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TENSILE STRENGTH OF BRITTLE MATERIALS
IN HIGH STRAIN RATE PROCESSES

KM MIANOWSKI (WARSZAWA)

Assuming that high strain rate tensile tests lead to brittle fracture (no slip mechanisms
participate in the process), the phenomenon of strength growth in very fast probes'ses is
attributed to thermal vibrations of crystal lattice. Formulae are given enabling effective
evaluation of strength as a function of duration of the loading process. Results of analysis
are compared with experimental data published by Zielinski and concerning the tensile
strength of concrete in high rate processes,

1. INTRODUCTION

This paper deals with the problem of dynamic strength of materials
which are brittle “by birth”, ie. such in which the fracture processes under
all possible time and temperature conditions do not exhibit any plastic
phase; e.g. concrete and natural stone behave in this manner under tensile
forces. ‘ . :

Experiments performed under very high strain rates (10—30s~1) prove
that tensile strength of concrete is considerably higher than the static
strength (by 100—200%,)"). However, the known relations between the strength
and process rate are mostly, of empirical character, and. the attempts have
been made to formulate the problem on a theoretical basis. '

Generalisations concerning the macro-level and given by Bmkmver and
LinpEMAN [2] are based on the assumption that the fracture energy has
a constant valué and is independent of the rate of the process. This
assumptions, in view of the results obtained by this author [3] seems to
be ungrounded. .
© Mmast and Izumr [4] used a model of the crack. which lead to a
"statistical character of the relations describing the development of a critical

) Review of papers dealing with this problem' may be found in the paper by A. J. Zie-
LSk [1]. :
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crack. However, the physical sense of relationships between the rate of loading
and critical crack growth remained rather vague.

According to author’s opinion, the problem of dynamic strength of
brittle materials should be analysed in two separate process rate ranges:
moderately fast and very fast. These ranges are shown in Fig 1 for the
case of concrete,
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Fic. 1. Classification of fracture processes, example: tension test of concrete.

For the moderately high rate proess, analysis of strength should take
into account the interaction occurring at the submacroscopic level, connected.
with the process dynamics and with the effects of its neutralisation. Dynamic
effects appearing at the sub-macroscopic level are results of the stepwise,
discontinuous character of fracture taking. place in brittle materials and
consisting. in succesive. damage increments. Such effects reduce the material
strength. : L

The phenomena- discussed above may be described in terms of the
notions used in classical mechanics. In papers dealing with the problem
of fracture dynamics [3, 6], use was made of the notions known from
statistical strength theory, damage and stress waves theory. The author
concluded that, under the conditions of brittle fracture, which do not

allow for slip effects to occur, the increase in strength observed within the
range moderately fast processes is a result of neutralisation of dynamic
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effects This neutralisation occurs by destructive mterference of the stress
waves produced by successive dynamic damage mcrements ‘ :

~ Passing to the problem of dndlysrs of strength’ of brrttle mdterlals
tested under very high strain and stréss rate conditions, et ‘us’ express the
opinion that proper interpretation of such phenomena necessrtdtes the apph-
cation of a number of notions used in the physrcs of sohds

In this- paper. such a model of brittle material is proposed wh1ch
takes into account the phenomenon of thermal oscillations of crystal lattice.
This phenomenon was analysed by several authors in connection with  the
physrcal theory of metal flow based upon ‘the thermally actrvated chslo-
cational processes (to mention only a few. pdpers [e, 7, 8])

The amount of energy necessary to surmount the obstacles duri ing
motion of the dislocations over the slip planes is supplied by thermal
fluctuations {thermal process) and by stresses actrng in these planes (athermal
Process).

Elevation of the yield hmrt of ductile materrdls observed in high rate
processes is explained by.the fact that the shorter is the process duration,
the smaller becomes the amount of thermal vibration energy engaged into
* dislocation displacement; hence, in order to produce these displacements,
greater stress ¢ in the slip planes should be applied.

Taking into account the fact that dislocation processes occurring in
brittle materials are too weak to produce slip effects in the entire test-piece,
the assumption is made that in the model of brittle material such processes
do not develop; thus the influence of thermal fluctuations of crystal lattice
on strength is reduced to instantaneous drops of thermonuclear force poten-
tials, that is te instantaneous macroscopic strength reductions.

