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ABSTRACT

A methodology is described which uses finite element analysis of

various laminates to computationally simulate the effects of

delamination damage initiation and growth on the structural

behavior of laminated composite structures. The delamination

area is expanded according to a set pattern. As the delamination

area increases, how the structural response of the laminate

changes with respect to buckling and strain energy release rate

are investigated. Rules are presented for laminates of different

configurations, materials and thickness. These results

demonstrate that computational simulation methods can provide

alternate methods to investigate the complex delamination damage

mechanisms found in composite structures.
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The high strength-to-weight ratio and the ability to tailor the

composite strengths and behavior according to design requirements gives

composite materials a distinct advantage over some of the more conven-

tional structural materials. But in order to use these composite mate-

rials to their full advantage, a complete understanding of the damage

mechanisms encountered must be achieved. Also, as composite materials

are used for the more critical components, such as turbine blades, pri-

mary airfoils, etc., a more accurate prediction of the structural be-

havior and fracture of these components is required.

Unlike conventional materials, the failure modes encountered in

compcsite materials are far more complex. This is due to the presence

of both fiber and matrix constituents which possess markedly different

material properties and which result in complex fiber-matrix interac-

tions not found in other materials. Some of the damage mechanisms

found are fiber-matrix debonding, fiber breakage, transply cracking and

interply delamination. These failure modes can occur either individu-

ally or in combination. Also, they are found to be micromechanical as

well as macromechanical in nature and as a result can be present long

before any visible evidence of damage can be observed. Because of this,
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it needs to be determined to what degree the various damage mechanisms

affect composite behavior. This type of knowledge would be important in

all phases in the iJfe of the structure; design, fabrication and in-

service life.

Of the failure modes mentioned, two of those, transply cracking

and interply delamination, are considered matrix dominated failure

modes. That is, these forms of damage occur in the lower strength,

brittle matrix material. The damage mechanism of interply delamination

is what will be the focus of the study undertaken here.

Interply delamination may form due to a variety of factors. In

the actual fabrication of the laminate, problems such as the possible

introduction of a foreign particle between the plies, or voids during

the curing process, could produce delaminations. Also, during the in-

service life, the structure could be subjected to an impact by an ob-

ject and thereby cause a near-surface delamination to form.

The most prevalant delamination problem to receive attention is

that of the free-edge delamination. This form of delamination has been

attributed to the presence of high interlaminar stresses along the free-

edge. Some of the past work has been in trying to analytically deter-

mine the high interlaminar stresses present along the free-edge region

[1,2]. What was found is that the stresses actually become singular at

that point and thus cannot be expressed analytically. Because of this

and the basic complexity of the three-dimensional elasticity approach

that is required, rigorous analytical solutions are difficult to produce

and those that are available are limited to specific problems, such as,
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symmetric, uniform laminates. As soon as more realistic structural

problems are attempted, simp]-fications must be introduced in order to

make the problem mathematically tractable. For example, in studying

laminate buckling problems s_here complex behavior, such as, warping of

the laminate may be present, it isnot easy to accotmt for such effects

in the analytical approach and as a result are usually neglected.

Therefore, an alternate approach must be used in order to be able to

fully predict composite structural response.

The use of finite element techniques in studying interply delam-

ination on a local level is quite common. For example, three-dimension-

al finite element analysis has been used to investigate the previously

discussed interlaminar stresses [3,4]. Also, previous work has focused

on using finite elements to investigate the delamihation crack using a

classic fracture mechanics approach. In these studies, the focus is

primarily on the determination of critical strain energy release rates.

These quantities are used to predict the onset and growth of delamina-

tion in laminates of varying configurations, thicknesses, etc. [5-8].

But an area that needs attention is the analysis of delamination

on a global or structural level. Some work has been done to investigate

these changes in structural response. For example, the effects on edge

delamination on the laminate tensile stiffness and strength have been

investigated. Simple expressions of laminate stiffness have been de-

veloped to take into account the presence of delamination [6,9].

Another study was performed to see how prescribed delaminations would

affect buckling loads and vibrational frequencies of laminated composite
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panels [10]. Not only were experimental tests done, but also finite

element models of the test specimens were used to see if the test

results could be duplicated accurately.

Similarly, the objective of the study presented here is to use

finite element models of various laminates to computationally simulate

the effects of damage initiation and growth on the structural behavior

of laminated composite structures. This methodology has previously been

used to evaluate the strain energy release rate as a means of determin-

ing composite structural fracture toughness for composite beams due to

static load [11]. Also, the post-buckling analysis of a delaminated

laminate due to an impact load has been investigated [12]. The approach

adopted in this study is that used in reference [12]. But unlike pre-

vious studies, the delamination area is expanded according to a set

pattern, as is discussed in Chapter 2. And as this increase in delam-

ination area occurs, how does the structural response of the laminate

change? Also, the strain energy release rate is evaluated as the delam-

ination increases as a means of determining the structural fracture

toughness of the laminate.

By using computational simulation, laminates of different con-

figurations, materials and thicknesses can all be analyzed. The need to

consider a wide range of cases is necessary in order to thoroughly in-

vestigate composite behavior in the presence of delaminations and to de-

monstrate that computational methods can provide an alternate means of

investigating the complex damage mechanisms found in composite struc-

tures.
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THEORY

2.1 Approach

One of the objectives of this study is to characterize and quan-

tify the effects of delamination damage on the structural response of

laminated composite structures. This is done by choosing structural

parameters which are considered to be fundamental in the analysis and

design of a structure or component. These parameters are stiffness,

vibration frequency, and structural stability in the form of the Grit-

ica] buckling load. An additional parameter of strain energy release

rate is also chosen and used as a means of evaluating the structural

fracture toughness of the laminate.

