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Summary. Probabilistic material model for strength analysis of a composite taking into account the
evolution of damage of bonds between its structural elements based on the analysis of physical damage processes
of the internal structure of composites and considered earlier phenomenological model of impact in collision
velocity range from 20 to 1500 m/s was proposed. The comparison of results obtained by other authors was done
against experimental data for the case of tension of a fiber-reinforced material at strain rates from 0,441 to
44,17
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Problem setting. Traditional approach to composite materials modeling under static
and dynamic loading is based on developed earlier for metals and other generally isotropic
constructive materials method of analysis of mathematically deterministic relationship between
arising stresses and strains ¢ = f (£) in constructive element. The given dependence is different
in different ranges of stresses/strains taking into account temperature and interaction rate or
ignoring their change. To differentiate separate stages of deforming, which are in fact caused
by the prevailing influence on strength of different mechanisms of damage of internal structure
of analyzed material, criteria of strength F,, which are functions of current stress F, = ¢,(o;)
and explicitly divide characteristic areas of strain diagram between each other, are introduced
(Fig. 1, a).

Such criteria discern area of deforming and area of irretrievable material fracture in the
simplest case. In another cases, additional criteria of initiation of each investigated type of
fracture F,, F, etc. are introduced, that gives opportunity to predict the behavior of material
more precisely but requires preliminary defining of a greater number of model parameters.
While performing computation, it is taken into account that during a separate considered time
segment under the given force action and under conditions of the given kinematic constraints
some strain A¢ is implemented, which should be added to initial strain &, already available
at the moment of the beginning of the current time segment. It gives the possibility to find stress
o= f,(e)= f,(g, +Ae) and check if the condition of the strength criterion F; is implemented,

after that, if it is necessary, the value of stress is recalculated according to the dependence
o = f.,(€), which is correspondent to a new area of the common curve.
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Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading
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Figure 1. General algorithm of analysis of construction material behavior under loading: deterministic
(a, b) and probabilistic (c, d) approaches: o — stress; ¢ —strain; As — strain increment; f, (&) — piecewise

continuous dependencies of stresses on strains defined inranges as f (¢), f, (¢) . f,, (¢): F, —strength

criteria that define the boundaries of function ranges f,(¢); ¢, (o) — strength criterion dependence on the current

stress;
P, — probability of bonds fracture; y () — dependence of the probability of bonds fracture on current strain

The problem arising at modeling of constructive materials behavior under loading is
caused by its multi-component structure and diversity of active fracture mechanisms,
complexity of unification and taking into account of all factors influencing deformation and
fracture processes and combining them to uniform equations represented within model of
material in the form of dependences of stress on strain.

Stress, as a force characteristic, being a measure, which is used for mathematical
description of basic for macro-world influence of electromagnetic and gravitational
interactions, is definitely connected in the model with strain as with a space measure of change
of mutual arrangement of points of material.

The aim of this investigation is an attempt of a uniform description of the given relation
with the main physical both space and time characteristics of motion and interaction taking into
account complex inner structure of composite material.

As it will be described below, it is thought that this task can be solved using so called
probabilistic approach. In literature probabilistic approach is often understood as calculation,
which takes into account the initial statistical spread of parameters, which is present due to
technological peculiarities of material production, such as rectilinearity of fibers fitting, density
of local areas of material and thus local spread of strength parameters, etc. In this investigation,
probabilistic approach is understood as a model, which takes into account that strength of a
material depends on availability of chemical and physical bonds between atoms and molecules
of material, which are destructed with some probability P, and are recovered between the same

particles or already another ones; besides, this probability is defined by surrounding conditions
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and influence of environment, including the influence of an interacting with the material of
accelerated striker under impact loading. The algorithm depicted in Fig. 1, b illustrates the idea
of using such general approach. As stated above, the probability P, of fracture of bonds between
the material structural elements, which define the strength of this material (further for short —
probability of bonds fracture) depends on conditions of environment, current state of material,
including its strain, that is P, =y (&), and rate of strain and temperature.

