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Abstract

Advanced mechanical and structural applications require accurate assessment and better knowledge of the damage state during
elaboration and service. The development of life prediction methodologies for Glass Fiber Reinforced Polymers (GFRPs) has increased
with the use of composites in different industries. It is important to develop through thickness degradation analyses due to ageing in
order to predict its effect on the lifetime of composite structures. This study aims to model the moisture absorption, the concentration
of the absorbed fluid and the reduction of mechanical properties in the through the thickness direction of a GFRPs structure. The water
absorption behavior of woven glass fiber reinforced cyanate ester composites used in the plenum of the air conditioning pack of aircraft
environmental control system has been modeled. The combined models describe the diffusion procedure primarily at material level
and continuously at structure level. The amount of the absorbed moisture can be crucial for the mechanical behavior of the structure.
Therefore, there is a need for a better understanding of the evolution of mechanical properties during ageing. The procedure utilizes
the results of the diffusion model to calculate the moduli degradation during the water uptake process. Predictive models have been
proposed by considering different sections throughout the thickness and provide a solid background for modeling the long term

behavior of a structure exposed at different temperature and different time period. This work performed the numerical studies on the

effect of moisture, temperature and presents some useful instructions for the evaluation of such composite structures.
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1 Introduction

The fibrous composite materials with polymer matrix
replace more and more metals in many industrial sectors.
Application includes acrospace, automotive, construction,
marine goods, sporting goods and infrastructure. In gen-
eral, for higher performance composite materials are used
where high strength and stiffness along with light weight
and corrosion resistance are required such as in airplane
and aerospace engineering where the high mechanical
properties and the low density are the main determinant
factors. The elements of fuselage, rudders and plane wings
are examples of components designed from composite
materials. Their utilization is expanded to the infrastruc-
ture industry, marine industry, and the offshore oil indus-
try all of which require composite materials to endure
harsh moisture and temperature environments. However,

special care is considered when introducing progressively
new composite materials in industry because of the diffi-
culty to predict their lifespan. The long-term behavior of
composites becomes as much randomly as they are sub-
jected to external mechanical loading and exposed to cli-
matic conditions (temperature and moisture). Indeed, the
hygrothermal stability is mandatory for the choice of the
composite material type. The importance of this aspect on
the safe use of structures motivated many research sub-
jects in this field. Particular focus is to be given to reduc-
ing design uncertainties through a better understanding of
material interaction with extreme and harsh service envi-
ronment. Among many types of environment damage, the
combined effect of temperature and moisture ingression is
regarded as the most detrimental one [1, 2].
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In this regards, the composite material considered in
this study belongs to the graphite/epoxy type. Specifically
for its application and use in airplane, aerospace structures
and car industries make it more exposed to environmen-
tal varying conditions and operational heating which can
significantly contribute to the deterioration of the material
and thus affect the structural integrity of the composite
structure [3, 4]. Generally, the composite structure is very
complicated, and can significantly affect the moisture dif-
fusion along the thickness direction. However, the adopted
model seems very simple, and cannot reflect the role of
microstructure.

1.1 Effects of moisture

Moisture is well known to affect negatively numerous
properties of polymers and their composites. Considerable
attention has been given by many researchers to address
the effect of moisture on the mechanical behavior of poly-
mers matrix composites since it is relevant to optimum
design and to the effectiveness for structural applica-
tions. A good deal and extensive literature reviews exist
characterizing the effect of temperature and moisture on
static mechanical properties of carbon/epoxy compos-
ites. However, these effects vary between material sys-
tems and thus must be determined on an individual mate-
rial basis. While the effects of moisture and temperature
on composite properties and behavior have been studied
extensively, the studies involving carbon fiber compos-
ite fatigue behavior have been limited in number and in
scope. An extensive review of the literature pertaining to
such topics can be found in [5-7].