Since these parameters have normally been measured experiment-

ally, the study is conducted in a similar n_-mer. Thus, a series of

computationally simulated experiments on various composite laminates is

performed. Using this approach allows a number of different cases to

be analyzed which is necessary to fully investigate the effects of de-

lamination on structural response and damage tolerance.



2.2 Finite Flement Models

2.2.1 Laminates l_xieled

Accordingly, the finite element models are given overall dimen-

sions similar to those of a test specimen. The model specimen's aspect

ratio of length to width is 14 to 1, with the thickness varying accord-

in_ to the number of plies in the laminate, figure 1.

In the first model, the laminate is divided into two equal lay-

ers so the delamination can be modeled in the center. This model,s

used for the [_30/90] s 6-ply center and the [_30/90/_30/902] s 14-ply

center cases.

A second model is constructed which simply included more of the

sublaminate layers. By including these additional layers, the laminate

can be modeled with multiple delaminations through the thickness. This

model is use6 for the [+_30/90/+_30/902] s 14-ply offset case.

By constructing the models in this manner, the models are quite

adaptable in that by varying the thicknesses of the two layers and the

corresponding number of plies in each, the delamination can be placed

at any location through the thickness of the laminate. For example, in

the first model, figure lc, instead of having the delamination located

at the center of the laminate, it could be placed at some distance off-

set from the center, figure le. This type of capability is used for

studying the buckling behavior of a near surface delamination, Sec. 2.6.
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2.2.2 Sublaminates

In forming the models, it is necessary to construct them so that

it will be possible to simulate delamination occurring between plies in

the laminate. In order to do this, the laminate is divided into a group

of layers with each layer representing a sublaminate. Each of these

sublaminates consists of a layer of 4-noded isoparametric quadrilateral

plate elements, CQUAD4 in KSC/NASTRAN, which are located at the midplane

of the sublaminate, figure 2. The CQUAD4 elements are used in conjunc-

tion with PSHEI_I, cards that define the thickness of the sublaminate and

the associated material properties of the CQUAI34 elements. The PSHFJ.L

card allows the input of material properties such as the membrane, bend-

ing, and coupling stiffnesses that correspond to the properties of the

group of plies that the sublaminate is representing.

The values for the material properties are obtained by using

the Integrated Composite Analyzer (ICAN) computer program [13]. This

computer program utilizes composite micromechanics, along with laminate

theory, to calculate the associated composite properties for a given

laminate configuration. Also, the program allows for different temper-

ature and moisture conditions to be used, thus allowing these effects

to be included in the analysis if desired. For these studies, ICN_ is

run with the group of plies in the sublaminate as input, and the re-

quired NSC/NASTRAN _T2 card values for the membrane, bending and coup-

ling stiffnesses are output.
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2.2.3 Boundary Conditions

The boundary conditions on the models are chosen so that realis-

tic end conditions are represented. In the cases of strain energy re-

lease rate, buckling load, and axial stiffness, one end of the specimen

is clamped with all six degrees of freedom restrained while the remain-

ing end is only restrained to prevent any out-of-plane (z direction)

translation. In the frequency analysis, one end remains clamped and the

other end is pinned with both x and z translations restrained so that no

axial displacements are allowed.

2.3 l_._lti-Point Constraints

2.3.1 l_rpose

Since the laminated structure has been divided into a series of

individual layers, it is necessary to tie these layers together. 1he
l

method used to initially connect the adjacent nodes is through the use

of multi-point constraints. These equations are implemented into the

finite element model through a series of IvIPC (multi-point constraint)

cards located in the bulk data deck. The constraint equations used form

a linear relationship between a series of nodes. When all of the con-

straint equations are in effect for each and every node, all of the in-

dividual layers will combine and act as one intact laminate with no

delaminations present. By releasing the constraints between the nodes,

the requirements set forth are no longer in effect for those nodes, and

the nodes are now free to move independent of one another. It is

through the use of multi-point constraints and bending-extensional
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coupling of the plate elements that progressive delamination damage is

simulated in the composite structure.

2.3.2 Formulation

In the multi-point constraint equation formulation, one node is

chosen to contain the independent degrees of freedom and all remaining

nodes degrees of freedom are considered dependent on the first node.

When developing the multi-point constraint equations for these models,

the requirements of elementary beam theory are satisfied, i.e. plane

sections remain plane. Also, the equations are written so as to allow

bending in both the x and y directions, enabling plate behavior to be

modeled. A group of five equations are written for each node; three

translations and two rotations. The third rotation, that in the z-

direction, is fixed for the entire model to eliminate any stiffness

singularities of the CQUAD4 plate elements used here. Thus, referring

to figure 3, the following constraint equations are formed. 2he first

group of equations for the x and y translations enforce that the dis-

placements are linearly continuous betseen plies, i.e. no slippage of

the p]ies. The through-the-thickness translations between each ply are

assumed to be equal, i.e. no separation of plies, and the rotations

through the thickness are constant.

