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Introduction

Following the successful IFREMER/ONR Workshop on “Durability of Composites
in a Marine Environment”, held at the IFREMER Centre in Nantes, France, in
August 2012 [1], a second Workshop was organized at the IFREMER Centre in
Brest, France, in 2016, with about 50 participants from eight countries, and from
academia, research institutions and industry. The main objective of both
Workshops, and of this and the previous book, is to provide a state-of-the-art
overview of current research on the behaviour of composite materials in a marine
environment. This has been achieved by bringing together leading researchers in
the field, providing invited lectures and discussions over two days, and then inviting
all presenters to prepare a chapter for this book.

While fibre-reinforced polymer composites have a long history in marine appli-
cations (pleasure boats, military ships, submarines), durability aspects are rarely
explicitly integrated in design. There have been some attempts to address this in
European projects and within the ONR Solid Mechanics program, but we are only
starting to include key aspects such as coupling betweenwater ingress andmechanical
behaviour. This is a new research area, made possible by the development of com-
puting power; it requires a close collaboration between researchers with experience of
materials in amarine environment andmodellers developing predictive tools, in order
to provide naval architects with validated long-term behaviour models.

In the 4 years since the first Workshop, there have been some significant
developments in the use of composites. The offshore industry is now starting to
realise the weight gain potential of high-performance composites in particular for
flexible risers. A second emerging area is renewable marine energy, with consid-
erable progress towards commercial exploitation of both floating wind turbines and
tidal turbines. For both offshore and marine energy structures, long-term durability
of composites is a major issue, and this was acknowledged by inviting speakers
from both of these industries.

This book is structured in a similar way to the Workshop. The first day focussed
on understanding and modelling water effects and degradation; the second day was
oriented more towards applications. The first chapter by Colin describes work to
improve our understanding of water diffusion mechanisms (Chapter “Nonempirical

ix



Kinetic Modelling of Non-fickian Water Absorption Induced by a Chemical
Reaction in Epoxy-Amine Networks”). This is followed by two chapters describing
the influence of water on interfaces in composites, first from Peters who describes the
ageing of fibre coatings (Chapter “Influence of Glass Fibre Sizing and Storage
Conditions on Composite Properties”), then from Carlsson and Du who show how
water migrates along fibre/matrix interfaces (Chapter “Water Uptake in Polymer
Composites with Voids”). Penumadu then provides an overview of ageing, from
fibres through to naval composites and sandwich materials (Chapter “Durability of
US Naval Composites and Sandwich Structures: Science Framework Considering
Multi-scale Response in Harsh Sea Environment”). Miyano and colleagues describe
the extension of their time-temperature accelerating method to predict tensile creep
behaviour (Chapter “Statistical Long-Term Creep Failure Time of Unidirectional
CFRP”). This is followed by two contributions on modelling, first from Clément and
colleagues who describe a multi-physics approach to model diffusion-mechanical
property coupling (Chapter “Multiphysics Modeling of the Hygro-Mechanical
Behavior of Heterogeneous Materials”). Then Sobey and colleagues apply reliability
based modelling to marine composites (Chapter “Reliability of Composite Marine
Structures”). An overview by Echtermeyer et al. of a conceptual framework to
integrate durability modelling from the molecular level through to structures com-
pletes this first part of the book (Chapter “Multiscale Modelling of Environmental
Degradation—First Steps”).

The chapters based on the second day of the Workshop begin with an overview of
composite possibilities for Offshore Oil and Gas by Melot (Chapter “Present and
Future Composites Requirements for the Offshore Oil and Gas Industry”). This is
followed by two chapters on the use of composites for tidal turbine blades, first by
Dawson et al, from a blade producer’s viewpoint (Chapter “Composite Materials in
Tidal Energy Blades”), followed by Bradaigh et al who describe blade design
(Chapter “Influence of Composite Fatigue Properties on Marine Tidal Turbine Blade
Design”). The book finishes with a look at the durability of a range of potential
materials for future marine applications, with reduced environmental impact (Chapter
“Marine Ageing Behaviour of New Environmentally-Friendly Composites”).

The chairmen would like to thank IFREMER and ONR for support, and to
acknowledge the enthusiastic help of members of the local organizing committee
(Pierre-Yves Le Gac, Maelenn Le Gall, Dominique Choqueuse), and the invaluable
secretarial assistance of Ann-Sophie Delmaire in setting up and ensuring the
smooth running of the Workshop. Thanks also to all those who reviewed the papers
for this publication, and to all participants of the Workshop.

Reference

1. Davies P, Rajapakse YDS (eds) (2013) Durability of composites in a marine environment.
Springer

x Introduction



Nonempirical Kinetic Modeling
of Non-fickian Water Absorption Induced
by a Chemical Reaction in Epoxy-Amine
Networks

Xavier Colin

Abstract In the last two decades, several studies made in our laboratory have
shown that hydrolytic reactions may occur during water absorption and may be
responsible for behavioral deviations from the classical Fick’s law in epoxy-amine
networks. On one hand, water is chemically consumed by specific groups initially
present in the repetitive structural unit (e.g., unreacted epoxies and amides) or
formed by oxidation under operating conditions. On the other hand, water estab-
lishes strong molecular interactions (hydrogen bonds) with new highly polar groups
resulting from hydrolysis (alcohols and acids). Due to both contributions, the
kinetic curves of water absorption no longer tend towards an equilibrium value, i.e.,
a final saturation plateau, but display a slow and continuous increase over time in
the water mass uptake. On this basis, a diffusion/reaction model has been developed
for predicting such a peculiar water sorption behavior. In addition, the classical
Henry’s law has been modified for describing the changes in boundary conditions
during the course of the hydrolytic reaction. This chapter provides an overview of
the recent theoretical advances made in this field and demonstrates, through two
case studies, the good predictive value of the kinetic modeling approach set up in
our laboratory.

Keywords Epoxy-amine networks � Water absorption � Hydrolysis � Fick’s law
deviation � Kinetic modeling

1 Introduction

Epoxy-amine networks are widely used in many industrial fields, such as aero-
nautics and space, automotive industry, nuclear energy, building and civil engi-
neering, as matrices of fiber reinforced composite materials, structural adhesives of
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bonded assemblies, but also protective coatings, in particular paintings, varnishes
and lacquers. Many studies have been conducted for tentatively elucidating their
physical and chemical aging mechanisms and for evaluating their long-term dura-
bility under the combined effects of various environmental stresses such as tem-
perature, UV and ionizing radiations, oxygen, water, etc. [1–3].

These polymers are known to be very sensitive to moisture. First of all, they can
absorb large amounts of water due to the presence of highly polar groups (hy-
droxyls for example) in their repetitive structural unit, which establish strong
molecular interactions (hydrogen bonds) with water molecules. That is the reason
why they undergo an important external plasticization when they are initially in the
glassy state. As an example, an ideal DGEBA-DDM network absorbs more than 2
wt% of water in 100% RH at 25 °C, which reduces its glass transition temperature
Tg by about 36 °C [4].

In addition, epoxy-amine networks can undergo a hydrolysis reaction when they
contain specific chemical groups known to be reactive with water. These latter can
be initially present in the repetitive structural unit as, for instance, amides in net-
works based on amidoamine hardeners [5] or unreacted epoxies in non-ideal net-
works [6]. But, they may also be formed by a radical chain oxidation reaction
activated by external factors (e.g., increase in temperature, UV or ionizing radiation,
or chemical reagent acting as a radical initiator) under operating conditions. These
chemical groups are then amides and esters resulting from the oxidation of amino-
and oxy-methylenes respectively [7]. In both cases, hydrolysis will lead to the
formation and accumulation of new hydroxyl groups (alcohols and acids) and
consequently, to significant changes in water transport properties in epoxy-amine
networks.

This chapter proposes to review all these physico-chemical mechanisms and to
derive, from these latter, a general kinetic model capable of predicting two
examples of behavioral deviations from the classical Fick’s law reported in the
literature for epoxy-amine networks.

2 Water Absorption in the Absence of Hydrolysable
Groups

In the absence of hydrolysable groups in epoxy-amine networks, water absorption
obeys the classical Fick’s second law [6, 8, 9]. A typical kinetic curve of water
absorption is plotted versus the square root of time in Fig. 1a. Two time domains
can be clearly distinguished:

I. The transient regime during which the water mass uptake m (expressed in wt
%) increases linearly with the square root of time. The slope of this straight
line allows the coefficient D of water diffusion to be determined. During this
period, water is heterogeneously distributed in the sample thickness as
schematized in Fig. 1b.
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II. The final saturation plateau for which m has reached its maximum value m∞

throughout the sample thickness (for the exposure conditions under study).
Thenceforth, water is homogeneously distributed throughout the sample
thickness.

The equilibrium mass uptake m∞, mass fraction µ∞ and concentration C∞ of
absorbed water in the polymer sample are linked by the following relationships:

l1 ¼ m1
1þm1

and C1 ¼ m1
18

ðexpressed inmol g�1Þ ð2:1Þ

2.1 Equilibrium Properties

Since water is far below its critical point (TC = 647 K), the pertinent environmental
parameter is the water activity a. Let us remember that for humid atmospheres:

a ¼ pV
pVS

¼ RH
100

; ð2:2Þ

where pV and pVS are respectively the water partial pressure in the atmosphere and
the saturated vapor pressure of water.

