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Abstract. On the example of 1810 stainless steel, the results of modern experimental and 
theoretical analysis of high-speed deformation and destruction of a viscoplastic material are 
presented. The analysis used the results of basic experiments based on the Kolsky method 
under compression and tension, as a result of which stress-strain curves were obtained at 
different strain rates and temperatures. On the basis of this data, the parameters of the 
Johnson-Cook model with different versions of the strain-rate multiplier are obtained. For 
verification of the selected model, in the framework of the Kolsky method, two schemes were 
proposed for dynamic indentation and diametrical compression of cylindrical specimens. 
Comparison of the numerical simulation and experimental results allowed us to estimate the 
reliability of the model. Using the plane-wave shock experiment and the VISAR 
interferometer, the yield strength and spall strength of stainless steel at the strain rate of 105 s-1 
were determined. This data, together with the results of experiments, using the Kolsky method 
under tension, allowed us to construct the dependence of the limiting strength characteristics 
of stainless steel in the range of strain rates of 103–105 s-1.  
Keywords: Kolsky method, plane wave experiment, material model, identification, 
verification, spall strength, stainless steel. 

  
  

1. Introduction  
The study of regularities in the behaviour of materials of different physical nature in a wide 
range of temperature variation, strain rates, and load amplitudes is one of the topical problems 
in the experimental mechanics of a deformable solid. Especially important is the study of 
influence of the strain rate and its change on physicomechanical properties of materials at the 
strain rates of 102-105 s-1 [1-3].  

To date, the formation of stress-strain curves of structural materials is carried out using 
several of the most common methods: tensile or compression tests by drop-weight machine, a 
cam plastometer, and a Taylor test [3]. The most popular and widely used method is the 
Kolsky method employing a split Hopkinson pressure bar (SHPB) [4-6]. This technique 
allows for testing various materials for different types of stress-strain state in the strain rate 
range of 102-104 s-1. To date, in addition to the basic scheme for compressing the specimen, a 
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large number of SHPB modifications have been developed, which make it possible to study 
the behaviour of materials in tension, shear, torsion, at combined loading regimes [7-9].  

To calculate the stress-strain state and strength of dynamically loaded structural 
elements, exposed to shock loading, using the LS-DYNA, ABAQUS etc. software packages, 
mathematical models are needed describing behaviour of the material in such conditions. The 
most popular are empirical models giving the relationships, the type and parameters of which 
are determined by the results of dynamic testing of materials.  

It should be noted that at the strain rates of 102-104 s-1 there is a large number of works 
in which dynamic deformation diagrams, ultimate strength and deformation characteristics are 
given, the deformation models are selected and equipped with parameters and constants. 
Verification of selected models is carried out in [10-11].   

For quasi-static loads, an experimental-theoretical methodology and the study of the 
processes of deformation and fracture of structural materials (basic experiments, selection of 
mathematical models, their parametric identification, verification and virtual experiments, 
evaluation of the adequacy of the selected model, based on a comparison of the experimental 
and computational results) were proposed in the last century by such famous Soviet scientists 
as A.A. Ilyushin, V.V. Novozhilov, A.Yu. Ishlinsky, S.A. Khristianovich, A.G. Ugodchikov 
et al. This approach is currently being successfully used at Lomonosov Moscow State 
University, the Institute of Problems of Mechanical Engineering of the Russian Academy of 
Sciences, the Institute of Problems of Mechanics of the Russian Academy of Sciences, etc. In 
Russia, for dynamic loads, an integrated approach is successfully used by Yu.V. Petrov and 
N.F. Morozov [13-14], R.A. Vasin [16-17], V.V. Zilberschmidt [18] etc. However, in the 
conditions of high-speed deformation, it is very difficult to fully realize such approach due to 
the lack of standard loading devices, measurement techniques for measuring short-term 
parameters of loads, displacements, and deformations.  

It should be noted that in many studies, that implement a comprehensive experimental 
and theoretical approach to the analysis of high-speed deformation processes of structural 
materials, the authors for verifying mathematical models use the results of the same basic 
experiments, on the basis of which parametric identification was made. This circumstance 
reduces the reliability of mathematical modelling.  

The purpose of this work is to show the fruitfulness of an integrated approach on the 
example of dynamic tests of 1810 stainless steel.  