In view of the probabilistic character of the relations governing the
thermal fluctuation energy, tensile strength depends on 7, — duration of the
failure loading process: the faster the process is runing . and the shorter
i$ 7g, the smaller will be the probablhty of occurring (wrthln the per1od
<0, x>} of large amphtude “thermal fluctuations capable of con31derab1y
reducrng the intermolecular (bonds activation energy) and the strength

Hence, accordmg to author’s hypothesis, physical sense of brittle material
strength increase observed in rapid processes con31sts in partral elrmmatlon
of the mternaI thermal loadrng o

2. MODEL OF BRITTLE MATERIAL AT MICROSCOPIC TEVEL

< Materials- which. are “brittle by birth”, such~as concrete and : natural
stone, exhibit considerable structural nonhomogeneity, what -has twofold
consequences: first, that the shear stress capable of producing slip are much
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greater than the” tensile strength. Owing to the fact that the absolute
value of maximum shearing stresses (acting in planes inclined by 45° to the axis
of specimen) equals the absolute value of principal tensile stresses, cleavage
fré@:tﬁi’é(déboﬁding) must occur. ) B C
“““‘Apother consequence of material ‘nonhomogeneity is a nonuniform dev-
elopment of the damage process which’ is concentrated in the critical (the
weakest) material layer. When a crack develops in this layer, other portions
of the test-piece are far from failure. o '

" The above facts are takeén into account in the model shown in Fig. 2.
It consists of two grains particles and a contact zone lying between them
and transmitting the intermolecular forces (bonds). ' ' '

b

_ CConfoct
Gra‘r_ns A Coi My Zohe oo

-

Tic. 2. Model of brittle material...

Failure of the model occurs by rupture of bonds in the contact’ ZOme.
In view of the fact that strength of the grains is much higher than that
of the contact zone, no slips or damage occur in the grains at the instant
of model failuic. PR I EEE T

Strength of the bonds transmitted through the contact zone, R, is
assumed to be non-uniform, and the failure process consists of successive
rupture of individual bonds. According to the assumptions made in Sect. 1,
strength of each bond depends on the rate of the process, what may be
written in the form

21 . R=R(%),

where R - strength of the bond, §— actual stress rate. S

. At a given rate of the process, bond strength distribution: within: the
contact zone is- given by a certain. function - (R), determined in. the
interval (R, Ry ' L e T
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Bond strength may also be characterised by the activation energy E,,
ie. the amount of work to be done in order to disrupt the given bond
under the given temperature condmons Actlvatlon energy is given by the
relation x

2.2) E, = EP—E.‘H

Here: E, — potential barrier of the bond, measured by the amount of work
to be done in order to disrupt the given bond at absolute zero tempera-
ture, and E — time- and temperature-depenident thermal fluctuation energy.

Frequency of occurrence of bonds characterised by the given potential:
barrier E,; is determined by means of a stationary probability density
function g (E,). '

3. PROCESS SPEED AND STRENGTH OF INDIVIDUAL BONDS

Tensile strength of a single bond is attained in time 7, when V,— po-
tential of external forces P reaches the value of activation energy, that is
when

(3.1) V, = E,(z,).

Tt 'should be observed that 7, is understood as the net time period
during which the’ bond is exposed to the action of external forces of
value ‘R, under which disruption of the bond is probable (Fig. 3).

Value of the fluctuating actlvanon ‘energy is given by the formula

(32) . Ea ( r) o Ep Er (Tr)~

Here: E, — potential barrier {constant for the given bond), E, (r,} — maximum
energy of thermal vibrations whose attainment during period 7, is probable.
Energy of thermal fluctuations is determined by Boltzmann function [9]

12
(3.3) p (B, = Ade +T

with the notations: p (E)|; — occurrence probability of the given energy.

level E,, A-— characteristic constant of the material, kK — Boltzmann constant,
T— absolute temperature,

In formulating the condition (3.1) we simultaneously assume that the
solo thermal vibrations (ie. without external forces) are not capable of
disrupting the bond in the period {0,7,>. This postulatc enables also the
determination of t,, the longest possible time duration of the process
necessary to disrupt the bond under the sole action of thermal vibrations.

- The highest probable energy level E, attained during the period =,
the assumed duration of the process, is reached only once.(bond rupture).
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FiG. 3. Duration of fracture process in probabilistic sense.

Thus the relation between z, and the thermal , vibration energy E, assumes
the form L

(34) o (B, = 1
where v— thermal vibration frequency.