In the absence of hydrolysable groups in epoxy-amine networks, C∞ varies
linearly with a over the whole activity range (Fig. 2). In other words, C∞ obeys the
classical Henry’s law [10]:

C1 ¼ Ha, ð2:3Þ

where H is almost independent of temperature.

m

t

(I) (II)

m

0 2t1t

t1

t2

0 L
z

m

m(a) (b)

Fig. 1 a Typical kinetic curve of water absorption for a Fick’s diffusion process. bWater gradient
in the sample thickness at two different times of exposure

Nonempirical Kinetic Modeling of Non-fickian … 3



2.2 Origin of Hydrophilicity

In the 1980s, many authors have tried to relate the polymer hydrophilicity to the
available free volume [11–14], but such theory fails in explaining why
free-volume-rich organic substances, such as liquid hydrocarbons and silicone
rubbers, are hydrophobic. Today, it seems clear that hydrophilicity is essentially
linked to the molecular interactions between water molecules and polar groups in
the polymer matrix. In a first approach, m∞ can be roughly estimated from
Hildebrandt’s solubility parameter d. Indeed this latter, which is directly related to
the chemical structure of the polymer, gives access to polymer-solvent interactions.
It can be written:

d ¼ F
V

ð2:4Þ

with F the molar attraction constant and V the molar volume of the polymer.
According to Van Krevelen’s theory [15], both quantities are molar additive

functions, i.e., they can be calculated by summing the molar contributions of the
different chemical groups composing the repetitive structural unit:

F ¼
X

Fi and V ¼
X

Vi ð2:5Þ

Table 1 summarizes the values of Fi and Vi proposed by Small [16], Van
Krevelen [17], Hoy [18] and Fedors [19] for usual chemical groups.

The literature values of m∞ in 100% RH at 25 °C of different polymers have
been compiled and plotted versus d (calculated from Eqs. 2.4 and 2.5) in the log–
log diagram of Fig. 3.

A correlation is clearly observed between both quantities. It can be written:

m1 ¼ 7:1� 10�10 d6:86 ð2:6Þ

C

a
0 1

Fig. 2 Typical sorption
isotherm of Henry’s type
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Table 1 Molar contributions to F [16–18] and V [19] of usual chemical groups. Ph designates an
aromatic ring

Group Fi (J
1/2 cm3/2 mol−1) Vi (cm

3 mol−1)

–CH3 370 33.5

–CH2– 275 16.1

>CH– 115 −1

>C< 15 −19.5

–Ph– 1680 89.4

–O– 200 3.8

>N– 125 −9

–NH2 490 19.2

–CO– 560 10.8

–O–CO– 590 18

–O–CO–O– 760 22

–CO–O–CO– 960 30

–NH–CO– 1110 9.5

–CO–OH 825 28.5

–OH 610 10

–SO2– 845 19.6

0,1

1

10

100

1000

10 70
(MPa1/2)

Polycarbonates and polyesters

Polyarylketones

Polysulfones

Epoxy-amine networks

Polyimides

Polyamides

Poly(acrylic acid)

Fig. 3 Equilibrium water mass uptake (in 100% RH at 25 °C) versus solubility parameter for 24
polymers
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Epoxy-amine networks are moderately polar polymers (22 < d < 25 MPa1/2).
They absorb typically between 1 and 4 wt% of water in 100% RH at 25 °C.

2.3 Effect of Structure on Hydrophilicity

According to Van Krevelen [15], C∞ would be a molar additive function, i.e., each
chemical group of the repetitive structural unit would be characterized by a molar
contribution to hydrophilicity Hi (in mole of water per mole of group) independent
of its chemical neighbors:

C1 ¼ 18
MRSU

X
Hi

� �
� HR
100

; ð2:7Þ

where MRSU is the molar mass of the repetitive structural unit. Table 2 summarizes
the values of Hi determined by Barrie [20] for usual chemical groups in 100% RH
at 25 °C. On this basis, three main categories of chemical groups can be defined:

• Apolar groups, such as aromatic and aliphatic hydrocarbon structures, which
have a negligible contribution to hydrophilicity: Hi � 0 mol/mol;

• Moderately polar groups, for instance ethers, ketones and esters, which have a
relatively low contribution to hydrophilicity: Hi = 0.1−0.3 mol/mol;

• And highly polar groups, for instance acids, amides, and alcohols, which
establish intense molecular interactions with water molecules (hydrogen bonds)
and absorb typically Hi = 1–2 mol/mol.

Equation 2.7 can be used for estimating the orders of magnitude of C∞ for the
main polymer families. In contrast, this approach fails in predicting the
hydrophilicity variations within a same polymer family which displays large con-
centration differences in polar groups, such as epoxy-amine networks [6] and
polysulfones [21]. Indeed in these two latter, it has been found that C∞ does not

Table 2 Molar contributions
to hydrophilicity (in moles of
water per mole of group) of
usual chemical groups in
100% RH at 25 °C [20]. Ph
designates an aromatic ring

Polarity Group Hi (mol/mol)

− − –CH3 0.00005

–CH2–

>CH–

–Ph–

+ –O– 0.1

–CO– 0.2

–O–CO– 0.3

+++ –CO–OH 1.3

–CO–NH– 2

–OH 2

6 X. Colin



increase linearly but exponentially with the concentration of polar groups (i.e.,
hydroxyls and sulfones, respectively).

Gaudichet-Maurin et al. [21] have proposed a theory for tentatively explaining
such a behavior. According to these authors, an hydrophilic site would not be a
single but a pair of polar groups having to satisfy some geometric requirements (in
particular an optimal distance between them) in order to establish a double
hydrogen bond with a water molecule. As schematized in Fig. 4, the probability of
finding two polar groups at this optimal distance would increase exponentially with
their concentration, which could effectively explain the mathematical shape
observed experimentally for the curve: C∞ = f ([Polar group]).

More recently, Courvoisier [22] has compiled the literature values of C∞ in
100% RH at 25 °C of different polymers and plotted them versus the concentration
of the most polar group in the repetitive structural unit (Fig. 5). It can be seen that
all the points are placed around only three master curves, which allows to distin-
guish three main categories of polar groups: slightly (esters and carbonates),
moderately (aryl ketones, amides and imides), and highly polar groups (hydroxyls
and sulfones). Thus, it appears clearly that all carbonyl groups do not display the
same behavior. The lower contribution to hydrophilicity of esters and carbonates
had been already reported in the literature by several other authors, for instance in
reference [23].

Since these three curves display an exponential shape, it can be assumed that the
previous theory can be generalized to all polymers. A general semi-empirical
structure/C∞ relationship can be proposed:

C1 ¼ AExp B Polar group½ �f g � HR
100

; ð2:8Þ

where A is almost independent of the chemical structure: A = (1.23 ± 0.41) 10−1

mol.L−1 for all polymers. In contrast, B is an increasing function of the group
polarity.

In fact, B is found to be proportional to the “elemental” solubility parameter of
the polar group under consideration:

B ¼ 6:7� 1:0ð Þ 10�3 � d ð2:9Þ

Fig. 4 Schematization of the
probability increase of finding
two polar groups at an
optimal distance for
establishing a double
hydrogen bond with a water
molecule o: polar group. ^:
water molecule

Nonempirical Kinetic Modeling of Non-fickian … 7



Table 3 summarizes the values of d calculated for usual chemical groups from
the values of cohesive energy Ecoh and molar volume V, reported respectively by
Fedors [19] and Hoy [18], and applying the well-known relationship:

y = 0,151e0,4085x

y = 0,1319e0,2462x

y = 0,0832e0,1582x

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0 2 4 6 8 10 12 14 16

[Polar group] (mol.L-1)

Hydroxyls and sulfones

Aryl ketones, amides and imides

Carbonates and esters

Fig. 5 Equilibrium water concentration (in 100% RH at 25 °C) versus polar group concentration
for 40 polymers

Table 3 Solubility
parameters of common
chemical groups. Ph
designates an aromatic ring

Polarity Group d (MPa1/2)

− − –CH3 16.8 ± 2.1

–CH2–

>CH–

–Ph–

+ –O– 22.8

–O–CO– 27.4 ± 0.1

–CO–O–CO–

++ –CO– 32.6 ± 2.3

–CO–H

–CO–NH2

–CO–NH–

+++ –SO2 50.4 ± 2.5

–OH

8 X. Colin



d ¼ Ecoh

V

� �1=2

ð2:10Þ

2.4 Effect of Structure on Diffusivity

In contrast, the relationships between polymer structure and water diffusivity are far
from being totally elucidated. Thominette et al. [24] have observed that D is a
decreasing function of hydrophilicity in different polymer families, for instance in
epoxy-amine networks, aromatic polysulfones, and polyester-styrene networks, but
also in a series of polyethylenes differing by their initial concentration of oxy-
genated groups (pre-oxidation). This dependence shows that the diffusion rate is
slowed down by the molecular interactions between water molecules and polar
groups in the polymer matrix. A three-step scheme has been proposed [6] to
describe such a diffusion mechanism (Fig. 6). According to this scheme, water
diffusion is not highly influenced by the macromolecular mobility if the dissociation
of the water-polymer complex (I) is slower than the water migration between
neighboring hydrophilic sites (II).

