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A B S T R A C T

The results of experimental and theoretical studies on the dynamic response of brittle and ductile
materials are presented. The work shows the possibility of predicting the critical stress of brittle
materials or yield strength of ductile materials over a wide range of strain rates on the basis of a
combination of a simple theoretical approach to dynamic strength and a set of experimental data
obtained using a conventional technique. The studies were carried out using fine-grained con-
crete and ceramic brick as representatives of brittle materials, and copper and titanium as re-
presentatives of ductile materials. The traditional Kolsky method was used to determine the
strength and ductility characteristics under dynamic loading conditions of the experimental
samples. The sensitivity of the critical stress characteristics of failure and yielding of the studied
materials to the strain rate is shown. The incubation time approach is used to interpret the effects
of strain rate. The applicability of the incubation time criterion to prediction of the dynamic
behaviour of both brittle and ductile materials is shown. The presented unified experimental-
theoretical approach can be applied in engineering practice to model the dynamic response of
structural materials.

1. Introduction

Constructional components are subjected to quasi-static and dynamic loads during their manufacturing processes and subsequent
operation. Thus, there is an urgent need to understand the material’s behaviour under these loading rates. The solution to this
problem is based on fundamental research on the properties of structural materials under pulse-wave influences under a wide range
of changes of strain rates and loading methods. These studies should be comprehensive and should include testing with an analysis of
specific conditions for the implementation of experimental methods. On the basis of experimental data, it is necessary to conduct
theoretical studies and to develop deformation models and fracture criteria which have predictive power.

In the case of quasi-static loads, it is assumed that the failure or plastic flow of a solid material begins when a local stress field
reaches a critical value. Thus, the load-carrying capacity of the material can be characterized in terms of ultimate strength, yield
strength, fracture toughness, and so on. There are different experimental methods for determining the strength behaviour of materials
under quasi-static loading. International and industrial standard techniques (ASTM, ISO, JIS, DIN, GOST, etc.) to determine the
parameters of brittle and ductile materials under quasi-static loads are well established. However, standard experimental techniques
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to determine the behaviour of the materials under high strain rates or impact loads are very restricted. Tests under dynamic loading
conditions show essential differences of strength characteristics in comparison with those obtained in quasi-static tests. The critical
value of the stress field can be considered as a material parameter only under quasi-static loading conditions. In the case of high strain
rates and impact loads, the critical stresses are characterized by very strong instability and can vary by several orders of magnitude
from the static value. For instance, metals, polymers, concrete, and rocks demonstrate significant variations in strength as the strain
rate increases [1–4]. This can lead to unpredictable behaviour of constructions or details under unexpected dynamic loading.

Taking into account the space-time scales, any deformation and failure are dynamic by nature [5,6]. Thus, to predict plastic
deformation or failure, one should understand the threshold conditions that trigger and support these processes as well as the kinetics
by which they proceed. The mechanical characteristics of materials depend on the history (duration, intensity, shape of the stress
pulse, wave propagation, etc.), scale, and method of loading [3,5,7]. From this point of view, the line between statics and dynamics is
blurred.

Therefore, a correct and rational analysis of dynamically loaded structures requires an understanding of the behaviour of the
material mechanical properties in wide ranges of strain rates and durations of stress pulses. An approach is needed that takes into
account rate- and time-dependent microstructural processes and ensures their connection with the well-known principles of solid
mechanics and fracture mechanics.

To date, there is no such approach that is generally accepted. However, a large number of promising theories and approaches to
the dynamic behaviour of materials are successfully developing in this field [3,5,8–12]. These theoretical approaches successfully use
the material-independent connection between microstructural processes and macroparameters of materials for modelling deforma-
tion and failure. Nevertheless, some nuances still prevent them obtaining global application like the quasi-static standard techniques.

The proposed approaches introduce a large number of new parameters, which often depend on the specific loading characteristics
and cannot always be determined from experiments. This leads to adequate calculations for certain loading conditions only.
Moreover, in addition to the laboriousness of dynamic experiments, it is necessary to register microstructural processes, such as the
nucleation, growth, and coalescence of dislocations, microscopic voids, and cracks. All these points reduce the attractiveness of the
developed approaches for modelling the dynamic behaviour of materials in engineering practice.