  
2. Experimental methods and specimens  
In order to study the behaviour of materials, in the microsecond range of loads, two 
methodological approaches are used: the Kolsky method [4-5] for determining dynamic 
stress-strain curves, as well as ultimate strength and plasticity characteristics, fracture 
toughness at 102-104 s-1 strain rates, and plane-wave experiment for determining the shock 
adiabat, the limit of elasticity for Hugoniot and the spall strength [19].   

Using the Kolsky technique, basic experiments under compression and tension are 
carried out (Fig. 1). The incident εI, the reflected εR, and the transmitted εT strain pulses are 
recorded in measuring bars with the use of strain gauges. Then, using the Kolsky formulae, 
the time dependences of the specimen strain ε(t), the strain rate 𝜀𝜀̇(t), and the stress σ(t) are 
calculated [5]:  
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Here C, E, and A are the sound velocity, Young modulus and cross-sectional area of 
pressure bars, L0 and A0 are the initial length and the initial length and cross-sectional area of 
the sample, respectively.   

  

 
Fig. 1. The experimental setup and equipment for compressive dynamic tests 

  
Excluding time as a parameter, the material deformation curve σ(ε), with a known 

history of changing the loading conditions 𝜀𝜀̇(ε), is determined. The true (logarithmic) strain εt 
and the stress σt in the specimen are calculated in accordance with the following formulae:   

( ))(1ln)( ttt ε±=ε , 
( ))(1)()( tttt ε±⋅σ=σ , 

for compressing, the "-" sign is taken, and for tension, the "+" sign is taken.  
A gas gun with a calibre of 20 mm, is used as a loading device which allows for 

acceleration of strikers, having the length from 50 to 400 mm, in the speed range of 5–50 m/s.  
To carry out basic tensile tests, a simple gas gun is used (Fig. 2) which allows for 

creation of a direct tensile load in the SHPB. The tubular striker accelerates in a short barrel 
and impacts the anvil fastened with an incident pressure bar.  

 

  
Fig. 2. Scheme of gas gun creating a direct tensile wave 

Behavior of stainless steel at high strain rates and elevated temperatures. Experiment and mathematical modelling 135



Sets of measuring bars, with a diameter of 20 mm, for testing under compression and 
tension, are made of high-strength maraging steel with a limit of elasticity equal to 2000 MPa. 
To implement the mode of multi-cycle loading of the specimen, in a single experiment, the 
loading and supporting bars have different lengths [20]. A measurement of strain pulses is 
carried out by using low-base foil strain gauges, glued onto the lateral surface of the pressure 
bars. Four gauges, connected in series, are glued in the working sections of the bars to 
compensate the bending vibrations in the bars and to increase the amplitude of the useful 
signal.  

The change in a value of the specimen strain rate was obtained by varying the speed of 
the striker and the required degree of deformation of the specimen was achieved by varying 
the length of the striker.  

To study the behaviour of the material at elevated temperatures, a miniature tubular 
furnace was used, located on the ends of the measuring bars with a specimen placed between 
them. To control the specimen temperature, a small thermocouple, welded to the side surface 
of the specimen, was used. At the test temperature of up to +350°C, no correction was made 
to the formulae and to the method of processing the experimental data, since at such 
temperatures the elastic characteristics of the material of the measuring bars (the speed of 
elastic waves and the modulus of elasticity) remain practically unchanged.  

As a result, a stress-strain diagram, with the dependence of the strain rate, is obtained 
and the ultimate characteristics of strength and ductility are determined.  

The above set of basic experiments allows us to obtain the mechanical properties of 
materials at different, but uniform, stress-strain states, at the strain rate of 5x102-5x103 s-1 and 
at the temperatures up to 350°С. The results of these experiments are used for direct 
parametric identification of mathematical models of plasticity and fracture criteria.  

Determination of strength characteristics at the strain rates of 105-106 s-1 and the times 
from microseconds to hundredths of microseconds, under uniaxial strain conditions, was 
carried out along the velocity profile of the free surface, recorded by the VISAR 
interferometer (Fig. 3). Spalling strength is also determined by the velocity profile of the free 
surface in the acoustic approximation [19].  

