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Abstract—The dynamic strength of concretes under different temperature-velocity conditions is analyzed
using the incubation time criterion and the thermal f luctuation theory of strength. The model is validated
through comparison with experimental data on concrete with basalt and limestone aggregate. It is shown that
the characteristic relaxation time of concrete increases within the temperature interval of 20 to 800°C and
decreases at temperatures above ~800°C.
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INTRODUCTION

Temperature and strain rate are key parameters
affecting the quasi-static and dynamic strength of
concrete. With an increase in the rate of deformation
and a fixed temperature, a positive velocity sensitivity
of the material is observed, i.e. the dynamic strength
increases with the rate of deformation and exceeds the
value of static strength. Furthermore, for certain types
of concrete [1, 2], the commonly held view that both
static and dynamic strength decrease with rising tem-
perature above room temperature [3] does not consis-
tently hold across all temperature ranges. In such
cases, the quasi-static and dynamic strength of con-
crete [1, 2] decreases from room temperature to
200°C, increases from 200 to 400°C, decreases from
400 to 600°C and then decreases again. However, even
at these higher temperatures, the strength remains
greater than at 200°C, relative to the values measured
at room temperature.

At constant temperature during high-speed defor-
mation [4–6], the water content in the samples influ-
ences the strength of concrete. Concrete with 0%
water saturation exhibits higher strength under static
loads, and water-saturated concrete demonstrates
greater strength under dynamic loads. Under static
conditions, the phenomenon can be attributed to
hydrostatic pressure in water-saturated concrete sam-
ples. Conversely, under dynamic conditions, the
influence of hydrostatic pressure on concrete strength
increases, which leads to a slowdown in the incubation
processes during micro-cracking.

In this paper, a method is proposed for predicting
the increase in both static and dynamic strength of
concrete with rising temperature, based on the incu-
bation time criterion [4, 7, 8], while incorporating the
thermofluctuation mechanism of fracture [9–14]. By
introducing the concept of incubation time and apply-
ing the standard equations of thermofluctuation
strength theory, the model enables estimation of a
material’s dynamic strength across a wide range of
deformation rates and temperatures. The proposed
model demonstrates good predictive capability for the
strength of concrete containing limestone and basalt
aggregates under varying thermal and speed condi-
tions. It is shown that the characteristic relaxation
time decreases with increasing temperature up to
approximately 1000 K, after which it begins to
increase—an anomalous behavior for this parameter.

INCUBATION TIME CRITERION
The instability of strength characteristics in brittle

materials under high-speed deformation has been
observed in dynamic experiments involving rocks and
concrete [2, 15]. Predicting the distinctive strain rate
dependence of material strength across a wide range of
strain rates remains one of the central challenges in
fracture dynamics. In this paper, a structural-temporal
approach—previously proposed in studies [4, 7, 8]—is
employed to calculate material strength at varying
strain rates. Dynamic strength σd is defined as the
maximum value of the ultimate stress achieved in a
sample when it is loaded until fracture. Within the
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framework of the structural–temporal approach, the
fracture condition is expressed as follows:

(1)

where τ is the incubation time of fracture, σ(t) is the
time dependence of the stresses in the sample (at the
place of fracture), σc is the static compressive strength,
α is the parameter characterizing the sensitivity of the
material to the level of force field intensity that causes
compression fracture. Within the framework of the
structural-temporal approach, when determining the
ultimate strength σu, condition (1) is written for each
of the loads. In this case, the set of material character-
istics α, τ, σc differs for the cases of tension and com-
pression. In this work, the strain rate dependence of
the compressive strength of concrete is considered.
The fracture time  is determined from the condition
in which the inequality (1) transforms into equality.
The incubation time is the characteristic time of relax-
ation. In the case of fracture, the physical nature of the
incubation time is associated with the relaxation pro-
cesses of micro-cracking before macro-fracture.

Fracture criterion (1) implies the existence of an
incubation period, preceding a macroscopic failure of
the material. In this context, an incubation process is
an essential component of the overall fracture process
and occurs under both quasi-static and fast impact
loads. The presence of this fracture incubation period
gives rise to specific phenomena under dynamic load-
ing, most notably the well-established strain-rate
dependence of material strength. As one of the sim-
plest interpretations of the fracture incubation time,
let us consider an example of fracture caused by a slow

 linearly growing tensile stress 
where  and H(t) is the Heaviside step func-
tion. Substituting linear expression for σ(t) into (1), we
can calculate the time to fracture  and
a value of the critical stress at the moment of fracture

, where σc is the tabulated
value of the material static strength. In the case of very
slow stress growth , the ultimate stress does
not differ much from the static strength  The
obtained expressions show that according to (1) the
material remains intact at the moment when the static
strength limit is achieved  It is crucial that
before the onset of the macroscopic rupture of the
material, preparatory processes having a characteristic
temporal period τ evolve in the material structure
(Fig. 1).

