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Abstract 

Research is focused to stress and strength analysis of 
layered composite structures under mechanical and thermo-
mechanical loads. This investigation has been carried out 
within the framework of laminated plate theory. The stress 
analysis of laminated plates or shells is carried out by finite 
element method (FEM). The second aspect of this work 
considers the change performance of layered fibrous CFC 
composite structures due to temperature and moisture. The 
presented finite element analysis, computations and experi-
mental results give a general procedure for stress analysis 
of layered composite structures under combined mechani-
cal and hygrothermal loads. Mechanical and thermal prop-
erties are determined experimentally. The numerical simu-
lation by FEM uses the classical diffusion equation of Fick-
ian type and theory of moisture diffusion to take into account 
the hygrothermal behaviour of the material. Numerical and 
experimental results show that the influence of hygrother-
mal effects on stress and strength of layered composite 
structures is very important. 

Ključne reči 
• višeslojni kompozitni materijali 
• mehaničke karakteristike 
• hidrotermički efekti 
• konačni elementi 

Izvod 

Pažnja u radu je usmerena na analize naponskog stanja 
i čvrstoće višeslojnih kompozitnih struktura pod dejstvom 
mehaničkih i termomehaničkih opterećenja. Ovo istraživa-
nje se odvijalo u okviru teorije višeslojnih ploča i ljuski. Za 
analize naponskih stanja korišćen je metod konačnih eleme-
nata (MKE). Drugi aspekt ovog rada odnosi se na promene 
mehaničkih i termičkih karakteristika višeslojnih vlaknima 
ojačanih CFC kompozitnih materijala zbog uticaja tempe-
rature i vlage. Primenjeni metod konačnih elemenata, prora-
čunski i eksperimentalni rezultati daju opštu procedure za 
analizu naponskog stanja višeslojnih kompozitnih struktura 
pod dejstvom mehaničkog i hidrotermičkog opterećenja. 
Mehaničke i termičke karakteristike su dobijene eksperi-
mentalno. Numerička simulacija primenom MKE koristi 
klasičnu jednačinu difuzije Fikovog tipa i teoriju difuzije 
vlažnosti radi uzimanja u obzir hidrotermičko ponašanje 
materijala. Numerički i eksperimentalni rezultati pokazuju 
veoma važan hidrotermički uticaj na naponsko stanje i 
čvrstoću višeslojnih kompozitnih struktura. 

INTRODUCTION 

Compared to conventional metal structures, fibrous com-
posite materials continue to experience increased applica-
tion in aerospace structures due to their superior strength 
and stiffness to weight ratios; however, due to material 
anisotropy, analysing and designing these materials is more 
complicated than metallic materials. The aim of this work is 
to model some moderately thick structures in the form of 
plates or shells in order to simulate the behaviour of 
composite structures exposed of environmental effects. As 
a matter of fact, the use of polymer matrix composites in 
aircraft structural applications requires a careful evaluation 
of the effects of environmental exposure on material prop-
erties. Influences of common environmental mechanisms of 

moisture and temperature have been found to significantly 
degrade the matrix-dominated mechanical properties /1,2/. 
As a consequence there has been a pressing need to quan-
tify the degree of degradation that can occur during a typi-
cal service life of an aircraft (usually 25 years), and to make 
allowance for it in component design and structural testing. 
The deterioration that occurs in CFC composites during the 
service life is, in general, linked with the level of moisture 
(water) that is absorbed. This is usually confined to the 
resin matrix, although some absorption by fiber can take 
place with aramid fibers. 

In order to evaluate the influence of moisture and tem-
perature on the structural characteristics of such structures, 
analytical investigations are performed. A general shell 
type structure is chosen for this analysis. 
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The shell is modelled by a displacement approach and 
higher-order shear deformation theory which allows to take 
boundary conditions into account on the top and bottom 
surfaces of the shell, and parabolic distribution of trans-
verse shear stresses.  