Recently, a new structural-temporal approach to dynamic deformation and failure was proposed by Petrov and coworkers
[13–15]. This approach provides the correct transition between quasi-static and dynamic loadings. The introduction of the additional
measured characteristic of dynamic strength (the incubation time) to the already known parameter of quasi-static strength (ultimate
stress) makes it possible to calculate the dependences of critical stresses on the strain rate or energy input rate without numerous
experiments for any type and character of loading. Due to the universal and simple approach, namely the assumptions about the
incubation nature of the start-up and the development of deformation and fracture processes, the structural-temporal approach is
successfully applied to calculate the strength of rocks [16,17], concrete [18], metals [19,20], and polymers [21], as well as pulse
electrical breakdown [22] and fluid cavitation [23]. The new approach to dynamic strength makes it possible to offer a basis for
developing uniform principles for testing and predicting critical failure stresses of materials regardless of the loading method.

The objective of this paper is to demonstrate an original experimental-theoretical approach for the study of deformation and
failure behaviour as well as for prediction of the critical stress characteristics of failure and yielding of engineering materials under
different strain rates. Fine-grained concrete and ceramic brick were chosen to represent the class of brittle materials, while copper
and titanium represented ductile materials in this research. The experiments were performed under dynamic compression using a
split-Hopkinson pressure bar (SHPB) [2,4]. The analysis and interpretation of the experimental results are based on the incubation
time criterion [13–15], which is a particular case of the structural-temporal approach when considering the processes of loading and
failure at a given spatial scale level [24].

2. Material and methods

2.1. Materials and specimens

In compression tests on brittle materials, ceramic brick (Yadrinsky brick factory, Russia) of the class designation 150 and fine-
grained concrete were used. The specimens were in the form of a cylinder with a diameter of 18 mm and length of 10 mm for the
ceramic brick and a cylinder with a diameter of 20 mm and a length of 10 or 20 mm for the concrete.

The concrete mix was made at Nizhny Novgorod State University of Architecture and Civil Engineering with the following
components: cement grade 43, sand with a grain size of 2 mm, Muraplast FK-63 superplasticizer, and Reostab stabilizer. The fine-
grained concrete had a density of 2000 ± 40 kg/m3.

The quasi-static strength properties of the fine-grained concrete and the ceramic brick are given in Table 1. These values were
obtained by testing cylindrical specimens with a diameter of 20 mm and a length of 20 mm.

Table 1
Quasi-static strength properties of fine-grained concrete and ceramic brick.

Material Compression strength C
ST (MPa) Splitting strength t

ST (MPa)

Fine-grained concrete 12.1 ± 1.5 1.31 ± 0.3
Ceramic brick 13.7 ± 1.2 2.25 ± 0.4
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In compression tests of ductile materials, commercially pure titanium Grade 4 (99.1%) and electrotechnical pure copper M1
(99.9%) with coarse-grained (CG) and ultrafine-grained (UFG) structures were considered.

The titanium with CG structure was produced by Dynamet Company (USA) in the form of hot-rolled rods with a diameter of
12 mm. The copper with CG structure was produced by Ural Mining and Metallurgical Company (UMMC-NFMP, Russia) in the form
of cold-rolled hard tempered rods with a diameter of 10 mm.

The materials with UFG structure were produced by equal-channel angular pressing (ECAP) combined with the Conform process
[25]. The UFG titanium was prepared at Ufa State Aviation Technical University (Russia). The UFG copper was prepared at Saint
Petersburg University (Russia). ECAP installations with a channel intersection angle of 120° were used. The titanium was processed
through a total of six passes at 200 °C. The copper was processed through a total of four and eight passes at room temperature. The
material billets were rotated about the longitudinal axis by 90° before each pass (BC route). After the ECAP, the titanium rod was
annealed at 250 °C for 1 h. Subsequent heat treatment of the UFG copper was not carried out. The parameters of the ductile materials
are given in Table 2. A more detailed description of the processing regimes, the properties, and the structures can be found in
[25–28].

The cylindrical specimens of the ductile materials for compression had a length of 4 mm and a diameter of 8 mm.