  

 
Fig. 3. Scheme of installation used for investigation of spalling strength of materials  

  
Thus, we apply an integrated approach for investigation of high-speed deformation and 

fracture of structural materials, combining the elaboration and evolution of modern methods 
and means for dynamic testing of materials. The study of the processes of high-speed 
deformation and destruction of materials, the selection of modern mathematical models and 
their defining relations that adequately describe the main effects of high-speed deformation, 
the identification of defining relations using the obtained experimental data, and finally, their 
verification by comparing the computational and experimental results are described.  
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Using the Kolsky technique, basic experiments are carried out for compression and 
tension. As a result, stress-strain curves are obtained for a homogeneous and uniaxial stress 
state, almost constant temperature, and strain rate. Based on the obtained curves, the yield 
stress, plastic hardening modulus, ultimate strength and final deformation characteristics, as 
well as their dependence on the strain rate and temperature are determined. This data are used 
to identify material plasticity models. According to the results of tensile tests, additionally, 
after the test, the characteristics of fracture are determined: the relative elongation and the 
relative narrowing after the rupture, as well as the temporal tensile strength σB is determined 
from the stress-strain curves. This data are used to equip the models of destruction.  

To verify the adequacy of the constitutive models, special verification dynamic 
experiments have been developed using the measuring Hopkinson bar technique (Fig. 4) [10-
12].  
 

      
 a)  b)  

Fig. 4. Schemes of verification dynamic experiments using indenters of various shapes (a), 
compression of the cylindrical specimen along its diameter (b) 

 
These experiments, on the one hand, are simple enough and allow for unambiguous 

interpretation of the results and numerical reproduction without simplifications. On the other 
hand - the stress state in these tests, and also changes in loading parameters differ from that in 
basic testing experiments. 

The advantage of the proposed and made verification experiments is that, in addition to 
determining the residual irreversible deforming of the specimens (depth and diameter of the 
imprint, changing the length, diameter, etc.), the time dependences of the deformation from 
the measuring bars are obtained. The data, determined from verification experiments, are 
compared with the results of numerical simulation of the corresponding experimental 
schemes, thereby evaluating the adequacy of the constitutive material model.  
  
3. Results of dynamic tests  
Basic dynamic testing experiments were carried out on 1810 stainless steel specimens in 
compression and tension at various strain rates and at the different temperatures of +20°C, 
+150°C, and +350°С. The change in the strain rate of the specimen was ensured by varying 
the striker velocity. The required test temperature was achieved by heating the ends of the 
measuring bars and the specimen, placed between them, using a special oven.  

For each deformation modes in which strain rate and ambient temperature have changed, 
3-5 tests were carried out, the results of which were averaged vs time. An example of 
obtaining average diagrams for compression, based on the results of three dynamic 
experiments, at the temperature of +20ºC and the strain rate of 1300 s-1, with their confidence 
intervals, is shown in Fig. 5. The curves of stress changes are shown in the upper part of the 
figures, while in the lower part the corresponding curves of change in the strain rate (its 
corresponding axis to the right) are shown.  
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 a)            b)  

Fig. 5. Averaged diagrams of stress and strain rate vs time (a) and their confidence intervals 
vs strain (b) for dynamic compression at room temperature 

  
As a result of the tests, the stress-strain diagrams and dependences of the strain rate 

changes were obtained. Figure 6a shows the average stress-strain curves, together with the 
static curve obtained during compression at the room temperature, while Figure 6b shows the 
effect of the test temperature on the courses of the static and dynamic diagrams.  

  

  
 a)            b)  
Fig. 6. The effect of strain rate (a) and temperature (b) on stress-strain curves for steel tested 

under static and dynamic compression 
  

It can be seen that the dynamic graphs are located above static one, both at room 
temperature and at elevated temperatures. In the studied dynamic range, the effect of the 
strain rate, on the courses of the stress-strain curves, does not appear. At elevated test 
temperatures, the stress-strain curves are lower than at the room temperature.  

Figure 7 shows a comparison of the behaviour of tested steel under the tension and 
compression, at the same strain rates at the room temperature (a) and at the elevated 
temperature of +350°C (b). It can be noted that there is a difference in the yield strength and 
as well hardening modulus at the plastic deformation for two required temperatures during 
tension and compression. It means those stress-strain graphs are non-symmetric caused by 
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various boundary conditions of tested specimens as well friction phenomena during 
compressive deformation process of specimens.  

  

           
 a)            b)  

Fig. 7. Comparison of deformation graphs under dynamic compression and tension  
at room (a) and elevated (b) temperatures 

  
According to the results of tensile tests, the limiting deformation characteristics δ 

(relative elongation) and ψ (relative narrowing) were determined (Fig. 8).  
  

           
 a)            b)  

Fig. 8. Dependence of the relative elongation δ (a) and the relative narrowing ψ (b) on the 
strain rate and ambient temperature 

  
It follows from the presented data, that δ and ψ are practically independent of the strain 

rate. The value of ψ, compared with δ value, weakly depends on the test temperature. The 
stronger effect of ambient temperature was observed in static tests.  