Assume now t, = t,; this time period enables realisation, within a single
bond, of all possible thermal vibration levels, including the level E,, when
the particle strikes.the potential barrier. In. the last case relation between,
the process duration and energy has the form

(3.5) ' 7 vp (B, = 1.
Equating Lhs, of Egs. (3.4} and (3.5) we obtain
(3:6) 2Bl _ Tm
P (E)lizm Ty
Transformation of Lhs. of Eq. (3.6) yields
. —Fp+E,
(3.7 L= T
Tm
whence
(3.8)

m. .

Substitution of relation (3.8) into: (3.2) yields the relation which makes
it possible to calculate the minimum achvahon energy level Wthh wﬂl
possibly occur during the assumed time period :
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(3.9) E,(t) = En—E,(z,) = ~kTIn—~.

m

Strength of the bond expressed in terms of the loading period

(3.10) | R_=B\/—kT1n—T"—,

T

where B— a constant.

4. STRESS RATE AND STRENGTH OF A GROUP OF BONDS OF THE SAME
POTENTIAL BARRIER

In- the analysis of the problem stated above it was taken into account
that once the exposition time 7, expires, individual particles will exist at
-different thermal vibration energy levels, less or equal E,.
~ Load catrying capacity of a group of bonds is exhausted when Vas
potential of external forces, attains the value E, of the mean actlvanon
energy, that is when

(4.1 V,=E,.
Value of the mean activation énergy is found from the re_:Iation
(4.2) : E,=E,—E.

Here E — mean value of thermal vibration energy in the interval (0 E>,
E,, — potential barrier characteristic for the glven group of bonds.

Mean value of thermal vibration energy in' the interval <0,E) is:
determined by the formula

EF . EJ‘ 7£
| - _gp(E)EdE Je ¥ E dE
(43) E=s—b— =", ,
S ' [ P(EYdE ~  [e *T4E
0 ¢}
that is
: E
. . e.ﬁ(%+1)_1
(4.4 E=kT : ,
e T —1

‘Mean value of the activation energy for the group of bonds characterised
by the same potential barrier equals :
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£,
' E"E(_f_;?+1)_1
(4.5) | E, = E,—kT— " .

kT__l

The measure of potential barrier of a pamcle is assumed to be the energy’
kT attributed to thermal vibrations performed in each of the three directions;
this energy is a characterised magnitude for the process analysed. Hence,
the bond energy barrier may be determined by a dimensionless parameter
Ey

4.6 ' o e
(4.6) =

Assume E, = kT and express E, by means of relation (3.8). Then after_‘»
certain transformanons relation (4.5) takes thé form

£ e (m-i—ln §i+1)—1 f
4.7 _ 8 m__ )
4.7) R .

Mean strength R, of bonds belongmg to the given group i is calculated
as before, namely :

(4.8) RW— Bf

Here E, is the mean value of activation energy to be derlved from Eq (4 5)
Strength R, may also be expressed by relation .

49 Rf=RimW( =gi)s

HI,

with the following notations: R, — mean value of strength of group i jn '

T - .

the case when the exposition time 1, = 1,, i,h(oc,r—’n coefficient given by
m

the formula

. z (e““~1)[1—a~e”?‘”‘“?i<1+1ngi)]
410) 4 (a,&) _ R _ ]
- - le T

m,

~1){l—a—e™

Values of function \h(a i’—) for several values of the coefficient o and
Tm
various process rates are given in Fig. 4 and Tabl. 1. It follows that,

with increasing rates of the process, strength of the group. of bonds also
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Table 1.

EXP (—w)x{w+1)—1
B EXP (—wy—1
w=a+LNt
... Values of o
e=SQRIE(@a,df(E(a,t=1)]]
g =203 A s 6t a=T7 8 9 10 1l
1 1 T S T U IREI B
0.1 T 128 L1l 104 101 100 0.1 100 7100 100" 100 - 1.00
01 170 136 118 109 104 01 161 100 100 100 100
001 212 166 140 124 114 001 107 103 101 100 '1.00
0001 . 250 195 163 143 128 0001 118 111 ‘106 103 10t
00001 © 282 220 184 161 144 00001 132 123 115 1100 106
1E-6 312 243 204 L78° 159 T 1B 146 <135 126 119 113
ABE7 339 264 220 193 173 1B-7. - 138 . 146 137 129123
1E§ - 364 284 238 207 186 1E-8 - 170 .1.57 147 139.. 132
1E9 387 302 253 221 198 1E-9 181 167 157. 148 140
9.9999 409 319 267 233 209 99999 191 177 165 156 148
1E-11 430 335 281 245 220 1E-11 201 186 174 164 155
1E12 450 -351 294 256 230 1E-12 210 195 182 172 163
1E-13 469 3.66 . 3.06 . 267 240 1B-13 . 249 203 190 . 179 170
1E-14 487 380 . 318 278 249 . 1E-14 228 211 197 186 176
1EA15 505 394 330 288 2.58 1E-15 236 218 204 193 183
" 1E-16 522 407 341 298 267 1E-16° 244 226 211 199 189
| A ¥ 538 420 352 307 275 L 1E-17, . 252233 218 205 195
9.9999 555 433 362 316 283 . 99999 259 240 224 211 201
©1E19 . 570 445 372325 291 - 1E-19 .. 266 247 231  217. 206

