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Fracture investigation of layered composite structural elements
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1. Introduction

Applications of composite materials in various
structures give great possibilities of their design and ensure
better qualitative and quantitative properties of those struc-
tures. In many cases such structural elements have several
layers of homogenous or composite materials characterised
by very different mechanical, chemical, thermal, electrical
and other properties.

Layered composite structures are often used for
military purposes (composite armor), in means of transpor-
tation, pipes, structural elements of buildings, etc. [1, 2].
Several examples of such structures are given in Fig. 1. It
has to be mentioned, that their functions and, therefore,
mechanical properties of certain layers can differ signifi-
cantly. For example, there are outside layers made of glass,
carbon, aramid, kevlar or other fibres and epoxy, phenol,
vinyl ester or other resins with relatively high mechanical
properties (tensile strength, Young’s modulus) and inner
layer made of very hard (ceramics) or light materials (balsa
wood, metal foams, polymer foams, rubber, thermoplastic
polymers, etc.) with relatively low mechanical properties
in most structures. Usually, hard materials are used aiming
to improve ballistic properties of composite structures (ar-
mors) and soft materials are used as structural layers, heat
isolation layers, etc.

Naturally, mechanical and other properties of the
whole complex structure differ significantly from those of
certain layers. Performance of such structures in various
conditions of exploitation, under various loads is very
complicated and there are almost no generalized and easy
to use methods for precise calculations aiming to optimize
design of such structures. Lots of scientific research works
are focused on the analysis of composites properties trying
to improve their design and functionality [2-4]. It is espe-
cially truth in the analysis of fracture processes [5-7] be-
cause those processes differ significantly in various mate-
rials, in various layers, in structures of different composi-
tion, etc. Mechanisms of crack opening, fracture of differ-
ent layers and delamination of the layers depend on proper-
ties of materials, size and design of the layers and the
whole structural element, type and direction of loads and
are not properly investigated.

Recent practice to determinate mechanical proper-
ties or analyze fracture mechanism of complex layered
structures experimentally or applying complicated numeri-
cal modelling procedures is expensive and is not always
acceptable (e.g. just several elements of their king are pro-
duced). Therefore authors of this paper are trying to com-
pose the simplified methodology of fracture analysis which
could be used for initial calculations of layered composite
structures aiming to analyze the mechanism of their frac-

ture. That would help to improve their design in the initial
stage without any expensive and time consuming experi-
mental research or complicated numerical modelling.
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Fig. 1 Multilayer composite structures. Here a) / - glass
fibre/ epoxy cover layer, 2 - alumina ceramic layer,
3 - rubber layer and 4 - glass fibre/ epoxy layer;
b) / - glass fibre/ epoxy layer, 2 - alumina ceramic
layer, 3 - steel plate and 4 - glass fibre/ epoxy layer;
c) I - glass fibre/ vinyl ester layer, 2 - balsa wood
layer, 3 - glass fibre/ vinyl ester layer



2. Mathematical modelling of the fracture process

Some simplifications were accepted in current re-
search of the layered structures. Only three layer structures
are analyzed aiming to reduce initial research amount and
verification of its results. Many structural elements can be
analysed as three layer structures, because some external
layers are designed relatively thin and are used as external
covers of the structures. They should resist to external me-
dia (e.g. moisture, heat, flames, etc.) and do not influence
mechanical properties of the whole structure significantly.
Some internal elements (e.g. element 3 in Fig. 1, b) are
specific just for some relatively rare designs of such struc-
tures and can be eliminated in generalised models of lay-
ered structural elements. Therefore such simplification is
acceptable, because it covers significant amount of com-
posite layered structures, allows analysis of the inner and
outer layers properties and their interaction, processes in
interlayers and can be adjusted for more complex struc-
tures in further research.

