA) software, ANSYSTM was used to model
different shapes of indenters on rock salt samples. The
power-law creep equation was used to model the
secondary creep of specimen. As it was predictable, the
total amount of Von-Mises strain for material under the
conical indenter (370) and its relevant stress
concentration were more than those for material below
the conical indenter (530), and these results for both
conical indenters was much more than those for cubic
and cylindrical indenters. The total amount of the
material strain beneath the indenter for the cubic one was
more than material strain for cylindrical indenter.
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