2.2. Testing procedures

Among the methods of dynamic testing known so far, the Kolsky method [29] based on the SHPB has been widely used. To date, a
large number of modifications of this method have been developed; for example, see [30–37]. The traditional technique allows a wide
range of materials to be tested under compression in the strain rate range of 102–104 s−1 (Fig. 1). The main advantages of the SHPB
method are the simplicity of realization, the correct theoretical basis of the homogeneous stress-strain state of the specimen, the exact
determination of significant (tens of percent) deformations of the specimen due to the indirectness of the measurements and in-
significant inertia of the strain gauges, recording of the deformation pulses in bars, and the exclusion of the specimen bending due to
its short length. In addition, this method makes it possible to record the change in the strain rate history during the whole de-
formation process of the specimen.

The Kolsky method is based on certain prerequisites and assumptions. Firstly, the duration of a loading pulse is much longer than
the time of passage of the wave along the specimen length due to its small length, while leads to the reflection of multiple waves from
the specimen ends, and consequently, a uniaxial stress state with a uniform stress and strain distribution along the specimen length is
realized; thus, despite the high stress-strain rate of the specimen, the data processing of SHPB tests can be carried out as for quasi-
static tests without inertia. Secondly, the elastic limit of the measuring bars must be considerably higher than the yield strength of the
ductile specimen or ultimate strength of the brittle specimen. Thirdly, there is no dispersion when the waves propagate in measuring
bars. Finally, the distribution of the strain profile within the cross-section of the bar is uniform, and transverse vibrations of bar
particles are absent.

The stress, strain, and strain rate in the specimen are calculated from the pulse deformation, recorded in the sections of incident
and transmitter measuring bars as:

=t EA
A

t( ) · ( )T
compression

0 (1)

=t c
L

t dt( ) 2 ( )·t R
compression

0
0 (2)

Table 2
Characteristic parameters of titanium and copper before (CG) and after (UFG) ECAP-Conform.

Material Average grain size d (μm) Tensile strength σt (MPa) Tensile yield strength σ0.2 (MPa) Total elongation δ (%)

CG titanium 11 685 514 26
UFG titanium 0.7 1004 991 16
CG copper 45 323 284 6
UFG copper 0.8 363 335 16

Fig. 1. Specimen in the system of split bars under compression testing.
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=t c
L

t( ) 2 ( )R
compression

0 (3)

where E, A, and c are the modulus of elasticity, the cross-sectional area, and the sound velocity in the measuring bars, respectively; A0

and L0 are the cross-sectional area and the length of the specimen, respectively; and εR(t) and εT(t) are the deformation pulses
reflected from the specimen and transmitted through it, respectively, registered in the sections of the incident and transmitter
measuring bars, respectively.

The reliability of the results obtained by using the SHPB method for metals and alloys has been proved long ago and is in-
dubitable. However, with respect to the reliability of the results of dynamic tests of brittle media, there have been disputes and
certain studies have been carried out to resolve them [30,38–40]. According to them, to exclude the influence of lateral confinement
in a SHPB test, the length-to-diameter ratio of the specimen should be 0.5–1. To reduce the friction effect in the process of radial
distribution of the specimen, it is necessary to use lubrication of the contact surfaces of the bars and specimen.

The equality of forces acting on the sample during its deformation is evaluated on the basis of time-synchronized deformation
pulses of measuring bars. For example, Fig. 2 shows the time synchronized deformation pulses of measuring bars obtained during the
testing of the ceramic brick in cases where the specimen retains its integrity (Fig. 2a) and where it fails completely (Fig. 2b). It can be
noted that in the absence of specimen failure, the decay of the amplitude of a transmitted pulse occurs after the end of the action of an
incident pulse, and also a “negative tail” is observed in a reflected pulse, which reduces deformation and creates an unloading branch
on the material deformation diagram. In the case of specimen failure in the first loading cycle, the amplitude of the transmitted pulse
decreases sharply and the amplitude of the reflected pulse increases simultaneously up to the value of the amplitude of an incident
wave, which continues its effect. In order to detect a transmitted small-amplitude pulse, semiconductor strain gauges with higher
sensitivity than foil ones are employed on the transmitter bar.

