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ABSTRACT,

This is the first part of an investigation dealing with the global load-

displacement behavior of a stationary center cracked panel in which material

damage is accumulated for each increment of loading. The finite element proce-

dure was used where the local stiffness in regions ahead of the crack undergo

changes in accordance with a predetermined failure criterion. The resulting

non-ilinear behavior of the load-displacement curves are obtained by two differ-

ent damage models. Growth of the crack will be considered in the second part

of this work.

The proposed damage concept models the development of .1 crocracks and/or

voids ahead of a macrocrack by altering the local stiffness. As the material

elements are damaged, the linearly elastic behavior changes to pseudo-linearly

elastic behavior, under the assumption that any energy dissipated due to micro-

crack generation is no longer recoverable upon unloading. No other dissipativeI

mechanism is assumed.

A Single Damage Level model was based on a "damaged/undamaged M evaluation

of each finite element in the panel specimen. The damage threshold was based

on the elastic strain energy density at the yield stress level of an uniaxial

tensile test specimen. The effect of damage on the bulk material properties in

the damage zone were taken to be a reduced secant elastic modulus consistent with

the uniaxial tensile test specimen and with the effective elastic properties of

the microcracked portion of the medium. The damage status of the element was

the independent variable of the model, subject to the failure sequence of all

elements determined by the strain energy density ranking of each element. The

applied load necessary for a given element to reach the strain energy density

value at yield stress was the dependent quantity of the model.



A Multiple Damage Level model incorporated twenty-four discrete values of

the secant elastic modulus of a specified uniaxial tensile specimen true stress-

true strain curve. The strain energy density level at yield stress was taken to

be the damage threshold level. The value of the secant modulus representing the

highest level of material damage was chosen to be consistent with the ultimate

stress and ultimate strain values of the tensile specimen curve, and the effec-

tive elastic properties of the microcracked portion of the medium. The applied

load was the independent variable which determined the level of damage in each

element of the model for a given load. Note that this is in contrast to the

Single Damage Level model, where the reverse was true.

-2-



INTRODUCTION

There is increasing concern in the field of continuum mechanics that the

interaction between changes in material properties and material behavior, due

to damage in the form of microcracks or other defects, is not being distinguished

and assessed quantitatively. In recent years, attention has been focused on

studying the accumulation of physical defects in the solid as it is being loaded

and observing the changes in the state of stresses and strains. This differs

fundamentally from the classical formulation of constitutive equations that do

not address the physical damage of the material.

In order to develop more realistic constitutive relations that reflect the

occurrence of irreversibility caused by physical damage of the loaded material,

the behavior of a center cracked panel (Figure 1) under unidirectional tensile

loading perpendicular to the crack has been studied in detail. Such a specimen

features a macro-defect in the form of a symmetrically located crack, whose

length is of the same order of magnitude as the specimen size. Under sufficient-

ly high loads, the macrocrack would be expected to increase in length. For some

value of the load, the process will become unstable and result in failure of the

panel.

A specimen made of a "ductile" material would be expected to develop damage

at a lower scale level In the form of microcracks and/or microvoids. These de-

fects my be initially present in the material, or may coalesce from the move-

ment of dislocations and other defects at an even smaller scale, i.e., the atomic

scale. In the presence of a macrocrack, such regions are known to exist ahead

of the crack tip on both sides of a two-ended crack. The latter regions, common-

ly identified as "plastic enclaves" In the classical theory of plasticity, have

-3-
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been the subject of much attention since the dimensions of such regions can be

significant when compared to the crack length. The microcracks themselves will

produce microplastic regions ahead of both crack tips, also. Their effect on

the propagation of the macrocrack is not yet fully understood

In order to develop a model of the processes described above, it is assumed

that the strain energy density, dW/dV, per unit volume of material, is the quan-

tity that reflects material damage at the micro level, as well as the length and

direction of macrocrack propagation at the macro level . The term "material dam-

age" will refer to processes which utilize strain energy at the continuum scale to

produce irreversible changes in the material. These changes will in turn affect

the local material behavior as a result of the formation of microcracks, micro-

voids or coalescence of these defects.