1.2 Effects of moisture/temperature interaction
It is well known that temperature has an effect on compos-
ite mechanical properties. Matrix dominated mechanical
properties decrease with increasing temperature. Fiber-
dominated properties are affected by cold temperature
with less impact than those on matrix dominated at ele-
vated temperature which may alter the design parameters.
The amount of absorbed moisture depends on the
matrix material and relative humidity. Elevated tempera-
ture increase the rate of moisture absorption which results
in reduction of the matrix material dominated mechani-
cal properties due to matrix swelling. Parameters such
as volume fraction of the fiber, nature of the resign sys-
tem, temperatures, additives, fiber orientation, fiber sur-
face coating, sizing and void volume affect the water
diffusion in polymer matrix composites [8]. Various

studies examine the effect of the moisture/temperature
combination on composite tensile strength and modulus
Davison [5]. Almen et al. [9, 10] presented results show-
ing degradation of a variety of carbon fiber reinforced
epoxy woven composite properties in hot/wet environ-
ments. Shen and Springer [11] found moisture related deg-
radations in tensile strength and stiffness of 0 and 45°
carbon/epoxy composites to be independent of tempera-
ture. On the other hand, tensile properties of 90 laminates
were significantly affected by moisture and temperature.
Significant degradation in transverse strength of a carbon/
epoxy composite with moisture and temperature was also
found by Shen and Springer [12], Boukhoulda et al. [13]
and Mahmoudi et al. [14]. In order to study the moisture
diffusion in composites with polymer matrix, the material
is exposed to a controlled wet environment such as steam
and water [15, 16]. The main goal of these works is to eval-
uate the mechanical properties and the moisture concen-
tration with respect to temperature and time. Several stud-
ies have considered the effect of environmental conditions
on laminated plates [17]. Smith and Weitsman [18] noted
that, for composites with polymer matrix immersed in sea
water, there is an important difference between the mois-
ture concentration in the matrix and in the fiber/matrix
interface. Chamis et al. [19] proposed a general theory to
obtain the response of hygro-thermo-mechanics of com-
posites. Kriz and Stinchcomb [20] showed to what extent
the absorptive moisture modifies the state of stresses as
well as the damage process at the laminated edges under
static tensile stress or cyclic loading. In the work carried
out by Bradley and Grant [21] the effect of sea water on
the composite interface has been considered. It was noted
that a reduction in the shear strength is due to the moisture
absorption. Also, various studies had considered the com-
bined effect of temperature and humidity on the tensile
strength and the modulus of elasticity [3, 22]. The results
obtained by Almen et al. [9, 10] have shown a degrada-
tion of various properties of carbon reinforced epoxy
composites in heating/cooling environments. Significant
deterioration in shear strength of carbon/epoxy compos-
ite under moisture and temperature was also found by
Browning et al. [23]. Vaddadi et al. [24] have evaluated
the effect of moisture absorption for composite materials
subjected to wet environment, and gave detailed numeri-
cal analyses which simulate the real heterogeneous micro-
structures of the composite. Therefore, it is mandatory to
build a comprehensive knowledge of composite materi-
als subjected to severe and complex cyclic environmental



conditions which has been highlighted in several works.
The models of the Fickian diffusion have been verified
by experimental data on moisture absorption for graph-
ite/epoxy composites and epoxy glass [25]. The combined
effect of moisture and temperature became increasingly
dangerous when cyclic environmental conditions exist.
Consequently, the hygrothermal stresses due to the effect
of the cyclic environment seem to be considerably import-
ant for the design which is of practical interest.

In the present work, a numerical model is built for
the prediction of moisture diffusion under cyclic envi-
ronmental conditions based on the classical assumptions
for non-uniform transient concentration as described by
Adda-Bedia et al. [26, 27] and Verchery [28]. This model
is then applied to evaluate the scatter of the moisture con-
centration in terms of input parameter uncertainties espe-
cially for material diffusivity. It is shown that the moisture
distribution is far from being normally distributed. Thus
extreme distributions should be considered to better rep-
resent the scatter of the graphite/epoxy moisture concen-
tration. This result is very useful for reliability analysis of
composite plates under climatic conditions.