99999, . .585. 456 382 334 299 99999. 273 .253 237 22} 242
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cd. tabl. | _ _
f a=12"13 14 15 16 t a=17 18 19 20 21
i 1 1 1Tt 11 -1 1 1 1 1
0.1 100 100 100 100. 100- - 01 100 100 1 1 1
01 J00 100 100 100 100° . ©O1 - L00 100 100 100 1
001 Lo0 100 100 100 100 .:001 .- ~100 100 100 100 1.00
.0001 100 100 100 100 00 . .000L°. . .100 100 100 100 1.00
00001 - (03 10l 100 :100 100 ;" 00001+ “100 100 100 100 100
1E-6 . 109 105 103101 100 - 1E6 100 100 100 100 100
1E-7 147 112 108 1057103 1ET 101 100 100 100 100
1E-8 125 1200 135 -ti1 108 1E-8 105 103 102 101 100
1E-9 133 1287123 118 114 1E-9 111 108 105 103 102
9,9999 141 135 130 125 12 99999 117 113 L10 108 105
1B-11 148 142 136 131 127 . 1E-l 123 119 116 113 110
1E-12 155 148 143 137 133 1E-12 129 125 121 118 115
1E-13 162 155 149 143 138 1E-13 134 130 126 123 120
{E-14 168 161 155 149 144 1E-14 139 135 131 128 124
1E-15 174 167 160 154 149 1E-15 144 140 136 132 129
1E-16 180 172 166 160 1354 1E-16 149 145 141 137 133
1E-17 186 178 171 165 159 1E-17 154 149 145 141 138
9.9999 {91 183 176 169 164~ 99999 1S58 154 149 145 142
1E-19 197 188 18t 174 168 1E-19 163 158 154 149 146

9.999% 202 193 186 179 173 99999 . 167 162 158 153 150

increases. Sensitivity of the strength to the process rate is the greater,
the lower is the potential barrier (that is, the smaller is a). It is easily
understood since reduction of the bond potential barrier (its lower strength)
increases the contribution of thermal vibrations of crystal lattice to the work
‘spent by external forces on the failure. Obviosuly, strength # of bonds
‘obsérved in rapid processes cannot exceed thé maximum strength resulting
from the potential barrier o : :

(411) Bl e . - max ‘%max =B EP r o |

where E, denotes the ‘potential barrier for the group of bonds analysed.
- For processes running at ‘moderate temperature (close to the room
temperature) and for bonds characterised by -a high potential barrier, the
influence of thermal vibrations of crystal lattice, on the strength is small
and may be disregarded. ‘ S

5 E¥FECT PROCESS RATE ON THE STRENGTH OF A SYSTEM CONSISTING
. OF BONDS WITH DIFFERENT POTENTIAL BARRIERS

5.1: Distribution- function of bond strength”

. The 'subject of the foregoing considerations’ was the strengih of a single

bond or of a group of bonds characterised by the sarhe potential barrier.
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However, according to the assumptions concerning the model of brittle-
material, bonds characterised by various potential barriers should also be
taken into account, Distribution of potential belonging to the critical layer
of the material is determined by means of the function ¢(E), and distri-
bution of R-strength of the same bonds under static' conditions, by means
of function ¢ (R), is determined in a certain interval (R, R__>.