\
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Hulti-Point Constraints

Inoplane Displacements

u |'_ = u; ÷ ey t i'_ u |'_ - u i - ey t ;'_

V i'1 = V;* ezt i'1

Transverse Displacement s

Rotati ons

v |-1 = v;- e.t i'_

W t.1 : W i = W I-1

el*l= O i : e i-I

Figure 3
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2.4 13elamination Patterns

2.4.1 Uniform Free-Edge Delamination

In particular, the delamination patterns observed in uniaxially

loaded tensile experiments are used for the free-edge delamination. In

the free-edge studies, two patterns of release sequences are used. The

first is shown in figure 4. This particular pattern will be referred

to as uniform delamination. As can be seen in fit_lre 4, the delamina-

tion begins in the center of each side edge for the composite specimen.

The nodes are tben released, according to the prescribed pattern, in a

sequential manner proceeding from the center, down along the edge, and

then inward towards the center of the specimen. As shown in the figure,

the delamination spreads slowly along the edge in the form of an element

by element advance. Once the delamination begins to spread inward, it

does so in a uniform manner whereby entire rows of elements are released

simultaneously. This delamination pattern is similar to that observed

in experiments. The patterns observed assume a slightly parabolic shape

as the delamination initially spreads inward. But, as the delamination

proceeds further inward, the parabola flattens out and proceeds as a

uniform shape. Thus, the pattern used here is consistent with experi-

mental observations.

2.4.2 Pocket Free-edge Delamination

Upon closer study of the delamination patterns observed, small

pockets of delamination are what initially appear along the free-edge.

These pockets would be the result of the formation of transply cracks.

These transply cracks are also a matrix dominated failure mode, as is
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interply delamination, and occur in those plies whose strength in the

load direction is also matrix dominated. The crack forms completely

through the thickness of the ply and usually terminates at the inter-

face uith the adjacent ply. At this point, the crack spreads along the

ply interface in the form of interply delamination. Thus, the transply

cracks result in the initial formation of small pockets of delamination

at the crack location. It sbould be noted that transply cracks are not

included in the analysis. Since small pockets seem to be the pattern in

which delamination initially develops, it is desirable to also simulate

this pattern in the study to see if it would lead to any significant

changes in the observed delamination effects. This will be referred to

as the pocket delamination pattern, figure 5. The pattern is somewhat

idealized, in that, the pockets initially are introduced at the center

of each free-edge and then are uniformly spread along the edge. The re-

maining nodes are then released between the pockets to simulate the in-

dividual pockets coalescing into one large delamination along the

free-edge. From this point on, the delamination proceeds as before.

2.4.3 Interior I)elamination

One additional delamination pattern is used to investigate the

effects of a delamination that occurs in some part of the interior of

the composite. The motivation for including this type of delamination

is that it could develop due to the impact of some object on the sur-

face of the laminate. As shown in figure 6, the dela_ination is ini-

tially taken as a small square region in the center of the laminate.

This delamination is then spread down the length and then outward to-

wards the free-edges of the laminate.
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2. S Strain l=nerb_ Release Rate

The use of strain energy release rate (SlY, R) is one of the com-

monly used indicators of how susceptible a particular lami_ ,te is to de-

lamination. In effect, the strain energy release rate gives a measure

of the amount of energy that is required to propagate a defect in the

laminate. The strain energy release rate has also been used to measure

the fracture tougl_ess of the laminate. At the point of interply delam-

ination or transply cracking, the greater the amount of energy released,

the more likely the particular damage state will occur for that laminate

configuration. The strain energy release rate allows a direct com-

parison of the damage tolerance between different laminate materials,

configurations and geometries. This provides the capability to see par-

ticular delamination influences, such as, thickness effects, material

property dependence, etc.

The methods used to calculate the strain energy release rate are

many. One of those commonly used is the crack closure method. In this

method, nodal displacements and nodal forces, at the crack tip location,

are used to determine the amount of work required to close the crack

which has been extended by an incremental amount. This in turn will

provide a measure of the amount of energy available to propagate the

crack further. This approach can be considered as a local level ap-

proach.

Since the objective of this study is to characterize the effects

of delamination using the overall structural response of the laminate,

a global approach is used to calculate the strain energy release rate.
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In this global approach, the work produced is calculated by con-

sidering the nodal displacements and nodal forces located at the end of

the simulated specimen. The nodal forces are the applied loads used in

the tensile loading case, and the nodal displacements are those at th_

same end nodes at which the load is applied. The equation given below

is that used to calculate the strain energy release rate G,

dW 1 (F 2) - (F 1)

dA 2 A

F = Loads applied at end nodes

U = Displacements at end nodes

A = £11ange in delaminated area

which simply stated, is the incremental change in work divided by the

incremental change in the delaminated area. The applied tensile load F

remains constant and the delaminated area is the amount of additional

surface area that is "opened" for that particular node release step.

The nodes are released according to the patterns discussed previously.

2.6 Laminate Post-Buckling Analysis

2.6.1 Modelin_ Considerations

An additional area of interest investigated in this study is the

localized buckling behavior of a group of delaminated plies. Here, the

delamination is modeled as a group of plies which have ,_opped-out",

i.e. separated, from the remaining part of the laminate. It is the ob-

jective of this case to determine how this delaminated region of the

laminate behaves as the laminate is subjected to an increasing compres-

sive axial load. In effect, a post-buckling analysis is performed on

(i the laminate.
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As is consistent with the other models in this study, the lamin-

ate is divided into two sublaminates at the point where the delamination

is desired to occur. A single delamination is modeled in a position

offset from the center using the 14-ply laminate (refer to figure 1E).

