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PRINCIPLES OF THE MICROMECHANICS OF MATERIAL DAMAGE.
1. LONG-TERM DAMAGE*

L. P. Khoroshun UDC 539.3

The principles of the theory of long-term damage based on the mechanics of stochastically
inhomogeneous media are set out. The process of damage is modeled as randomly dispersed micropores
resulting from the destruction of microvolumes. A failure criterion for a single microvolume is
associated with its long-term strength dependent on the relationship of the time to brittle failure and the
difference between the equivalent stress and the Huber—von Mises failure stress, which is assumed to be
a random function of coordinates. The stochastic elasticity equations for porous media are used to
determine the effective moduli and the stress—strain state of microdamaged materials. The porosity
balance equation is derived in finite-time and differential-time forms for given macrostresses or
macrostrains and arbitrary time using the properties of the distribution function and the ergodicity of
the random field of short-term strength as well as the dependence of the time to brittle failure on the
stress state and the short-term strength. The macrostress—macrostrain relationship and the porosity
balance equation describe the coupled processes of deformation and long-term damage

Keywords: short-term damage, long-term damage, microstrength distribution, stochastically inhomogeneous
media, destroyed microvolumes, porosity, porosity balance, effective moduli

Introduction. Abrupt failure of structural members under long-term loads that are less than the ultimate strength is
usually associated with the occurrence and development of dispersed microdamages [5], which may produce main cracks.
Physically, microdamages are considered as vacancies, microcracks, and microvoids, which reduce the effective or load-bearing
portion of the material.

The available mathematical models describing the damage of materials can be split into three groups. The models of the
first group are based on a certain idea about the microstructure of the material and microdamages in it represented by damaged
structural elements such as microcracks or micropores [2, 811, 15, 17, 27]. The governing equations here are based on the
equations of mechanics and certain failure mechanisms for individual structural elements. The models of the second group
employ a formal damage parameter, whose physical meaning is not always indicated, and postulate an evolution equation to
relate the damage rate and stresses [4—7]. The models of the third group assume that the measure of damage is defined by some
thermodynamic parameters that, together with stresses and strains, satisfy the fundamental thermodynamic relations. This makes
it possible to establish relationships among stresses, strains, and damage parameters [1, 3, 13, 14].

The informal first group, which is based on structural models and damage mechanisms, appears most adequate to real
processes of microdamage. The nonuniformity of microstrength inherent in real materials in the form of probability distributions
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[8, 15, 17] enables explanation and description of short-term (instantaneous) damage occurring under high loads. Modeling
microdamages by pores with the aid of the mechanics of stochastically inhomogeneous media made it possible to theoretically
describe the coupled processes of deformation and short-term damage of homogeneous and composite materials [15—-18] and to
study them over a wide range of mechanical properties, including physical nonlinearity [19-24].

The objective of the present study is to construct a theory of long-term damage on the basis of models and methods of
the mechanics of stochastically inhomogeneous media underlying the theory of short-term damage [15]. The damage process is
modeled as destruction of microvolumes and occurrence of randomly dispersed micropores in their place. A failure criterion for
a single microvolume is associated with its long-term strength dependent on the relationship of the time to brittle failure and the
difference between the equivalent stress [5] and the short-term strength defined by the Huber—von Mises failure criterion. The
short-term strength is assumed to be a random function of coordinates with power-law or Weibull one-point distribution. The
effective elastic properties and stress—strain state of a material with randomly dispersed microdamages are determined using the
stochastic equations of elasticity of porous media [12]. The damage balance equation is derived in finite-time and
differential-time forms for given macrostresses or macrostrains and arbitrary time, using the properties of distribution functions
and the ergodicity of the random field of short-term microstrength as well as the dependence of the time to brittle failure for a
microvolume on its stress state and short-term microstrength. The macrostress—macrostrain relationship for a porous material
and the porosity balance equation describe the coupled processes of deformation and long-term damage, which lead to an
increase in macrostrains at given macrostresses and to a decrease in macrostresses at given macrostrains, and to nonlinear
isochronic stress—strain curves.