During the very high rate processes, strengths of all bonds increase and
reach the value of # instead of R. In particular the maximum and minimum
values' of bond strength increase and reach respectively values #, ~and 2 .
New distribution’ of the bond strength is described by function @ (/?) defined
in the interval {4 _.;, #_ > Function CD(/?) is- obtamed by transformation

of the ortgmal funcnon (p(R)

5. 2 Example of transformatmn of ¢ (R)

To illustrate the proccdurc of defining & (%‘), assume 1n1t1a1 bond strcngth
dlstrlbutlon to be given by a p0331b1y simple relation :

o {
GH o e R
Rmax—Rmin
o(R) - iy s by P by by Dp(R)
(%) “;{3 o] fo? fol T g T g
m
9, (R) 157 k
077
PLR)
T @
Tmﬁ.'rg:
07480882 17218 1526 1780 2000 3.304 3572378 4 R, ﬁ—
0778 1048 1376 1654 1842
e . 1
Fig. 5. Dependence of strength distribution function ¢ (R)= ——————— on the rate of
i sk . CoE . Rmax'“ min St
. process.

Diagram of this function has the form of rectangle “Fig. 5. Values
of the minimum and maximum values of strength #__ and Ay aTe
determined from relation (4.9) having the form of two equations

A
; (5\2) - P s E Rmm = !l’ (mmin.i)s
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A o S
max  __ Lr
R v (““"‘" "fm) -

Assume. now 'mmin =4, ¢ =16 what means that max R (the. greatést‘
maximum strength) and max #_, the greatest minimum strength satisfy the
-relation : :

(5.3) ' ' - max A, = 2max /2

Results of calculations performed by means of Eqs: (5.2) for several high
rate processes .are given in Tabl. 2. Tt was ‘assumed that the values of
strength #,;, and .&?max-obtained_ for a process of rate 7,/T,= 1071% are.
close to the maximum values max #, and- max A (in the sense of
relation (4.11)). Taking this into account, the fourth and fifth rows of
Table 2 present the relationships between the quotients 4, /max # ..,
A _ jmax # . and the process rate. Values of the quotient #_, /# . are
given in the fifth row of Tabl. 2; with increasing process speeds the
value increases from 0226 to 0.500. . AT . e

Assume now (without proof) that diagrams of functions @ (#£) and
@ (R) are rectangular; the corresponding values, are found from relations

(5'4) ® (R) (Rma" _Rmiﬂ) = &, (%’) (1’%max - 1‘%min) =@, (%) (2'%’max— 2‘%min) =
. = .. =0, (#) (i%mﬂ_ i%min) = 1,

and graphs of functions @ (#) dre presented in Fig. 5.

5.3. Determination of strength of- BOﬁd éj)stemsf- in high rate processes
Once the function @ (4) is given, strength of the system is caiculatedi

according to the basic formulaec of damage theory which, in the case of:
processes with neutralised dynamics, have the form

S
(5.5) o, =#A (1= § @A)
A min
Here o, — strength expressed in ‘conventional stresses, A, — strength  of
bonds (expressed in actual stresses) which, after fracture, makes the damage
process develop spontaneously. _ ‘
Value of siress 4, should be determined from the relation

max .

so el et

In view of similarly of all bond strength distributions (what takes pia&e
when the same material is analysed), all speed-independent processes indepen-
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dently on speed, will proceed in a similar manner, the same relations being
preserved between the relative loading level (referred to the model load
carrying capacity) and the damage extent, and the same proportions between
the strength 4, and the interval limits A iy A g Unider such conditions
the formula for strength o, in high rate processes (conventional stresses)
may be written in the form

. R

(5.7) =R, .//( )(1— f}p(R)dR),

where R, — strength of bonds (in ac‘rual stresses) whlch are - after fracture

‘make the statical process develop spontaneously, and ¥ (a,, 7,/7,) — a coef-

ficient accounting for the rate eiTect determined from Eq. (4. 10) and referred

to the bonds of strength R '
Since

. = ’ Rmm .
with o, denotmg the bond system strength (conventmnal stresses) attamed
in stationary processes, the final formula for the strength of brittle material
during rapid processes has the form

59) o= w_(a;,,fm) ‘.

Here o, — theoretical strength of the model or strength of brittle material
determined in statical tests and ¥ (o, 7,/t,,) — coefficient accounting for the
process rate determined from Egq. (4.10).