Delameter, Herrmann and Barnett have considered the two dimensional problem

of a doubly periodic array of cracks with equal length 2a. The cracks are paral-

lel to the x-axis and perpendicular to the y-axis. Dislocations have been used

to describe the discontinuity in the displacement field which exists across the

cracks. The resulting singular integral equations of the first kin have been
.10

The terminology "small scale yielding" refers to relative size of the plastic
enclave as compared with crack length and has caused much confusion when using
elastic-plastic solutions of a crack in an infinite medium, i.e. containing no
specimen dimensions. It has been shown in [9] and discussed in t13] that the
plastic enclaves can be many times greater than the crack length and the state
of affairs near the crack is still essentially elastic because the stored elas-
tic energy in an infinite medium ahead of the crack Is always much larger than
the stored elastic-plastic energy in the enclaves that are finite in dimension.
An additional length parameter other than the crack length such as specimen dimen-
sion or plate thickness is required for analyzing the influence of plasticity onJi the global behavior of a specimen or structural component.

It is considered to be pertinent that the failure criterion at bth the micro
and macro level be consistent in order to minimize the introduction of arbotrari-

ness ito the model

_ _ _ _ ... .. _ _i -



numerically solved. This formulation accounts for the interaction of the periodic

cracks. The effective elastic constants of the medium with elastic modulus E,

shear modulus G, and Poisson's ratio v are calculated on the basis of the strain

energy density per unit thickness. In plane strain, the relation for strain en-

ergy density is

dI 2 02 va a T2(1

i N if +i|I

for a medium in the absence of cracks, and is equated to the relation for a

cracked medium,

(2) .2

Here, AE/bd is the energy density change due to one crack in the material, with

a spacing between adjacent crack centers of b in the y-directbon and d in the x-

direction. For a crack subject to Node I loading,

AE1 " wo2a2(1-v2)B/E (3a)

while for Rode II loading,

&Ell - W02a2(1-v2)BI/E (3b)

where BI and Bi! are coefficients which are functions of the distances b and d 4

between cracks. For mixed mode loading, the total energy is given as

AE AEI + AEII

-6-
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The bulk properties of the cracked medium are orthotropic and calculated to be:

Ex - E (4a)

1XY a V (4b)

E 1 (4c)?- -V +(2Wa2BI/bd)

1+(2,a2e 11G/b E) (4d)

The asymptotic values of Ey and G are found to be

lim ,E- I (5a)
(2a/b)- I +

and

1. Gx6Y -o (Sb)
(2a/b)-w-

The first expression implies that a value of Y/E greater than 0.5 will be the

asymptotic value of EYE unless the uncracked ligament d-2a between any two

collinear cracks becomes as small as the crack periodicity, b, in the y-direc-

tion. This is one indication that high crack densities may still result in a

significant effective elastic modulus of the bulk material. The shear modulus

is reduced significantly by this formulation, to a limiting value of zero.

Gottesman, Hashin and Brull have investigated the upper and lower bounds of

the effective properties of a cracked meditum using the principals of minimum po-

-7-
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tential and minimum complementary energy, respectively. For two dimensional

plane strain, the change in energy of the total body under uniform loading in

the presence of a statistically homogeneous crack distribution will be for m

total cracks,

a2 C( aa T

AWM12 +xV+ W (6)

where V is the volume of the body and AWm is the energy change associated with

each crack. For a crack,

I o1 0 ,. r, (7)

where [ui] is the displacement discontinuity across the crack face, Sm is the

nth crack surface and nj is the unit normal to the crack surface. Alternately,

in terms of the stress intensity factor, the following expression is obtained:

a m

Aw, - (-V 2) f [IK2 + K21 + (l-v)K2iz]dx (8)
0

where a, is a crack length parameter and K1, K,, and Kii1 are the Mode I, II and

III stress intensity factors, respectively.

If the uncracked body is isotropic, and if the crack distribution is sta-

tistically isotropic also, then the effective bulk modulus 7 and shear modulus

Scan be expressed in the form

- +1 1 (ga)

-8-
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and

+1 I (9b)

where the quantities 1/AK and I/AS are functions of the displacement disconti-

nuities across the crack surface and the globally applied stress.