The setup for the dynamic tests consisted of a pneumatic loading device, namely a gas gun with a control system of measuring and
recording equipment, and a replacement set of measuring bars with a diameter of 20 mm. Registration of the initial experimental
information was carried out using strain gauges glued on the lateral surface of the measuring bars and signals from them using
schemes of dynamic tensometry were transferred to a digital storage oscilloscope. Next the oscillograms were saved digitally and
processed using the original software.

The quasi-static compression tests were performed on a standard testing machine. The copper and titanium were tested at a strain
rate of 0.004 1/s and the ceramic bricks and the fine-grained concrete were tested at a strain rate of 0.001 1/s.

3. Results and discussion

3.1. Results of experiments

The Kolsky method makes it possible to obtain dynamic deformation diagrams on stress-strain or stress-time axes at different
strain rates of experimental specimens. Different strain rates are achieved by changing the amplitude of the loading wave due to the
variation of the striker speed. On the basis of these diagrams, the maximum stress, ultimate deformation, and time before failure
corresponding to different loading pulses can be determined. In addition, by integrating the curves obtained on the axes of stress
versus strain, it is possible to calculate the value of the specific energy necessary for deformation and subsequent specimen failure.

The compression tests of fine-grained concrete and ceramic brick were performed with the aim of studying the influence of the
strain rate on the critical stress and the time before failure of the materials. Fig. 3a shows the average deformation diagrams with the
history of the change in the strain rate obtained under different conditions of dynamic loading of the fine-grained concrete. The solid

Fig. 2. Strain pulses registered at cross-sections of the measuring bars when the specimen of ceramic brick maintains its integrity (a) and when it
totally fractures (b).
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lines show the dependences of σ on t (the left vertical axis is stress) and the dashed curves show the dependence of on t (the right
vertical axis is the strain rate). The curves with the same markers correspond to the defined loading regime. Fig. 3b shows similar
deformation diagrams for the specimens of the ceramic brick. It is possible to note the qualitatively similar nature of the deformation
of both brittle materials.

According to the deformation diagrams, the values of the mechanical characteristics of the materials were determined: the
maximum stress and the time before this stress value. Note that the maximum stress does not always correspond to the critical stress
leading to specimen failure. Therefore, in these experiments, the striker speed was varied to find the threshold speed when obvious
signs of failure were visible on the specimen.

The dependencies of the maximum stress and the corresponding time on the strain rate of brittle materials were constructed as a
result of the experiments. At the same time taking into account that the strain rate changes in the process of deformation, the
maximum value of the strain rate before the maximum stress in each test was taken to plot the empirical relationships. The de-
pendencies indicate that with increasing strain rate, the maximum stress increases (Fig. 4) and the time before the maximum stress
decreases (Fig. 5) for both tested materials. Colourless dots in the figures correspond to specimens that did not show visible signs of
failure or for which it cannot be claimed that they were fractured during the first passage of the load pulse. Such a strain rate effect
was noted in the testing of many other brittle materials [4,30].

It should be noted that since the conditions for minimizing the influence of constraint effects and boundary conditions were kept
(see the previous paragraphs), the resulting increase in the maximum stresses with an increase in the strain rate can be predominantly
regarded as an effect of the strain rate.

Two lengths of the concrete samples were used to determine the influence of size effects on test results in the allowable range of
the slenderness ratio 0.5–1. The experimental values of the maximum stress can be approximated by linear functions and the ex-
perimental values of the time before the maximum stress can be approximated by power functions. In the investigated range of strain
rates of 50–1100 s−1, the maximum difference between the averaged values (the values of the approximating functions) of the
maximum stress and the time before the maximum stress for the specimens with different lengths is within 30%, which is comparable
with the scatter of the properties of the material itself. On the basis of these calculations, it can be concluded that the specimen length

Fig. 3. Typical dynamic deformation diagrams of fine-grained concrete (a) and ceramic brick (b).

Fig. 4. The influence of strain rate on the maximum stresses of fine-grained concrete (a) and ceramic brick (b).
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has an insignificant effect on the mechanical properties of the material.
Fig. 6a shows the compression diagrams of the CG and UFG copper in the dynamic tests. It is seen that the copper with the

structure obtained after ECAP treatment has significantly higher yield strength. Similar data for pure titanium are shown in Fig. 6b.
All materials showed the dependence of yield stress on strain rate.