6. CALCULATION OF TENSILE STRENGTH OF CONCRETE IN HIGH RATE PROCESSES.
COMPARISON OF THEORETICAL RESULTS AND EXPERIMENTAL DATA

Calculations were . petformed on the basis of relation (5.9), choice of
a proper value of «, is of considerable importance; this coefficient characterises
the bond potential barrier of strength R,; fracture of the bonds makes the -
process develop spontanecusly. Value of &, was. estimated by searching for
such theoretical results which would be as close to the experimental data
as possible; the procedure was based on the least squares method. It was
finally assumed that «,=35. The. corresponding values of iy are given
in Table 3. ,

The results were compared with those given by A. J. ZmLmsx:r [1].
Stress rates varied in a wide interval from 10™% to 2.6 N/mm? ms.
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Table 3. Coefficients accounting for the effect of process rate on the tensite strength of concrete.

T,/%, 10° | 1071 [ 1072 | 1073 [ 107* | 1075 | 10° | 1077 | 10°8

T, . ’
a!/( ) |t [ 1019 [ 1090 | 1221 | 1430 | 1613 | 1.780 | 1930 | 2.078

T"l

(403351 B)

In comparing such results, it is of great importance to determine the
limiting value of speed at which slips do not occur. In the macroscopic
“scale such a process will be manifested by absence of plastic deformations.
Analysis of the results made by Evans and Maratiag [10] lead the present
author to the conclusion that, in the case of tension tests of concrete,
this condition will be satisfied at the strain rdtes not less than 5-1077 ¢ 1,
The strain rate was finally assumed to be equal to 3-107%s™!, what
corresponded to the lowest rate value assumed. by Zielifski.

SR y/Ir) A
Gr’ I!f( Tm)
Expen}nenfdl ré/az‘rbnship 1 739 1.930
(approximation of resulls e»/ 1850
by straight ling) “%
| ' 161 ||
J
| |
B B R relation
| B Rk
& ]
| |
0! | w'l| 12| 6(N/mm®ms)
0wt ow? owd owt ot 1wt o T
Tm

Fig. 6. Tensile strength of concrete in very high rate processes. Comparison of theoretical
and experimental results.

~In- Fig,* 6, diagram of the" function  (z,/7,,) derived theoretically is
compdred with the experlmental result. Both diagrams coincide fairly well.
_The approach proposed in this paper scems to be applicable to the

strength analysxs of other brittle materials subject to rapid processes.
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STRESZCZENIE

WYTRZYMAL.OSC MATERIALOW KRUCHYCH NA ROZCIAGANIE
W PROCESACH BARDZO PREDKICH

Zakladajac, Ze zniszczenie pod dzialaniem sit rozciagajacych w:procesach bardzo predkich
odbywa si¢ w sposéb kruchy, czyli bez udzialu mechanizméw poslizgowych, podano inter-
pretacje zjawiska wzrostu wytrzymatosci w procesach bardzo predkich, nawiazujac do zjawiska
drgan cieplnych siatki krystalicznej. Podano zaleznosci pozwalajace na przeprowadzenie prak-
tycznych obliczett wytrzymalosci w funkcji czasu trwania obcigzenia. Wyniki obliczen skon-
frontowano z wynikami badan eksperymentainych Zielifiskiego dotyczaeych wytrzymatosci
betohu na rozciaganie {osiaganej w procesach bardzo predkich).

Pesrome

TIPOYHOCTDH XPVIIKUX MATEPHUAJIOB HA PACTSIDKEHME B OYEHb
BBICTPBIX ITPOITECCAX

llpeanonaras, 4ro paspylueHme HOJ AEHCTBMEM PpaCTATMBAIOLMX CHI B OuYeHb GLICTPhIX
NpONECCaX COBEPWIAETC XPYNKMM . 06pasom, T.e. Ge3 yuacTus MEXaHM3MOB CKOJIbXNKEHH,
npuBeJeHa MHTEPUPETAUNS ABJEHMS POCTa MPOYHOCTH B O4YeHb 6b¥c’l‘pblx npoueccax, HaBs-
3bBas €¢ K SBIEHHIO TepMH4ECKHX KOneGamuii Kpucraminyeckod peierxu. TIpuBeneHsr 3aBu-
CHUMOCTH, II03BOJISIOMIME IIPOBECTH NPAKTHYECKHME pacyeThl NPOYHOCTH B (YHKUHM BpEMEHU
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NPOAODKUTEbHOCTH SarpykeHus, PesyJbTATEI PAacyeTOB COHNOCTABICHDBL PCIYILTATAM JKCTIEPH-
MEHTABHBIX WCCIEAOBAHAH 3eIMHRCKOTO, KACAIONMXCA MPOUYHOCTH OeTOHA HA pACTAXCHEC
JIOCTHTaeMOH B OQueHB OBICTPHIX HPOLECCax.
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