Courvoisier [22] has compiled the literature values of water permeability P in
100% RH at 25 °C of different polymers and plotted them versus the concentration
of the most polar group in the repetitive structural unit (Fig. 7). It can be seen that
P is of the same order of magnitude for all polymers. The data scattering within a
same polymer family can be explained by the small effect on P of secondary
structural factors at higher scales, e.g., differences in crosslinking density in net-
works, differences in crystallinity ratio and crystalline lamellae thickness in
semi-crystalline polymers, etc., which modify the tortuosity of the water diffusion
path. In a first approximation, it can be written:

P ¼ C1 � D ¼ 10�9:7�0:7 ðexpressed inmolm�1 s�1Þ ð2:11Þ

In other words, D is inversely proportional to C∞.

[S1…H2O] → S1 + H2O (I)
H2O → migration until S2   (II)
S2 + H2O → [S2…H2O] (III)

Fig. 6 Three-step mechanism for water diffusion into polymer matrices [6]. S1 and S2 designate
two neighboring hydrophilic sites and [Si…H2O] a hydrogen bonded water-polymer complex

Nonempirical Kinetic Modeling of Non-fickian … 9



3 Water Absorption in the Presence of Hydrolysable
Groups

In the presence of hydrolysable groups in epoxy-amine networks, different
behavioral deviations from the classical Fick’s law have been reported in the lit-
erature. Some of them are clearly related to chemical modifications.

In the case of non-ideal networks containing unreacted epoxy groups, water
absorption displays a two-step behavior (Fig. 8) often classified in the categories of

1E-11

1E-10

1E-09

1E-08

0 2 4 6 8 10 12 14 16

P 
(m

ol
.m

-1
.s

-1
)

[Polar group] (mol.L-1)

Hydroxyls and sulfones

Aryl ketones, amides and imides

Carbonates and esters

Olefin (PE)

Fig. 7 Water permeability (in 100% RH at 25 °C) versus polar group concentration for 27
polymers

t

mFig. 8 Typical kinetic curves
of water absorption for a
Langmuir’s diffusion process
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Langmuir processes [25, 26]. In this case, water diffusion coexists with a water
trapping–untrapping mechanism on particular sites. In fact, this mechanism is
simply the reversible hydrolysis of unreacted epoxies [6] as schematized in Fig. 9a.
During the second absorption stage characterizing the Langmuir process, the con-
version of epoxies into much more polar groups (diols) consumes water molecules,
but also increases significantly the polymer hydrophilicity. Of course, both addi-
tional contributions have to be considered in any approach of nonempirical kinetic
modeling.

More recently, the same type of behavioral deviation has been reported for an
ideal epoxy-amidoamine network [27]. However, in contrast to unreacted epoxies,
amide groups are not located at dangling chain extremities, but within elastically
active chains. As a result, their hydrolysis (Fig. 9b) leads also to a chain scission
and, when two hydrolysis events take place on the same elastically active chain
(i.e., at high conversion ratios), to the liberation of short macromolecular fragments
(diacids) from the epoxy network. The superimposition of the resulting mass loss to
the water mass uptake generates a complex sorption behavior [27]. Such behavior
was already shown for aliphatic polyamides, in particular for PA 11 [28].

Let us note that hydrolysable groups are not necessarily initially present in
epoxy-amine networks. Indeed, it cannot be excluded that they are formed and
accumulated by a radical chain oxidation reaction activated by external factors (e.g.,
increase in temperature, UV or ionizing radiation, or chemical reagent acting as a
radical initiator) under operating conditions. In that case, they may be esters and
amides resulting from the oxidation of oxy- and amino-methylenes, respectively
[7].

4 Proposal of Kinetic Model

On this basis, a general diffusion/reaction model has been developed for tentatively
predicting the resulting kinetic curves of water absorption in epoxy-amine net-
works. Schematically, the water gradient in the thickness L of a semi-infinite plate is

CH CH2

O

+   H2O CH CH2

OH

OH(a)

C NH

O

+   H2O H2NC
O

OH
+(b)

Fig. 9 Hydrolysis of epoxy (a) and amide groups (b). The double arrows indicate that the reaction
is reversible, i.e. equilibrated by the reverse reaction of condensation
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calculated from a balanced equation, expressing that the change over time t in water
concentration C in an elementary sublayer located at the depth z beneath the sample
surface is the difference between the water supply by diffusion (according to the
Fick’s second law) and the water consumption by the chemical reaction:

@C
@t

¼ D
@2C
@z2

� r Cð Þ ð4:1Þ

The mathematical expression of the water consumption rate is deduced from a
kinetic analysis of the reversible hydrolysis scheme:

EþW ! A1 þA2 khð Þ
A1 þA2 ! EþW kcð Þ ;

where E, W, A1, and A2 account respectively for hydrolysable groups, water, and
hydrolysis products. kh and kc are the respective rate constants of the hydrolysis and
condensation reactions. The water consumption rate can be written as:

r Cð Þ ¼ � dC
dt

¼ kh E½ �C� kc A1½ � A2½ � ð4:2Þ

The corresponding gradients in the sample thickness of hydrolysable groups and
hydrolysis products are determined from complementary equations:

d E½ �
dt

¼ �kh E½ �Cþ kc A1½ � A2½ � ð4:3Þ

d A1½ �
dt

¼ d A2½ �
dt

¼ kh E½ �C� kc A1½ � A2½ � ð4:4Þ

The system of Eqs. 4.1–4.4 has been solved simultaneously in space (z) and time
(t) using the numerical algorithms recommended for problems of chemical kinetics
in the literature. Let us note that these algorithms are already implemented in the
commercial MATLAB® software under the names of ODE23 s and ODE23 tb. The
initial (throughout the sample thickness) and boundary conditions (at the sample
surface) used for this resolution are recalled below:

• At t = 0 and any z: C(z, 0) = 0, [E](z, 0) = [E]0 and [A1](z, 0) = [A2](z, 0) = 0.
• When t > 0, at z = 0 and L: C(0, t) = C(L, t) = CS(t).

Let us remember that, due to the hydrolysis reaction, the water concentration CS

at the sample surface is no longer a constant but it is an increasing function of time.
It can be determined from Eq. 2.8 if the total concentration of highly polar groups
(i.e., hydroxyls) at any time t is known. The initial value of CS corresponds to the
equilibrium water concentration C∞ that should be found if the epoxy-amine net-
work under consideration did not contain hydrolysable groups. The increase in CS

against time of exposure can be determined by introducing the solution of Eq. 4.4

12 X. Colin



into Eq. 2.8. Indeed, for the two hydrolysis examples reported in Fig. 9, this latter
writes:

CS ¼ AExp B OH½ �f g ð4:5Þ

with A = 1.51 � 10−1 mol L−1 and B = 4.09 � 10−1 L mol−1. If considering the
definition of C∞, this equation can be rewritten:

CS ¼ C1 Exp B OH½ � � OH½ �0
� �� � ð4:6Þ

Since hydroxyl groups (OH) come from alcohols (Al) and acids (Ac), it comes
finally:

CS ¼ C1 Exp B Al½ � � Al½ �0
� �� �� Exp B Ac½ � � Ac½ �0

� �� � ð4:7Þ

In addition, always due to the hydrolysis reaction, the coefficient of water dif-
fusion D through the sample thickness is no longer a constant but a decreasing
function of time. It can be determined from Eq. 2.11 through replacing C∞ by CS.
The initial value of D corresponds to the coefficient of water diffusion D0 that
should be found if the epoxy-amine network under consideration did not contain
hydrolysable groups. Since the water permeability is independent of the concen-
tration of polar groups (Eq. 2.11), it can be written:

C1 � D0 ¼ CS � D ð4:8Þ

If considering Eq. 4.7, it comes finally:

D ¼ D0

Exp B Al½ � � Al½ �0
� �� �� Exp B Ac½ � � Ac½ �0

� �� � ð4:9Þ

As said before, the local value of the water mass uptake at the depth z beneath
the sample surface is the sum of two contributions: water diffusion and water
consumption:

dm z,tð Þ ¼ 18
q

Cþ
Z t

0
r Cð Þ dt

� �
ðexpressed in%Þ ð4:10Þ

where q is the initial polymer density. The global value of the water mass uptake is
simply deduced by summing the local values of dm throughout the thickness L of
the semi-infinite plate:

m tð Þ ¼ 1
L

Z L

0
dm z, tð Þ dz ðexpressed in%Þ ð4:11Þ
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5 Application to Two Case Studies

The validity of the kinetic model described in the previous paragraph has been
checked for the two hydrolysis examples reported in Fig. 9. Experimental data have
been recovered from two distinct research studies [6, 27].

In the case of non-ideal networks containing unreacted epoxy groups, hydrolysis
products are diols, therefore [A1] = [A2] = [Al] and [Ac] = [Ac]0 = 0. As an
example, the simulations of the kinetic curves of water absorption in 100% RH at
50 °C of DGEBD-ETHA networks only differing by their initial concentrations of
unreacted epoxy groups are reported in Fig. 10. These networks were synthetized
from DGEBD/ETHA mixtures with different r = amine/epoxy functional ratios [6].

A satisfactory agreement can be observed between theory and experiment. The
values of the rate constants kh and kc and the coefficient of water diffusion D0 used
for these simulations are specified in Table 4.