According to the results of experimental studies of steel behaviour, under static and 
dynamic loadings, the parameters of the Johnson-Cook model [21] were determined, in which 
the yield stress is defined as a function of strain, strain rate and temperature, and has the 
following form:   

( )( )( )mn
pJC TCBA ** 1ln1 −ε⋅+ε+=σ  . 
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The expression in the second brackets describes the effect of strain rate. Because for 
many materials the slope of the stress-strain curve, due to the adiabatic nature of the 
deformation process, decreases with an increase in the strain rate, the use of the standard 
approach (in which the strain hardening parameters A, B, and n are determined from the 
diagram obtained at 𝜀𝜀̇0 =1 s-1) leads to the fact that the model cannot adequately describe the 
experimental data in the dynamic range of strain rates. In the latest releases of LS-DYNA, it 
became possible to use alternative forms of recording the strain-rate factor. There are several 
variants of the multiplier model, which is responsible for the effect of strain rate. In addition 
to the classical (linear as a function of the logarithm of the strain rate) multiplier, other 
variants of the strain-rate multiplier may be used:  

• 
p

C

1
*

1 






 ε
+


 from Cowper-Symonds model [22];  

• ( ) ( )2* *
21 ln lnC C+ ⋅ ε + ⋅ ε  from Huh-Kang model [23];  

• ( )* C
ε from Allen-Rule-Jones model [24]. 

Here 
0

*

ε
ε

=ε



 is dimensionless strain rate, p and C are the model parameters (material 

constants).  
To describe the Johnson-Cook model, with strain-rate factors, in the forms given in [21-

24] (hereinafter referred to as model 1 - model 4, respectively), the experimental data were 
used. The parameters of different variants of the model of 1810 steel, obtained in the course 
of solving an optimization problem, are summarized in Table 1. A grey colour highlights the 
model that gives the best approximation for this material.  

 
Table 1. Variant values of Johnson-Cook model parameters for tested 1810 steel  

Parameter  Variant No 
1 

Variant No 
2 

Variant No 
3 

Variant No 
4 

Unit 

A  248.8  244  249  120  MPa  

B  1339  1338  1339  648  MPa  

n  0.6939  0.713  0.695  0.6958  -  

C  8.18E-03  7.49E-03  8.18E-03  1.53E-02  -  

C2  -  0.000822  -  -  -  

p  -  -  -  63.288  -  

m  1.18  1.164  1.179  1.178  -  

  
Figure 9 shows a comparison of Johnson-Cook constitutive curves under compression 

calculated in accordance with variant No 4 (solid lines) with experimental data (points) 
obtained under different conditions of strain rate and temperature. 
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Fig. 9. Comparison of obtained experimental stress-strain data for tested 1810 steel (points) 

with Johnson-Cook constitutive curves calculated in accordance with the optimization  
variant No 4 

 
To verify the model adequacy, the verification experiments were carried out in 

laboratory and numerical implementations for the dynamic impressing of a conic indenter, as 
well as for compression of a specimen along the diameter in a SHPB system (Fig. 4) with the 
registration of strain pulses in measuring bars as well as residual form of specimens. The 
numerical implementation of the relevant tests was carried out using the free Calculix 
software package. The indentation process is modelled in an axisymmetric formulation with 
allowance for friction. The task of modelling the diametric compression of an elastoplastic 
material is not axisymmetric and it is solved in a three-dimensional formulation. During the 
process of deformation, there are compared the shape and size of the specimens after loading 
obtained in field and numerical experiments, as well as the strain pulses in the measuring bars.  

The comparison showed residual forms of the specimens after the indentation process 
with conical and hemispherical indenters (Fig. 10), as well as after loading using the 
diametrical compression method in the SHPB (Fig. 11), obtained in the laboratory test (left) 
and as a result of numerical simulation (right).  

In addition, strain pulses were compared in the loading and support measuring bars, 
recorded in the experiment and obtained from numerical calculation. Due to a small contact 
area of the indenter (especially this of conic form) with the specimen, at the initial moment of 
the test, most of the loading waves were reflected and after some time they reloaded the 
specimen. The test facility, due to different lengths of the measuring bars [20], made it 
possible to authentically record two load cycles. For the conical indenter, the load amplitude 
in the second cycle is significant, and the indentation process is significant too. When a 
hemispherical indenter is used, the contact area is significantly larger, so the main plastic 
deformation of the specimen occurs during the first load cycle. Figure 12 compares the pulses 
in the supporting bar obtained in laboratory tests (solid lines) and in a numerical experiment 
(dotted lines) when studying the indentation of conical and hemispherical indenters.   