Probabilistic modeling of damage processes. Earlier, on a small sample of data the
attempt of research data modeling in through-out breaking of hybrid fiber composites using
probabilistic strength criteria F.,. was done in the following way [1]:

Fosc (Vo Xi ’t) =K p [WZEME (VO )_WmEME (VO )j * Pose (Xi ,t) = {]c_) ' (1)

W, (v,)

where v, — impact rate, W™ and W, — energy of electromagnetic and acoustic

emission for the whole range of investigated frequencies, W "™ — energy of electromagnetic

emission at selected multiple frequencies, P.i. — parameter depending on coordinate X,

characterizing dis-tance to the point of initial contact of a specimen with an impactor and time
of interaction t, K — parameters of modeling using Monte Carlo method. Correspondent

phenomenological model was obtained and checked for the case of impact within impact
velocity range of from 20 to 1500 m/s, which is why further considerations are applicable
primarily for the referred conditions of impact interaction.

General procedure of using strength criteria is as follows: if some combination of values,
which characterize material deformation and damage and which are in this case the emission
parameters, is observed, then material is fractured (the criteria is equal to unity). If the
combination does not occur (the criteria is equal to zero) — the material can still resist loading
and undergo further deforming and damage increasing. To take into consideration the processes
of fracture and recovery of bonds in material, which define the emission, it is necessary to
investigate peculiarities of damage formation in details.

Damage of material represents a breach of bonds between its structural elements,
moreover recovering or forming new bonds is also possible, but it probably takes place at
already modified mutual location of the bonded elements. Such bonds are caused inter alia by
the balance of VVan der Waals forces of interaction of the induced dipole moments and forces
of interatomic repulsion according to Pauli exclusion principle [2]. In case of interaction of
structural elements (atoms and molecules of fiber and matrix) such relation can be described by
different potentials. If to neglect the variety of covalent bonds in material, influence of
molecular polarity, configuration of atomic surrounding etc., then within the given task
essential peculiarities of particles’ behavior depending on the distance between them can be
described by Lennard-Jones potential [3], which represents a model of a pairwise molecular
interaction describing dependence of interaction energy between two particles on the distance
between them.

Correspondent interaction energy of particles of mass m may be represented according
to this model in the following way [4]:

3 :4.g.m.{(x70f —[%}}zém{[%j ‘Z(XTH @

where x — distance between centers of particles, & — depth of potential well, x, — distance, at
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Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading

which interaction energy becomes equal to zero. Parameters & and X, are characteristics of

atoms of corresponding substance. A minimum of potential energy is in point X, = %2 . Xo
(Fig. 2).
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Figure 2. Dependence of the interaction energy of two material particles on the relative distance
between them in statics () and in case of presence of small (b) or significant (c) energy fluctuations of one of
the interacting particles: 1 — curve according to (2); 2 — small deviations of interaction energy, for example, due
to raise of the temperature; 3 — significant deviations of interaction energy, for example, due to an impact

Stockmayer, Buckingham, Morse potentials and in more complicated cases Tersoff and
Brener potentials can be used [4]. Stockmayer potential is worth of investigation because of the
presence of dipole moments in the interface layers of composite materials or because of their
forming in the process of consolidation of hybrid fiber prepregs by pressing at elevated
temperatures [5]:

nma.mb.