On one hand, it is checked that the rate constants take almost the same values in
all simulations. At 50 °C, their average values are:

kh ¼ 3:4� 10�8 Lmol�1 s�1 and kc ¼ 1:5� 10�8 Lmol�1 s�1

Thus, it is found that: kh � 2 � kc. In other words, hydrolysis of epoxy groups is
favored over diols condensation for long periods of exposure.
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Fig. 10 Kinetic curves of water absorption in 100% RH at 50 °C of non-ideal DGEBD-ETHA
networks. Comparison between theory (solid curves) and experiments (symbols). The concentra-
tions of unreacted epoxies are mentioned next to the curves
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On the other hand, as expected, the coefficient of water diffusion is a decreasing
function of the network polarity. Indeed, D0 is equal to 2.5 � 10−12 m2 s−1 for the
ideal network with an initial concentration of hydroxyl groups of [OH]0 =
8.0 mol L−1, whereas it increases up to 1.0� 10−11 m2 s−1 for the least ideal network
having an initial concentration of hydroxyl groups of [OH]0 = 6.2 mol L−1.

In the case of ideal networks containing amide groups, hydrolysis products are
acids and amines, therefore [A1] = [Ac], [A2] = [Am], and [Al] = [Al]0. As an
example, the simulations of the kinetic curves of water absorption in 50% RH at 30,
50, and 70 °C of a DGEBA-PAA network are reported in Fig. 11. PAA is a
complex amidoamine hardener resulting from the condensation of fatty acids with
polyamines (mostly triethylenetetramine) [27].

Table 4 Rate constants and coefficient of water diffusion used for simulating the kinetic curves of
Fig. 10

[E]0 (mol L−1) kh (L.mol−1 s−1) kc (L mol−1 s−1) D0 (m
2 s−1)

0.0 – – 2.5 � 10−12

0.8 3.0 � 10−8 1.9 � 10−8 3.0 � 10−12

1.7 3.8 � 10−8 1.1 � 10−8 5.0 � 10−12

2.7 3.3 � 10−8 1.5 � 10−8 1.0 � 10−11

0
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Fig. 11 Kinetic curves of water absorption in 50% RH at 30, 50 and 70 °C of an ideal
DGEBA-PAA network. Comparison between theory (solid curves) and experiments (symbols).
The temperatures of exposure are mentioned next to the curves
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Here also, a satisfactory agreement can be observed between theory and
experiment. The values of the rate constants kh and kc and the diffusion coefficient
D0 used for these simulations are specified in Table 5.

On one hand, it can be seen that the rate constants are almost independent of
temperature. In fact, kc displays the same order of magnitude as in aliphatic
polyamides, e.g., in PA66 [29]. In contrast, kh is about two decades higher in the
epoxy-amidoamine network under consideration than in PA 66. Unfortunately,
structure/rate constants relationships are not well known yet in this domain. It is
thus too premature to give an explanation.

On the other hand, the values of the coefficient of water diffusion are in very
good agreement with those usually reported in the literature for ideal epoxy-amine
networks [30]. It is found that D0 obeys an Arrhenius law with a pre-exponential
factor of 1.5 � 10−3 m2 s−1 and an activation energy of 54.9 kJ mol−1.

6 Conclusions

A nonempirical kinetic model has been elaborated for predicting the non-Fickian
water absorption induced by a reversible hydrolysis reaction in epoxy-amine net-
works. This model couples water diffusion and its consumption by the chemical
reaction in a system of three differential equations, and takes into account the
changes in network hydrophilicity due to the formation of new highly polar groups
(alcohols and acids). Its validity has been successfully checked from the experi-
mental results of two case studies conducted in the last two decades in our
laboratory.

This model gives access to kinetic parameters (rate constants of hydrolysis and
condensation, and coefficient of water diffusion) that are hardly accessible experi-
mentally. The values found for the coefficient of water diffusion are in very good
agreement with those already reported in the literature for ideal epoxy-amine net-
works. In contrast, the values obtained for the rate constants are still questionable.
No doubt, these latter have to be the object of a specific study devoted to the humid
aging of a large series of epoxy-amine networks containing a well-known con-
centration of hydrolysable groups after synthesis, but also after storage at room
temperature (in particular, in a completely dry atmosphere).

Table 5 Rate constants and
coefficient of water diffusion
used for simulating the kinetic
curves of Fig. 11

T (°C) kh (L mol−1 s−1) kc (L mol−1 s−1) D0 (m
2 s−1)

30 6.5 � 10−6 1.7 � 10−4 5.0 � 10−13

50 9.5 � 10−6 1.5 � 10−4 2.0 � 10−12

70 9.5 � 10−6 1.0 � 10−4 6.0 � 10−12
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Influence of Glass Fibre Sizing
and Storage Conditions on Composite
Properties

Luc Peters

Abstract This paper describes a major component of glass fibre reinforcements,
the sizing, and its impact on mechanical properties of epoxy or polyester laminates.
First the basics of the glass fibre manufacturing process and the types of silanes
used for direct rovings are briefly described. The important feature of these coatings
is that they can be affected by storage conditions. The study focuses on the effect of
roving storage time, temperature and humidity as well as packaging type on the
fibre/matrix interphase and on the inter-fibre properties of the composites. The
conclusions show that not all fibre sizings offer the same storage stability and that
warehousing and packaging details can have a significant impact on the final
composite performance.

Keywords Glass fibre � Sizing � Storage � Ageing � Moisture

1 Introduction

3B is part of the Braj Binani Group which is a conglomerate with diversified
interests in cement, zinc and glass fibre. 3B is a major actor in composite rein-
forcement solutions, with a special focus on thermoplastics, wind energy and
performance composites [1]. The company has a long heritage of 45 years of
expertise and produces more than 160,000 tonnes of glass fibre products per year.

Glass fibre production was developed in the 1930s and has been extensively
documented in various textbooks and websites [e.g. 2–4]. The basic process
involves melting silica sand, limestone, kaolin clay and other minerals to liquid
form at temperatures above 1500 °C, then extruding through bushings to make
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fibres, Fig. 1. The most common fibre is E-glass, which is alumino-borosilicate
glass with less than 1% by weight of alkali oxides. 3B produces two unique high
performance and eco-responsible glass technologies: Advantex® glass, a corrosion
resistant grade (E-CR) [5], and HiPer-tex™, a fibre with improved mechanical
properties [6].

Advantex® is a registered trademark of Owens Corning used under license.
Figure 2 shows a schematic diagram of the process.

Fig. 1 Glass fiberizing and
coating with sizing
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2 Sizing Composition

Size is a coating applied as a water-based formulation, it contains

• Coupling agent(s): Provides adhesion between glass surface and the resin
(usually silanes),

• Film Former(s): Provides protection and strand integrity to the roving as well as
compatibility with the resin (epoxy, polyester, vinylester, etc.),

• Lubricant(s): Provides lubrication and protects the filaments during processing,
• Other Additives: antistatic, emulsifier, anti-foaming, bactericide, etc.

Sizing is applied to the fibres as they are drawn down from the hot bushings, as a
water-based emulsion with 2–10% of solid. Final solid content on the dry fibre can
range from 0.3 to 1.5% depending on final product application and sizing type.
Table 1 shows a typical formulation.

Winder

Furnace
(melting)

Batch House
(dosing/mixing)

Glass 
Raw Materials

Oven
(drying-curing)

FORMING = Bushings
(fiberizing)

1

2
3

Sizing
(coating )

Fluid Bed Oven
(drying-curing-cooling)

Screen

Chopper

Granulator

Oven
(drying-curing)

DR    
(Direct roving)

1

CS
(Chopped Strand)

4

CFM
(Continuous Filament Mat)
2

WUCS
(Wet Used Chopped Strand)

3

Fig. 2 Schematic figure showing glass fibre production

Table 1 Typical glass fibre
sizing composition

Component % of sizing

Silane(s) 5–15%

Film former 50–70%

Lubricant 10–30%

Additives 0–5%
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The application of this sizing to the fibres is an incredibly complex operation, as
Thomason has pointed out [7]. The fibre bundle is pulled at velocities up to 60 m/s,
so sizing pick-up occurs in less than 0.5 ms. The sizing must then fully impregnate
the bundle before it reaches the first winding sheave, i.e. in less than 0.2 s.

After coating, the fibres are wound onto bobbins, then dried and cured in an
oven.

Optimising the sizing is a balancing act between cost, processing and
performance.

3 How Sizing Works

The role of the glass sizing is to ensure good transfer of load applied on the
composite from the polymer matrix to the glass. Glass fibre (GF) sizing is specific
to the polymer matrix and the final application. Table 2 shows the difference a good
sizing can make to an injection molded short fibre reinforced polyamide 66
specimen.

The most common sizing strategy is to use condensation of silanes onto the glass
surface as shown in Fig. 3.

Different types of silane are used for different thermosetting matrix resins, such
as c-aminopropyltriethoxysilane for epoxies and c-methacryloxypropyltrime-
thoxysilane for unsaturated polyester and vinylesters. The reactive groups from
the silane (shown in green on the figures in the electronic version) will react with
the resin or hardener reactive groups.

These are shown below, Fig. 4.