1.3 Fick's model for water absorption

The polymers have very good characteristics at the begin-
ning of service. However, they are very sensitive to the
environmental conditions during the service life due to the
wet ageing which deteriorates their physical and mechan-
ical properties. Actually the study of this wet ageing con-
stitutes an important field of research in order to allow
accurate prediction of the rate of material damage evolu-
tion and its upper limit for safe use. The long time expo-
sure of a composite to a wet environment can have serious
consequences on its mechanical and physical properties
since water infiltrates in the composite by diffusion and
attacks the chemical structure of the composite matrix.
Although the temperature effects have been studied for
a long time and are therefore well modeled, the moisture
effects are rather difficult to take into account because of
the high dependence on the structure and the molecular
morphology of polymers. Indeed, the characterization of
the hygro-mechanical behavior of polymers and compos-
ites is dealt with in a low number of studies compared to
the thermo-mechanical behavior of these materials. Under
ageing effects the composite materials present two weak
aspects pertaining to temperature and humidity. When
the stability is subjected to the combined increase of tem-
perature and hygroscopy the matrices as well as the fiber/
matrix interface present inherent hydraulic brittleness.
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The deterioration of composites is initiated by a phenom-
enon of plasticization known as physical ageing which
results from the water diffusion within the polymer
matrix and/or within the fiber/matrix interface. Therefore,
the analysis of time-dependent water absorption for com-
posite materials is mandatory since absorption simultane-
ously depends on the nature of components, temperature
and relative humidity [29]. Under the effect of moisture
higher water absorption can lead to a hygroscopic dilata-
tion in the laminate. Under normal operating temperatures
this phenomenon is reversible; i.e. after drying, the mate-
rial restores its initial properties. Nevertheless, certain
molecules remain trapped and are difficult to eliminate
due to the hydrogen bonds with the polymer [30]. From
another point of view, the increase of temperature ampli-
fies the natural vibrations of the molecular structure caus-
ing a thermal dilatation and a plasticization of the material.
As long as the threshold temperature is not reached these
phenomena are reversible. Beyond a certain limit of tem-
perature and moisture other mechanisms can be involved
causing a swelling or a plasticization of the resin [31, 32].
Numerous diffusion models have been proposed to study
moisture diffusion into various composites under differ-
ent external hygrothermal conditioning. One dimensional
Fick's law is the most frequently used one by research-
ers to investigate moisture diffusion behavior into sin-
gle-fiber-reinforced composites [17]. Fick's law describes
the water diffusion in a medium presenting a concentra-
tion gradient. It presents a linear relationship between
the diffusing flow through a plane surface of infinite size
compared to the thickness and the second derivative of
the concentration with respect to the normal direction.
The Fickian diffusion is characterized by two parameters
respectively the diffusion coefficient D (independent of
time and space) and the moisture concentration C. For the
considered plates, the water diffusion within the compos-
ite is well described by Fick's second law where the solu-
tion is determined by a numerical incremental procedure
based on step-by-step time integration [33]. As for thin
plates the diffusion is carried out according to only one
direction (i.e. through the plate thickness) and Fick's sec-
ond law takes the form:

ac_, oc
ot T oxt’

1

where C is the moisture concentration, D _is the plate dif-
fusivity in the x-direction and ¢ is the time. In our case,
this equation is subjected to the following boundary
conditions:
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C(x,0)=0 for 0<x<h, Q)

C(0,¢)=cl and C(h,t)=c2 fort>0. (€)

Crank [34] presented a mathematical solution for Eq. (1)
under different geometrical and boundary conditions. In a
thin plate with thickness / and initial concentration C,
where the surfaces are kept under uniform concentration
C_ (water concentration at saturation), the concentration

is given by:
c-C
c, -C
. 0,71 @
4&(-1)"  (n+Drx { D,2n+1)x t}
-— cos exp| ————5— |,
T oo 2l’l+1 h h
with:
D DAl 7DA2/T (5)
C, =CClLH", (6)

where H is the relative humidity (%), DAl is the perme-
ability index (mm?S), DA2 is the specific constant of the
material (°K), CC1 and CC2 are dimensionless material
constants. To obtain the total water mass in the compos-
ite Springer [15] integrated Eq. (7) on the plate thickness
leading to:

Gommm _
m, —m,
2 )
N { D, (2n+1) 77%}
n? :o(2n+1) K’ ’

where G is the mass fraction of absorptive water, m is the
absorptive water mass at the time ¢, m_ is the absorptive
water mass at saturation and m, is the initial water mass in
the composite.

2 Water absorption in the studied plates
In this work graphite/epoxy plates of type T300/5208 sub-
jected to cyclic environmental actions of temperature and
moisture applied on both faces are investigated (Fig. 1).
Three plate thicknesses have been considered: 4.8, 8.8 and
13.8 mm. The characteristics of the T300/5208 are given
in Table 1 [25, 29].

A typical cycle of the applied temperature and relative
humidity is illustrated in Fig. 2 (a) and (b).