Although exploitation conditions and functions of
layered structural elements differ (e.g. composite armor
should withstand ballistic impacts), most of such structural
elements are loaded by bending forces during long periods
of their exploitation. Therefore it is important to analyse
behaviour and fracture of those structures in case of bend-
ing loads. Often the structures and certain elements are
loaded in a way that pure four point bending is created.
Such type of loading reduces the maximum moment of
bending and distributes stresses more equally in every
cross-section. Analysis of this case allows the simplifica-
tion of composed analytical and numerical models in cur-
rent research stage. Consequently the maximum stresses
are obtained next to the peak of an initial crack (concentra-
tor of stresses). Plastic zones of strains are formed the
crack peak and have the shape similar to the sign of infin-
ity. Areas of strains change their location and size depend-
ing on strains next to the peak of the crack when critical
level of load is reached. Such location of strains influences
the formation of remote zones of strains and mechanisms
of fracture process in cases of layered structures.

Calculations of homogeneous isotropic materials
are limited to the calculations of plastic strain’s zones
where stresses are higher than the yield strength in the
classical fracture mechanics [8]. It is also known that the
decrease of stresses is exponential, receding from the peak
of a crack. Even in a distance from the peak of a crack
equal to 5 — 10 values of radius of plastic strain areas, the
decrease of stresses is already 2 — 3 times and the stresses
are lower than limit of yield strength for a certain material.
Strains at the peak of a crack in case of plane state of
stresses can be calculated:
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here E is Young’s modulus of material; @ is the angle of
plastic strain’s area next to the peak of a crack;, r is the
distance between remote area of plastic strains and the
crack; [ is initial length of the crack.

K
E\/27rr W

13

In case of plane strains
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here v is Poisson’s ration.
Factor of stresses intensity K, for a beam on two

supports in case of pure point bending
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here L is the distance between supports; F is the force of
load; b is the height of a specimen; ¢ is the thickness of a
specimen; L, is distance between supports of a loading
device. Coefficient

2
Y, = 3.494[1 - 3.396(%} + 5.839(%) J

If a layer of the material, characterised by several
times lower yield strength, is inserted at a distance from
the crack peak close in value to the radius of plastic
strain’s areas, the secondary areas of plastic strains emerge
in that layer. Changes of normal stresses in any layer of a
structural element, passing from one layer i into another
layer i+1, is proportional to the ratio of Young’s modulus
of materials used for those layers

K/ = Y4 (3)
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When load is increasing, stresses reach critical
values and the process of fracture begins. Crack grows in
the direction of largest strains. At the same time, secondary
areas of plastic strains emerge in the stressed layer. Crack
grows perpendicularly to the plane of stressed layer. Peak
of the crack changes its propagation direction when it
reaches the inner layer where areas of plastic strains al-
ready emerged. In ideal case, the crack splits into two
cracks, because two areas of the ultimate plastic deforma-
tions are formed in the inner layer.

3. Experiments

Experiments were carried out in the conditions
corresponding to pure bending because adhesion makes
impossible experiments of non-centric tension. In this
stage of research, experiments were planed just aiming to
analyze and validate an idea of the formation of remote
areas of strains in layered structural elements. Therefore
the goal of experiments was to determine emerging of the
secondary areas of remote strains in inserted layer for the
case of pure point bending and analyze the influence of
those zones in the direction of crack’s growth.

Specimens of three layer structures were designed
for experimental research. They were composed of two
outer layers of aluminium alloy and inner layer of solidi-



fied epoxy resin. Such design of the specimens corre-
sponds to the design of many layered composite structures
(e.g. pipes, armors, panels of building, etc.) that have elas-
tic external layers characterised by excellent mechanical
properties and quite brittle internal layers. Mechanical
properties of the brittle layer of epoxy resin are much
lower than the properties of elastic-plastic alloy of alumin-
ium. Main mechanical characteristics of the used materials
are given in the Table.