The hygroscopic nature of the laminated shell is approxi-
mated by means of Fourier theory of heat transfer to com-
posite materials and Fick’s diffusion model is adopted for 
moisture distribution. 

MOISTURE AND TEMPERATURE DISTRIBUTIONS 

Matrix materials such as epoxy resins, commonly used 
for present-day composites, absorb moisture from the 
atmosphere by what is essentially a diffusion process. 
Under ambient temperature conditions, the rate of diffusion 
is quite slow: it takes time the order of months for a lami-
nate kept in a humid atmosphere to achieve an equilibrium 
moisture distribution. The reverse process called desorption 
also occurs when a laminate containing moisture undergoes 
long-term exposure in a dry atmosphere. It will give up its 
moisture also by a diffusion process. The amount of mois-
ture in a laminate is generally expressed in terms of the 
percentage increase in laminate weight: for graphite/epoxy 
laminates exposed for long times in humid atmospheres, 
weight increase of the order of 1% is encountered. 

As it will be seen later, since the presence of moisture in 
a laminate can significantly affect its structural properties, 
considerable attention has been devoted to establishing 
theoretical procedures for predicting the moisture content. 

Moisture and temperature distributions inside composites 
can readily be calculated when moisture penetrates into the 
material by Fickian diffusion. Solutions are presented for 
moisture and temperature distributions in single and multi-
layered composites under Fickian diffusion, /3,4/. It is 
important to be able to quantitatively determine ∆T(z) and 
∆m(z) given a set of surface conditions. Of course, these 
quantities could also be a function of x and y as well, but 
for many applications with thin-walled structures such as 
plates and shells, the most important direction for heat or 
moisture flux is through thickness. The following problem 
is considered: 
• temperature and moisture content inside the multilayered 

composite vary only in the direction normal to the face of 
the plate, 

• the temperature inside the material equilibrates much 
faster than the moisture concentration, and hence at each 
instant of time, the temperature distribution inside the 
material corresponds to the instantaneous ambient tem-
perature, 

• material properties depend only on temperature, and are 
independent of moisture concentration and stress level, 

• environmental conditions (temperature, moisture level) 
vary in arbitrary, but known manner, 

• the hygroscopic nature of the plate/shell is approximated 
by means of the classical diffusion equation /5/, 
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where: Dz is the moisture diffusion constant for the compo-
site in the thickness direction, and t is the time. For the case 
that the thin-walled structure is instantaneously exposed to 
a moisture concentration ∆m0, at the time t = 0, on both the 
top and bottom surfaces, the transient solution of Eq.(1) is 
the following solution: 
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If only the upper surface of the thin-walled structure is 
suddenly exposed to moisture concentration ∆m0 at t = 0, 
the transient solution is: 
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The solutions Eq.(2) and Eq.(3) are also valid for transi-
ent thermal distributions if m is replaced by T and Dz 
becomes the thermal diffusion. 

For a steady state case the transient solution die out can 
be represented by simple linear functions in the z-direction, 
such as 
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There is obviously an analogous expression for ∆T(z). 
The temperature distribution inside the multilayered 

plate/shell is defined as: 
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surface temperatures; ki is the thermal conductivity of i-th 
layer (in the direction normal to the face of the plate/shell). 
From these solutions all of the thermal and moisture stress 
resultants and stress couples can be formulated straightfor-
wardly. 

The heat transfer in composite materials is applied by 
Fourier theory. Fourier’s equitation of heat transfer is given 
in the form 
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where: ρ is material density; c is specific heat; T is tempera-
ture; xi are material coordinates; and kij is not a function of 
temperature, Eq.(6) simplifies to: 
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The rate of heat transfer per unit area per unit time is the 
heat flux vector 



Numerical and experimental stress analysis of layered composite ... Numerička i eksperimentalna analiza naponskog stanja višeslojnih ... 
 