X3

—sin g, -sind, -cos(y, — 7,))

E,=E,—m (2-cosg, -cosg, —

: ®3)

where E — Lennard-Jones potential, for i =a,b m;, 5, and y; — dipole moments, polar

angles and azimuth angles of molecules a and b of mass m. Its use is reasonable for
composites made of polymers with essentially non-polar covalent bonds, which are not
compensated by symmetry of links of the polymer chain, for example, for polyvinylchloride or
cellulose and starch matrices used for bio-degradable plastics. In polypropylene, dipole
moments of groups C—H and C—CH3 are practically equal, that is why links of the polymer
chain [-CH2-CHCH3-]. have a very small dipole moment equal to 0.364 Debye or 1.21-107%
C-m. In polystyrene, dipole moment of each link is also insignificant and approximately equal
to 0.301 Debye [6]. Thus, the influence of the second term in (3) can be neglected in these cases
for the great bulk of matrix material but not in the interface layer of matrix-fiber contact. Use
of potentials according to (2), (3) or choice of equation of another type matters for specification
of peculiarities of crystal or amorphous structure of certain substances, but the damage
simulation is mostly influenced by the considered below general form of the dependence of
interaction energy on the distance between particles.

Potential energy increases when structural elements are moving away from each other.
On its certain level, the interacting force can be considered insignificant. Then neglecting the
force, the bond can be considered to be split, or fractured. Thus the value of maximum strain
can be obtained, at which the bond is considered to be still not fractured. In practice in molecular
dynamics calculations, the value x_=2.5-x, is often accepted as the appropriate strain level [7]:
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. ~1.63%
m-& ' 4)

However, when calculating complex heterogeneous materials, which have multiscale
structure (e.g. for metals — atomic scale, scale of grains etc., for composites — scale of atoms,
molecules, molecular clusters, taking into account influence of the interface etc.), derivation of
the value of critical strain from detailed model of inner structure taking into account
characteristic energetic parameters of interactions at each scale and their interrelation appears
to be a rather complicated process. That is why it is necessary to base the model on experimental
data characterizing integrally the result of interaction of damages at different scales, which are
obtained according to standard methods dependences o; = f () [8]. For example, for textile

reinforced and two-directionally reinforced composites on the basis of propylene, the
mentioned characteristics were obtained by authors using standard industrial equipment
according to standards 1SO 527-5 and ISO 14126 [9]. Mechanic diagrams for tension and
compression of tested materials are shown in Figure 3.
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Figure 3. Dependence of stresses o on strains ¢ for tests of material specimens of both investigated
types in accordance to I1SO 527-5 under tension (a) and compression (b): 1 — textile-reinforced material;
2 — two-directionally reinforced material

For many fiber-reinforced materials, the values of strains at fracture ranges from 2 to
2.5%. Similarly to data in Fig. 3 this value appears to be really close to the result obtained in (4).

Not only the level of potential energy of the mutual arrangement of material particles
(i.e. their spatial interaction), but also their kinetic energy (i.e. temporal interaction of particles)
influences the fracture of bonds between them [10, 11]. The influence of possible fluctuations
of the kinetic energy, which take place due to change of the temperature, on overcoming the
energy of bond fracture at different strain levels is illustrated in Figure 2, b in comparison to
the influence of fluctuations owing to introduction of additional kinetic energy into the system
during impact in analogical conditions, which is illustrated in Figure 2, c. As it is shown in the
Figures, small fluctuations can result in reaching the zero value of interaction energy, i.e. to the
bond fracture, only if particles are remote enough from each other, that is only in the case of
considerable initial strains. Bigger values of fluctuations can cause bond breaking even in the
case of small initial strains. The reasons of this effect are investigated below in more details.

Even insignificant fluctuation of the element energy (as it is shown in Figure 2, b) can
cause real bond fracture at big strains. However, at small strains it is necessary to achieve more
significant level of kinetic energy for bond breaking, which can be reached e.g. at impact. For
this case, the kinetic energy should correspond to the energy of the element leaving the potential
well:
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Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading

E, =En(xmin):§‘m’ )

where m — mass of the element. In case of interaction of material with an impactor, the
given energy is a result of influence of both the impulse, which is introduced during the impact,
and of the kinetic energy of particles, which is initially available in the system and corresponds
to the material temperature.