Table
Main mechanical characteristics of layer’s materials
Yield Ultimate Young’s
Material strength o, strength o, modulus E,
MPa MPa GPa
Aluminium 170 215 72
Epoxy resin 65 80 5
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Fig. 2 Geometry of a specimen and location of its supports:
1, 2, 3 are different layers of the specimen

Geometric characteristics of the specimens of lay-
ered structures used in the experiments are: length
L =170 mm, width is 15 mm, thickness of the first and the
third layers are /; = h; = 5 mm, thickness of the inserted
layer (2-nd layer) is 4, =5 mm (Fig. 2). The distance be-
tween supports of the specimen is 137 mm and the distance
between contact points of a loading element is 37.5 mm.
An artificially made initial crack is machined in the first
layer (Fig. 3). It works as a concentrator of stresses. Ge-
ometry of the initial crack: width s=3 mm, depth
h =3 mm, angle of crack’s peak o =26.56°.

Fig. 3 Geometry of an artificially made crack

Delamination between the first and the second
layers begins when the specimen is deformed under ap-
plied force. Secondary remote areas of strains emerge in
the inner layer and this inner element cracks beside those
remote areas of strains perpendicularly to the direction of
the layers (Fig. 4, a). Cracks develop in the direction of
maximum stresses. Maximum values of the load can be
reached and cracks cross the whole inner layer. The first
layer breaks in case then the load is increased even more
(Fig. 4, b). However further deforming of the specimen is

irrelevant, because maximum value of the load is already
reached and the layered structure has lost its integrity.
Forces F corresponding to the ultimate strength
and distance to remote areas of strains » were measured
during this experiment. Experimental results were analyzed
applying common methodology and means of statistic data
analysis. It was obtained that load force corresponding to
the ultimate strength of specimens in the case of pure
bending is F=5025.4+158 N and the distance from the
initial crack to remote areas of strains » =17.31+0.46 mm.

Those results were used in further analytical calculations
aiming to calculate stresses in the inner layer of experi-
mental layered composite structures.

Fig. 4 Fracture of specimens in the case of pure bending:
a - delamination and cracking of the inner layer;
b - cracking of external layer

Usage of experimental data (value of load force
and geometric characteristics) in the analytical model al-
lows verifying of this model. Analytical calculations using
equations 1-5 show that stresses in the inner element of the
structure next to remote areas of strains (in distance
r=1731mm from the peak of the initial crack) under
critical load F =50254N have the value of
o =66.75MPa. This value of stresses is similar to the
yield strength of epoxy resin used in the experiments (see
Table). Therefore results of the analytical calculations
show that stresses in the material of inserted layer at some
distance from the peak of a crack have values similar to the
value of material’s yield strength.

Concentration of stresses and changes of crack’s
growth direction were observed in those locations during
the experiments. It proves the existence of remote areas of
strains in the inner layer of similar layered composite
structures and shows the nature of their fracture process.



4. Numerical modelling

The process of fracture of layered composite
structure, analogous to the one used in the experimental
research, was numerically modelled applying the method
of finite elements. ANSYS software and PLANE 182 finite
elements were used for numerical modelling of fracture
process. Those elements are designed for modelling of
stresses and strains in planes. PLANE 182 elements have
four nodes and two degrees of freedom.
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Fig. 5 Distribution of strains in y direction (perpendicular
to the layers). r is the distance from the initial crack
peak to the area of remote strains

The same mechanical properties of layer’s mate-
rials as given in the Table above were used in numerical
simulation of fracture of layered composite structures.
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Fig. 6 Distribution of strains next to the peak of opened
crack in x direction (along modelled specimen)

Graphical results of the modelling are presented
in Figs. 5 - 7. The distance of remote areas of strains can
be noted in all those pictures. Figs. 5 and 6 show modelled
distribution of strains in the directions of y and x axes.
Analytically calculated radius of plastic strain’s areas r is
shown in Fig. 5.

Generalised distribution of strains according to
Misses criterion is shown in Fig. 7. Values of equivalent
stresses numerically modelled according to Misses crite-
rion next to remote areas of strains are corresponding to
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the values of stresses in the same location, calculated using
the proposed analytical method.

It can be noted that calculations of stresses using
results of the numerical modelling at the distance equal to
experimentally obtained values of r, shows that the values
of stresses in the material of outer layers do not exceed
yield strength, but the stresses are similar to the yield
strength in the inner layer material. That corresponds to the
experimental results, presented in Chapter 3.