The dynamic stress equilibrium of the specimens is proved by time synchronized deformation pulses of measuring bars (see
Fig. 2). The inertia effects on the magnitude of the axial stress in the material in the SHPB test can be estimated by the formula [41]:

= + +d S d
12

3
16

( ¨) 3
64

¨,in
S S
2

2 2
2

(4)

where ρ is the material density, ds is the specimen diameter, and S is the slenderness ratio (L0/ds). An example of such an assessment is
shown in Fig. 7. It can be seen from the figure that the effect of inertia on the value of the registered axial stress is negligible and is
less than 1% of the yield strength. Thus, despite the fact that the strain rate is not a constant value, the data obtained in the SHPB test
are reliable.

3.2. Theoretical approach

According to the force approach in mechanics of solids, failure or onset of plastic deformation occurs when the local instantaneous
force reaches its limiting value. When considering the load action for a sufficiently long time, it can be assumed that the material
states change instantly. However, it is clear that any structural process is a process that takes place over time. Thus, impacts on a
material by loads with durations comparable to the durations of structural processes can lead to unstable values of standard char-
acteristics of the material, for example, ultimate strength and yield strength. Such unstable behaviour of material characteristics is
caused by local reaction of the medium to the macro-conditions of the impact with the concrete form, duration, intensity, and physics
for realization of the structural processes.

The incubation time approach makes it possible to calculate the effects of unstable behaviour of certain characteristics of ma-
terials observed in experiments under dynamic loading [14,15,20]. In a generalized form, this approach can be represented by the
condition [15]:

Fig. 5. The influence of the strain rate on the time before the beginning of fracture: (a) fine-grained concrete; (b) ceramic brick.

Fig. 6. True dynamic compression deformation diagrams of pure copper M1 before and after ECAP treatment (a) and pure titanium Grade 4 before
and after ECAP treatment (b). Arrows pointing to the ordinate axis indicate the yield strength of the materials in quasi-static tests.
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F t
F

dt1 ( ) 1,
t

t

C (5)

where F(t’) is the intensity of the local force field; Fc is the static limit of the local force field; τ is the incubation time associated with
the dynamics of structural processes preceding the observed event and characterizing, therefore, the time to this event; and α is the
sensitivity of the medium to a level of the local force field. The time and place of the event are defined as the moment and the point
(in the material volume) of the fulfilment of the condition (5).

The criterion form (5) can be applied to various physico-mechanical processes [15]. Let us consider its applications for calculating
critical stresses at quasi-brittle failure and yield points at plastic deformation over a wide range of strain rates. Note that the case for
compression tests is considered here, but this approach can be similarly applied to other test schemes, for example, tension, splitting,
or three-point bending.

For the case of brittle and quasi-brittle failure, criterion (5) is successfully applied [17,18] to calculations at α= 1. Then the
criterion (5) can be considered in a more understandable form; namely, it can be considered as a condition for input of a structural
force pulse for a period τ sufficient for failure of the elementary volume of a material [20]:

J J x t dtor ( , ) ,C
t

t

C
ST

F
F (6)

where J is the local force pulse; Jc is the critical pulse; σ(x,t) is the stress at a given point in the medium; C
ST is the static compression

strength; τF is the incubation time of failure under compression or the dynamic compression strength. Thus, for fracture at a given
point in the medium, it is necessary to accumulate a pulse value not less than C

ST
F within the incubation period. The parameters C

ST

and τF are constants of the material, and τF does not depend on the shape and duration of loading.
It should be noted that according to the incubation time approach, the constants C

ST and τF form a system of determining
parameters of the failure process at a given scale level. The admissible characteristic size L of the test specimen at a given scale level
should be in the range [42]:

= =K d L D c2 ,IC

t

2

2 (7)

where d is a characteristic size of the fracture process zone; KIC is the mode I fracture toughness; σt is the quasi-static ultimate tensile
strength; D is an upper limit on the specimen size in which the total energy accumulated during the incubation period is able to
produce fracture; and c is the speed of the energy transport in the material (the sound velocity). The set of material parameters σt, KIC,
and τF should be determined at the same scale level.