For a period of 144 hours, the temperature varies from
27 °C to 65 °C with a last heating at 142 °C while the relative
humidity oscillates between 14 % and 82 %. These cycles

Fig. 1 Plate subjected to temperature and moisture in the x-axis direction

Table 1 Characteristics of the T300/5208 material
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correspond to a flight testing as described by Springer [15].
This plane test simulates temperature and moisture varia-
tions during 123 hours in normal atmospheric conditions
followed by 11 hours of flight and finally 10 hours of nor-
mal atmospheric conditions. In the test the ambient rela-
tive humidity is increased when temperature is decreased
except during the flight where moisture becomes zero. It
can also be noticed that the high relative humidity is kept
at 82 %. The studied plates are exposed to 2000 cycles of
144 hours each as described in Fig. 2 which is equivalent
to nearly 33 years. The diffusion analysis aims to compute
the moisture concentration through the plate thickness



with respect to time. This can be carried out by numerical
integration of Fick's law for water absorption in composite
plates as described in the above section and as reported
in [35-37]. For cycles with lower temperature levels: 27,
37 and 47 °C, Fig. 3 shows the moisture concentration in
graphite/epoxy plates subjected to the relative humidity
cycles indicated previously in Fig. 2 (b).

It can be observed that at the first stage the water
absorption increases monotonically until saturation where
the increase of weight is fast and regular. The second stage
is rather constant which indicates a "quasi-nil" diffusion.
The moisture concentration curves present an inflection
point which is more visible for thick plates. After an ini-
tial acceleration the moisture rate is almost linear (up
to 40 % of the saturation moisture at temperature 47 °C
"h = 4.8 mm). Then the water absorption rate decreases
progressively until the maximum moisture saturation.
From these curves it can be observed that higher tempera-
ture increases proportionally the moisture concentration.
In addition to the diffusivity increase (slope of the curve)
the long-term water concentration increases with tempera-
ture ranging from 0.61 % at 37 °C to 0.71 % at 47 °C for
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Fig. 3 Moisture concentration as a function of cycles; (a) Variation of
average humidity concentration versus number of cycles (e = 8.8 mm);
(b) Variation of average humidity concentration versus number of cycles
(e =13.8 mm)
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h=4.8 mm (i.e. 10 % of increase). This is explained by the
temperature activation of the diffusion process.

For & = 8.8 mm the influence of temperature is visible
in reducing the time to saturation: at 47 °C the material
is saturated at 1000 cycles (i.e. 17 years) while at 27 °C,
saturation occurs at 800 cycles (i.e. 13 years). Concerning
the saturation level, it is 0.51 % at 27 °C, 0.61 % at 37 °C
and 0.71 % at 47 °C respectively. We can conclude that
the moisture concentration is around 0.61 %, which can
be expressed as the limit concentration increase with time
and that diffusivity increases with temperature. For cycles
with lower temperature of 37 °C, Fig. 4 illustrates the
moisture concentration for the three plate thicknesses as a
function of loading cycles.

It can be observed that for the studied material the mois-
ture concentration does not exceed 0.61 % whatever the age-
ing time is. Although that concentration curves converges
to the limit value of 0.61 %, the necessary time to reach this
limit depends strongly on the plate thickness. It is respec-
tively equal to 200, 600 and 1500 cycles for thickness of
4.8, 8.8 and 13.8 mm. The relationship between saturation
time and thickness is thus strongly nonlinear. In the follow-
ing probabilistic analysis the simulations are carried out till
2000 cycles in order to guarantee that saturation is reached
especially for the small plate thickness (i.e. 4.8 mm).

2.1 Propagation of model uncertainties

In order to study the scatter of the moisture concentration,
the Graphite/Epoxy plates, with 4.8mm of thickness are
subjected to 2000 cycles of 144 h as illustrated in Fig. 1.
Although that saturation is observed at 600 cycles, the ran-
dom sampling may lead to much larger saturation times as
illustrated in Fig. 5.

For this reason 2000 cycles have been chosen in order to
be sure that saturation is reached in all the simulated con-
figurations. The thermal conductivity is set to 402.2 W/m°K
and the parameters are taken as shown previously in Table 1.
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Fig. 4 Moisture concentration as a function of cycles
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The distribution of moisture concentration is deter-
mined by performing Monte Carlo simulations on the
diffusion model. For each random sample, the incremen-
tal diffusion model is applied in order to determine the
response in terms of moisture concentration. Fig. 5 shows
an example of some random samples.

The input model uncertainties are considered by assum-
ing normally distributed random variables with a given
Coefficient Of Variation (COV). In this study the random-
ness is considered for the parameters DAl and DA2, as
well as for the plate thickness.

For each configuration one thousand random simula-
tions have been carried out leading to one thousand reali-
zations of the moisture concentration. The statistical anal-
ysis of the response allows us to determine the influence of
each parameter on the concentration scatter.