For the case of low crack density, the upper bound calculation Is performed

using the principal of minimum potential energy. This solution does not con-

sider crack interaction. A crack density parameter a, of the form

I z a2 (10a)

for two dimensional problems, and

IvEa b2  (l0b)
mmm

for three dimensional problems are introduced, where am and b. are crack dimen-

sion parameters. The results for randomly oriented circular cracks are

Eupper - E/1 + l6a(1-v 2 )(10-3v)/45(2-v)] (Ila)

Supper - G/1 + 32a(I-v)(5-v)/45(2-v)] (llb)

where, for circular cracks of radius a

-9-
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The lower bounds are formulated in terms of the material properties of the

uncracked medium, the crack density parameter a, and crack geometry parameters.

This last condition is quite restrictive in calculating lower bounds since it

requires information on each crack in the general case of random geometry cracks,

i.e.,

Elower =E f f(cambmcm)dam  (12)

where am, bm and cm are crack geometry parameters.

Despite the difficulties inherent in the lower bound formulation, the upper

and lower bounds for selected crack geometries are found to be within a few per-

cent of each other in most cases considered. The results found by Delameter,

Herrmann and Barnett lie within the predicted upper and lower bounds.

Budiansky, O'Connell and Hoenig have applied the self-consistent procedure

to the problem of dry, as well as moisture saturated cracks in an elastic medium.

By equating the potential energy j in a representative volume element of a solid

with distributed cracks to the potential energy # in the original material plus

the change A# due to the cracks, an expression of the form is obtained:

" p " -
i  E a3f(;) (13)

where the quantities with the over bar refer to the cracked medium. In equation

(13), p is a hydrostatic state of stress, V is the volume of the body, K is the

bulk modulus, E is the elastic modulus, v is Poisson's ratio, and a is a crack

length parameter. The function f is a non-dimensional shape factor dependent on

&l -lO-v -



crack geometry

For the case of uniaxial tension ao applied to the body,

S2V -2 _ [2- a3f(;) + T2E a3g(;,B)) 14-j [ m-- a X ag ) (14)

Another non-dimensional function g is introduced in conjunction with the resolved

local shear stress T at the crack edge. The angle 0 is dependent on the orienta-

tion of the cracks. The function f is associated with the resolved local tensile

stress a perpendicular to the crack edge.

The effective elastic modulus E, effective bulk modulus V, and effective

Poisson's ratio ; are assumed to follow the conventional relation

f - 3K(l-2) (15)

Thus, three equations and three unknowns exist to determine the material con-

stants of the cracked medium. The effective shear modulus can be calculated

from these three. Assuming that some knowledge of crack size and geometry is

known, in the statistical sense, the sunmation terms in the potential energy

expressions can be replaced by correlated or uncorrelated averages of a, f(;),

and g(;,).

In order to evaluate the functions f and g, the average crack energy is

calculated since this is the negative of the potential energy change. The ex-

Note that the critical assumption made Is that the crack behaves as If it lies
in the medium influenced by the other cracks. This medium exhibits the effective
material properties of the cracked medium. Thus, crack interaction is addressed,
but without considering each crack individually.

.11 -
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pression discussed above, equation (8), which utilizes the three stress intensity

factors, is used for these calculations. Once this is accomplished for the

crack geometries under consideration, the material properties can be calculated

using a crack density parameter

2N A2  (16)

where N is the total number of cracks, A is the crack area, P the crack perim-

eter, and the brackets denote ensemble averaging. This is similar to the one

cited by Gottesman, Hashin and Brull, as can be seen for the case of all circular

cracks in the medium, for which

C - N <a3> (17)

The self-consistent method, Interestingly enough, predicts a value of c 9/16

which results in 0 0, which is shown to imply n/E and E/K . O. Thus, while

not a rigorous criteria for material failure, this value of e could be inter-

preted as corresponding to a condition of Instability In the material based on

crack size and population.

For all values of O<v<0.5, the material properties are found to be preserved

to at least 40 of their original value if £ does not exceed 0.2. This is for

the case of dry (moisture unsaturated) randomly distributed circular cracks.