One sublaminate layer represents the [+30/90] plies and the other sub-

laminate layer represents the remaining [+30/904/+30/90/_+30] plies.

Since the laminate is to be _odeled with an initial "pop-out", the in-

itial coordinates of the nodes in the '_op-out" area are given a sinus-

oidal shape to simulate this "pop-out", figure 7. Note that in the

delaminated area a finer mesh is used to allow a smooth sinusoidal curve

to be used to represent the initial shape of the '_op-out". The initial

separation distance between the "pop-out" sublaminate and the remaining

laminate is set equal to the thickness of the delaminated plies (0.015

in.). No multi-point constraints are used in the "pop-out" area since

the two sublaminates have separated and are independent of one another.

The re_aining adjacent nodes of the two sublaminates are connected using

multi-point constraints of the same formulation discussed in section

2.3.

In order to see if boundary conditions have any influence on the

buckling behavior, two sets of boundary conditions are used. One lamin-

ate is analyzed as a simply supported column and another is analyzed as

a cla_ped-clamped column.
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2.6.2 Geometry Updating

The objective of this particular case is to observe the behavior

of a laminate with an initial through-the-width delamination. Specifi-

cally, since the sublaminate in the area of delamination has buckled

locally, it remains to be seen how the laminate behaves as the laminate

continues to deform. Thus, the post-buckling behavior of the laminate

needs to be simulated, which is a nonlinear problem. As the compres-

sive axial load is increased, the laminate bends further and changes

shape. Therefore, it is necessary in the analysis to account for the

changes in the geometric stiffness due to the excessive bending of the

laminate. In order to do this, the shape of the laminate used in the

finite element analysis must be updated as the load is increased.

Instead of using the nonlinear capabilities of _C/NASTRAN, a

small computer program is used to update the geometry so that a linear

static solution sequence can be used. The computer program simply takes

the output displacements from a run with a given load and adds these

displacements to the original nodal coordinates. This produces a new,

updated laminate shape. The load is then increased and the analysis re-

run. Since the geometry is updated, the geo=etric stiffness now re-

flects the effects of the previous load increase. It is hoped that this

approach will demonstrate that the large-displacement, geo=etric nonlin-

ear prob]ea can be approximated using a linear finite element analysis.
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2.6.3 Analysis

The analysis for this particular case is conducted in two

phases. In the first phase, each laminate, the simply supported and

claJnped-clamped, is subjected to an increasing compressive axial load.

The object of this phase is to observe how the laminate behaves in the

post-buckled state. The sequence of steps used in the analysis of this

phase are as follows. The laminate is given an initial shape as shown

in figure 7. A load is applied and the analysis is run using PSC/

NASTP_,'. The results from this run is then processed by the computer

program discussed previously. The program produces an updated laminate

geometry in the form of new grid point data. The user then substitutes

the new grid data into the bulk data deck, increments the load, and re-

runs the analysis. This sequences of steps are repeated until the lat-

eral displacement of the column rapidly increases, indicating a total

buckling of the laminate.

In the next phase, for specific post-buckled laminate shapes,

the delamination area is increased according to the pattern shown in

figure 8. In this phase, as the delamination area is increased, the

load is held constant and a corresponding strain energy release rate is

calculated as described in Sec. Z.5.
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R_SULTS

3.1 Cases Studied

Since the damage mechanism of delamination is a complex process,

a sufficient number of cases needs to be studied in order to investigate

delamination effects on composite structural behavior, Table 1. The

study is conducted using a variation in material properties, laminate

configurations and thicknesses. Also, an area of interest is thickness

effects on delamination, therefore, single and multiple delaminations

through the thickness are studied. Three different material systems,

AS-Graphite/Intermediate IV_xlulus High Strength (AS/I_S), AS-Graphite/

High Modulus High Strength (AS/HdHS), S-Glass/Intermediate Modulus High

Strength (S-G/IMHS), are used to allow for fiber and matrix influences.

In the first two systems, intermediate and high modulus matrix materi-

als are used with a graphite fiber to see the influence of matrix stiff-

ness variation. The last system, S-G/I_[S, has a lower stiffness fiber

giving a much lower overall stiffness as compared to the graphite fiber

systems. Table 2 gives both the fiber and matrix properties used in

this study.

( 25
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Two laminate configurations, [_+30/90] s and [_+30/90/+_30/902] s,

are chosen to observe any thickness effects. The configuration [÷_30/90] s

has a delamination located between _he 90/90 plies. This will be refer-

red to as 6-ply center delamination. The configuration [+_.30/90/30/902] s

is analyzed in two cases, a single dela_.ination at the plane of sym-

metry and a second case where a delamination is offset from the center

at the 90/÷30 interface. These cases will be referred to as 14-ply cen-

ter and 14-ply offset, respectively. Figure 9 gives an explanation of

the dela_ination nomenclature that is used throughout the discussion of

results.

Finally, two cases concerning localized buckling behavior of a

near surface through-the-_idth delamination are investigated. The

first case deals with how the "popped-out" plies behave as a gradually

increasing compressive load is applied to the post-buckled laminate.

Here, the amount of dela_inated area is held constant at 14_,. A second

case is also considered where the initial delaminated area is allowed to

increase and the corresponding strain energy release rate is calculated.

Both of these cases use the 1d-ply laminate.