Table 2 Example of two glass fibre reinforced PA66 composites with different sizings

Injection molded
PA66-50%wt GF
(Chopped strands
reinforcement)

Poor coating Good coating

Tensile strength (MPa) 50 180

Notched Impact strength
(kJ/m2)

<5 18

Interface quality
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4 Long Term Stability of Sizing on Glass Fibres

Continuous fibres used for the reinforcement of thermoset resins show usually a
decrease of adhesion properties with storage conditions and time (Figs. 5 and 6).
This results in an important deterioration of transverse tensile strength and inter-
laminar shear strength as highlighted later in this article (Figs. 7 and 8).

Condensation of methacryloxysilane 
on glass surface ⇒ covalent bond !!!
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H

CH2 CH2 CH2 O C C
CH3

CH2

O
+ H2O
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Si
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T , - H2O
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Fig. 3 Application of silane to glass surface
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Fig. 4 Typical coupling agents for thermoset matrix composites
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(b) Hydrolysis of Methacryloxysilane when exposed to moisture and heat 

Fig. 5 Examples of sizing reactivity reduction due to hydrolysis of sizing ingredients when
exposed to moisture and heat
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Fig. 7 Hydrolysis mechanism of Si–O–Si bonds at glass—sizing interface when exposed to
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This decrease of adhesion properties is clear evidence that sizing chemistry on
the glass is affected by the storage conditions. There are several mechanisms that
could explain this drop of properties

(A) Hydrolysis of chemical functions when exposed to moisture and heat
(A:1) Sizing-matrix interface: reduction of sizing reactivity with the matrix.

The role of the sizing is to chemically bond the glass surface with the polymer
matrix. This implies that some sizing ingredients will react with the resin during the
processing of the composite. Nevertheless, the majority of the chemical functions
used for that purpose are sensitive to moisture and heat. Those so-called hydrolysis
reactions will result in a reduction of the sizing reactivity with the polymer matrix
and consequently in a decrease of fibre-matrix adhesion. The chemicals functions
that are the most impacted are the epoxy functions (epoxy silane and bisphenol-A
epoxy resin usually used as film former) and the methacryloxy function
(methacryloxysilane). The reaction schemes of epoxy and methacryloxysilane
hydrolysis are presented in Fig. 5. Similar mechanism to epoxysilane takes place in
the case of bisphenol-A epoxy resin.

The hydrolysis of the epoxy functions has been demonstrated by FTIR at the
level of 3B-Fibreglass laboratory on different sizing films stored at 30 °C and 80%
RH during 12 weeks. Figure 6 presents the relative loss of epoxy functions for
films of SE2020 and SE1500 stored at 30 °C—80%RH compared to reference films
stored at 24 °C—47%RH.

Based on those results, it is clear that the sensitivity to moisture and heat
depends on the sizing composition. Indeed, the recently developed SE2020 sizing is
clearly less affected by the epoxy hydrolysis reactions than an old generation sizing
like SE1500.

Fig. 8 Sample preparation. a reinforcement winding, b Infusion (4 products/infusion in most
cases)
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(A:2) Glass-matrix interface: hydrolysis of Si–O–Si bonds

As presented in Fig. 3, the functionalized silanes react with the silanol bonds
present at the surface of the glass. Unfortunately, this condensation reaction is
reversible and the formed Si–O–Si bonds could be hydrolyzed when the fibres are
exposed to moisture and heat. This results in a weakness at the level of the
glass-sizing interface and consequently in a decrease of adhesion properties at the
level of the composite. Figure 7 illustrates again the reaction scheme of reversible
equilibrium hydrolysis-condensation of Si–O–Si bonds.

(B) Glass-matrix interphase: reduction of sizing solubility when exposed to heat in
dry environment

Glass fibre sizings for thermoset applications usually contain a high concen-
tration of epoxy functions. When exposed to heat in dry conditions, those epoxy
functions could react with other sizing ingredients bearing, e.g. hydroxyl, amino or
carboxylic acid functions. Those post-reactions will generate high molecular spe-
cies that will reduce the sizing solubility with the liquid resin during composite
manufacturing. This phenomenon can cause impregnation issues and defects that
will negatively impact the mechanical properties.

In the case of sizing formulations containing methacryloxysilane or more gen-
erally unsaturations, heat will accelerate the oxidation of the double bonds and the
creation of radicals. The presence of radicals could lead to cross-linking reactions
that will again reduce sizing solubility.

On top of that, the two mechanisms described here before will have as conse-
quence a reduction of the reactive species concentration on the fibres.

There is little published information on the long-term stability of glass fibre
sizings in the scientific literature. While the importance of the interphase region
between fibre and matrix is generally accepted the complexity of the chemistry in
that zone has limited the number of studies. Ishida and Koenig [8] published some
early results showing loss of silane coating after an 80 °C water treatment.

Plueddemann [9] discussed some of the factors that affect water resistance of
coupling agents, and Ishida provided a review of the subject in 1984 [10].

Wang et al. [11] used mass spectroscopy to study the interphase in E-glass
surfaces coated with silanes and exposed to different hot wet conditions. They
revealed the presence of layers of different hydrolytic stability. In a second paper
[12] using X-ray photon spectroscopy, they showed evidence of aluminium ion
migration from the fibre surface into the silane layers, and these layers remained
after hot water extraction.

Salmon and colleagues at ENSAM, Paris [13, 14] described a series of tests on
two common coupling agents for amine-cured epoxy/glass fibre composites: APS
(c-aminopropyltriethoxysilane) with amine groups and GPS (glycidylpropylsilane),
in which the coupling function is an epoxide group (glycidyl). These were taken as
model compounds for part of the interphase and subjected to wet ageing under
various conditions at temperatures from 0 to 100 °C. They clearly showed that the
organosilane layer cannot act as a protective barrier to water ingress.

26 L. Peters



Given the lack of available results, and also the specific nature of the conditions
to which glass fibre reinforcements can be subjected before and after manufactur-
ing, 3B launched a detailed study to quantify how the stability of composites is
affected by the storage and packaging conditions of the sized glass reinforcements.

5 Materials and Methods

Fibre reinforcements

The composites tested were based on the following fibre products:
Pallets of fibres from the 3B Birkeland plant (rovings have different production

dates):
Reference sizing (SE1500) 17–2400, production date: 4/3/2013.
New sizing (SE2020) 17–2400, production date: 11/4/2012.
New Multi-Compatible sizing (W3030)17–2400, production date: 5/9/2013.
Note: 2020 sizing is epoxy specific, and 3030 sizing is multi-resin compatible

(UP, VE, EP).
“SE” indicates that the sizing is applied on Advantex glass, “W” means it is

applied on HiPer-tex glass.

Ageing conditions

Trip to/from Dubai for SE1500 and SE2020 from August to December.
1 week at −18 °C (to check Epoxy crystallisation).
2.5 months in oven at 50 °C in Laboratory (RH = 2–3%).
2.5 months oven 50 °C +2.5 months at 30 °C/80%RH (21.5 g H2O/kg air).
2.5 months oven 50 °C +2.5 months at 30 °C/80%RH in two sealed PE bags.

Composite panel manufacture

After ageing, composite panels were manufactured from each batch of fibres for
testing.

Glass fibres were aligned by dry winding of flat panels, Fig. 8a:
Four layers of 845 g/m2 UD rovings for a reinforcement weight of 3380 g/m2

Laminates of 2 mm thickness were produced by infusion with Hexion RIMR
135/137 epoxy resin at 35 °C under full vacuum, Fig. 8b, with a 4 h post-cure at
90 °C.

Glass contents were determined to be in the weight range of 72–75.5% in all
cases.

The test methods used to evaluate the effect of sized fibre ageing on composite
performance were

Tensile testing at 90 °C to the fibre direction, and
Short beam shear test according to ISO 14130.
These tests are known to be very sensitive to the fibre/matrix interface integrity.
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6 Test Results

The environmental conditions during the return trip to Dubai were measured using a
data logger, which indicated a temperature range from 8 to 42 °C and humidity
from 40 to 80%.

Figure 9 shows the transverse tensile test results for all UD samples.
This plot provides a very large amount of information. It is clear that some

panels have very low transverse tensile strengths, <10 MPa, this was due to
transverse cracks already visible in the panels after manufacture. The improved
sizing (2020 and 3030) show good strength retention even after 2 years, while the
SE1500 properties (diamond symbols) tend to drop under all ageing conditions.

Figure 10 shows the interlaminar shear strength results.
The ordinate scale is reduced, and even in the worst case an ILSS value above

40 MPa is obtained, but the overall trends correspond very closely to those seen in
transverse tension, with significant ageing effects for the SE1500 reference sizing.

It is also of interest to examine how such changes in interface performance might
affect fatigue performance, as this is critical for the wind turbine industry. Figure 11
shows an example of test results. The green curve is an actual curve for a UD fabric
with W2020 roving which was used for the certification of wind turbine blades. The
red curve is an estimation of the possible drop in the case of sizing degradation;
such drops have been seen with old sizings, such as SE1500 [15].

UD fabrics results

Fig. 9 Transverse tensile test results (Colours shown in electronic version)
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Fig. 10 Interlaminar shear strengths (Colours shown in electronic version)

Fig. 11 Fatigue test results. New sizing test data (green squares) and degraded old sizing
estimation (red diamonds)
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7 Conclusions

This paper describes results from a study of the stability of sizings on glass fibres
prior to manufacturing, and the consequences for composite interfacial properties.