1. Preliminaries. Fracture mechanics distinguishes short-term and long-term strengths. The former is characterized by
a limiting homogeneous stress state in which the specimen fails instantaneously. If the stress state is not limiting, the specimen
may collapse after a time essentially dependent on how close this stress state is to its limit. This dependence characterizes
long-term strength. It is a more general characteristic than short-term strength, which is a limit point on the long-term strength
curve corresponding to zero time to failure.

Long-term strength is usually interpreted as the result of accumulation of dispersed microdamages in the form of
micropores, microcracks, and vacancies in atomic/molecular structure, etc. A macrospecimen fails if damage reaches some
critical level.

The dimensions and shapes of dispersed submicrocracks in polymer materials and their dependence on loading
conditions have been much studied [11]. The basic damage mechanisms in a number of polymers are the following. The
dimensions of submicrocracks are almost independent of strain, stress, and time of loading. The ratio of the longitudinal (relative
to the tension direction) dimension of a submicrocrack to the transverse one in different polymers varies from 0.4 to 1.3. A
certain tensile strain corresponds to a certain relative fraction of submicrocracks, which increases with the strain.
Submicrocracks begin to form only after some level of strain. Given tensile stress, submicrocracks accumulate with time, first
quickly and then slower and slower. The rate of accumulation of submicrocracks and their relative fraction increase with time
and with applied stress. If the stresses are small and not greater than half the breaking stress, submicrocracks do not accumulate
for a long time.

These experimental patterns can be explained using statistical notions. At the microscopic level, the strength of a
material is nonuniform, i.e., the ultimate short-term strength and long-term strength curves for a microvolume are random
functions of coordinates with certain distribution density or cumulative distribution. When a macrospecimen is subject to a
constant tensile stress, some microvolumes whose ultimate strength is less than this stress will be destroyed, i.e., microcracks or
microcavities will form in their place. Microvolumes where the stress is less than, yet close to the ultimate strength will fail after
some lapse of time, which depends on how close the applied stress is to the ultimate microstrength. After such microvolumes are
exhausted, damages no longer build up. As the stress increases, microvolumes with higher microstrength are involved in
microdamage, the process becoming more intensive as microstresses redistribute because the destroyed microvolumes have lost
their load-bearing capacity.

Failure of microvolumes after a time is indicative of damage accumulation, but now at the atomic/molecular level
(occurrence of vacancies or dislocations).

2. Structural Model of Long-Term Damage in Finite-Time Form. The structural theory of damage [15, 25] is based
on the idea that microstrength is nonuniform, with the result that under loading damage occurs in dispersed microvolumes where
ultimate microstrength is less than some combination of stresses defined by a failure criterion. Modeling the destroyed
microvolumes by quasispherical pores, empty or filled with particles of a destroyed material, we obtain a porous material of
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stochastic structure whose damage is described as increasing porosity p. If the homogeneous stress state of a porous material is

characterized by macrostresses (csij ), then the mean stresses (c%j) in the undestroyed portion of the material are defined by the

following formula [12]:
<01>—71 (6, 2.1)
ij 1-p iy’ ’

The simplest way to describe the short-term damage of a microvolume in an isotropic material is the Huber—von Mises
failure criterion

1 11\ 1/2
15 =((o})el)) " =k (22)
where <G}/ )" is the mean stress deviator in the undestroyed portion of the material, and & is the limiting value of the invariant / é,

which is a random function of coordinates.
If the invariant / (1, does not achieve its limiting value & in some microvolume, then, according to the long-term failure
criterion, failure will occur after some time 1, which depends on how close / (1, is to k. In the general case, this dependence can be

represented by
T =05, k), (2.3)

where ¢ (k,k) =0and ¢ (0,k) =, according to (2.2).
The one-point cumulative distribution function F (k) of the ultimate strength & in a microvolume of the undamaged
portion of the material can be approximated by a power-law function on some interval

0, k <k,
k— n
F(k)= ( koj , ko <k<k, (2.4)
ky —kg
1, k<k0,

or by the Weibull function

JO’ k<k0,
F)= | 1-exp -m(k—ko )" |, k=Ko, @3)

where k(y is the minimum value of the ultimate microstrength, and ky, m, and n are constants determined by fitting experimental
microstrength scatter curves or microdamage curves.