3.2 Delamination Simulation

The two laminates in figure 10 show the results of the method

presented here in effectively simulating the delamination process under

investigation. Both of the laminates shown in the figure are under a

uniaxial tensile load. In the areas where the multi-point constraints

have been released, the individual layers of elements have separated and

• a delamination area has opened up. In the approach used here, the
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Delamination Nomenclature

Center
Offset
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Interior
Through-The-Width

Figure 9
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delamination area opens due to the curling of the adjacent layers of

plate elements.

Figure ll shows a typical cross-section of both the center and

multiple delamination models and the curling of the sublaminate plate

elements can be clearly seen. The bending-extensional coupling, which

is characteristic of nonsymmetric angle-ply laminates, is what causes

the sublaminates to curl and separate from. one another. Recall that

these elements contain the material properties of the corresponding sub-

laminate that they represent and, although the overall laminate is sym-

metric, the group of individual layers are nonsy_etric, thus accounting

for the bending-extensional coupling effects. Therefore, with this

methodology, the simulation of delamination damage in laminated compos-

ite Structures can be studied on a three-dimensional level, yet utilize

rather simple plate-bending finite element models.

3.3 Fracture Toughness

To evaluate the structural fracture toughness, a uniaxial ten-

sile load of 28,000 lbs. is applied to the laminate. The magnitude of

the load is that which produces the high interlaminar stresses required

for delamination, as determined by a previous three-dimensional finite

element analysis [4].

The first series of results £or the fracture toughness, in terms

of strain energy release rate (St_R), of the various laminates are de-

scribed below. A comparison between the 6-ply center and 14-ply center,

using AS/II_IS, shows a decrease in S/_L'_ as the overall laminate thick-

ness increases, figure 12. This means that as the laminate thickness
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Laminate Cross-Sections

Figure 11
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increases, a given delamination is less likely to propagate. Not only

does the magnitude of the SERR decrease, but also the curve flattens

out. Thus, the delamination crack growth process becomes more stable

for a constant load, and for the delamination to propagate, the load

would need to be increased. Note also in figure 12, that the SERR for

the 14-ply center and 14-ply offset cases is the same. This means that

the same amount of energy is needed to produce single or multiple

delaminations in a given laminate.

The next series of figures, 13-1S, serve to show how the strain

energy release rate is affected by different materials. Comparing the

AS graphite fiber composite systems in figure 13, the IMHS matrix has a

higher SERR than that of the stiffer _ matrix composite. This weans

that the weaker composite, /_S/IF_4S, is more likely to delaminate than

the _S/l_fllS composite. Since the S-G/L_IS composite is less stiff than

the _S/!_fl_S composite, it is expected to have a higher SERR. But as

shown in figure ]3, the S-G/I_ composite has the lowest SERR of all

the composite systems and is, therefore, the least likely to delaminate.

This trend is also observed in the 14-ply center, Figure 14, and 14-ply

offset cases, Figure 15.

Some results that are of particular interest are those dealing

with the pocket delamination pattern. Recall that it was believed that

this type of initial delamination is representative of experimental ob-

servations. The results in figures 16-18 support this view. Note the

large jump in SHIR. This large amount of strain energy released corres-

ponds to the point where all of the individual pockets of delamination
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are combined into one uniform delamination along the edge. Because

there is a larger amount of energy released, as compared to the uniform

delamination pattern, it can be concluded that the pockets will ini-

tially appear and then coalesce into one uniform delamination along the

edge.

In addition to free-edge delamination, a case of interior delam-

ination is simulated. The effects evaluated in terws of SERR, show that

as the delamination is increased, there is no corresponding release of

strain energy, figure 19. Not until the de lami nat i on is allowed to ex-

tend totally through the width of the model, is there any measurable

strain energy released. Thus, it can be concluded that any form of in-

terior delamination that is present will not propagate under a tensile

load.

3.4 Structural Response

One of the objectives of this study is to evaluate what effects

delamination has on the structural response of a composite laminate.

Figures 20-37 show in detail how delamination affects axial stiffness,

buckling load and vibration frequency for the 6-ply center, 14-ply cen-

ter, and 14-ply offset cases. The results obtained show a linear de-

gradation for each of these structural responses as the delaminated

area propagates. A.lso from the figures it can be noted that the amount

of degradation does not become large until a significant amount, almost

80_, of delamination is present. In Table 3, the results from the pre-

vious figures are summarized in terms of the total percent reduction in

axial stiffness, buckling load and first Bode vibration frequency.
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Table 3

Summary of Structural Response

Percent Degradation

61

Case
Axial Buckling Vibration

Stiffness Load Frequency

6-ply center
AS/IMHS 18.3 21.6 10.3

AS/HMHS 14.4 17.7 8.4

S-G/IMHS 4.8 12.2 5.5

14-ply center
AS/IMHS 4.5 11.2 5.0

AS/HMHS 3.8 I0.i 4.5

S-G/IMHS 1.8 8.6 3.8

14-ply offset
AS/IMHS 8.7 15.9 7.7

AS/HMHS 7.0 13.6 6.3

S-G/IMHS 2.3 6.8 3.1

area delaminated = 80%

C
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Looking at the axial stiffness results, the 6-ply center case

shows a larger decrease in stiffness as compared to the 14-ply center

case. Intuitively, this is to be expected since as the laminate becomes

thicker, i.e. stiffer, a single delamination should have less of an ef-

fect. On the other hand, the 14-ply offset case shows more reduction

in stiffness as compared to the 14-ply center. This result is consis-

tent since the amount of delamination damage is twice that of the center

delamination case.