The behavior of a medium with a distribution of cracks can be formlated in 4.

terms of what Eimer has labelled as pseudo-linear elasticity. Recall that a

defect free medium is linearly elastic if it is poL.UWvC komogaeoua, i.e.,

-12-
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koij(£j) oij(keij) k>O (I8a)

and, moreover, addtive, i.e.,

(Ie) e(2)3 . rC(1)] + a r(2)(

j + iJ * = tj J + ijL ij) (18b)

where the superscripts 1 and 2 denote arbitrary admissible strain fields for a

given body and boundary conditions. If the medium contains defects such as ml-

crocracks, the additive condition may be assumed to be violated. This violation

is consistent with the introduction of an eii strain field which opens the cracks

in a portion of the body, followed by the superposition of a strain field 
2)

which would close some or all of the cracks which were open. If the condition

of positive homogeneity is retained (implying that open cracks would remain open

and closed cracks would remain closed upon amplification or attenuation of cij

by a positive factor k),the material behaves in a pseudo-linear fashion. The

crack closure process is considered reversible on the assumption that no tangen-

tial forces develop during closure. The material behavior is thus reversible

upon unloading from both tensile and compressive stress fields. Only microcrack

propagation my be assumed to dissipat elastic energy since the matrial itself

is by definition linear.

In this investigation, the results for a center cracked panel specimen in the

absence of macrocrack propagation are presented. Macrocrack growth is being con-

sidered and will be reported separately. The Strain Energy Density Theory of

fracture, as proposed by Sih C12,133 will be used to predict mcrocrck growth

in conjunction with the microdamage models to be discussed below. This approach

to the problem separates the effects of micro and macrodamage. By comparing these

-13-
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results with the combined effects of damage at both levels, understanding is

gained as to which level of damage predominates the specimen global failure

process for different structural materials.

The primary concerns in this investigation have been (1) the influence of

damage on effective material properties, and the relation of this to (2) the

global specimen behavior. Not directly addressed at this point, but of parallel

concern, are the means by which the effective properties of a material in both

the virgin and damaged states are obtained experimentally. These and subsequent

analyses should provide greater understanding of the relation of tensile test

specimen data to global structural behavior.

-14-



DAMAGE MODELS AND FINITE ELEMENT FORMLATION

Generally speaking, material nonlinearity* exhibited on the stress-strain

curve for metals implies irreversibility due to material damage. This being in-

herently a path dependent process is sensitive to the rate of loading as each

increment of load increase will affect the stress and strain state which in

turn governs the next increment of material damage. Hence, nonlinear stress

and failure analysis cannot be analyzed independently as in the linear case and

must be considered in sequence within each increment of loading. Failure to do

so results in unphysical and unrealistic prediction.

All stress analysis used to generate the load-displacement curves were car-

ried out on the center cracked panel specimen for a material with characteristics

of a low yield stress (ay - 35,000 psi) structural steel. The load-displacement

curves were calculated incrementally in a series of "stress analysis-material

damage assessment" increments or cycles.

The Axisymetric/Planar Elastic Structures (APES) two-dimensional fracture

mechanics and stress analysis finite element program [8] performed the stress

analyses portion of each increment. The formulation of APES utilizes quad-12

4 elements which allow for cubic displacement fields and quadratic stress and

strain fields within each element. The r 1/ 2 displacement field in the immediate

vicinity of the crack tip is embedded in the solution through the use of 1/9 to

4/9 nodal spacing on the element sides adjacent to the crack tip. The tensile

loading of the panel subjects the crack to a symmetric Mode I situation, thus

* requiring only one quarter of the physical problem (Figure 2) to be modelled by

*Global and local nonlinearity should be distinguished. The present analysis
assumes linearity for the undamaged material while nonlinear response is devel-
oped globally for each incremnt of loading.

, -15-
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440 nodes which define 77 elements. The CDC 6400 computer used in this study

typically required 225 system seconds and 132k of central memory to complete

the stress analysis for a given specimen load and damage distribution.

The damage processes that occur in the material manifest themselves by

changes in the material properties at the continuum level. The finite element

formulation allows for this by associating with each element one of up to 25 dif-

ferent material property pairs (i.e., elastic modulus E, and Poisson's ratio v).

Thus, a set of properties (E1,vl) corresponding to the initial elastic behavior

of the material, as defined from an uniaxial tensile test specimen, and up to 24

discrete material property pairs (E11v1 ) for i - 2,3,4,...,24, different instances

in the damtged material's developing history.