The yield criterion, which is valid for both fast and slow loading, can be represented in the form [19]:

t dt1 ( ) 1
Y t

t

Y
ST

Y (8)

where Y
ST is the quasi-static yield point, τY is the incubation time of plastic yield under compression, σ(t) is the current stress, and α is

a dimensionless parameter. The yield incubation time relates to preparatory processes in the material structure for plastic de-
formation and characterizes the dynamic sensitivity of the material. The parameter α characterizes the material’s sensitivity to the
intensity of a local force field, leading to the onset of plasticity.

For the considered uniaxial compression process, the criteria (6) and (8) make it possible to obtain simple expressions for ana-
lytical modelling of strain-rate dependences of critical stresses at quasi-brittle fracture or yield points. Let elastic deformation occur
linearly up to the yield point or fracture. Then, the change of stress in the material can be represented as a linear function in time

=t E tH t( ) ( ), where E is the modulus of elasticity, is the strain rate, t is the time, and H(t) is the Heaviside step function.

Fig. 7. Inertial effects on test results. Example of the dynamic compression of coarse-grained titanium at a strain rate of ∼1000 1/s.
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Substituting this expression into criteria (6) and (8), one can find the onset time t* of fracture or plastic deformation and the
corresponding stress:

=
+

=
+ = +

= <
t

E t

E t
( )

0.5

2
and ( )

0.5 0.5 ,

2 2 ,

F E

E

C
ST

F C
ST

F F

C
ST

F C
ST

F F

C
ST

C
ST F

(9)

in the case of brittle and quasi-brittle fracture or, similarly,

=
+ +
+ + < +

+E E
E E

( )
(( 1)( ) ) , ( 1) ( )

(1 ( 1) ) , ( 1) ( )Y
Y
ST

Y Y
ST

Y

Y
ST

Y Y
ST

Y

1/( 1) 1/ 1

1/ 1/ 1 (10)

in the case of yield strength. Note, that for α = 1, expression (10) takes a form similar to expression (9).
The modulus of elasticity, the quasi-static yield point, and the quasi-static strength can be determined experimentally. The

incubation time can be determined semi-empirically using the nonlinear approximation of calculated curves to experimental points
via known algorithms, for example, a combination of Newton’s method with a gradient descent method.

3.3. The experimental-theoretical approach to testing solid materials and discussion of results

Fig. 8 shows the results of compression tests of fine-grained concrete at quasi-static and dynamic strain rates under uniaxial stress.
Only the specimens that fractured during the first passage of the stress wave are considered here. Thus, under the above loading
conditions there is an increase in the critical failure stress of this material and the corresponding dynamic hardening, which can be
efficiently calculated using the incubation time criterion ((6) or (9)). Similar experimental and theoretical results for the ceramic
brick are shown in Fig. 9.

The behaviour of the strain-rate dependence of compression strength for brittle materials can be estimated using a pair of C
ST and

τF; see Table 3. Note that the use of the threshold speeds of the striker made it possible to establish a transient regime from a non-
destructive pulse load to a destructive pulse load. Herewith, the values of maximum stresses in the intact samples remained below the

Fig. 8. Strain-rate dependence of compression strength (a) and maximum stress dependence of the failure time (b) for the fine-grained concrete.
Points are experimental data. Curves are the calculation by expression (7). Colourless dots correspond to specimens that remained intact after
loading.

Fig. 9. Strain-rate dependence of compression strength (a) and maximum stress dependence of the failure time (b) for ceramic brick. Points are
experimental data. Curves are the calculation by expression (7).
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calculated curve, which separates “safe” load regimes from failure regimes (Fig. 8).
The effect of dynamic loading manifests itself in the presence of two branches on the diagram of the dependence of the failure

time on the critical stresses (Fig. 8b). One branch corresponds to slow quasi-static loads, when the failure time can vary greatly, while
the critical stresses correspond to the quasi-static ultimate strength. The other branch corresponds to high-speed and intense impulse
loads, when the critical stress can vary significantly, but the corresponding fracture times differ slightly. A similar dependence was
observed in spall tests of metals [43].