Since delamination causes no increase or decrease in the mass of

the structure, it seems reasonable that the overall trend in vibration

response should agree with the buckling load trend. Specifically, the

changes in both buckling load and vibration frequency should basically

reflect the changes in bending stiffness of the laminate. Again, refer-

ring to Table 3, the results for both buckling load and vibration fre-

quency follow the same general trend as the one present in the changes

of axial stiffness, except in the case of the S-G/Ib_S composite system.

Note that the 14-ply offset case shows less degradation in buckling load

and vibration frequency response than that of the 14-ply center case,

unlike the AS/I_S and AS/tl_S systems. This result is interesting in

that it does not follow the expected trend.

In order to provide an explanation for this behavior, the stiff-

ness coefficients for the laminates used are studied. Tables 4-6 show

the axial, bending and coupling coefficients that are used in the mate°

rial property cards of the finite element models. _ese values are ob-

tained directly from Integrated Composite Analyzer (IC_) output. Once
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the symmetric laminates begin to delaminate, the individual sublaminates

are now nonsymmetric with coupling effects present. Therefore, the

quantities of particular interest are the coupling stiffnesses.

Looking at the stiffness terms individually fails to give any

explanation of the behavior of the S-G/It,_-_ composite system. Thus, an

alternate set of stiffness coefficients are used. Those considered are

reduced stiffnesses, that is, the axial and bending stiffness coeffi-

cients are calculated with the coupling effects included. In Table 7,

the percent difference in the reduced stiffness of the delaminated plies

as compared to the total intact laminate are given. Recall that buck-

ling loads and vibration frequencies will be sensitive to changes in

bending stiffness. Thus, the bending stiffness coefficients are of

primary importance.

First, the bending stiffness quantities Dll and D33 both

exhibit the same trend inthe 14-ply center and 14-ply offset cases.

Specifically, for each case the S-G/I_]S laminate shows the smallest re-

duction in stiffness due to coupling effects, as compared to the AS/I_IS

or AS/H_S laminates. Also for the S-G/I_ laminate, there is less re-

duction in stiffness in the 14-ply offset case than there is in the 14-

ply center case. These two trends seem to indicate that the S-G/I_[HS

laminate is afffected less by the coupling effects present in the dam-

aged laminate. This could possibly account for the fact that the S-G�

BtIS laminate shows consistently less degradation in structural re-

sponse, (refer to Table 3).
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Table 7

Reduced Stiffness Coefficients

Percent Reduction

Due to Coupling Effects

Case

14-ply

Axial Bending

Stiffness Stiffness

All A22 A33 Dll D22 D33

14-ply offset
AS/IMHS 48.8 35.8 48.2 79.8 85.4 79.9

AS/HMHS 48.6 36.1 47.7 79.8 85.2 80.0

S-G/IMHS 46.3 38.1 46.1 80.3 83.6 80.4

center
AS/IMHS 60.0 63.5 58.3 93.5 83.2 92.9

AS/HMHS 59.2 62.4 56.9 93.2 83.1 92.4

S-G/IMHS 53.5 56.3 53.2 90.9 84.0 90.7
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5.5 Laminate Post-Buckling Behavior

The premise for investigating this series of cases is to see how

the "popped-out" sublaminate behaves in a laminate subjected to a com-

pressive uniaxial load. Intuitively, it is expected that as the load

increases and the laminate begins to bend further, the separation dis-

tance between the delaminated sublaminate and the remainder of the

laminate should increase. That is, in the delaminated area, the delam-

inated sublaminate should continue to buckle outward in a direction op-

posite of the overall laminate buckling.

Figure 38 shows a side view of the simply supported laminate as

the load is increased. Note that the laminate bends such that the

"popped-out" sublaminate is located on the compressive side of the lam-

inate. This series of views shows that as the laminate continues to

bend due to the increasing compressive load, the "pop-out" sublaminate

actually begins to close up. This is due to the fact that since the

'_op-out" is located on the compression side, the bending moment is

forcing the sublaminate inward.

In the case o£ the clamped-clamped laminate, the laminate dis-

places in the direction o£ the "pop-out". Thus it is possible to inves-

tigate how the post-buckled behavior changes Hen the '_pop-out" is on

the tension side o£ the laminate. Figure 59 shows a selected set of

side views o£ the clamped-clamped laminate as the compressive load is

increased. Note how in this case, the delaminated sublaminate retains

its '_)op-out" shape throughout the load increase. An explanation could

be that since the plies are on the tension side o£ the laminate, the
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P = 7.10 ib

P = 10.65 ib

P = 14.21 lb

p = 28.40 ib

.

Figure 38
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Clamped-Clamped Lami nate

P = 7.10 lb

P = 14.21 ib

P = 42.6 lb

P = 71.0 ib

CI Figure 39
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bending moment at the "pop-out" location is acting to push the '_)op-out"

outward. Thus, even in the last view in figure 39, the '_x)p-out" is

still visible. A note should be made that the views in figures 38-39

are slightly magnified so that the small lateral displacements are ob-

servable.