In such case, the level of energy, which is sufficient for nonreversible damage of bonds,
corresponds to a critical temperature of the material T.. Depending on the type of fractured
bonds, this temperature may be equal to the identically called critical temperature, which is
defined as a temperature at which substance preserves its gaseous state at arbitrary pressure
without transition into liquid, that is formation of normal bonds between substance particles is
practically impossible, and correspondingly the probability of fracture of such bonds (let us call

it P, ) exceeds the probability of their recovery (let us call it P.):

P, >P, (6)

r

or according to an alternative approach, the probability of bond formation is actually

equal to zero:

P, —>1,

()
P. - 0.

Let us also understand the normal bonds as bonds between atoms or molecules of
substance causing normal stresses under loading. Analogically, tangential bonds are understood
as bonds, which cause generation of tangential stresses under application of loading. As a
classical liquid, unlike a solid body, does not resist tangential stresses, temperature of melting
T, can be considered as the critical temperature T, at which probability of fracture of
tangential bonds exceeds the probability of their recovery. Transition from solid state of matter
into liquid one can be considered as damage of initial arranged solid body structure of the
material. Thus liquid can be considered as a damaged solid material with fractured tangential
bonds:

(PfT - PrT) 2 Ov
{ (8)

(Pfa - Pra) < O’

where index ¢ indicates the probability of fracture P, and recovery P of tangential

bonds, index & — of normal bonds in such meaning as it was stated above. As it is known, the
boiling temperature of liquid depends on pressure, which in turn is related to the strain & . Here
the influence of both factors is observed, which are the temperature T and strain & . Moreover,
for effecting an actual bond breakage, the probability of fracture should be implemented both
according to the first factor P, (T) and to the second one P, (&) . Correspondingly the resulting

probability of P, (T, &) should be equal to the product of probabilities of each influencing
factor. The same holds for probability of bond recovery P, (T, ¢):
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P (T,&)=P:(T)-Ps (&), )
Pr(T1g) = Pr(T) Pr(g)'

The influence of pressure on the melting temperature should be also taken into account,
that is why correction of reference physical data for substances should be made before
simulation.

The described above approach can be illustrated by theoretical curves of probability of
bond fracture P, and recovery P., which are shown in Fig. 4 and received in the following

way. It is suggested that any temperature-related fluctuations of kinetic energy of molecules or
atoms are absent at temperature T = 0 K, hence the probability of fracture of bonds between
them (in the absence of strains and external loading) is equal to zero, it corresponds to the curves
(1) in Figure 4, a.

With increasing temperature kinetic energy of material molecular or atomic motion
increases, but not only the very value of this energy defines if the bond is fractured, but also
many random factors such as mutual arrangement of particles, the influence of neighboring
particles etc. Thus it is suggested that the specific value of this probability is described by a
Gaussian function, which is normalized in order to conform with the known evidence, that at
critical temperature T. the probability of fracture of bonds exceeds the probability of their

recovery (or probability of forming a new bond) and in a small time period (taking the time into
consideration is obligatory and will be examined in more details in future investigations) almost
all bonds appear to be damaged.

Hence, graphs in Fig. 4 show not the probability density function but mathematical

expectancy of the probability P, and P,. Thus dependence of the probability of bond recovery
P_on temperature gives a value of unity at T =0 K, does not exceed the value of P, at T < T,
and is described by a scaled Gaussian function, similarly to the dependence of p, (). Left

branches of the curves (1) and (2) in Fig. 4, a are shown for clarity, though only right branches
have physical sense at T >0 K.

