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In this paper, delamination of Mode II in a stratified glass fiber-epoxy resin under static
loading is investigated. From the results obtained by the finite element method, using the
criteria of Irwin-Kies and other theories of elasticity, the strain energy release rate is evalu-
ated. The obtained numerical results are compared with known experimental and theoretical
results. Considering local effects, such as fiber bridging in the finite element program, the
scatter between experimental and numerical results is evaluated. The specimen is an ENF
(End-Notched Flexure) beam and finite element analysis is carried out using the ANSYS soft-
ware.

1. INTRODUCTION

Since the composite materials have a high strength and low weight, they are
useful for all engineering structures. The use of these materials in the structures
of aeronautic, marine vehicles, cars and the likes, is ever increasing and has
found its place in other fields of industry. Further information on destruction
and rupture of these materials has a special importance.

The rupture of a composite material, because of the variety of the mechanisms
used in the destruction of structure, is very complicated. Figure 1 shows a variety
of possibilities of destruction.

In multilayer composites another phenomenon is added to the mechanisms
of failure, which is delamination of the layers. In the mechanism of delamina-
tion which is analogous to the crack growth in the isotropic materials, all the
possibilities of rupture shown in Fig. 1 exist.

The mechanical behaviour of thermoset matrix composite materials is similar
to the brittle materials. So the plastic zone at the tip of crack is very small
and in analyses using finite element method, the plasticity of that zone is not
considered.

1)F'aper presented at the 34-th Solids Mechanics Conference, September 2-7, 2002, Zakopane.
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FiG. 1. The type of rupture in composite structure.

In the second mode of rupture, as shown in Fig. 2, the direction of delamina-
tion is the same as the one of the applied load direction. Rupture of this mode
is the result of shear, and during delamination, the faces of the crack slide on
each other.

Mode | Mode Il Mode Il

Fic. 2. Different kinds of crack mode.

2. ENF SPECIMEN

This specimen is used to study the delamination in Mode II. As shown in
Fig. 3, it is a beam subjected to three-point bending, and load P is applied
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in the middle of the beam. We distinguish: a zone without precrack, the lower
layers (below the precrack), the upper layers (above the precrack). When the
load is applied, the upper layers are loaded in compression and lower layers in
tension. If the applied load exceeds the critical value, these compressive stresses
and tensile stresses lead to the shear at the end of the crack and delamination
in Mode II occurs.
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FiG. 3. ENF specimen.

The properties and dimensions of the specimen which is used in our finite
element method, are shown in the Table 1. This type of specimen is used by
Money to measure experimentally the strain energy release rate [1].

Table 1. Properties and geometry of the specimen.

Geometry Properties
L = 50 mm E; = 40 GPa
h = 15 mm E, = E,=10.5GPa
B = 25 mm dc i
a = 10 mm i .
LT &40 i (] < Yee 510y 0078

3. CRITERIA OF STRAIN ENERGY RELEASE RATE

In this criterion, when the strain energy applied to a composite material with
precrack reaches the critical value, delamination occurs. The Irwin-Kies theory
to evaluate the strain energy release rate [2] is as follows:

& P2 aC
~ 2B 3a’
where C' = §/p is the compliance of the specimen. P is the applied load, B the
width of specimen, a the crack length, and 4, in the relation for the compliance

(3.1)
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represents the deflection of specimen in the point of load application. If G reaches
its critical value, delamination occurs.

There are different methods to measure G;; of ENF specimen. Some of them
are explained below.

4. BEAM THEORY

With the hypothesis of linear relation of the load-deflection relationship of
G, from the beam theory it follows [1]:
9P%p2C
4.1 PR sl SR
et G 2B(2L3 + 3a3)

Here, the compliance C' can be expressed,

(4.2) C = §/P,
2L° + 3a3
(43) L

Relation (4.3) is obtained from the beam theory, by substituting relations (4.2)
and (4.3) in relation (4.1). Thus we obtain:

9Pa?%6
L Yo
i e 2B(2L3 + 3a3)’
9P2%g2
BT .
(45) Gyy- = 16 EB2h3

(BT: Beam Theory, CBT: Compliance Beam Theory).

Physical properties of materials (such as the Young modulus: E), are known
with some percent of error, so relationship (4.4), in which physical indicators of
the material do not appear explicitly, has higher precision than relation (4.5).

5. CALIBRATION METHOD

In this experimental method, by measuring the crack length, the critical load
(which leads to crack growth) and the deflection of specimen (§), the compliance
is calculated. This experiment is carried out on the test bars with different initial
crack lengths and the results are demonstrated by a curve of compliance versus
the crack length.

In this method, the strain energy release rate is evaluated as follows:

PYAC
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Here AC//Aa is the slope of the curve of compliance versus crack length (obtained
from the experiment).

6. CLASSICAL THEORY OF PLATES
The general relationship for plates is:

d*w
6.1 M =-BD—.
Here, M is the moment on the plane in direction +z, D is the coefficient of
bending rigidity, w is the deflection and B is the width of specimen.
Using equation (6.1), the relation obtained for the compliance and the strain
energy release rate is as follows [2]:

(6.2) CPT = [4L% + a®*(R - 2)] /(24BD),

2B [4L3+a3(R-2)

R=D|/D,, . D=2E;;h%3.