INTEGRITET I VEK KONSTRUKCIJA 
Vol. 19, br. 1 (2019), str. 45–49 

STRUCTURAL INTEGRITY AND LIFE 
Vol. 19, No 1 (2019), pp. 45–49 

 

47 

 
2

i ij
j

Tk
x

ρ ∂
− =

∂
. (8) 

The equation is well known from second and first Fourier 
laws: 
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where: k′11 is the conductivity in composite material along 
the fiber; and k′22 is the conductivity in composite material 
to the fiber. Approximated values of k′11 and k′22 are given 
as /6/: 
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In above equations, Vf is volume fraction of fiber; kf is 
the thermal conductivity of fiber; and kr is the thermal con-
ductivity of resin. 

STRESS ANALYSIS BY FINITE ELEMENTS 

The finite element method is used for stress analysis of 
layered composite structures. Attention is focused on the 
stress analysis of general composite structures under 
combined mechanical and higrothermal loading. A detailed 
FEM description of layered shell structures is given in 
references /7-9/. Here are given constitutive relations for 
layered composite structures subjected to combined mechan-
ical and higrothermal loading. 

The stress resultants N can be written as: 
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where: α and β are the coefficient of thermal and higro-
thermal expansions, in respect; ∆T is the increase tempera-
ture; and ∆m is the increase from zero moisture measured in 

percentage weight increase. The previous equation can be 
written as 
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where: hk is the vectoral distance from the plate mid-plane 
to the upper surface of the k-th lamina, i.e. any dimension 
and any below the midsurface is a negative dimension, and 
any dimension above the midsurface is positive. Relations 
that include bending deformations can be written in a simi-
lar manner: 
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In the above equations, the standard notation /8-10/ is 
used. The layered shell is modelled by a displacement FE 
approach and a higher-order shear deformation that allows 
us to take boundary conditions into account on the top and 
bottom surfaces of the shell and the parabolic distribution 
of transverse shear deformations. 

EXPERIMENTAL PROCEDURE 

It is well known that the exposure of composite struc-
tures in a wet environment may cause water absorption. 
The absorbed water in polymeric composite not only 
produces changes in chemical and physical nature, but also 
causes degradation of mechanical properties of materials. 
The degradation of strength and stiffness is the result of 
weakening three composite phases: the fiber, the matrix and 
the interface. The degree of degradation depends on the 
moisture content in the composite and varies within struc-
tural components so remarkably that it should not be ignored 
in the application or design of composite structures when 
they are to be exposed in a humid environment for a long 
period. The natural process of moisture absorption in epoxy 
matrices is normally very slow, and this makes it very diffi-
cult to reach an adequate degree of degradation in a struc-
tural test element in a practical real time. It has been found 
necessary, therefore, to speed up the moisture diffusion 
process by employing an accelerated conditioning tech-
nique that can ensure a representative level of degradation 
in a much reduced time. The degree of degradation that 
occurs in composite structures when in service is linked 
directly to the amount of moisture that is absorbed. All tests 
are carried out on test machine SCHRENCK TREBL RM 
100 and Climate chamber for simulating ambient conditions. 
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In this study the effects of moisture and temperature on 
mechanical properties of composite materials are examined 
experimentally by means of tensile tests of a typical carbon-
epoxy system. 
Effect of moisture on tensile strength and module elasticity 

Tested are unidirectional standard CFC specimens with 
sequence [(90°)4]s made from the graphite/epoxy (T300/263) 
fiber resin system. Figure 1 shows absorption and desorp-
tion curves of the considered CFC composite material. The 
curves are experimentally determined, and absorption tests 
are carried out with distilled water. The water immersion 
absorption tests with CFC specimens are conducted at 
50 °C. Desorption tests of composite specimens are also 
conducted at 50 °C. It is observed that tensile strength F22 
and modulus of elasticity E22 of these specimens are 
reduced after moisture absorption. The influence of mois-
ture and temperature on tensile ultimate strength and 
module of elasticity are given in Figs. 2 and 3. 