It can be seen from the presented figures, that the results of numerical simulation are in 
fairly good agreement with the experimental results, when comparing both the residual shape 
of the specimens after the test and the strain pulses in the measuring bars. The experimental 
and simulation results agree well, both qualitatively and quantitatively: the deviation does not 
exceed 5%, therefore, the constructed dependence of the yield surface radius on the loading 
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conditions for 1810 steel can be considered as an adequate one, allowing for accurate 
description of actual behaviour of the studied material.  

 

 
Fig. 10. Comparison of the imprint diameter obtained in the physical experiment (left) and as 

a result of numerical simulation (right): for a conical indenter (a), for a hemispherical  
indenter (b) 

 

 
Fig. 11. Views of the permanently deformed specimen after compressed along its diameter: 

left - experiment, right – simulation 
 

It should be noted that the modified Kolsky method on indentation can also be 
successfully used to determine the dynamic hardness of materials [6], [12].  

In addition, to determine the tensile strength properties of steel at the strain rate 105 s-1, 
the spalling strength of steel in a plane wave setting was studied using a VISAR 
interferometer for recording the velocity of a free surface [19]. To create plane load waves, 
the specimens studied were loaded with a plate impact. To accelerate the strikers, a gas gun of 
57 mm calibre is used.  
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Fig. 12. Comparison of experimentally obtained pulses and simulated ones in the supporting 

bar, for conical and semispherical indenters 
  

 
Fig. 13. Dependence of the maximum tensile stress on the logarithm of the strain rate for 

tested stainless steel 
 

Figure 13 shows the tensile strength of 1810 steel, obtained under static loading, under 
dynamic loading by the Kolsky method in the condition of a uniaxial stress state, as well as in 
the case of plane-wave shock loading in the conditions of uniaxial deformation.  

Thus, using complementary techniques (the Kolsky method and the plane wave shock 
experiment), the dependence of the tensile strength of stainless steel in the range of strain rate 
103-105 s-1 was obtained, which, together with the results of static tests allowed us to estimate 
the effect of strain rate on tensile strength of steel in a wide range of its change. A well-known 
trend is clearly visible: the strength of a viscoplastic material increases significantly at the 
strain rates greater than 103 s-1.  

  
4. Conclusions  
The paper presents the results of a study of the dynamic behaviour of 1810 stainless steel at 
the strain rates of 103-105 s-1 and at the ambient temperatures of +20°C and + 350°C. The use 
of two complementary techniques (the Kolsky method and the plane-wave shock experiment), 
together with the results of static tests, made it possible, for the first time, to establish the 
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dependence of the tensile strength of stainless steel in the range of the strain rate 10-3-105 s-1. 
Using the Kolsky method, the experimental data was obtained in the form of deformation 
diagrams, as well as ultimate strength and deformation characteristics. Positive effect of the 
strain rate on the yield strength and tensile strength was observed. On the basis of this data, 
parametric identification of the Johnson-Cook model with various variants of the strain-rate 
factor was made. It is shown that the best coincidence of the experimental stress-strain curves 
with the created numerically ones, according to the chosen model, gives a model with a strain-
rate factor proposed by Cowper-Symonds.  

To verify the parameters of the models, special physical experiments have been carried 
out what makes it possible to evaluate the adequacy of mathematical models of the behaviour 
of materials under various loading conditions and at various types of stress-strain state of the 
specimen. Using original modifications of the Kolsky method for testing on dynamic 
indentation and diametrical compression of cylindrical specimens, laboratory verification 
experiments were carried out. At the same time, the numerical simulations were carried out in 
which different variants of the identified model were used. The resulting Johnson-Cook model 
with the Cowper-Symonds speed factor for 1810 stainless steel is adequate: the deviation of 
the results of the laboratory and numerical experiments does not exceed 5%.  

It is shown that using of a modern experimental-theoretical approach, which includes 
carrying out basic (under a homogeneous and uniaxial stress state, constant strain rate and 
ambient temperature) and special (at a different stress state) verification experiments, 
identifying parameters of a mathematical constitutive model, performing a computational 
experiment and a comparison of the results of laboratory and computational experiments 
makes it possible to reasonably choose adequate mathematical models and to recommend 
them for calculation of structures and their elements under intensive dynamic loads.  
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