Here, 4 is the deflection of plate and D, is the bending rigidity of the crack zone.
In unidirectional test bars R is usually equal to 8. In terms of R, the relations
(4.4) and (6.3) become identical. The kind of supports of the ENF specimen
influences also the value of R. A roller support decreases R and a corner-shaped
support increases it [3].

7. SHEAR DEFORMABLE PLATE THEORY

The eliminated part of the equation of the classical theory of plates which
contains the effect of variation of shear form of plates, influences the strain energy
release rate. Using the beam theory of Timoshenko, relation (6.1) is corrected in
order to take into account the effect of the shear deformation and strain energy
release rate. Thus the relation becomes:

9D

SBE: mCPT
(7.1) G = O™ |1+ fommr—ss .

G13 is the shear modulus in plane (X — Z) (Fig. 3).
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8. FINITE ELEMENT MODEL OF THE ENF SPECIMEN

For two-dimensional (2D) modeling, we have used the element of four corners
with 8 nodes and element of three corners with 6 nodes. As the width of specimen
is higher than its thickness, the problem is studied in plane strain state. As the
dimension of the zone of stress concentration is lower than the dimensions of the
rest of specimen, only a small zone around the tip of the crack is grid generated
with a high concentration. The type of element and the type of mesh generation
lead to the singularity of stress and strain at the tip of the crack (Fig. 4).

Ak

FiG. 4. Meshing and elements in crack tip.

Also, in the point of load application and location of supports, we have as-
sumed a high concentration of grids.

In a real specimen, the supports and the point of load application have the
shape of a roller, so there is a surface of contact instead of a point of contact.
To establish this support condition, we have limited the liberty of displacement
of the nodes situated in the vicinity of the load application points. The kind of
load application is based on the order of displacement of the nodes in the middle
of specimen.

In the three-dimensional (3D) specimen, we have used an element of six faces
with 20 nodes and an element of 5 faces with 15 nodes.

The type of grids and boundary conditions are also taken as a 2D specimen.
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9. RUPTURE AT THE TIP OF THE CRACK

Analyzing the specimen by using the finite element method, different stresses
are calculated at the end of crack. Using one of the rupture criteria in composite
materials and the obtained stresses at the end of the crack, the strain energy
release rate of the specimen for delamination is evaluated. As the plastic zone
at the end of the crack is very little, we consider only an elastic rupture at the
end of the crack.

10. THEORY OF TsAI-HILL

wy (G-

This criterion is obtained from development of the von Mises theory. If the
stresses in a test satisfy the relation (10.1), the test bar will be at the beginning
of rupture. X,Y are the yield stresses in directions z,y and S is the shear yield
stress on the zy plane.

11. THEORY OF TSsAI-Wu

According to this theory, if the stresses increase to the extent that the relation
(11.1) becomes true, the test bar will be at the beginning of rupture.
2 2

2
Oy Cay0z0y 9y 4 Tzy
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The index ¢ means tension, and index ¢ means compression. Cyzy is the coef-
ficient in the plane zy, which is equal to (~1) for a unidirectional composite [4].
In the finite element method using the above theory, the critical load (P.) and
deflection (d,.), for which the stresses at the tip of the crack reach their critical
values (limit of rupture), are computed. Repeating this analysis for different
initial crack lengths, we obtain the compliance as a function of the crack length.

Using the general relation of strain energy release rate, the value of Gy as
a function of crack length is obtained.

(11.1)
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12. DISTRIBUTION OF STRAIN ENERGY RELEASE RATE
IN FRONT OF THE CRACK

In the effect of load application to the test bar, the lower plane of the upper
half-beam (the half-beam situated above the crack) is contracted in longitudinal
direction.

As the effect of transversal strain of the width, this lower plane expands in
the half-beam situated below the crack (Fig. 5). Expansion and contraction of
the width of specimen in the planes of crack increase locally the strain energy
release rate in the two edges in front of the crack. So, the total strain energy
release rate at the end lines the crack, is a sum of G;; and G II1-

(12.1) Gy=G+Grr.

P
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F1G. 5. Deformation of width and length of crack zone in Mode II.

The curve of Fig. 6 shows the distribution of strain energy release rate ac-
cording to Mode II and III in direction of the width of the specimen normalized

Normalized Energy Release Rate
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FI1G. 6. Energy release rate distribution in width crack tip.
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in relation to Gr7. For unidirectional composites, this distribution of G, relative
to the center of the width of the test bar is symmetric [5]. In the 2D specimen,
we do not observe this effect. So this effect is called three-dimensional, 3D effect.