Assume that the random field of ultimate microstrength k is statistically homogeneous, which is typical of real
materials, and the size of single microdamages and distance between them are negligible compared with the size of the
macrovolume. Then there is ergodicity—the cumulative distribution function F'(k) defines the relative fraction of the
undestroyed material in which the ultimate microstrength is less than k. Therefore, with nonzero stresses (Gb), the function
F( é ) defines, according to (2.2), (2.4), and (2.5), the relative fraction of instantaneously damaged microvolumes. Since

destroyed microvolumes are modeled by pores, we can express the balance of destroyed microvolumes or porosity under
short-term damage as follows:

p=po+(1-po)F (L) (2.6)

where p is the initial porosity. With (2.1), this equations can be rearranged as

P="o +(1—po)F[1_lplcj, 2.7)
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where 75 =((c;;) ’(cij y")V/2 is the second invariant of the macrostress deviator () ",
If the stresses <G;i> act for some time ¢, then, according to (2.3), microvolumes with the following values of k£ will fail in

this time:
t>t, =L, k) (2.8)

The time to brittle failure t; for real materials at low temperatures is finite only starting with some value of / é >0.In

this case, the function ¢ (/ cls ,k)may be assumed to obey, for example, a fractional power law:

e—11 \"
oIl k)=r1 < vk <IL <k,y<1), (2.9)
c 0 ](1; —Yk ( c )

where 1, 11, and y are determined by fitting experimental long-term strength curves.
Substituting (2.9) into (2.8), we arrive at the inequality

“Um B
p<pt PO (t =’j. (2.10)
1+,Yt1/n1 ‘EO

Considering the definition of the cumulative distribution function of ultimate microstrength /' (k), we conclude that the
function F[7Ly(7)], where

“1/n

- 1+1¢
t)=—«——, 2.11
\V() 14+ V/m 1D

defines the relative fraction of destroyed microvolumes in the portion of material that is undamaged prior to loading at the time .

Then given macrostresses (csl.j ), the equation of balance of destroyed microvolumes or porosity under long-term damage can be

represented, in view of (2.1), as

J
P=po +(1—po)F[1_"p w(t)}, 2.12)

where the porosity p is a function of the dimensionless time .
In fact, Eq. (2.12) is approximate, since the time to brittle failure 7, is determined, according to (2.3), for constant

stresses <Gij>. If constant macrostress (csl.j) are given, then the stresses <Gl.j> increase as damage, i.e., porosity p, builds up;
therefore, the real time to failure for a microvolume will be a little longer than t;, defined from (2.3) for constant stresses (ci.j) at

the time ¢. Hence, we can assume that Eq. (2.12) overstates the porosity p for each time ¢ > 0.
If the time 1 is finite for arbitrary / (15 , which is observed at high temperatures, the long-term strength function can be

assumed to obey an exponential power law:

ny
m
(p(]é,k):to exp my [[]i] =11 (2.13)

G

which has a sufficient number of constants t, m; , 1y, and n, to fit experimental curves. Substituting (2.13) into (2.8), we arrive
at the inequality

1/ny
ksl(l{ﬂlln (1+t1/”2)} . (2.14)
m
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Then if the macrostresses ( ;) are given, the equation of porosity balance under long-term damage reads as (2.12),
where

1/n
) — 1 l/n !
\u(t)—{Hmlln (1+7 z)} . (2.15)

For an isotropic material with damage characterized by porosity p, the macrostresses <Gl.j ) and macrostrains (81.1. ) are in

the following relationship:
(o) =| K —*3H (€00, +21 (g), (2.16)

where the effective bulk, K *, and shear, u *, moduli are expressed in terms of the moduli K and p of the undestroyed material and

the porosity p, according to the theory of porous materials [12]:

. 4Ku(1-p)’ . (OK+8)u(1-p)°

= , = ) 2.17
4u + (3K —4;,L) " 9K + 8u —(3K —4p) p ( )

Then in view of the dependence 1 =2 I ¢» Where I, =((¢ i/>'<8,-j)')1/ 2 is the second invariant of the macrostrain

deviator (& ;) ', the porosity balance equation (2.12) for given macrostrains <8l.j> can be rearranged as

I,
P="Do +(1—]70)F[2L11_p8 q/(t)} (2.18)

It follows from (2.1), (2.17), and (2.18) that if the macrostrains (81.1.) are given, the stresses (G}j> decrease with

increasing porosity; therefore, the time to brittle failure for a microvolume will be a little shorter than t; determined from (2.3)
for constant stresses (c;j) at time 7. Hence, we can assume that Eq. (2.18) understates the porosity for each ¢ > 0.

The porosity balance equations (2.12) and (2.18) can be corrected by introducing an additional constant o determined
experimentally. To this end, when the invariant / (15 changes with time from 0 to ¢, its average value is substituted into (2.9) and

(2.13), 1.e., IclT (ot )(0< a <1)instead oflcl, (1). The porosity balance equations (2.12) and (2.18) can now be written as
p(t)=po+(-po) F ]70,\4/(2) (2.19)
l—p(at)

if the macrostresses (cij) are given and

21" (plan))l,

- p(a) v(1) (2.20)

p(t)=po+(1-po)F

if the macrostrains (el.j> are given.

At the initial time 7 =0, the porosity balance equations (2.12), (2.18)—(2.20) define the short-term (instantaneous)
damage of a material. With increasing time, Eqs. (2.12), (2.18)—(2.20) define long-term damage that consists of short-term
damage and additional damage developing with time.

3. Structural Model of Long-Term Damage in Differential-Time Form. As indicated above, the porosity balance

equations (2.12) and (2.18) for given macrostresses ¢ Gl./.> and macrostrains (sl.j ), respectively, are, in fact, approximate. This is

because the relationship between the time to brittle failure and the acting stresses (2.3) is experimentally established for constant
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loads, whereas the invariant / é changes with increasing damage. Though such relationships for real materials range wide in

stresses and especially in time [5], which justifies the applicability of Egs. (2.12) and (2.18), it is nevertheless of interest to derive
more rigorous porosity balance equations that would be free from this shortcoming. This can be done by changing over to the
differential-time form of the relationship between damage and macrostresses or macrostrains.

We will use the following relationship between the time to brittle failure t; for some microvolume with ultimate
microstrength k and the constant invariant 7L :

k—1I!
T =Tp O (ykSJggk,y<1), 3.1)
I —vk

which is equivalent to specifying how quickly a microvolume loses its load-bearing capacity:

dn _ 1 Is -~k
dt TO k—[é ’

3.2)

The load-bearing capacity is completely lost at 7, =1. The integration of (3.2) over time from 0 to t; at constant / (15

yields formula (3.1).
In contrastto (3.1), expression (3.2) is valid even if the invariant / (15 is time-dependent, which is the instantaneous rate of

exhaustion of a microvolume’s load-bearing capacity. Integrating (3.2) from zero to an infinitesimal time increment At and using
the mean-value theorem, we obtain

Ar, = Io(pA7)- Lo(PA)=TE (At:t,OSBSIJ. (3.3)
k—15(BAr)

If Ar, =1, a microvolume will be damaged in time A¢. Therefore, from (3.3) we derive the following inequality accurate
to At:

k<11(0)+{(l y)[1(0)+[3 (0)} , (3.4)

which is a condition whereby microvolumes with the corresponding ultimate microstrength will be destroyed. Then the porosity
balance equation can be represented as

1
p+%& — o +(1‘P0){F(1é )+F(Ig ){(l—v)fé +Bdét“} At}. (3.5)

Since given macrostresses <Gl.j> or macrostrains <8ij>’ short-term or instantaneous damage defined by (2.6) occurs at

the initial time, the differential-time porosity balance equation follows from (3.5) for small values of ¢:
d, dl
“2=(1-po)/U§ ){(I—V)Ié +Bﬂ ; (3.6)

where f(k)=F'(k)is the one-point microstrength density function. The short-term damage p(0) = p;, should be set as the initial
condition. The constants o and f3, appearing in (3.6), allow the experimental long-term damage curves to be fitted as close as
possible.