The main advantage of using the structural-tempo-
ral approach is the introduction of the incubation time
parameter, which is invariant with respect to the load-
ing history σ(t). According to the notion of the incu-
bation time, two concrete specimens with different

( ) α

−τ

σ  ≤ τ σ 
c

'1 ' 1,
t

t

t
dt

*t

( )τ*t @ ( ) ( )σ = σ     ,t t H t
σ = const

= σ σ + τ∗ c 0.5t

( )σ = σ = σ + σ∗ u c 0.5t t

στ σ c 1!

σ ≈ σu c.

= σ σc c . t

fibre volume fractions have different incubation time
values. The incubation time is determined by approx-
imation methods based on an experimental set of
strength and strain rate values. The least squares
method is used in this study. The loading of concrete
samples in both static and dynamic experiments, as
shown in the previous studies [4, 7, 8], is carried out
according to the linear function of deformation in time.

The time dependence of the stresses in the sample
has the following form:

(2)

where E is Young’s modulus,  is the strain rate, and
H(t) is the Heaviside function. It is noted that wave
processes are neglected when measuring the dynamic
strength in experiments [1–3] on a split Hopkinson
pressure bar, where long-term load pulses are set.
Therefore, when assessing strength in a wide range of
strain rates based on the structural-temporal
approach (1), wave effects are also neglected.

Let us recall that, according to the given definition
of strength above, for the case of linear loading, the
strength is defined as  Substituting (2)
into the equality condition (1), the dependence of the
fracture time on the strain rate  is determined:

(3)

where  is the solution to the following equation
with respect to :
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Fig. 1. Temporal dependence of stress for slow linear loading.
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Then, by substituting the obtained dependence
 (Eq. (3)) into , the dependence of the ultimate

strength on the strain rate has the following form:

(5)

In the case of α = 1, Eq. (5) is written explicitly:

(6)

Thus, Eq. (6) provides a simple description of the
ultimate stress across a wide range of strain rates. To
estimate the incubation time τ and the amplitude
parameter α, the least squares method is used on a set
of experimental data referring to critical stresses and
corresponding strain rates. In the paper [7], the pro-
cess of fracture within the framework of the structural-
temporal approach, written at α = 1, is considered at
various scale levels, and the characteristic of τ is deter-
mined at a given scale level. Establishing a set of mate-
rial parameters σc, E, τ makes it possible to construct
a non-linear relationship.

HYBRID MODEL

In this section, we define the temperature depen-
dencies for the characteristic relaxation time τ(Τ) and
introduce them on the basis of the thermofluctuation
theory of strength [12, 16, 17]. In this case, the inten-
sity of the relaxation process is usually considered as a
process with an exponential dependence on tempera-
ture [12]. The canonical form of the Zhurkov formula
has the form [12]) for estimating the temperature
dependence of the intensity of relaxation processes:

(7)

where τ(T) is the effective time to reach a state close to
equilibrium (such a movement of the system towards
equilibrium is called relaxation) [12], τa is the period of
oscillation of atoms in a solid (τa = 10–12…10–13 s),
U0 is the initial activation energy in the unstressed state
of the body (the activation energy of interatomic
bonds), δ is the structural coefficient that character-
izes the velocity of decrease in activation energy with
increasing stress under fracture, k = 8.314 J/(K mol) is
the Boltzmann’s universal gas constant. The value of
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the barrier U(T) under the assumptions presented in
the work [18] is determined as:

(8)

where τe is the effective time to reach a state close to
equilibrium (such movement of the system towards
equilibrium is the relaxation) [12]. Equation (8)
showed good agreement with experimental data in the
papers [11, 19, 20] for concrete with sand aggregate in
various temperature ranges from –40 to +60°C [11];
from –5 to –25°C [19]; from −40 to 0°C [20].

Based on studies on the long-term strength of con-
crete in the temperature range from –40 to +60°C in
[18], it was established: (1) the activation energy of
fracture is independent of applied stress and tempera-
ture and is equal to 162.8 kJ/mol; (2) the pre-expo-
nential constant, which characterizes the average time
between successive thermal oscillations, depends on
both stress and temperature; the higher the tempera-
ture, the less the effect of stress. In [18], it was pro-
posed to use Zhurkov’s formula Eq. (7) in the follow-
ing generalized form:

(9)

In [21], Zhurkov’s formula (Eqs. (7) and (9)) and
the structural-time approach were applied to deter-
mine the strength dependencies during spall fracture:

(10)

where ti is the pulse duration. In this paper, the intensity
of the relaxation process is proposed to be written as
decreasing and increasing exponential dependencies:

(11)

Here: Tm is the melting temperature of the aggregate
material, τ1 is constant material.