Two distinct types of material damage models were used to generate load-dis-

placement curves for the center cracked specimen. The exact type of damage which

accumulates in the material, i.e., the microcrack sizes and shapes, has not been

specified in detail. Rather, reasonable lower bounds on the effective properties

of the damaged material have been used to generate the bulk behavior of cracked

elastic media. The type of damage producing this bulk behavior obviously is not

unique, in the sense that a wide variety of crack distributions, geometries,

sizes, and orientation can result in the same behavior of the cracked media. The

rate of loading can also alter the bulk behavior.

The first type of model provided one of two conditions for each element in

the center cracked panel specimen, i.e., either "undamaged" or "damaged". This

simple model is interesting in two respects. First, the single level of damage

reduces the complexity of the developing damage zone. This allows the effect

of daminge in a single region (or element in this case) to be directly evaluated

-17-



without additional changes in material properties in other regions of the panel
*

specimen. Second, the damage process is considered as a sequence of "events",

i.e., changes in element material properties from the undamaged to the damaged

states. Thus, the damage process is discretized to one element at a time.

The damage in the panel specimen was assessed In the method outlined below.

After each stress analysis of the center cracked panel, the undamaged elements

were ordered in terms of decreasing average strain energy density. Ideally,

each element experiencing damage would specify an applied load increment, thus

producing the unique element damage sequence and load-displacement curve for each

panel specimen. Due to constraints on computing, however, multiple element dam-

age was used to generate the load increment subject to the upper and lower bound-

Ing criteria for the load increments discussed in Appendix A. By incrementing

the damage of the elements beyond the initial increment in groups typically no

longer than five elements per increment, load displacement curves consistent with

the damage model and bounding procedures were obtained. The change AS/V t in panel

stiffness S per the ith damaged element volume V, was small when compared to the

overall panel stiffness value. In the event that the damage region of the pre-

vious increment enhanced the dW/dV value of an undamaged element to a value indi-

cating failure at the prior load, the failure of such an element could be incor-

porated Into the next damage incremnt with a negligible effect on the overall

characteristics of the load-displacement curve.

Two analyses of the center cracked panel were performed using the Single Dam-

age Level model. In both cases, the strain energy density at the yield stress,

(dW/dV)ys a 2 , of a uniaxial tensile specimen was used as the criterion by

To the ordinary mind, the material damage is a discrete process for the simle
reason that continuity cannot be conceived physically but only in the limit as a
mathematical process..

ii i i I I _11 iJ-18-
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which the damage process would occur in the material. This is consistent With

the assuption that the nonlinear behavior of the tensile specimen coincides with

the onset of elastic energy dissipation to damage processes. The damage status

of the ith element is determined according to the following

did dWd( a
(dy) . (a) ys Undamaged Material(1a

di >dNWy Damaged Material (19b)

In the first application of the model, the damaged material elastic modulus

was assumed to be a factor of 0.8 times the undamaged modulus obtained from the

uniaxial tensile specimen (Figure 3). For the second application of the model,

the damaged material elastic modulus was taken to be a factor of 0.6 times the

undamaged modulus (Figure 4). Since crack propagation is not addressed in these

analyses, the exact form of the material's true stress-true strain curve (Figures

3,4) is rather arbitrary beyond the yield point. This is due to the independence

of the microdamage model on the critical strain energy density, (did/dY)cr, which

is attained at fracture of the tensile specimen.

The second damage model used to generate a load-displacement curve for the

center cracked panel specimen was based on 24 discrete damage levels (Figure 5)

of the virgin material. (Recall that 25 different materials can be incorporated

into the finite element formulation). This model will be referred to as the

Mukltiple Damage Level Model. The 24 damage levels were defined on the basis of

equal multiple elastic secant modulus reductions. The 24th is defined from the

ultimate stress and strain, aU and eu of the true stress-true strain curve.