If the macrostresses (csl.j) are given, then, according to (2.1), Eq. (3.6) takes the form

dP _ pdpl, B ds
=(-» )/(1- HL P (1-p)? dt} 1y dt}' G-
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If the macrostrains <8ij> are given, then, according to (2.16), Eq. (3.7) yields

% ~(1-py)/ [K(p)lg]{[(H)K(P”BK'(”)Zﬂ e +BK(p)LZtS}

_ (0K +8u)(1-p)
(K(p)_ 9K +8u (3K —4u)p | 38)

For a material with Poisson’s ratio v =0.2 in the undamaged portion, Eq. (3.8) takes the simplest form

}. (3.9)

4. Uniform Microstrength Density Function. According to the finite-time model, the development of damage with

dl,
dt

% =2(1-Po)f[Zu(l-P)ls]{[(l—v)(l-p)—Bﬂlg +B(1-p)

time can be described by solving Eq. (2.12) for the porosity p if the macrostresses <Gij> are given and Eq. (2.18) if the

macrostrains (el.j> are given. In the general case, these equations can be solved numerically. Its analytic solution can be found

only in the special case where the microstrength has a uniform density function on some interval, which corresponds to n =1 in
(2.4). In this case, the porosity balance equation (2.12) takes the form

[oy(t)
Po> 07<k09
I-p
1- 1 t 1l t
p=dpg+ 2P0 LW LW g @.1)
kl —ko l—p l—p
L Isy(t) Sk
lI-p
i.e., we arrive at the quadratic equation
(ki =ko)a* ~k1q0q+d0lsw(1)=0 (9=1-p, 4 =1-p). (4.2)
It has two roots of which one has a physical meaning:
g = (ko + 743 =40k ko )aoLow(D) ). 43)
2ky =ko ) bo

Hence, the range of macrostresses (cij> for which formula (4.3) holds is defined by the inequalities

2

k <] (f)<kli (4.4)
090 S1cV _4(k1—k0). .

If the macrostrains <8ij> are given, the porosity balance equation (2.18) for n = 1 in (2.4) takes the form

2 t

Pos oy ( )<k ’
l-p

1- Tt Iow(t

p=1py+—10 s 8W)—ko ) <A Lv() 8“’(t)skl, (4.5)
kl —ko l—p —

1 ERRION.

l-p
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In view of (2.17), we obtain the quadratic equation
(ki —ko )vaq? +[ (k1 —ko Vi —k1qova +20q0 1 w(D)] g —kigovy =0

2(4-5v) 5v—1)
vi=—"2 v, =—— |, 4.6
( s T T T sy 0

where v is Poisson’s ratio in the undamaged portion of the material.
Only one root of Eq. (4.6) has a physical meaning:

1

[/ ——
2(ky —ko v

{kl%Vz ~(ky —ko vy —2ug01 oy (1)

2
+ |:(kl —"‘0)2"12 +4; (Mg\ll(i)—kl\’z)z +2(ky —ko)‘Iovl(MgW(i)Jflez)} } 4.7)

where the range of macrostrains (sl.l.) is defined by the inequalities

ko (V1 +v290)

<Iy(7) <. 48
e v(1)< (4.8)

For a material with Poisson’s ratio v= 0.2 in the undamaged portion, expressions (4.7) and (4.8) become simpler

_ k140 [ko <Iw(i <ooj. 49
I ko 2T\ 2ugg =) 49

According to the differential-time long-term damage model, the porosity balance equation (3.7) has the following form

for uniform microstrength density function & on the interval (k,k; ) and given constant macrostresses <Gl.j>1