 
Figure 1. Absorption and desorption curves for CFC composite 

specimens. 

 
Figure 2. Effects of temperature and moisture on ultimate tensile 

strength F22. 

The rates at which water is absorbed by specimens are 
determined by weighting the specimens after immersion 
time. It is well known that degradation of the resin matrix 

and interface and change of specimen weight may arise 
during immersion in water. The weight change is consid-
ered to be produced by an increase of the absorbed water in 
the specimen and from the dissolved matrix in water. 

The tensile tests are carried out after immersion tests by 
Schrenck universal testing machine. The climate chamber is 
directly connected to the Schrenck machine and is possible 
to directly measure strains under temperature effects. 

 
Figure 3. Effects of temperature and moisture on module of 

elasticity E22. 

Figures 2 and 3 show the importance of the influence of 
temperature and moisture on mechanical properties of CFC. 
Evident is a drastic degree of degradation of mechanical 
properties that occurs in composite specimens with 90° 
orientation. This is about 35% for the tensile ultimate 
strength and 50% for the E22. 

NUMERICAL EXAMPLES 

To demonstrate the numerical approach in stress analysis 
of composite structures under combined mechanical and 
hygrothermal loads, here are included simple numerical 
tests. Considered is a layered composite panel subjected to 
mechanical and hygrothermal loading. The geometry and 
FE model are shown in Fig. 4. 

 
Figure 4. Geometry and FE model of composite panel. 

Mechanical properties of the composite material are: 
E11 = 122 GPa, E22 = 9.43 GPa, G12 = 4.62 GPa, tlayer = 
0.125 mm, ν12 = 0.31, α1 = 0, α2 = 0.000003. These proper-
ties are given for standard ambient conditions. The hygro-
thermal effects, based on the previous experiments, are 
included in numerical analysis. Dimensions of the panel are 
a = 300 mm and b = 150 mm. 
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The composite panel was under uniaxial load Nx = 
45000 N and subject to ∆T = 800 °C. The complete results 
of stresses and displacements of this panel are given in 
Tables 1 and 2. 

Table 1. Stresses at layered composite panel under combined 
mechanical and hygrothermal loads. 

No. Sequences Stresses 
in layers 

σ1 

[MPa] 
σ2 

[MPa] 
τ12 

[MPa] 

1 [(0°/90°)4]S 
0° 

90° 
305.91 
21.46 

8.42 
23.96 

0 
0 

2 [±45°/0°4/90°2]S 

±45° 
0° 

90° 

133.62 
273.42 
-6.19 

13.22 
5.58 

20.85 
11.76 

3 [(±45°)4]S ±45° 163.68 16.19 75 

Table 2. Displacements of composite panel under combined 
mechanical and hygrothermal loads (simply supported boundary 

conditions). 
No. Sequences fx [mm] fy [mm] 
1 [(0°/90°)4]S -0.0173 0.7458 
2 [±45°/0°4/90°2]S -1.0225 2.8253 
3 [(±45°)4]S -0.0156 0.6681 

CONCLUSION 

Methods of analysis have been developed for analysing 
the stresses in moderately thick laminated plates and shells 
subjected to combined elevated temperature, absorbed 
moisture and mechanical loads. The heat and moisture 
transfer are carried out by Fourier theory and Fick’s diffu-
sion model, respectively. The stresses and displacements 
are calculated by finite element method. The experimental 
results have shown that the effect of the temperature and 
moisture on the mechanical characteristic is evident. Test 
results from CFC specimens (T300/263 graphite/epoxy 
system) due to ambient conditions (moisture and tempera-
ture) have shown that the degree of degradation of tensile 
strength F22 is about 35% and module of elasticity E22 about 
50%. The stresses in the composite material due to ambient 
conditions are incorporated in the calculation. Numerical 
simulations for hygrothermal effects, stability analysis, 
postbuckling behaviour are in progress, as well as some 
experimental simulation hygrothermal environments. 
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