Py, Py 1

Figure 4. Dependence of the probability of fracture P, (1) and recovery P, (2) of bonds between structural

material elements at various critical temperatures T on the absolute temperature T (a), strain & and strain
rate £ (b, €)
Consequently, the difference of the curves of probability P, of bond fracture, which

are shown in Figure 4, a and each of which corresponds to bonds of a certain type, is explained
with the issue, that each type of bonds is characterized with a different critical temperature T..
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Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading

Analogically to dependences P, and P, on temperature, theoretical dependences P, and P, on

strain ¢ and strain rate ¢ were constructed using appropriate critical values ¢. and &, (for

compression and tension). In Figure 4, b, ¢ corresponding surfaces are shown. Such approach
allows explaining many peculiarities of material behavior, which are described in [12 — 17].
Owing to mentioned multiscale structure of composite materials, taking into account the
aggregate influence of destroyed bonds at micro-, meso- and macroscales and corresponding
characteristic energies of their fracture is rather complicated [18]. But a definite velocity of
mutual motion of particles is correspondent to each value of fracture energy [19, 20]. Such the

critical value is in this case the speed of sound v_, which is the velocity, exceeding of which
causes formation of discontinuity surface and probability of recovery of bonds between
structural elements becomes actually equal to zero. If it refers to damage of tangential bonds
(as they were described above), then the speed v, of transverse sound waves propagation defines

the material behavior. If it refers to damage of normal bonds, then the speed v, of longitudinal

sound waves propagation is decisive. Appropriate strain values can be calculated (but a problem
arises of additional investigation of the influence of size of a reference tested specimen for
obtaining correct final data) or linear velocity values can be used straightforwardly without
recalculation.

If normality of the probability P, distribution is assumed, as it was done above, then it

can be described by the Gauss function of the general form [21]:

[(e-du)?, (E=du)? (T—dpy)?
2(dS.)2  2(dS.)2  2-(dS,)? 10
Pf(g’é’T)zzﬂl.L'e (ds,) (ds,) (ds;) | (10)

where L =dS, -dsg_ -dS;, dy; — shift of the probability function peak relative to the axis of

strain &, strain rate ¢, temperature T for i =¢,&,T correspondingly, dS; — root-mean-square

fluctuation for indicated arguments, which can be represented as a ratio of appropriate material
characteristics, which describe the critical state of some type of bonds, to some coefficient n;,

which characterizes the given critical state:

i )
dS. ==, 1=¢,¢T,
iy (11)

where for each i there is ¢, — critical value of strain, which corresponds to referred
above X, as to an indicator of potential strain energy; &, is critical value of strain rate as of an

4

indicator of directed (unidirectional) Kinetic energy, which is introduced into the system of
material particles; T, is critical value of temperature as of an indicator of kinetic energy, which
is diffused in the material (and related to different spatial directions). Thus, for example, if to
assume that 99.9% of particles are in gaseous state at critical temperature, then coefficient n;
is equal to three (according to the so-called rule of three sigma), if only 64.2% are assumed to
be in gaseous state, then it is equal to unity. Formula (10) can be modified in case of taking into
account more than three investigated factors of influence on the probability of fracture. And on
the contrary, if the influence of e.g. temperature is neglected, the equation for the graph of
function, which is shown in Figure 4, b, will be as follows:
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&2 + &2
1 | 2(ds,)2 2(ds,)?
e

27-L

(12)

P, (&,&) =

£,&

where L, =dS, - ds another symbols are correspondent to the previous ones.

Taking into account suggestion about the possibility of usage of Gauss function for
description of the probability dependence on investigated parameters &,&,T , the probability
function P. of recovery of material bonds can be represented analogically to (10) in the
following way:

L - (S—dﬂg)2+(é—d,u€.)2+(T_dﬂT)2

2.(dS )2  2.(dS.)2  2.(dS.)2 13

P,—(&',é‘,T):l___e (dS;) ( g) (dS;) | ( )
27 -L

where symbols of values are correspondent to ones stated above and the given equation takes
into account, that zero probability of bond fracture corresponds to unity probability, that all
bonds in material are recovered. In (10) and (13) the following values are assumed:

du, =du, =dg, =0. (14)

The surface describing the dependence of probability of bond recovery P.(g,£) on

strain & and strain rate ¢ without taking into consideration the temperature, is shown in Figure
4, c and it is built using the next dependence:

g2

[ 2+ s ZJ

2(dS 2-(dS.