0, 1[" <k,
4
dp _J1zpo |1y B _dply o te oy (4.10)
dt kl—ko 1—p (l_p)2 dt l_p
1
1, S >k
l-p

Introducing the notation ¢ =1—-p, gg =1-pg, g5 =1- p;, we find the solution

1-y)M .~ _
1(%3 —qz)——ﬁqolc’ lnq—k=7( Dl ‘ (4.11)
2 kl —ko q kl —ko
which holds if
I—G <gq SI—G . (4.12)
1 kg

For a small difference g; —¢, expanding In (¢, / ¢) into a series and retaining two terms, we arrive at the quadratic
equation

2 —
[Blo +(k —ko)] 37—4610 i + 3Bl ~(ky ~ko g2 +2A1-y) 51 =0 (4.13)
k
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One of its roots has a physical meaning:
9k 2 2 277
q= BIg +\/ (kl —ko)qk —Bls —2(1—y)[c 7 +(k1 —ko)qk t}. (4.14)
Blo + (ki —ko) a} { [ ] [ ]

For given constant macrostrains (al.j » and uniform microstrength density function & on the interval (k) , & ), the porosity

balance equation (3.9) takes the form

O: 2“(1_p)18 <k0’
dp 2(1—P0)P- [ dp}
— =t (1= 1=p)-B—= |[., ko <2u(1-p)l, <ky, 4.15
" K kg (1-vX P)Bdta 0 <2u(1-p)Ig <k (4.15)
0, Zp(l—p)lS >ky.
Its solution is
2q0(1- _
q=9qk exr{— 20 (I-1We tj, (4.16)
ky —ko +2q0Bu
which holds if
It follows from (4.16), (4.17) that damage has a limiting value:
ko
Py =1-—2 (4.18)
BT
which is reached in a finite time defined by
- ky—ko+2 2
i, = 1 ot qOB“'IS In Qk”'IS ) (419)

2gpapl, ko

Figures 1 and 2 show (solid lines) the porosity (damage) p and invariant I, =20l =I5/ (1-pY (I5 =14/ ky,
i =/ kg )as functions of time for given macrostresses (Gy.), calculated by (2.11), (2.17), (4.3) for py =0,v=0.2,n; =1,y =0.5,

ky =ky/ky =8, fG =1,1.1,1.2, 1.3. As s seen, for fc <8/7, damage has a horizontal asymptote, as on the experimental curves
for polymers [11]. For I o =8/7 and times at which the radicand in (4.3) vanishes, damage reaches a critical level.
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Figures 3 and 4 show the porosity (damage) p and the invariant / o as functions of time for given macrostrains (817.),

calculated by (2.11), (2.17), and (4.8) for py =0,v=0.2,n; =1,y=0.5,k; =k / kg =8,1, =1,1.5,2,2.5, 3. It can be seen that
here damage also builds up with time, whereas experiments on polymers [11] showed no noticeable changes in damage under
constant strains. This can be attributed to both stress relaxation in polymers due to creep, which is neglected here, and the
approximateness of the finite-time damage model.

According to the differential-time long-term damage model, for given macrostresses <Gl.j>, the time dependence of

damage (4.11), at least for a small difference g, —¢, leads to curves similar to those in Figs. 1 and 2 without horizontal
asymptote. It is beyond reason to speak about the existence of a horizontal asymptote because Eq. (3.6) may fail for long times ¢.
Figures 3 and 4 show (dashed lines) the porosity (damage) p and the invariant 7 as functions of time for given

macrostrains (¢ .. ), calculate . or =0,v=02,y=0.5,k; = =8,1.=1,1.5,2,2.5,3. As is seen, damage
i <11> Iculated by (4.16) for py =0 02,y=0.5k =k /ko=81,=1,15,2,25,3. A damag

changes in rather short finite times 7,, according to (4.19). This is to a degree consistent with the experimental results for
polymers [11], where damage does not noticeably change under constant strains.
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