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1 INTRODUCTION

Failure of structures in creep conditions results from time-dependent
process of material deterioration. A number of theories attempt to describe
this process using different damage representation.

The complexity of the problem is reflected - among others aspects like nonli-
nearity and temperature dependence - in fact that in general it is composed
of three stages:

i/ nucleation of a macroscopic defect in the point (or points) of a structure,
as a result of dispersed damage growth, denoted in [1] as First Crack
Appearance (FCA),

ii/ propagation of these macro-cracks understood as points assemble in which
damage parameter reaches its critical value to form a through-body macro-
crack, '

iii/ formation of a net of macro-cracks leading to overall collapse of a
structure.

Corresponding times will be denoted below by t with subscripts related to

appropriate stage of a failure process (tI, tII, tIII).

In previous papers by authors (e.g. [1,2,3]) the analysis performed for
plates was limited only to evaluation of tI, as normally the time interval

(O,tI) consumes the most part of structures’ life-time. However, the ratios

of tI/tII or tI/tI depend on many factors like material properties, mode

II
of failure, and/or boundary conditions imposed on analyzed structure.

The main goal of this paper is to extend the analysis onto evaluation of
tI/tII ratio for plates. It will be shown that - depending e.g. on boundary

conditions - this ratio may be small enough to motivate the analysis which
covers the second stage of failure process, as well.

2 PROBLEM GOVERNING EQUATIONS

The following assumptions with respect to constitutive equations were made:
i/ the total strain is decomposed into two components: elastic and creep ones,
ii/ steady state creep theory is modified by coupling with damage variable,
1ii/ damage is represented by a scalar parameter, with appropriate evolution
law, given below.

The above assumptions yield the set of differential equations which consti-
tutes the state of a material:
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e =¢"+¢", (2.1)
€= Do, (2.2)
= I'(o,0)o , (2.3)
o = Ao /(1-0)}", (2.4)
eq
where: ge, §c, o, w, - elastic and creep strains, stress and damage parameter

(0sw=1), respectively (dots stand for time derivative
of respective variables),
A, m, — material constants,
D and r- elastic constants matrix and creep material function, which
will be specified later.
The equivalent stress L in Eq.(2.4) is given by the formula:

o = o + (1-a)o , (2.5)
where o, and o stands for maximum principal tensile stress and von Mises
e

effective stress, respectively. A parameter o (0O=a=<l1) characterizes failure
mechanism mode. For a=1 the damage growth occurs on grain boundaries
perpendicular to maximum principal stress, whereas a=0 is associated with
grain slides. The intermediate values of « correspond to mixed modes of
failure. For plane stress condition the respective limit curves for a given
time to failure are shown in Fig.1.
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Fig.1. Failure loci for constant Fig.2. Plate notations
time to failure

With equilibrium equation:
dive=20, (2.86)
and strain - displacement relationship:
e=Lu, (2.7)

where L 1is differential operators matrix, the equations given in this para-

graph form the set of pfoblem governing equations.

3 NUMERICAL ASPECTS AND SOLUTION STRATEGY

The Finite Element Method was used to solve the problem of failure of plates.
The layered shell elements derived from the three-dimensional equations of
continuum mechanics by use of degeneration method [4,5] were employed here.
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According to this approach stress component normal to the mid-surface of a
plate was neglected and five degrees of freedom were specified at each nodal
point corresponding to its three displacements and the two rotations at the
node. As the degrees of freedom connected to displacements and rotations are
independent, thus this approach is equivalent to the hypothesis of Reissner
[6] and Mindlin [7] theory of plates. It enables the analysis of thin plates

as well as moderate ones.

For the theory employed the strain and stress vectors take the form:

e=[le ,e,e ,e , ¢ ]T , (3.1)
= x y Xy Xz vz
T
oc=[oc,oc,0c ,0 ,0 1 R (3.2)
- X y Xy Xz yz .
(cf Fig.2), and D and I' are:
1 v 0 0 0 - n-1 1 -172 0 0 O
E v 1 0 0 0 e -1/2 1 0 0 O
D=—— [0 0 1v/2 0 0 [, [le,0) =7 o 0 3 0 0|,
1-»° [0 o 0 1-v/2 O (1-0)" | o 0 0 3 0
0 0 0 0 1-v/2 0 0 0 0 3
(3.3)
where E, v, ¥ and n are material constants.

In the computer code the layered isoparametric 8-node Serendipity shell
elements with reduced integration were imployed. Ten layers and two points
Gausian quadrature for volume integration was adopted.

For time integration Euler’s procedure was used. Details of the algorithm
and conditions for numerical stability and accuracy of solution are given in
[2]. The time tI is identified with w=1 condition (with chosen numerical

accuracy) fulfilled in any layer and Gaussian point, but the integration
procedure is terminated only when in all ten layers the above condition is
met at time tlf

4 EXAMPLE ANALYSIS
Two decisive parameters were chosen out of all these which can influence
tI/tII ratio, namely mode of failure reflected by the values of « parameter

and boundary conditions. In the latter case two characteristic supports on
all edges of a square plate were distinguished: clamped and simply supported

Table 1. Times tI and tII for simply supported and clamped plates.

o Simply supported plate Clamped plate
t_ [n} t [h] [t _/t t_ [h] t [h] [t _r/t
I 11 1 11 I I1 I 11
0 |[2.3696-10*|2.4853-10% |0.9534(3.9457-10% |4.7417-10° |0. 8321
0.5 [[2.6800-10%|2.9561-10* |0.9065(2. 2354- 10°% |4. 0919-10° |0. 5462
1 [1.8376-10%|2.1187-10* |0.8673|0.9213-10° |2. 0694 - 10% | 0. 4452
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one. In numerical examples plates side length was 1.0 m, the thickness - 0.01
m, uniformly distributed load p=0.2 MPa and material properties that of
Ti-BA1-2Cr-2Mo titanium alloy at 675 K [8]. Due to symmetry of the structure
only one quadrant of a plate divided into 64 elements was considered.

View from the botton of the plates View from the top of the plates
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Fig.3. Fractured layers of simply supported plates as seen
from the bottom and from the top (loaded surface)
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Table 1 gives the values of times tI and tII and its ratios.

Figs.3 and 4 show the bottom and top view of plates surfaces with number of
layers in Gaussian points fractured at time tII for three values of a=0, 0.5,

and 1. The arrows indicate place of FCA at time tf
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Fig.4. Fractured layers of clamped plates as seen from
the bottom and from the top (loaded surface)
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S CONCLUSIONS

The following observations can be made on the basis qof obtained results:
i/ Redundancy of the plates influences essentially the ratio of tI/tII and

it can reach as low value as about 44% for clamped plate and a=1. In general,
the propagation stage (tI, tII) is of shorter duration for simply supported

plates than for clamped ones.
ii/ The value of « influences in regular manner the ratio of tI/tII: smaller
the value of « higher the ratio of tI/tu. It is obvious in the light of

fact that a=0 1implies fracture process initiated and progressing from both
outer surfaces of the plate.

iii/ Locations of FCA and that of through-plate failure at time tII do not

coincide. The influence of « on this discrepancy can be significant (cf the
case of a=0 for clamped plate). The interesting phenomenon of failure zone
branching can be observed in the cases of «=0.5 and a=1.

The analysis performed demonstrates the ability of employed model to
describe progressive failure of structures in creep conditions. The next step
should include the last stage of failure process i.e. that which leads to the
structure collapse by making it kinematically unstable.
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