Pr(g;é):]-_ 1 -e ( «9) ( 8) ’ (15)
2L

&,&

which was derived from (13) taking into account (14) and assuming

T=0,
s o s

The resulting probability function, let us call it P,, which defines the probability of

damage as the probability of material bonds being fractured and then non-recovered, can be
represented by the next formula:

P,(c,&T)=01-P(&&T)) P (&¢T), 17)
or at given temperature and velocity it can be represented in the following way:

Pl.r =@=P@)g) P, (18)

besides, the current strain rate & and temperature T are considered as parameters, or variables.

Intersection of surfaces describing the probability functions of bond fracture and
recovery, which is correspondent to temperature of experiment execution T = 20°C, is shown
in Figure 5, a. For this case the dependence of non-recovery of bonds, that is of probability of
forming final damage, is shown in Figure 5, b.

ISSN 1727-7108. Bicuux THTY, No 2 (82), 2016 .......c..coove oo e eee e e oo eee e e et e e e v e e e e LD



Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading

Pa

Py, P, ] /
0.9+
1
\ / 0.8

VAVARRIE: SV

N, S G

LA s/
XL A

0.1 & 0 + + + —+ + <
-1,25-103-1-105-750 -500 -250 |0 250 500 750 1-10° 1,25-10° 0 100 200 300 400 500 600 700 800 900 1-10°

a b

Figure 5. Dependences of the probability of recovery P, and fracture P, of bonds (a), as well as the

probability of formation of the final damage P, (b), corresponding to the temperature T = 20°C during the
experiment execution, on the strain &

Thus, the authors suggest to use the proposed probability functions P, , P., P, within

the model framework as it was described above and to calculate damage d , which determines
the components of tensor D, for calculating stresses using formula (1), as a specific

implementation of the probability value (17) or (18), that is damage d can be defined in the
following way:

d|g',T =Q- I’(g)|é’T ) f (g)|é‘,T J (19)

where r and f — specific implementations of probability values equal to the part of recovered
and damaged material bonds with probabilities P, and P; correspondingly.

From Figure 5, a it is obvious that at a non-zero temperature even in case of absence of
strains or introduced Kinetic energy, the damage probability is not equal to zero, though it is
close to it. It explains material creep under even small static loading: during very small periods
of time, the material, which is damaged to the extent of f , undergoes deforming. But then its
bonds, and thus also its strength, is actually recovered, what is depicted by the model with the
value of r. In such case the total final damage is equal to d .

It should be taking into account, that strains and strain rates, just like their referent, i.e.
corresponding to initial non-damaged material, values, in different directions of an anisotropic
composite can be different at the same moment of time t. They result thus in a set of values
d;, each for a different direction, instead of one value d. Tensor of material damage

parameters for an orthotropic layer of a laminated plastic according to [22-24] is as follows:

D, 0 0) (Yl-d,) 0 0
Dij =/ 0 D22 0 |= 0 1/(1 —d 22) 0 ! (20)
0 0 D12 0 0 1/(1 - d12 )

where D; —damage tensor elements, i, j =12, d; — material damage in the direction of warp
fibers (d,, ), weft fibers (d,, ) of a textile (bidirectional) reinforced composite, and in the plane
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of the laminated plastic (d,, ).
Tensor of non-damaged initial stiffness C; of the orthotropic laminated composite in
expanded form [25]:

Ch C, O
Ci=|Cx Cp 0 |,ij=12, (21)
0 0 G,

where values of components C,,, C,,, C,,, C,, are found according to known mechanical
properties of the composite, namely the Young modulus in the warp fiber E; and weft fiber E,
direction, Poisson’s ratios v, , v,,; G,, is shear modulus. Represented in (1) vectors of stresses
and strains can be explicitly written in the following way [23, 25]:

Oy &
o =|0o,|, & =|&| (22)
T V12

Software implementation of the mathematical model and comparison to
experiment. Testing of the suggested model has been done for the case of standard experiments
according to [8] (Fig. 6).