The evaluation of the incubation time of failure can be carried out both separately for each of the specimen lengths and for a
single data set. The incubation time of failure without taking into account the specimen length is 34.6 ± 1.3 μs. On the other hand,
the incubation times of failure are 36.4 ± 1.8 and 32.2 ± 1.7 μs for lengths of 10 and 20 mm, respectively. However, it should be
taken into account that the incubation time of failure was determined for the average value of the quasi-static compressive strength.
Taking into account the spread of the quasi-static compressive strength, the deviations of the incubation time of failure are 36.4 ± 4
and 32.2 ± 3.8 μs for lengths of 10 and 20 mm, respectively. Both quantities have an error of about 11% and intersect in a wide
range of possible values. Thus, the incubation time of failure can be considered as a parameter that is independent (postulated by the
approach under consideration) of the sample sizes and can be determined as the mean of the above two values, that is, 34.3 ± 6 μs.

Expression (10) allows one to evaluate and compare the yield strength values for ductile materials in a wide range of strain rates.
Fig. 10 shows such calculations of yield strength values for different treatments of the copper. The yield strength was considered as
the stress at 0.2% strain. The parameters used in the calculations are presented in Table 4.

The copper after four ECAP passes showed the lowest strain-rate dependence. Such a difference between ECAP treatments can be
associated with both a lower dislocation density and predominance of high-angle grains in the material after eight ECAP passes [44].
However, incubation time is an integral characteristic that allows one to evaluate critical stress values without a special under-
standing of the processes in the material structure.

The behaviour of the strain-rate dependence of yield strength for different materials and their structure states can be estimated
using a pair of Y

ST and τY (see Table 4). Despite the significantly lower quasi-static yield strength, the CG copper has an incubation
time of plastic yield close to that of the UFG material after eight ECAP passes and much higher than that of the UFG material after
four ECAP passes. This leads to the intersection of the curves at strain rates above 104 1/s. Thus, the CG and UFG states of the material
can exhibit close values of yield stress at sufficiently high strain rates.

The results relative to the strain-rate dependences of yield strength of titanium (Fig. 11) show a similar behaviour to the results for
copper. There is a more pronounced dependence of yield stress of the CG titanium on strain rate than in the case of the UFG titanium
tests. Moreover, the CG and UFG states of the titanium also demonstrate a similar competitive effect of increasing yield strength with
increases in the strain rate above 104 1/s. The behaviour of yield strength for the different states of the titanium structure with
increases in the strain rate can also be estimated using two parameters Y

ST and τY (see Table 4).
Thus, the incubation time approach can serve as an effective tool for evaluating and comparing the ultimate stress and yield

strength of materials at different strain rates. The introduction of just one parameter with the dimension of time makes it possible to
determine the behaviour of the ultimate stress and yield stress under dynamic loads without carrying out numerous experiments.

Table 3
The material parameters used to calculate the strain-rate dependences of compression strength for brittle materials.

Material E (GPa) σC
ST (MPa) τF (μs)

Fine-grained concrete 2.8 12.1 ± 1.5 34.6 ± 1.3
Ceramic brick 2.55 13.7 ± 1.2 29 ± 2.2

Fig. 10. Strain-rate dependences of yield strength for pure copper before and after ECAP treatment. Points are experimental data. Curves are the
calculation by expression (10).
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4. Conclusions

The dynamic compression tests of fine-grained concrete, ceramic brick, pure titanium, and pure copper were carried out by the
Kolsky method at strain rates of up to 1.4 · 103 s−1. The experimental data show an increase in the critical compressive stress of the
brittle materials and the yield stress of the ductile materials with increasing strain rate. Also, the dependence of the failure time on
the strain rates is presented.

It is shown that the strain-rate or time dependences of the critical stresses of the materials can be predicted by the incubation time
criterion. The calculated strain-rate dependences of the critical failure stress and the yield stress are in good agreement with ex-
perimental results.

Observed dynamic effects such as the strain-rate and time dependences of critical stresses and competitive effect show the
fundamental significance of investigating the incubation processes of abrupt structural changes (failure and phase transitions) in
continuous media under high strain-rate and impact loading. From this point of view, a parameter with dimensions of time can be the
universal basic characteristic of the dynamic strength. The incubation time criterion predicting the mechanical strength of a medium
in simple engineering terms can help eliminate the need to conduct tests of material behaviour in a wide range of loading conditions.
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