As noted in service, some old reference sizings were confirmed to be very
sensitive to storage conditions (especially temperature) and demonstrated signifi-
cant reduction of interfacial properties over time.

The newly developed sizings demonstrate much reduced degradation over time
in both rovings and fabric forms of Advantex and HiPer-tex glass fibres. These are
much less sensitive to temperature, and provide significantly higher initial inter-
facial strength.

After 2 years of storage under normal Western European storage conditions,
these new sizings still demonstrate excellent interfacial properties.

Degradation in hot and humid environments still occurs, most likely at the
interface with the glass surface (hydrolysis of silane) but also at the level of the
silane and film formers reactive groups. Tight packaging can help but water will
still diffuse through eventually. Storage under controlled moisture levels can also
help (i.e. <25 g H20/kg or 35 °C/70%RH).

Newly developed sizings ensure better laminate property consistency and should
be preferred for critical structural applications.
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Water Uptake in Polymer Composites
with Voids

Leif A. Carlsson and E. Du

Abstract Long-term durability assessment of polymer matrix composite materials
exposed to humid air or liquid water requires a firm understanding of the mecha-
nisms governing water uptake and the chemical interactions involved in degrada-
tion of the matrix and the fiber/matrix interface. The added mass of water will cause
swelling of the matrix, which tends to degrade bonding between fiber and matrix.
Voids provide space where water may accumulate, and if they are located at the
fiber/matrix interface, the accumulated water may cause hydrolysis. Voids, fur-
thermore, are geometrical irregularities that cause stress concentration, and reduc-
tion of strength. Fickian diffusion is considered valid to analyze the moisture uptake
in polymers and void-free composites. For composites containing voids, however,
deviations from Fickian diffusion are observed. Voids in the form of capillaries
along the fibers define flow channels and promote ‘wicking’, which is a rapid water
uptake mechanism. Experimental studies on water uptake in polymer matrix
composites show a strong dependence of voids. A composite containing even a
small void volume fraction will absorb moisture in excess of that contained in the
matrix resin. The moisture uptake in a composite immersed in seawater has been
modeled using a combination of diffusion of moisture in the matrix resin, combined
with the capillary flow in the voids. The predictions qualitatively agree with
experiments, but saturation times are off. More detailed characterization of the void
structure and improved flow modeling are required to accurately predict the
dynamics of water uptake in a composite.
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1 Introduction

Fiber-reinforced composite materials are used in multiple industrial applications
including commercial, military, aerospace, naval, automotive, etc. Such materials
offer marine applications significant advantages over metal alloys, such as reduced
maintenance costs due to the high corrosion resistance of composite materials.
However, the performance of fiber-reinforced composites with a polymer matrix is
affected by several environmental factors such as elevated temperatures, ultraviolet
rays, and immersion in seawater. Such degradation must be understood and con-
sidered for in design of composite structures.

Polymer matrixes are typically degraded by long-term exposure to humidity and
water. The polymer matrix tends to absorb moisture which causes swelling (in-
crease in volume) and reduction of modulus and strength of the material. Swelling
of the resin due to absorption of water in the resin will relax residual compressive
stresses at the fiber/matrix interface caused by cure shrinkage, and increase the
possibility of debonding of the fiber/matrix interface. There are two main mecha-
nisms for water transport in polymer matrix composites; diffusion through the
matrix [1], and absorption through voids, micro cracks, and gaps between fiber [2–
5]. Moisture transport in capillaries along the fiber/matrix interface is known as
“wicking” [5, 6].

The objective of this chapter is to review moisture transport in composite
materials reinforced with glass and carbon fibers. The Fickian diffusion model is
typically adequate for modeling of moisture transport in the neat resins and has also
been found applicable for modeling of moisture transport in polymer matrix
composites with small void content [1]. For composites containing voids, it is
demonstrated that they strongly influence the water uptake mechanisms.

2 Voids in Polymer Composite Materials

Voids are empty spaces in a material. In most cases, voids are undesired because
they tend to reduce strength and provide spaces where absorbed water may accu-
mulate. As will be discussed, voids in fiber composites are typically extended and
run along the fibers in a composite providing flow channels that may contribute to
more rapid water transport and increased accumulation of water. A primary source
for void formation in polymer matrix composites includes the entrapment of air and
volatile components evolving from the resin during liquid processing of the com-
posite. If the viscosity of the liquid resin is high, flow around the fibers and filling of
the spaces between the fibers become difficult. As a consequence, the resin may not
adequately wet the fibers forming unbonded regions at the fiber/matrix interface [7].
Furthermore, it must be recognized that it is difficult to join two highly dissimilar
materials, such as inorganic fibers to an organic polymer matrix. Rather than two
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surfaces being chemically bonded, a joint consisting of a transitional material
between bulk fiber and bulk matrix called “interphase” is formed [8].

As an example, vinylester resins do not bond well to carbon fibers, and in
addition, such resins undergo substantial shrinkage upon cure which has the con-
sequence that the resin in high fiber volume fraction composites may pull away
from the fibers and create voids at the fiber/matrix interface [9, 10]. Voids may form
also in the matrix as isolated cavities, and may also be found between poorly
bonded plies in laminated composites. Figure 1 shows optical and SEM micro-
graphs of voids in composites.

Voids in a composite may be detected and analyzed using techniques such as the
density method, optical inspection of cross section cuts, and ultrasonic C-scan [11].
The ASTM method [12] measures void content based on the mass per unit volume
of the sample. Voids have no mass but contribute to increase the volume of the
sample. The void-free density of a composite, however, is difficult to measure and is
commonly calculated from known values of the fiber and resin densities and the
weight fraction of fibers. To isolate the fibers in the sample and determine their
weight, the matrix may be burned-off or dissolved using acid digestion methods
[13], but the acid may degrade the fibers and remove the mass, which will lead to
inaccurate results. For small void contents, the accuracy of this method becomes
questionable and it is not uncommon to obtain negative values of the void content
[7] which of course is impossible.

Microscopy requires cutting and inspection of an interior cross section of a
sample (Fig. 1). This method allows analysis of void size, shape and content but is
limited by its destructive character and uncertainties associated with the transfor-
mation of 2D surface analysis to 3D volumetric results. Many cross sections need to
be inspected in order to obtain representative results for the entire sample.

Fig. 1 Voids in a polymer matrix composite: a optical micrograph of cross section showing
isolated voids (courtesy of Dr. Gillespie, CCM), b SEM micrograph of cross section of
unidirectional carbon/vinylester composite cut perpendicular to fiber direction showing interfiber
voids [28]
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Little et al. [11] used X-ray computed tomography (lCT) to characterize the 3D
size and distribution of voids in carbon–fiber composite laminates. This is a novel
nondestructive technique suitable for detailed NDE of composites [14]. lCT
imaging works by recording the attenuation of an X-ray beam passing through a
sample with voids [15]. A 2D cross-sectional image is mathematically reconstructed
from attenuation measurements made at different angles. From results determined
from 2D slices of known separation, it is possible to construct a 3D model allowing
for precise determination of void size, shape, and location. A scanning resolution of
7 µm was used in the Little et al. analysis of voids in a composite laminate [11].
Although it is likely that a large number of voids are smaller than 7 µm, such small
voids are considered to have a minor influence on the quality of the laminates. Their
analysis revealed the presence of large elongated voids, while the smaller voids
were scattered throughout the entire volume. Comparison between the location and
orientation of the elongated voids and the fiber angles in the laminates shows that
the voids align with the fibers. This is consistent with the 2D view provided by the
SEM micrograph of a cross section cut perpendicular to the fiber axis of a unidi-
rectional composite, see Fig. 1b, where voids are observed between closely packed
fibers. Apparently, such voids form channels between the fibers.

3 Moisture Transport Mechanisms

When polymers and polymer matrix composites are immersed in water they will
absorb moisture until a saturation state is asymptotically reached. The absorption of
moisture is generally very slow, and thick specimens may require several months of
immersion before they are saturated. It is very difficult to monitor the exact moisture
distribution inside polymer and composite panels. A simple measure of the overall
moisture uptake is therefore commonly used, such as the percent weight gain,
“moisture content”, defined by

M tð Þ ¼ Wt �W0

W0
ð1Þ

where Wt is the weight of the specimen after immersion time t, and W0 is the initial
dry weight of the specimen [1, 5].

3.1 Moisture Transport by Diffusion

Diffusion is the process of moving water molecules from a region of high con-
centration to a low concentration region inside the material, and this process is
driven by a concentration gradient. Experimental studies on polymers and polymer
matrix composites indicate that in many cases the Fickian diffusion model [16]
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accurately predicts moisture uptake in neat resins and composites with low void
content.

For a large thin plate immersed in water, moisture transport occurs essentially
through-thickness and may be considered as one-dimensional (1D) [1, 16]. Crank
[16] conducted a mass balance analysis of a volume element of the plate absorbing
moisture through the thickness to derive Fick’s second law,

@c
@t

¼ D
@2c
@z2

ð2Þ

where c is the concentration of moisture, c ¼ c z; tð Þ in which t is the time of
immersion, z is the thickness coordinate of the thin plate, and D is the diffusivity.
The diffusivity quantifies the flow of water molecules across a specified surface, and
the rate at which moisture is absorbed. The diffusivity may be considered as a
constant for a given temperature, type of fluid, and material. The diffusivity depends
on the composition and temperature of the fluid the material is immersed in and the
chemical composition of the material.