Therefore it can be stated that numerical simula-
tion validates the proposed analytical model of fracture
process of layered structures.
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Fig. 7 Distribution of strains in accordance to Misses crite-
rion

5. Conclusions and discussion

The proposed analytical model of fracture process
of layered composite structures with three layers character-
ised by quite different mechanical characteristics was vali-
dated experimentally and using means of numerical model-
ling applying the method of finite elements.

Results obtained using all three methods of re-
search are similar and prove correctness of the analytical
model. Therefore it can be stated that such quite simple
analytical model can be used for practical calculations of
fracture in such layered composite structures.

Evidently further developments of this analytical
model are needed in order to adapt it for various designs of
composite layered structures with different number, thick-
ness and properties of the layers.
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A. Ziliukas, N. Meslinas, K. Juzénas

SLUOKSNIUOTU KOMPOZITINIYJ KONSTRUKCINIU
ELEMENTU IRIMO TYRIMAS

Reziumé

Straipsnyje nagrinéjamas sluoksniuoty kompozi-
tiniy konstrukciniy elementy irimas. Pateikiamos sluoks-
niuoty kompozitiniy elementy konstrukcijos ir tokiy ele-
menty irimo procesui tirti sukurtas supaprastintas analitinis
modelis. Sis gana nesudétingas modelis gali biiti panaudo-
tas kuriant sluoksniuoty konstrukciniy elementy projekta-
vimo ir irimo tyrimy metodikas.

Analitinio modelio rezultatai yra patikrinti ekspe-
rimentiSkai ir modeliuojant baigtiniy elementy metodu.
Eksperimentiniai ir modeliavimo rezultatai atitinka rezulta-
tus gautus analitiskai, kas patvirtina analitinio modelio
teisinguma.
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FRACTURE INVESTIGATION OF LAYERED
COMPOSITE STRUCTURAL ELEMENTS

Summary

Fracture of layered composite structural elements
is analysed in this article. Some designs of layered com-
posite structural elements and simplified analytical model
composed for the analysis of their fracture process are pre-
sented. This relatively simple model can be used develop-
ing the methodologies for design and fracture analysis of
layered structural elements.

Results, obtained applying analytical model, were
verified experimentally and employing the method of finite
elements. Experimental and modelled results correspond to
analytically calculated results what validates correctness of
the analytical model.

A. XXumokac, H. Mecaunac, K. FO3enac

VICCJIEJOBAHUE PA3PYIIIEHUSA MHOT'OCJIOM-
HbIX KOMIIO3UTHBIX CTPYKTYPHBIX OJIEMEH-
TOB

Pe3womMme

B crathe aHamusupyercs paspyllieHHE B CIIOH-
CTBIX KOHCTPYKLMOHHBIX 3yeMeHTax. IlpeacraBneHsl pas-
JIMYHbIE KOHCTPYKIMU CIIOMCTBIX JIEMEHTOB U COCTABJICHA
YIPOIIEHHAs aHAINTHYECKass MOJENb Ul aHaln3a IIpo-
ecca pa3pymeHus 3TUX KOHCTPYKIUI. JTa OTHOCUTEIBHO
MpOCTasl MOJENb MOXET HCIIONB30BaThCA IS PAa3BUTHA
METOJIOJIOTUH TIPOSKTUPOBAHUSI W aHAIN3a pa3pyLICHUS
CIIOUCTBIX KOHCTPYKIIMOHHBIX 3JI€MEHTOB. Pe3yibTarhl,
MOJy4eHHbIE Tpe/UlaracMoil aHaJINTUYECKOM MOJEINbIO,
OBUTH ITPOBEPEHBI IKCIIEPUMEHTAIBHO U METOJIOM KOHEY-
HBIX 3JIEMEHTOB. DKCIEPUMEHTAIbHBIE PE3yJIbTaThl U pe-
3yJNbTaThl, IOIY4YEHbl METOJOM KOHEYHBIX 3JEMEHTOB,
MOJITBEPKIAI0T NPaBIIIBHOCTh AHATUTUYECKON MOJIEIH.
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