13. THE EFFECT OF FIBER BRIDGING

The effect of fiber bridging from the matrix between the two faces of the
crack should be taken into account in the analysis of delamination (Fig. 7).
The area in which we observe this phenomenon, is a small zone in the left-hand
part of the crack. During the crack growth, this zone follows the delamination.
The existence of this zone increases the strain energy release rate, because after
rupture occuring at the end of the crack, a part of energy is used to pull out
the fiber from the matrix. This effect (fiber bridging) operates like the plastic
zone at the end of the crack in isotropic materials. Thus, the total strain energy
release rate is the sum of strain energy release rate of crack growth (theory of
Irwin-Kies) Gy, and the strain energy release rate, resulting from fiber bridging
of the matrix, Gp.

(13.1) Gt = Gp+ Gn.

-
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F1G. 7. Fiber-bridging effect.

In the theoritical analysis, at the mentioned zone, in order to take into account
the fiber bridging from the matrix, the load in interface of crack is as follows [6]:

f(z) = fr1, — kAu(z) Au(z) < Au,

)= Au o
ik flz)=0 (z) > Au

_h [dwi(z) dws(z) h dwg(a)
Aulz) gl dz CEE i
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Here fr1, is the critical value of f(z), which depends on the material and
its properties. K is the constant coefficient and u(z) is the difference between
slopes of the upper layers and lower layers of the crack. Au, is the initial value
of Aug, for which the crack starts to develop. wg, w; and wq are the deflections
of each zone (Fig. 8). The strain energy release rate (G,) is obtained from the
following relation:

(13.3) % / fHCBEd(;(Au(x)).dx,

in which m is the distance from the end of bridging zone of the fiber of the
matrix to the left edge of the specimen (Fig. 8).
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FiG. 8. ENF specimen with fiber bridging zone.

In the finite element model of the ENF specimen, to calculate G, at the
distance m < x < a, the slope of each of the 2y, 2, and {2, zones is obtained
from the numerical analysis of the specimen using the finite element method:
then, after calculating u(z), we compute the value of G, using relation (13.3)
by numerical integration method.

14. RESULTS

Figures 9, 10 and 11 show the stress distribution o5, 74y and oy in crack
zones. For different initial crack lengths, the type of the stress distribution in
crack zone will preserve its shape. In Fig. 12, the curve of strain energy release
rate obtained by means of the beam theory, classical plates theory of the shear
deformation theory and numerical results using the finite element method, are
shown. The values of critical load P, and maximum deflection J, are obtained
from the experimental result [7] used in different theories.
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F1G. 10. 7z, distribution in the crack tip.

FiG. 11. oy distribution in the crack tip.
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"FIG. 12. Theoretical and numerical energy release rate result.

In Fig. 13, numerical results of finite element analysis for the strain energy
release rate are shown for two states, the existence and non-existence of the effect
of fiber bridging and also the results of calibration of test bars (Gexp).
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FiG. 13. Experimental and numerical energy release rate result.

15. DISCUSSION AND CONCLUSION

As we see in Fig. 10, the sharp-cornered shape zone of the 7;, stress con-
centration suggests that the direction of delamination is parallel to the crack
surfaces. If we consider polar coordinates centered at the end of the crack, for
r = 0, the highest shear stress is situated at & = 0. The stress distribution in y
direction is negligible against this type of stress concentration. Also in vicinity
of the crack, the oy, stress approaches its highest value. For 6 = 90°, at a dis-
tance from the end of the crack, we reach a low quantity in distribution of shear
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stress and exactly in that place, o, has its maximum value (Fig. 11). This type
of distribution leads to a fracture toughness at those zones and that is why the
local cracks deviation of delamination from Mode II occurs.

The results obtained from numerical analysis of the test bars (using finite
elements) in Fig. 12 show that the released strain energy does not increase sig-
nificantly for increasing crack length. The beam theory shows also this kind of
behaviour.

The difference between Ggr and the numerical results can be explained by
the effects of shear shapes variations and geometrical non-linearities. The exper-
imental results and results of the theory of plates (by taking into account the
variation of shear shape), shown in Figs. 12 and 13, demonstrates the increase
of strain energy release rate in terms of crack growth. Considering the separa-
tion zone of the fiber from layers, we see this increasing in numerical results
using the finite element method (Fig. 13). These results show that fiber bridg-
ing effect influences the strain energy release rate and approaches the numerical
results of experiments. Gexp (strain energy release rate with calibration of test
bars) reaches its maximum values in the curve of Fig. 13. The error relevant to
this method seems to come from the local effect of strain energy release rate on
Mode III (Gy). If we use the results of Fig. 6 and we reduce the local value
of strain energy release rate in Mode III from Gexp, the obtained results will
approach to the numerical results (Fig. 14).
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FiG. 14. Experimental (without 3D effect) and numerical energy release rate result.

Though, this model of finite element does not represent a complete model
of rupture mechanisms at the end of the crack. Taking into consideration some
effects like fiber bridging and the effect of three-dimensionality, the numerical
results approach the experimental results. Effects like fiber rupture in the matrix,
the type of supports of test bars, the friction between surfaces of crack and
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the likes, which need a statistical analysis, should also enter the mechanisms
of delamination and their effects on the strain energy release rate should be
evaluated.
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