Figures 40 and 41 are plots of the axial stresses located at

various points in the two sublaminate layers. Figure 40 shows the axi-

al stresses of the simply supported laminate. Of particular interest

are the stresses at location C of the laminate. Note the point where

the stresses at the top and bottom locations of the sublaminate change

in sign. This point corresponds to the load at which the '_op-out" be-

gins to bend in the opposite direction and close up. Figure 41 shows

the axial stresses for the clamped-clamped laminate. Note in this case

there is no change in sign of the stresses since the "pop-out" never

begins to close up as in the previous case.

The next portion of the results deals with investigating how the

strain energy release rate is affected by the position of the post-

buckled laminate. Specifically, if the laminate is in a buckled state

and has delamination damage, will the damage spread? In order to eval-

uate this, various laminate positions are taken from the previous post-

buckling results. Here, the appropriate compressive load is held

constant and the delamination area is increased as discussed in section

2.6. Figures 42-44 show selected side views of the laminate as the de-

lamination area is increased. Again the views are magnified slightly to

allow the displacements of the plies to be observed. Associated with
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Simply Supported Laminate
Position 1
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area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

Figure 42
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Simply Supported Laminate

Position 2

area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

Figure 43
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Position 3
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area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

(i. Figure 44
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these figures are figures 45-47 which show the corresponding strain

energy release rate, St_RR, for the three post-buckled positions of the

simply supported laminate. In general, it is observed that 1) the SERR

is negligible and 2) there is an appreciable relative increase in St_R

as the position changes. This relative increase is due to the fact

that from position 1 to position 3, there is an increasing amount of

initial curvature in the laminate making the laminate less stiff, thus

producing larger end displacements. And since the StRR is a function

of the end displacements of the laminate, this would account for its

increase.

Also note that as the laminate moves from position 1 to posi-

tion 3, the trend in each individual strain energy release rate curve

changes. In position 1, the curve shows some instability in that it be-

gins to slope upward as 80_ delamination is approached, figure 45. But

in positions 2 and 3, the St_ curves change and slope downward more as

80_ delamination is approached, figures 46 and 47.

Figures 48-50 show the 3 positions of the clamped-clamped lamin-

ate under a constant, compressive load as the delamination area is al-

lowed to propagate. Note that in the first two positions, figures 48

and 49, the delaminated sublaminate "pop-out" deforms further as the

multi-point constraints are released. But in position 3, figure 50,

the "pop-out" does not increase in size. Figures 51-55 are the corres-

ponding strain energy release rates associated with positions 1 to 5.

Again the St_ is negligible and the results are similar to the simply

supported case. From positions 1 to 5, there is a relative increase in
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Cla_ed-Clamped Laminate
Position 1
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area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

_. Figure 48



Clamped-Clamped Lain hate
Position 2
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area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

Figure 49



Clamped-Clamped Laminate
Posi tion 3
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area delaminated = 14.3%

area delaminated = 28.6%

area delaminated = 50.0%

area delaminated = 64.3%

area delaminated = 78.6%

Figure SO
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the overall S]!RR values due to the increasing end displacements as the

laminate becomes less stiff. Figures 51 and 52 show the S]_RR curves

for positions ] and 2, respectively. Note how the strain energy re-

leased decreases at a more rapid rate as the position changes. By

referring back to figures 48 and 49, as the amount of delamination in-

creases, the lateral displacements of the laminate appear to decrease.

This implies that the stiffness of the laminate is changing at a slower

rate which again could be because the thicker sublaminate is contrib-

uting more to the overall laminate structural fracture toughness. This

could account for the decrease in strain energy released.

Figure 52 shows the StP, R curve for position 5 and it appears

rather interesting. Note that at 50_ delamination, practically no

strain energy is released. Up to 50_ delamination, the strain energy

decreases because again it is believed that the thicker sublaminate be-

gins to carry the majority of the compressive load. But at 50_ delamin-

ation, the thicker sublaminate itself begins to bend more and the amount

of energy released begins to increase. Therefore, the 50_ delamination

mark corresponds to the point _here the thicker sublaminate becomes

unstable and begins to buckle.



CHAFTER 4

S_Y

4.1 Overview

The objective of this study is, in part, to demonstrate the use

of a computational method to characterize the effects of delamination

damage on the structural response and fracture toughness of laminated

composite structures. The effects on structural response are evaluated

in terms of the changes in axial stiffness, critical buckling loads,

and vibration frequencies. In a manner which is consistent with a

fracture mechanics approach, the structural fracture toughness of the

laminates is evaluated in terms of strain energy release rate, St_R.

The above parameters are chosen because they are considered important

factors in the design of a structural component.

To study these effects, a series of computationally simulated

experiments are performed on various laminates. The laminates are rep-

resented by a group of finite element models which are then analyzed

using I_C/N_TI_Ah_I. A unique feature of the finite element models and

the approach used in this study is the use of bending-extensional coup-

ling effects and multi-point constraints to simulate the delamination

process.
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Various delamination types are studied. Specifically, uniform

and pocket free-edge delamination and interior de lami nat i on are con-

sidered for the structural fracture toughness studies. A through-the-

width delamination is considered in the post-buckling analysis.

4.2 Summary of Results

In general, the fracture toughness results indicate that the

growth of a uniform free-edge delamination in the laminates studied

here, is a stable process. That is, for a given laminate, under a con-

stant tensile load, the delamination crack will not propagate. The

results also indicate that as the laminate thickness increases, the de-

lamination crack becomes even more stable. The results indicate that

the free-edge pocket delamination process is highly unstable. Specif-

ically, a large amount of energy is released when the small, localized

pockets of delamination are allowed to coalesce into one Imiform delam-

ination along the free-edge. This result indicates that the edge de-

lamination is likely to initially occur as pockets, coalesce into one

delamination, and then propagate inward.