* Since each of the 24 damage levels is attained at a different value of strain en-

orgy density, the true stress-true strain curve must be explicitly given (Figure
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5). For this analysis, the form used was

a = Acn (20a)

The constants were evaluated for a structural steel with the following properties:

Undamaged Modulus E1 = 30.0 x 1O6 psi

Yield Stress ay = 35,000 psi

Ultimate Stress Ou = 41,500 psi

Ultimate Strain eu = 0.0023

For this material, the stress-strain relation is

a = 190500 £0.251  (20b)

For the onset of damage in the material, the strain energy density in the ith

element must be

dW dW (1

ys

For the kth level of damage in the material, characterized by an elastic modulus

of Ek, the strain energy density in the ith element must be

dW dW dW (22)
k i k+I

where, for the form of the given stress-strain relation

-22-
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(d k C y ek
dy) - f ode f ode + f ode

o o ey

) s A (n+l - n-1
N( + l+-'(" -ys

1 A n+l n-1 (23)
7 + n+T (ek ys )

The load P is the independent variable in this model, since all elements

have the potential to sustain damage at a given load. The increment of the load

P can be arbitrarily chosen within the limits of upper and lower bounds (See Ap-

pendix A). This is in contrast to the Single Damage Level model, where the dam-

age level is the independent quantity governing the applied load (Figures 6 and

7).

The concept of the mean damage level J and damage center (Vdyd) have been in-

traduced in order to quantify the damage zone in terms of a scalar magr'tude and

its position in the panel specimen. The mean damage level i is defiid- on the

basis of the discrete reductions in elastic modulus. Defining the damage In the

ith element as the fractional reduction in the elastic modulis by

E1-Ek
d l M- k (24)

The mean damage level i is calculated as

7diV (25)

Elements which have not reached the (dW/dV)y damage threshold, of course, have

values of dI equal to zero. The coordinates (7d.7d) of the damage center are de-

-23-
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fined on the basis of the first moment of the damage distribution

Xd 3 ti idivi (26a)

= -l d V i - 1,2,...,n d  (26b)

where nd is the number of elements having damage at the applied load. This is

simply the discretized form of first moment integrals with the density function

taken to be the damage level. The xi and YJ coordinates are the coordinates of

the ith element centroid.

The locus of the damage center coordinates at each load serves as an indica-

tion of how the material damage, as defined by the models incorporated here, is

being distributed in the center cracked panel. The crack tip is the origin of

the locus of points, and the subsequent curve is indicative as to whether the

lower levels of damage at the periphery of the damage zone, or the higher levels

nearer to the crack tip are predominating the damage accumulation process at a

given load increment. Also, the effect of the free boundary ahead of the crack

can be evaluated as to its ability to influence the damage zone's direction of

propagation. Typically, one would expect the damage zone boundary to propagate

more toward the free surface as the zone size becomes significant with respect to

the uncracked ligament length.

2
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LOAD-DISPLACEMENT RESPONSE

Two load-displacement curves are given that were generated from the Single

Damage Level model (Figures 8 and 9). Theapplicatlon of these models, with

"damaged" modulus values of 0.8 and 0.6 times the undamaged modulus respectively,

results in decreasing stiffness values of the center cracked panel (Figure 11).

Qualitatively, the nonlinear global behavior of the panel specimen has been re-

covered by the application of a simplified model accounting for material damage

in the form of microcracks.

One load-displacement curve is given which was generated from the Multiple

Damage Level model (Figure 10). Recall that the 25th set of material properties

of the Multiple Damage Level model are identical to those of the damaged material

properties used in the second case of the Single Damage Level model. A comparison

of this nonlinear curve to those already mentioned shows that the Multiple Dam-

age Level model results in a load-displacement curve and panel stiffness similar

to the first Single Damage Level model. This is to be expected since the mean

secant elastic modulus in the damage zone is found to be between 2.5 x 107 and

2.6 x 107 psi, greater than either case of the single level model but closer to

the first Single Damage Level model (Figure 12). This indicates that both models,

one based on damage increments and one on load increments, are capable of producing

reasonable global response estimates of the panel specimen response to applied

loads.

The propagation of the damage zones (Figures 13,14,15) is seen to be somewhat

different in each of the cases considered. The shape of the damage zones for

the Single Damage Level models shows significantly more damage directly ahead of

the crack for the second case. This fact, which results in a smaller undamaged

-26-
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ligament length, is probably-the primary cause of the decreased global stiffness

of the second case. Thus, higher damage levels in the enclaves on each side of

the crack tip tend to enhance the strain energy density field ahead of the crack

tip. This produces damage ahead of the crack at lower applied loads. For lower

levels of damage, this effect seems to be reduced, preserving the undamaged liga-

ment at higher applied loads.