Control system

]

Calculation of the
loading rate, which is
necessary to achieve

the given value of

strain rate g'; :

& <&
4

Calculation of the
strain rate

&= /(s.di)
4
Inquiry system &;

a b

Figure 6. Scheme of the experiment at constant strain rate («) and general view of the specimen destroyed
during testing (b); 1 — specimen capture drive, 2 — specimen grips, 3 — specimen, 4 — strain sensor

To achieve this aim, an algorithm has been programmatically implemented, which
allowed simulation of an experimental test providing the strain rate ¢ being constantly equal
to some given value. In a real experiment such the type of testing is typically implemented using
extensometers and a high frequency data acquisition system, which receives data from sensors
and immediately regulates loading rate in order to provide almost constant strain rate value.

Requirements to the algorithm included support of non-immediate accelerating of the
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Probabilistic modeling of physical damage processes of fiber-reinforced composite plates under dynamic loading

loading system, wherever possible a smooth support of constant strain rate as a reaction to
material model behavior, finishing of the simulation after reaching of given parameters of strain
or loading. That is, the conditions of a real experiment execution were taken into account to
achieve a correct comparative evaluation of results.

Software algorithm of model implementation is shown in Fig. 7. Determination of
unknown output parameters, such as critical strain and critical temperature of a given tested
material, was implemented with the help of mathematical optimization methods on the base of
known physical parameters of the given material and according to suggested model hypothesis.
This optimization was an inseparable part of the very modeling algorithm.

Specification of time increment df

¥ Figure 7. Algorithm of software
Simulation of initial damage probability implementation of material model under
according to given material properties d,, loading at a constant strain rate & :
) d — current material damage
) ) . - under applied loading;
Simulation of initial increment of strain t —time:
de, = f(E..dr) & —strain;
! € max — Strain, at which the

® specimen fracture occurs;
yes | & — strain rate;
no 2

& —given in experiment strain rate;
t=r+dt T — temperature;
g =& +de, Finding extreme C — material stiffness;
parameters E,; — reference value of the
g = de, during fracture: modulus o_f elasticity; _
dt o — stresses in the material;
(d,), =d,;+d(e.&.D) || Cuax = extr(c,(g)) K,, — coefficient indicating
. " r =t what increment the corrected
C{:‘ - (E-='9f (1-d, ));; max = (T ) value of strain will have in the
_C e & = (0 ) next time step
g, =0L,;"5; (positive increment or increase in the case
Y of K,
_@_ S K. .a and negative increment or decrease in the
o ——= case of K,)
yes |& =K, ¢,

Strain ¢, figures as a parameter of material at first and represents the strain at which
material fracture occurs. Correction of this value is done according to testing results after
preliminary simulations. New value of strain ¢, is accepted to be equal to the strain, at which
during the test an extremum of the stress-strain curve o, (&) is observed. Besides, t,,, is

the moment of time, which is correspondent to reaching this maximum value of stress.
Relevant curves illustrating mutual relation between probabilistic model parameters and
current experiment parameters in the form of temperature and strain were shown in Fig. 8.
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Figure 8. Dependence of probabilities of fracture P, (1) and recovery P, (2) of bonds in material as of model
parameters on the current parameters of the experiment, namely the strains («) and temperatures (b)

Puc. 9 imtocTpye NOpiBHSAHHS 1aHUX PO3PAXYHKY 1 EKCIIEPUMEHTY 32 JaHUMH POOiIT [22,
26] nis BUMAgKy BHCOKOIIBUAKICHOTO PO3TSATAaHHS, TOOTO, 3 TOYKH 30pY 3alpONOHOBAHOT
MOJIeJTi, JIOKJIaJaHHsS HABAaHTAKEHHS 3 MIIBUIIEHUMH IIBUAKOCTAMHU aedopmarii, aie mpu
HE3MIHHHUX TEMIIEPAaTyPHUX YMOBaX.