2.1.1 Moisture distribution
For plates with thickness of 4.8 mm the Monte Carlo sam-
pling is carried out according to the coefficients of varia-
tion indicated in Table 2 [38].

The observation of the moisture concentration param-
eters shows that the dispersion of the thickness and of

the parameter DA/ has no significant effect on the mean
moisture concentration and very low effect on its stan-
dard deviation. Therefore, these parameters are not crit-
ical for material characterization. Within the considered
range a small increase of the coefficient of variation of
DA decreases slightly the dispersion of the moisture con-
centration. This can be explained by the random compen-
sation between DA/ and DA2 sampling. As it could be
expected, the parameter DA2 has a very large influence
on the scatter of the moisture concentration. The present
study shows also that this parameter influences strongly
the shape of the moisture distribution which is mandatory
for reliable design of such a plate. When the parameter
COV varies from 0.01 to 0.07 (Table 2) the standard devi-
ation of moisture is multiplied by a factor of 13 (i.e. from
0.0045 to 0.059). It can be noticed that the COV of the
moisture concentration is almost proportional to the COV
of DA2. The observation of the distributions in Fig 6 (and
the values of the kurtosis and the skeweness) shows that
the distribution is evidently non-symmetrical with a very
long lower tail. When the COV of DA2 increases from 4 %
to 5 % the lower tail is significantly extended while the
upper distribution tail remains almost constant.

This fact is very interesting for material reliability
as high concentration probability is practically insensi-
tive to material model uncertainties. This can be probably
explained by the nonlinear action of the diffusion law. More
generally this study shows that moisture cannot be repre-
sented by normal or lognormal distributions. The moisture
concentration appears to follow an extreme value distribu-
tion. Fig. 7 shows the interaction effects for the three vari-
ables (i.e. thickness and diffusion parameters).

The comparison with Fig. 6 confirms that the thickness
and the parameter DAl have an Uncertaitines: ¢, = 2 %,
=7 % very small effect on the moisture

— 70
Cpai 7 /(”CDAz

Table 2 Influence of the parameter dispersion (thickness = 4.8 mm)

COV of COV of COV of Mean moisture Moisture Std Moisture Moisture
Thickness DAl DA2 deviation Kurstosis Skewness
0.00 0.00 0.01 0.614 0.0045 0.41 —-0.26
0.00 0.00 0.03 0.614 0.0154 1.08 -0.72
0.00 0.00 0.04 0.612 0.0245 6.15 -1.83
0.04 0.04 0.04 0.611 0.0238 3.63 -1.41
0.05 0.10 0.04 0.612 0.0231 3.15 -1.31
0.00 0.00 0.05 0.607 0.0371 6.49 —2.14
0.05 0.05 0.05 0.606 0.0356 3.47 -1.51
0.05 0.10 0.05 0.610 0.0330 5.80 -1.92
0.02 0.06 0.06 0.606 0.0453 7.38 -2.31
0.02 0.07 0.07 0.602 0.0590 8.09 —2.51
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distribution. However, the increase of the COV of DA2
from 4 % to 7 % leads to a very large distribution tail
while the average is 0.602. The minimum observed value
becomes 0.25 for 7 % of COV.

3 Effects of the thickness

The uncertainty analysis is now carried out for plates with
thickness 8.8 mm and 13.8 mm. The results are detailed in
Tables 3 and 4 as well as in Fig. 8.

The same trend is observed in these plates. However it
can be seen that thick plates present larger COV of mois-
ture than for thin plates. It is clearly shown form Table 3
that the skewness increases with the dispersion of DA2
(the same trend is observed in Table 4 but with less sig-
nificance). In parallel Fig. 8 shows that the scatter is much
larger for thick plates (13.8 mm) where the dispersion is
mainly in the direction of low moisture values i.e. more
extended lower distribution tail.

4 Probabilistic model

According to the above results it can be recommended the
same trend is observed in these plates. However it can be
seen that thick plates present larger COV of moisture than
for thin plates. It is clearly shown form Table 3 that the
skewness increases with the dispersion of DA2 (the same
trend is observed in Table 4 but with less significance).
In parallel Fig. 8 shows that the scatter is much larger for
thick plates (13.8 mm) where the dispersion is mainly in
the direction of low moisture values i.e. more extended
lower distribution tail.

To model the moisture distribution by an extreme value
by performing statistical tests for several distribution laws
we have found that Weibull and Beta distributions are very
suitable to represent the moisture scatter in graphite/epoxy
plates. Table 5 gives the distribution parameters for the
three considered thicknesses.