Despite the differences in damage zone propagation, the damage center loci

(Figure 16) show interesting similarities. The shape of all three loci are

basically the same. Initially, for loads less than 1.8 x 105 pounds, the damage

center follows the direction 80 = 1-2v of maximum strain density in the neighbor-

hood of the crack tip, as discussed by Sih [13) for a linear elastic body. At

higher values of the applied load, the damage center begins to move toward the

free surface ahead of the crack tip. This seems to indicate that the effect

manifests itself at a particular load, independent of the specifics of the damage

models being used. This movement of the damage center may be significant in re-

lation to the onset of macrocrack growth. It may be produced as a result of the

damage zone size and geometry itself, the influence of the free surface ahead of

the crack tip, or a combination of the above.

The mean secant elastic modulus (Figure 12) remains relatively constant with

respect to the applied load for the Multiple Damage Level model. (This is, of

course, by definition the case for the Single Damage Level model). Thus, the

net increases in damage at higher loads near the crack tip are offset, in the

averaging process, by the comparatively lower damage levels developing in the

peripheral areas of the damage zone.

-36-
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The suppression of macrocrack growth as applied in these analyses undoubted-

ly has an effect on the damage zone development in the panel. However, the con-

sideration of this artificially constrained situation is essential in order to

separate and explain the combined phenomena of micro and macro damage propagation

in the panel specimen. The use of strain energy density in the criterion, as ap-

plied here, describes the level of damage in the material around the crack tip.

It can be applied with consistency to the propagation of the macrocrack itself,

In accordance with the theory presented by Sih (12,13], thus unifying the criteria

for irrevers;Dle processes, of the types considered, at two different scale lev-

els. It should be recalled that the microcracks in reality are accompanied by

microplasticity in the sense of dislocation movement and the development of slip

lines near the microcrack tips. This dissipative mechanism has not been included,

thus keeping the problem elastic between each damage or load increment, and dissi-

pation only in the sense of microcrack formation (with macrocrack extension

treated in the second part of this work). This is in contrast to the more com-

mon approach of using the von Mises criteria of classical plasticity theory to

describe the size and shape of the plastic zone around the crack, and a separate

crack propagation criteria based on either a maximum stress component, strain

component or stress intensity factor.
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CONCLUDING REMARKS

The application of two different damage accumulation models, based on the

strain energy density level in the material at the cootinumu'scale,-has been-used

to generate the global load-displacement curves for a center cracked panel in

the absence of macrocrack propagation. These models have qualitatively shown

how such a criterion has the potential to be interpreted in terms of a specific

damage mechanism at, or below, the continuum scale. Further ,investigation shold

address the details of these damage mechanisms end the-way In which Ohey influet

ence the effective material properties of the material. This, in turn, would

lead to improved..damage accumulation models and & better understanding of..the

effects material damage has on the behavior of structural mbrs.

da Damage models which incorporate two or more mechanisms undoubtedlywould

ACt suit in a more complete formulation of the problem. The details of.-initiation-.

and propagation processes of microcracks will provide insight into the energy..-

dissipating processes which occur at this scale,- With this information, the ten-

sile test specimen.dimnsions my be specificallychosen on the basis of the dip-

age processes which the speciqen 'seeks .to reflect. The continuum properties Ob

taned from the specimen's true stress-true strain curve will then correspond to

the processes that are actually occurring in a structural member. The appropriate

choice of variables, which will be capable of describing the state of damage in

the material, can then be incorporated into the constitutive relations for the

material. These relations will directly relate material damage at the continuum

scale to the global behavior of a structural member.

-
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APPENDIX A - DISCUSSION OF UPPER AND LOWER BOUNDS OF GENERATED

LOAD DISPLACEM4ENT CURVES

In the Single Damage Level Model, the sequence in which the finite elements

of the center cracked panel specimen fall is unique, since the value of the

strain energy density in each element is the result of a unique stress field.

When multiple element failure is used to generate the damage increment in this

model, the question arises as to how much of a damage increment can be introduced

while still producing a physically realistic load-displacement curve. Discussion

of reasonable upper and lower bounding procedures is included here for this pur-

pose.