For a large and thin plate of thickness, h, where h � w, l (w and l are the width
and length of the panel), immersed in water, the Fourier solution of Fick’s law
(Eq. 2) shows that at short immersion times the moisture content varies linearly
with the square root of the immersion time, t, and approaches the saturation
moisture content, Mm, asymptotically.

For thicker plates of orthotropic material, such as a fiber-reinforced composite,
Fig. 2, all exposed surfaces will contribute to the overall moisture uptake. The
diffusivities,D1, D2, and D3 represent diffusion through surfaces normal to the 1, 2
and 3 principal material directions. Unidirectional composites are often approxi-
mated as transversely isotropic materials; D2 = D3 = DT where T represents the
direction transverse to the fiber. Furthermore, D1 = DL where L represents the
longitudinal direction (along the fiber). For this case, the effective diffusivity
becomes [1, 17],

ffiffiffiffi
D

p
¼ wþ h

w

� � ffiffiffiffiffiffi
DT

p þ h
l

� � ffiffiffiffiffiffi
DL

p ð3Þ

Fig. 2 Thin composite plate
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For a perfectly bonded (void-free) transversely isotropic composite with fibers
that are inert to moisture, DT and DL may be estimated from the resin diffusivity Dr

using the following micromechanics expressions [1],

DT ¼ Dr 1� 2

ffiffiffiffi
vf
p

r� �
ð4aÞ

DL ¼ Dr 1� vfð Þ ð4bÞ

where vf is the fiber volume fraction.
The Fickian model has been applied also to damaged composites. A common

damage mode observed during moderate loading of a multidirectional composite
laminate is multiple matrix cracks in the 90° plies. These cracks are generally not
detrimental because the strong 0° plies remain intact. However, if a cracked lam-
inate is exposed to humid air or water, the matrix cracks provide channels for
moisture transport to the interior of the composite. Lundgren and Gudmundson [2,
3] analyzed cracked cross-ply (0°/90°) composite laminates exposed to humid air.
The model was used to determine the importance of 90° matrix cracks for the
overall moisture uptake. They developed a two-phase moisture diffusion model
where one phase is the homogenized periodically cracked 90° layers and the other
phase the uncracked 0° plies. Each phase is assumed to be described by the Fickian
diffusion model. For a laminate containing matrix cracks, the overall moisture
uptake deviates from the Fickian model. If the number of cracked plies is large, the
matrix cracks will start to dominate the moisture uptake process.

3.2 Capillary Moisture Transport

Extended voids at the fiber/matrix interface may define flow channels for moisture
transport. Moisture transport in trees for example occurs in capillaries and is known
as “wicking” [5, 6]. Kosuri and Weitsman [6] were the first to suggest capillary
motion of water in composites. Cross-ply laminates (laminates consisting of only 0°
and 90° plies) were slowly loaded along the 0° direction to a point where the
(weaker) 90° plies cracked at multiple locations. Cracks that run along the fibers
and span the entire thickness of the 90° ply (or 90° ply group) propagated until
arrested at the 90°/0° interface. The width (opening) of these crack is about 1 µm
thus acting as capillaries able of transporting water.

The cracked specimens were turned 90° so that the cracks assumed a vertical
orientation. The bottom edge of each specimen was brought in contact with slightly
acidic seawater to allow vertical capillary flow through the microcracks. A litmus
paper was placed on the top horizontal edge to allow tracking of the time required
for the capillary climb through the specimen. A range of climb heights from 1 to
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4 cm was examined. Figure 3 shows results for the climb time versus distance for
the specimens examined.

It is noted that the climb time versus distance results are approximately linear, in
agreement with the capillary flow model discussed later in this section.
Furthermore, the rate of capillary transport for this case is about 4 mm/min. Thus,
the time required for the capillary flow front to travel 1 mm is about 0.25 min. This
rate is about 5–6 orders of magnitude faster than the transport due to diffusion
through the matrix [5].

Weitsman [4] examined an antisymmetric cross-ply carbon/epoxy composite
laminate of lay-up [0/90/04/904/0/90]T subject to cyclic moisture exposure between
0 and 95% RH at 66 °C with a cycle period of 9 days. Damage in the form of
fiber/matrix debonds was observed during repeated humidity cycling. A continuum
damage model was developed for a unidirectional composite that absorbs moisture
from a humid environment. The effects of damage on moisture transport were
treated using thermodynamics analysis of an open system, and relations between
absorbed moisture content, stress and damage were derived. The experiments on
moisture absorbed in the absence and presence of external load verified several
aspects of the damage model. Quantitative comparison between the model and
experiments was not possible because the fiber/matrix debonding process was not
considered in the model.

A composite material with elongated cracks and voids may be considered a
porous material. Fluid transport in porous materials has been described and ana-
lyzed by Dullien [18]. Specifically, if such a material is fully or partially immersed
in water, modeling of moisture transport may utilize the theory of capillary flow.
The analysis of transport of water through a capillary is in its most simple form

Fig. 3 Time for capillary
flow of seawater through
microcracks in [0/903]s
carbon/epoxy laminates. Data
from Kosuri and Weitsman
[6]
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based on the classical case of pressure driven laminar uncompressible fluid flow
through a pipe, see Fig. 4. The average velocity, Vavg, is given by [19],

Vavg ¼ � d2

32l
dp
dx

� �
ð5Þ

where d is the internal diameter of the pipe, dpdx is the pressure drop along the pipe,

and l is the viscosity of the fluid.

The volumetric flow rate, Q m3

s

� �
, through the pipe with a cross-sectional area,

Ac, is given by

Q ¼ VavgAc ¼ d2Dp
32ll

p
4
d2

� �
ð6Þ

This is identified as the classical Hagen–Poiseuille equation [18, 19],

Q ¼ pd4Dp
128ll

ð7Þ

For a cross section of porous material containing n capillaries, each of diameter
d, the flow rate becomes

Q ¼ n
pd4Dp
128ll

: ð8Þ

3.3 Moisture Uptake of Syntactic Foam

Syntactic foams consist of hollow glass microspheres embedded in a polymer resin.
The size of the microspheres is statistically distributed over a range of diameters
from about 10–100 µm [20]. The wall thickness of the glass shell is about 1–2 µm.
The volume fraction of microspheres in a syntactic polymer foam is typically 0.4–

Fig. 4 Illustration of laminar pipe flow
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0.6. Such materials have found deep sea offshore underwater application by their
low thermal conductivity and low density.

Lefebvre et al. [21] and Sauvant et al. [22] examined water uptake in syntactic
foam materials immersed in water over a range of temperatures and pressures.
Specimens with and without glass microspheres were prepared using a high Tg
(175 °C) epoxy resin matrix. The microspheres were sodium–borosilicate glass
with a mean diameter of 34 µm and density of 0.35 g/cm3. The volume fraction of
the glass spheres was 0.55. Samples of dimensions 50 � 50 � 2 (mm) were
immersed in water at temperatures from 20–120 °C over 18 months, and the
moisture content was monitored by regularly weighing the samples.

It was found that the neat resin samples absorbed 1.2–1.7% moisture at satu-
ration, depending on the temperature. The particle filled specimens reached much
higher moisture contents, close to 40% although they were not fully saturated after
18 months. The results suggest that water did not only hydrate the matrix, but
hydrated the glass/polymer interface, allowing diffusion of water into the glass
shell, and filling the void inside the microsphere.

A model called IFP after Institut Français du Petrole was proposed by Lefebvre
et al. [21]. The model is not based on first principles and includes three adjustable
empirical parametric that allow construction of a moisture content versus time curve
for microsphere filled polymers immersed in water. This model utilizes a repre-
sentative volume element (unit cell) of the material containing a cube of polymer
containing a single glass sphere in the center as schematically illustrated in Fig. 5.

The model includes three basic mechanisms, (i) Fickian diffusion through the
matrix, (ii) matrix/particle shell hydration governed by an equilibrium reaction
between the water absorbed in the matrix and water at the matrix/particle shell
interface, and (iii) filling of the empty space (void) inside the particle by water.

The model was calibrated by adjusting the three parameters to a limited set of
experimental data. The model predictions of moisture uptake versus time were then
compared to experimental results for specimens immersed in water at 100 °C.
Particle volume fractions of 0.30, 0.45 and 0.55 were examined. The model pre-
dictions were also compared to results for specimens with a constant particle vol-
ume fraction (0.55) for a range of temperatures, and good agreement was observed.
Experimental and model results are also presented for syntactic foams immersed in

Fig. 5 Representative
element of a syntactic foam
[21]
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seawater at various temperatures and pressures by Lefebvre et al. [21]. The results
indicate that increased pressure will increase the rate and amount of water uptake.

4 Analysis of Excess Water Absorption in Voidy
Composites

The moisture content is defined by (Eq. 1),

M tð Þ ¼ mw tð Þ
mdry

ð9Þ

where mw tð Þ is the mass of absorbed water after immersion time t, and mdry is the
initial dry mass of the material.