VELOCITY DEPENDENCIES 
OF THE STRENGTH OF CONCRETES 

WITH BASALT AND LIMESTONE 
AGGREGATE

Within the framework of the incubation time crite-
rion, theoretical dependencies of strength on the strain
rate were developed for concretes produced with lime-
stone aggregate (concrete L) and with basalt aggregate
(concretes B1 and B2), based on experimental data
[1, 22]. Dynamic and static experiments on compres-
sive strength in [1, 22] were carried out at different
fixed temperatures: 20, 400, 650, 800, and 950°C for
concrete with basalt aggregate [22] and 20, 200, 400,
600, and 800°C for concrete with limestone aggregate
[1]. For each temperature illustrated in Fig. 2, two the-
oretical strength dependencies on strain rate were
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plotted, indicated by solid lines: one curve intersected
the minimum experimental point , while the
other aligned with the maximum experimental point

. As a result, the range of experimental values
 was between these two theoretical dependen-

cies. The values of Young’s modulus and static
strength for each temperature are set according to
experimental data [1, 22] from stress–strain relation-
ships and take a fixed value for each temperature. The
two theoretical dependencies of strength on the strain
rate for concretes B1, B2 and L differed only in the
fracture characteristic time, thereby setting the char-
acteristic time interval for each temperature: from 80.8
to 135.4 μs at 20°C; from 42.35 to 95 μs at 400°C; from
19.4 to 64.1 μs at 650°C; from 17.4 to 47.67 μs at

( )ε σ u,

( )ε σ u,
( )ε σ u,

800°C; from 88.6 to 227.3 μs at 950°C for concretes B1
and B2 and from 39.9 to 97.1 μs at 20°C, from 60.1 to
82 μs at 200°C, from 122.5 to 157.86 μs at 400°C, from
78.6 to 181.46 μs at 600°C, from 247.2 to 350.8 μs at
800°C for concrete L. For the entire set of experimen-
tal values , the parameter of the average charac-
teristic time is also determined for both concretes:
113.4 μs at 20°C; 72.62 μs at 400°C; 49.5 μs at 650°C;
39.4 μs at 800°C; 148.5 μs at 950°C for concretes B1
and B2 and at 68.5 μs 20°C, 72.65 μs at 200°C,
139.65 μs at 400°C, 129.65 μs at 600°C, 307.55 μs at
800°C for concrete L.

We develop the temperature dependence of the
incubation time using a hybrid model of Eq. (11) for
the derived range of characteristic times, on the basis

( )ε σ ul,

Fig. 2. The range of theoretical speed dependencies of concrete strength at different temperatures, plotted on experimental data
by tests of concrete B1 [22] and B1 [22].
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Table 1. Mix proportions of concrete [1, 22]

Designation for this work Concrete B1 Concrete B2 Concrete L

Reference  [22] (concrete C)  [22] (concrete B)  [1]

Water, kg/m3 166 179 180

Cement, kg/m3 442 391 371

Fly ash, kg/m3 78 69 99

Sand, kg/m3 689 689 672

Admixture, kg/m3 5.3 3.5 5

Rubble, kg/m3 1125 1172 1008

Material of rubble Basalt Basalt Limestone
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of which the theoretical dependencies of strength on
the strain rate were calculated in Fig. 2. Parameters for
the theoretical temperature dependencies of charac-
teristic time: (black curve, B1 and B2) τ1 = 380 μs,
U0 = 2374 kJ/mol, Tm = 1773 K and τ1 = 250 μs, U0 =
195.3 kJ/mol, Tm = 1500 K (red curve, concrete L).
The obtained values of the activation energy for con-
crete are close to the value U0 = 162.8 kJ/mol obtained
in [18] for concrete. Under the selected parameters,
the hybrid model (11) exhibits dual behavior: the first
term leads to an exponential increase of the character-
istic relaxation time depending on temperature, while
the second term, associated with the material’s melt-
ing temperature, causes its decrease. Since the melting
temperature of basalt exceeds that of limestone, the
critical temperature at which the decreasing tempera-
ture dependence of the incubation time transitions to
an increasing one is higher for concrete with basalt
aggregate than for concrete with limestone aggregate.
As shown in Fig. 3, the incubation time for concrete
with limestone aggregate increases with temperature,
whereas for concrete with basalt aggregate, it initially
decreases up to 800°C and then increases. It should be
noted that the decrease in the theoretical dependence
of the characteristic relaxation time on temperature
for limestone-containing concrete, modeled using the
hybrid approach, falls within the permissible range of
incubation time values indicated by the data points at
20 and 200°C, from room temperature up to 200°C.
The proposed hybrid model requires further develop-
ment to accurately predict the observed increase in
incubation time within the temperature range of 200 to

400°C, as well as its subsequent decrease from 400 to
600°C.

At high temperatures, the influence of inertial
forces on the strength of the concrete is dominant,
since the concrete structure has more cracks and an
increased water content. The latter effect, combined
with inertial forces, makes it possible to increase the
characteristic and dynamic strength at the same time.
The resulting effect is considered anomalous because
the typical dependence at high temperatures is a
decreasing function of relaxation time.

CONCLUSIONS

The proposed model accurately predicts the
strength of concrete with limestone and basalt aggre-
gates under varying temperature and loading rate con-
ditions. Based on the incubation time criterion and the
principles of the thermofluctuation theory of strength,
two distinct temperature-dependent relationships for
the characteristic time were developed: one for con-
crete with limestone aggregate and another for con-
crete with basalt aggregate. The results show that both
the rate of increase in dynamic strength and the char-
acteristic relaxation time are influenced by the type of
aggregate.
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