Comparison of the data of simulation and experiment was shown in Fig. 9. These
experimental data are described in [22, 26] for high strain rate tension, i.e. from the point of
view of suggested modeling approach the test provided loading at increased strain rates but
under constant temperature conditions.
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Figure 9. Dependencies of stresses ¢ on the strain & according to the results of simulation (1 — 3), and also
experimental data [22, 26] (4—6): 1,4— £ =4415;2,5- ¢=4415",3,6- £=4,41.10" s,

After considering the results of simulation according to the suggested model for
investigated strain rates of up to 44.1 s™, stress-strain dependences o () have been calculated

as functions o, = f[C,(D,).¢,], under condition that the strain rate ¢ was practically constant

during the simulated experiment. The relevant curves were shown in Fig. 9.

In curves depicted in Fig. 9, critical points were shown by black squares, which are
correspondent to stresses and strains at fracture of the material and were obtained
experimentally by other authors at investigated strain rates [22, 26]. The simulated curves in
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Fig. 9 actually coincide with the experimental curves for relevant strain rates. Besides, curves,
which were obtained for different strain rates, are clearly separated from each other. It means
that the phenomenon of strengthening of the investigated composite is observed at increasing
strain rate according to the results of experiment and also is successfully modeled in the
provided simulation.

Conclusions. Reliable modeling of material damage processes is necessary for correct
description of the stress-strain dependence under loading. For implementation of such
modeling, a probabilistic model has been proposed in this article, which describes the
relationship between the probability of occurrence of the physical processes of fracture and
recovery of intermolecular and adhesive bonds between the structural particles of a composite
and the factors influencing these processes, first of all, the value of strain, impact velocity and
temperature.

Formulated probabilistic model was tested for simulating the case of tension of
composite specimens at three different constant strain rates. Thus, it was shown that, by using
the values of engineering properties of the material obtained under conditions of quasi-static
tests, experimentally confirmed material hardening (increase of elasticity modulus and ultimate
stress) at high strain rates is successfully predicted with the help of the proposed probabilistic
model.
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YK 629.02:620.19(043.2)

WMOBIPHICHE MOJIEJTIOBAHHSA ®I3MYHUX ITPOIIECIB
HOMKOIXEHHS IIVIACTHUH 13 BOJIOKOHHO3ZMIIIHEHUX
KOMIIO3UTIB ITPU IMHAMIYHOMY HABAHTAZKEHHI

B’siueciaB Acranin; I'anna Illerean
Hayionanvnuu asiayivinui ynigepcumem

Pe3tome. Ha ocrogi ananizy gizuunux npoyecie nOUKoONCEHHs. 6HYMPIUHbOI CIPYKIMYPU KOMIO3UMIG |
PO32ISAHYMOT paniute hpenomenonociunoi mooeni yoapy 6 oianaszoni weuoxkocmeii simknenns 6io 20 0o 1500 m/c
3aNPONOHOBAHO UMOGIDHICHY MOOeNb MIYHOCMI KOMNO3UYIUHO20 Mamepiany 3 YpPaxy8awHsM eontoyii
NOWIKOONCEHHA 38'A3KI8 MidC 1020 CcmMpYKmypuumu enemenmamu. Ilpoeedeno nopienAHHA pe3yibmamis
PO3DAXYHKY 3 OMPUMAHUMU THIUMUMU ABMOPAMU E€KCHEPUMEHMANbHUMU OAHUMU ONA  8UNAOKY PpO3Ma2y
B00KOHHOZMIYHEH020 Mamepiany npu weuokocmsax degpopmayii 6i0 0,441 0o 44,1 c*.

Knrwouosi cnosa: 6010koHHO3IMIYHEH] KOMNOZUMU, €80TIOYIA NOWKOONCEHHS, UMOBIPHICHE MOOENI08ANHS,
BUCOKOUWIBUOKICHULL YOap, WeUuoKicms dedopmayii.
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