Consider the mth portion of the generated load displacement curve (Figure

A1.1) for the center cracked panel with a stiffness Sm. Prior to accumulating

the damage resulting in this stiffness, which occurred at an applied load of

Pr1 the stiffness of the panel was Sin1 for the m-l segment of the curve.

Note that in the context of the pseudo-linear elastic material formulation used

in the damage model, all portions of the load-displacement curve (except those

corresponding to the damage increment) extrapolate back to the origin of the

P-6 axes. Regressing further along the curve another increment yields the m-2

segment, with local stiffness Sin2 and the applied load Pr-2"

Define the tangent stiffness S; as the slope of the line passing through the

points on the incremental curve labelled "AN and "B". Thus,

so* a e.6A  (Al)
m-

-42-
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This is, of course, simply an approximation to the actual tangent stiffness,

aP/36.

From the physical behavior of a center cracked panel made of a ductile mate-

rial, in the absence of crack propagation, one would expect a smooth load-dis-

placement curve to develop. The slope of the curve should remain constant or

decrease, implying

at  a
a a < o (A2)

This condition, as applied to the incremental load displacement curve through

the value of St , sets an upper bound to the applied load

Denote by a dark circle "*" those (Pa)j points on the mth local stiffness

curve where the jth element will fail. These elements are below the upper bound

set by the intersection of the S; and the Sm lines which define an upper bound

applied load Pupper All other elements, labelled with an open circle "o", which

have not accumulated damage at an applied load less than or equal to PM-1 must

lie on the secant modulus line at points corresponding to loads P which lie

above Puppet" Failure of any of these elements would produce a physically un-

realistic load-displacement curve.

t
Alternately, a tangent stiffness St my be defined as the slope of the line

passing through the points A' and B' on the incremental load-displacement curve

(Figure A1.2). In this caseL
t Pm-i1Pm-2

S; 8B'8aA'

I i -44-
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This, also, is an approximation to the actual tangent stiffness, 8P/aS.

If the physical behavior of the center cracked panel is considered, it should

be clear that due to identical reasons as discussed above,

as (A4)

i.e., the tangent modulus should not increase with increasing load. This condi-

tion will be satisfied if the nth damage increment produces a displacement incre-

ment As. such that the displacement subsequent to the damage accumulation incre-

ment is greater than that defined by the tangent stiffness line. The failure of

an undamaged element, (along with those undamaged elements having a higher strain

energy density for the applied failure load), is denoted by a dark circle "e". On

the mth local stiffness curve, this defines the groups of elements which satisfy

this lower bound by producing a sufficiently large displacement increment Adm .

The other undamaged elements, labelled with an open circle "o", define those

sets of damaged elements which would not satisfy the lower bound since an insuf-

ficient displacement increment A6 would be produced.

In the case of the Multiple Damage Level model, the same approach is used

with the following difference. The load increment is the independent variable,

requiring that any load Pm satisfying the condition Pr- 1 . Pm .< Pupper satisfies

the upper bound. The resulting damage increment Adm must in turn satisfy the

lower bound.

In application, it should be noted that the upper bound can be used to insure

that the applied load Pupper is not surpassed in choosing the damage increment. V
The lower bound, however, can only be used to check on the choice of the applied

-45-
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load P. since the displacement increment must be calculated in order to be com-

pared with the lower bound tangent stiffness line.

-46-



APPENDIX 2.1 - SINGLE DAMAGE LEVEL MODEL NO. 1 ELEMENT DAMAGE SEQUENCE

Element Damage Sequence (First -Last)

SNo. 1 56 57 55 66 72 58 60 59 53 61

I No. 2 67 73 44

No.3 45 62 52

f No. 4 68 74 36 37

NO. 5 43 46 63 38

APPENDIX 2.2 - SINGLE DAMAGE LEVEL MODEL NO. 2 ELEMENT D AMAGE SEQUENCE

Element Damage Sequence (First -,,Last)

N.1 56 57 55 66 72 58 60 59 53 61
No. 2 67 73 44

.~No. 3 62 45 68 74 52

No. 4 63 46 69 75 38 43

SNo. 5 37 36 47 64 70 -76 39 29
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