The results for the case of an interior delamination shows no

strain energy released until the delamination is allowed to extend

through the free-edge. Thus, it can be concluded that an interior de-

lamination, of any size and away from the free-edge, will not propagate

u_der a tensile load.

In terms of material effects on fracture toughness, the AS-

graphite laminates have the highest strain energy release rates, _ile

the S-G/IMI.6 laminates have the lowest strain energy release rates.
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This result is somewhat surprising in that it says the stiffer laminates

have more energy available for delamination than do the less stiff S-G/

laminates. '

As mentioned, another means of characterizing the effects of de o

lamination damage is by evaluating the changes in structural response

of the laminates. The results for the most part agree with intuition.

For example, for a centrally located delamination, the 6-ply laminate

shows more degradation in response than does the 14-ply laminate. Thus,

as the laminate thickness increases for a given amount of delamination

damage, the effects on structural response decrease. The 14-ply lamin-

ate is also analyzed with multiple delaminations through the thickness

and compared to the 14-ply laminate with a single delamination. As ex-

pected, the amount of structural degradation increases as the number of

delaminations through-the-thickness increases.

In comparing the changes in structural response between lamin-

ates of different materials, the trend in degradation is similar to the

previous trend observed in the fracture toughness results. The stiffer

AS/I_IHS laminates show less degradation than the less stiff AS/I_01S

laminates, thus showing the influence of matrix strength. The weaker

S-G/IM_ laminates show less degradation than either of the stiffer AS-

graphite laminates. In addition to this, it is observed that for the

same laminate thickness' but with multiple delaminations, the S-G/IHHS

laminates show even less response degradation, l_ereas the /_-graphite

laminates, as expected, show an increase in response degradation. This

result is believed to be dependent on the amount of bending-extensional

coupling present in the damaged laminate.



91

The last case studied is the post-buckling behavior of a lami-

nate with a near surface delamination. The delaminated plies are as-

sumed to have already undergone localized buckling and tr_e the form of

a ,'pop-out" on the laminate. Here, a model of a laminate with an ini-

tial "pop-out" is subjected to an increasing compressive load and the

,,pop-out" behavior is observed. Both simply supported and clamped-

clamped boundary conditions are used to evaluate what effects the

boundary conditions have on the Post-buckled behavior.

For the simply supported case, the '_pop-out" is located on the

laminate's compression side and closes up and does not continue to

buckle outward as the load is increased. In the clamped-clamped case,

the '_)op-out" is on the laminate's tension side and retains the initial

',pop-out" shape under the increasing compressive load.

The strain energy release rate is calculated for various por-

tions of the post-buckled laminate by allowing the initial "pop-out"

delamination to spread. In general, the results show that the trends

in the individual strain energy release rate curves change as the post°

buckled position of the laminate changes. This shows that the strain

energy release rate, i.e. fracture toughness, is affected by the

position of the laminate.

4.5 Conclusions

Upon examining the results of this study, it can be concluded

that delamination damage, if it does indeed occur, does not have signi °

ficant effects on laminate behavior. The structural fracture toughness

results show that delaminations occurring in the laminates studied are
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stable and will not propagate under a constant load. In terms of the

effects on structural response, it should be noted that large amounts

of degradation, 1S_. - 20_, do not occur until a significant amount X

delamination, 70_ - 80_, is present. In most situations, a realistic

amount of delamination is around 20_ and at this amount the degradation

effects are minimal in all cases considered here. From a structural

analysis standpoint, the results show that very large amounts of delam-

ination damage must be present before it needs to be of concern in the

structural integrity of the component or structure.

4.4 Recom_ndat ions

The cases considered in this study are chosen so as to give in=

sight into the effects of delamination on structural response, and ob-

tain results which can be used as guidelines for design and analysis

purposes. Thus, situations _hich could possibly be encountered by the

structure during its in-service life need to be considered. Some ad-

ditional cases will be presented below.

One case would be to see how the propagation of a delamination

affects the transient response of the structure. A load of short time

duration could be applied to simulate an impact on the laminate. This

type of analysis could be used in determining how a structure, with de-

lamination damage, would respond when subjected to some form of an im-

pact load.

A similar problem would be a cyclic load, both tensile and com-

pressive, applied to the structure. In this case, the time dependence

or fatigue of the material properties could be taken into account in
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the analysis. As the material properties and delamination size change

as a function of time, how does the corresponding strain energy release

rate, i.e. fracture toughness, of the laminate change? Also, how does

the structural response change with time and delamination size? The

cyclic compressive load could also be applied to the through-the-width

delamination case to see if the initial ,'pop-out" spreads more readily

with time by observing any changes in strain energy release rate.

Finally, in this study, only the damage mode of delamination is

modeled and its effects studied. A next step would be the addition of

transply cracking. As has been discussed, transply cracking and delam-

ination usually occurs in combination. Either transply cracks form in-

itially and lead to delamination, or, in some cases, delamination forms

first and then leads to transply cracks. A methodology similar to that

presented here could be used to model the cracks. By using further

mesh refinements to incorporate double nodes along the length of the

laminate, appropriate multi-point constraints, and specific node re-

lease sequences, computational simulation of transply cracking could be

included. Actual crack locations could be determined by probabalistic

methods, an area in which some work has been done already.
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