The beta distribution does not fit well the Kolmogorov-
Smirnov’s test. It gives a better representation of the lower
distribution tail. However it has the inconvenience of trun-
cation at the upper bound. Fig. 9 compares the two distri-
butions for 4.8 and 13.8 mm plates.

When the plate thickness is small the two distribu-
tions are almost similar. For thick plates, the Beta distri-
bution presents an extended lower tail and fits better the
observed behavior. Nevertheless, the Weibull distribu-
tion is still convenient for moisture scatter representation
especially for high concentration region which is critical
for practical design.
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Table 3 Influence of the parameter dispersion (thickness = 8.8 mm)

COV of COVof COVof  Mean g::;zrrde Moisture Moisture
Thicknesss DAl DA2 moisture deviation Kurstosis Skewness
0.01 0.01 0.01 0.619 0.0055 0.09 —-0.14
0.03 0.03 0.03 0.618 0.0172 0.67 —-0.56
0.00 0.00 0.04 0.617 0.0266 5.01 -1.58
0.05 0.01 0.04 0.617 0.0250 2.20 -1.07
0.04 0.04 0.04 0.615 0.0259 2.88 -1.20
0.00 0.05 0.05 0.612 0.0395 5.60 -1.94
0.05 0.05 0.05 0.615 0.0353 4.69 -1.68
0.05 0.10 0.05 0.615 0.0355 4.90 -1.71
0.05 0.06 0.06 0.611 0.0480 6.38 —2.11
0.06 0.06 0.06 0.611 0.0482 6.27 —2.10
0.02 0.07 0.07 0.607 0.0620 7.10 —2.32

Table 4 Influence of the parameter dispersion (thickness = 13.8 mm)

COV of COVof COV of Mean I;/:Zrilsgzrrg Moisture ~ Moisture
Thickness ~ DAl DA2 moisture deviation Kurstosis ~ Skeweness
0.01 0.01 0.01 0.614 0.0094 0.45 —0.68
0.03 0.03 0.03 0.607 0.0354 2.79 -1.57
0.00 0.00 0.04 0.601 0.0541 5.01 —2.04
0.05 0.01 0.04 0.601 0.0534 3.43 -1.79
0.04 0.04 0.04 0.598 0.0540 3.35 -1.73
0.00 0.05 0.05 0.589 0.0761 3.05 -1.77
0.05 0.05 0.05 0.594 0.0696 3.24 -1.80
0.05 0.10 0.05 0.594 0.0699 3.24 -1.79
0.05 0.06 0.06 0.587 0.0870 291 -1.77
0.06 0.06 0.06 0.587 0.0872 2.90 -1.77
0.02 0.07 0.07 0.581 0.1031 2.48 -1.71

Coupled uncertainties for 8.8 mm plates

Coupled uncertainties for 13.8 mm plates
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Fig. 8 Distribution of moisture concentration for different plate thicknesses; (a) Coupled uncertainties for 8.8 mm plates; (b) Coupled uncertainties

for 13.8 mm plates



5 Conclusions

In this work a numerical model is built for transient mois-
ture concentration in composite plates in order to allow
for uncertainty analyses. Under cyclic environmental con-
ditions the model shows the influence of the temperature
and plate thickness on the rate and the limit of concen-
tration. From the reliability point of view, the obtained
results underline the sensitivity of the moisture concen-
tration to the scatter of the diffusion parameters DAl and
DA2. This observation leads to guide the test measure-
ment on the parameter DA2, rather than DAl or the thick-
ness. Even with a very low coefficient of variation of D42
the scatter of moisture concentration is highly amplified.
It is also shown that classical assumptions of normal dis-
tribution are not convenient for moisture modeling due to
the very large skeweness of the distribution. The moisture
can be appropriately represented by Weibull and Beta dis-
tributions where the parameters have been determined in
order to be directly included in the reliability analysis of
this kind of composite materials. In the near future and in
our ongoing research this study can be extended to lam-
inate plates and sandwich composites in random severe

environments.

Table 5 Distribution parameters for moisture distribution fitting

Distribution Th(i:;lli;l; 5 Parameters Kolmogorov-Smironov's test
4.8 p=18,7=0.63 0.068
Weibull 8.8 p=16,n=0.63 0.059
13.8 p=12,7=0.635 0.120
4.8 a,=18,a,=3.0,a=0,6=071 0.133
Beta 8.8 a,=14,a,=24,a=0,b=071 0.120
13.8 a,=8,a,=18,a=0,b=072  0.106
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