For a fiber composite, the dry mass is given by

mc ¼ qf Vf þ qmVm ð10Þ

where qf and qm are the densities of fiber and resin (dry) and Vf and Vm are the
volumes of fiber and resin in the composite. Hence, the moisture content of a
composite can be expressed as

Mc ¼ mw tð Þ
qf Vf þ qmVm

ð11Þ

If we assume the fibers are inert, the resin in the composite is chemically the
same as the neat resin, and at saturation, the voids fill up with water, the mass of
absorbed water in the composite, at saturation, becomes,

mws ¼ Mmsmm þ qwVv ð12Þ

where Mms, mm, qw and Vv are the saturation moisture content of the matrix, the dry
mass of the matrix, the density of water, and the total volume of voids in the
composite. Substitution of Eq. (12) in (11) gives the saturation moisture content of
the composite,

Mcs ¼ Mmsmm þ qwVv

qf Vf þ qmVm
ð13Þ
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The void volume can be expressed as,

Vv ¼ vvVc ð14Þ

where vv is the void content and Vc is the volume of the composite,

Vc ¼ Vf þVm þVv ð15Þ

The overall density of the composite is given by,

qc ¼
mc

Vc
ð16Þ

where mc is the mass of the composite. Specifically, at dry conditions, mc is given
by

mc ¼ mm þmf ð17Þ

Substitution of Eq. (10) into (16) yields the density of the dry composite,

qc ¼
qf Vf þ qmVm

Vc
ð18Þ

This equation simplifies to

qc ¼ qf vf þ qmvm ð19Þ

where vf and vm are the volume fractions of fiber and matrix, respectively.
Substitution in Eq. (13) gives the saturation moisture content of the composite,

Mcs ¼ Mmsmm þ qwvvVc

qcVc
ð20Þ

This equation simplifies to

Mcs ¼ Mmsmm

qcVc
þ qwvv

qc
ð21Þ

The weight fraction of (dry) matrix is given by,

wm ¼ mm

mc
ð22Þ
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Notice that for the dry composite,

wf þwm ¼ 1:0 ð23Þ

where wf is the weight fraction of fiber. This equation is valid also for dry com-
posites with voids because empty voids have no mass.

Substitution of Eq. (22) into (21) yields,

Mcs ¼ wmMms þ qw
qc

vv ð24Þ

If the saturation moisture content of the composite is normalized with the resin
weight fraction, we get

Mcs

wm
¼ Mms þ qw

qcwm
vv ð25Þ

Hence, this normalization should provide a direct measure of the void content.
This will be discussed further later in this section.

The influence of voids on moisture transport in several glass/epoxy composites
has been studied by Thomason [7]. Glass/epoxy composites with a fiber volume
fraction of about 0.65 were examined. Specimens in the form of rods were prepared
by a pultrusion technique. A range of void contents was obtained by varying the
cure pressure [23]. The void content was measured using the ASTM D2734 density
method [12]. Composite and matrix densities were determined from the weight
difference of samples in air and ethanol. The density of the glass fibers was mea-
sured after burning off the coating at 500 °C. The void contents ranged from 0.74 to
9.51% [7, 23]. The specimens were exposed to a relative humidity (RH) of 100%
for approximately 1 year. Moisture content plotted versus square root of time
(according to the Fickian model) revealed non-Fickian absorption in the composites
with voids. Table 1 summarizes saturation moisture contents as measured by
Thomason [7] for composite B over a range of void contents from 0.8–3.5%. The
moisture contents normalized with the weight fraction resin (wm ¼ 0:2) is also
listed.

Table 1 Saturation moisture contents for glass/epoxy composite (B) at various void contents [7],
and normalized moisture content (Mcs=wm). Saturation moisture content of neat epoxy (Mms) is 2%

Void content (%) Mcs (%) Mcs=wm (%)

0.80 0.44 2.2

1.76 0.80 4.0

2.75 1.30 6.5

3.51 1.54 7.7
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Based on the normalized moisture contents, it is obvious that the composite
absorbs substantially more moisture than the matrix resin (2%), and the excess
moisture content increases with increasing void content.

For the composite “B” (wm = 0.2), Eq. (24) becomes,

Mcs ¼ 0:004þ 0:474vv ð26Þ

Moisture content predictions from this equation and experimentally measured
values for composite B are plotted versus void content in Fig. 6.

The hypothesis that the voids are filled up with water is supported by the
experimental results, although it is noted that the experimental results fall below the
prediction. The difference, less than 0.5%, may be due to the exposure of
the composite to humid air (100% RH) as opposed to immersion in water and the
void filling may require more time.

Further results on the relation between voids and moisture absorption have been
presented by Figliolini and Carlsson [24] who examined moisture uptake in neat
vinylester 510A resin and a large set of composite specimens consisting of T700
carbon fibers with two sizings (F and G) in a vinylester 510A resin (denoted C(F)/
VE510A and C(G)/VE510A) immersed in seawater at 40 °C. The saturation
moisture content of neat VE510A resin immersed in seawater at 40 °C is 0.344%.
The fiber volume fractions for the C(F)/VE510A and C(G)/VE510A were 0.66 and
0.63.

To model the saturation moisture content of the composite with voids, equa-
tion (23) may be expressed as,

Mcs ¼ qmvm
qc

Mms þMvs ð27Þ

Fig. 6 Saturation moisture
content of glass/epoxy
composite (“B”) versus void
content. The straight line
represents Eq. (26) and the
points are measured data [7]
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where Mvs is the excess moisture content due to the filling of the voids. Analysis of
the moisture uptake data for the two types of composites using Eq. (27) provides
the results listed in Table 2.

It is noted that moisture uptake for the carbon/vinylester composites is greatly
dominated by voids (84–86%). It is also noted that the type of fiber sizing influ-
ences the moisture uptake. The composite with the G sized fibers absorbed more
water than the one with F sized fibers.

Although interface voids appears to be interconnected throughout the composite,
there may be some isolated voids. For isolated voids to be filled with water,
individual water molecules would first have to diffuse through the composite matrix
and then fill the voids. This process is expected to be very slow compared to
wicking.

4.1 Influence of Pressure and Temperature on Moisture
Absorption

The influence of hydrostatic pressure on composite samples immersed in water has
been examined by several authors. Tucker et al. [25, 26] found that the influence of
excessive pressures on water absorption is small in composites with low void
content. However, for composites containing voids, recent results presented by
Humeau [27] show a strong influence of pressure, where increased pressure leads to
faster water uptake and higher moisture contents.

Figure 7 shows moisture uptake results for specimens immersed in tap water at
20 and 60 °C, with and without an added pressure above atmospheric pressure.

At 20 °C, the moisture uptake appears Fickian, with a saturation of about 0.7%
after 2 years. At 60 °C and no added pressure, the moisture uptake increased
continuously without an indication of saturation during 2 years of immersion. The
specimens kept at 60 °C under 10 MPa pressure absorbed moisture more rapidly
and reached higher saturation moisture contents (about 1.6%). The strong influence
of pressure on the moisture uptake is attributed to voids in the filament wound
glass/epoxy composite (void content of several percents). As discussed earlier,
voids have a strong effect on the moisture uptake, Fig. 6. The wicking transport
mechanism discussed earlier indicated that pressure is an important driving force,
Eq. (8). For a glass/epoxy composite with very low void content produced from

Table 2 Saturation moisture contents and excess moisture contents in carbon/vinylester
composites [24]. Mcs and Mvs are the measured moisture content of the composite and the excess
moisture content due to voids

C(F)/VE510A C(G)/VE510A

Mcs (%) 0.470 0.565

Mvs (%) 0.398 0.486
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prepreg, the influence of pressure on the moisture uptake is negligible [27], see
Fig. 8.

The results in Fig. 7 show that temperature of the water has a strong effect on the
rate of moisture uptake. Diffusion of moisture is a thermally activated process with
the rate governed by an Arrhenius type of equation [1],

D ¼ Doe
�A=RT ð28Þ

Fig. 7 Influences of pressure
and temperature on moisture
uptake of carbon/epoxy
filament wound cylinders
immersed in tap water [27]

Fig. 8 Influence of
hydrostatic pressure on
moisture uptake of
glass/epoxy composite made
from prepreg [27]
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where Do is the reference diffusivity, A is the activation energy, R is the gas
constant, and T is the temperature in °K.

4.2 Influence of Processing on Moisture Uptake

As discussed in the previous sections voids have a strong influence on the moisture
uptake of composites. Voids are introduced during liquid resin processing of the
composite as a result of air entrapment, inadequate impregnation of the fibers, or
resin shrinkage during cure. As an example, the moisture uptake in two highly
similar resin and composite panels, viz. neat VE510 resin and T700 carbon/VE510
panels prepared at University of Tennessee (UT) and Florida Atlantic University
(FAU) are compared. All composite panels were prepared using vacuum assisted
resin transfer molding (VARTM). The panels were immersed in seawater at 40 °C
until saturation.

Figure 9 shows moisture uptake versus time for the panels. The UT neat resin
panels absorbed much more water than the FAU neat resin panel. The difference
may be due to different curing agents, and cure conditions. The FAU composite
panels absorbed much more water than those made at UT. The high moisture
content in the FAU composite panel is attributed to voids, see Fig. 1b. The exact
mechanism for the void formation remains unknown, but must be attributed to
resin/catalyst chemicals, mixing ratios, temperature, and vacuum that influence
resin viscosity and flow during processing. It is also likely that Florida and
Tennessee have different compositions of the sea water. The moisture content of the
UT neat resin panels is greater than that of the UT composite panels which is
consistent with a low void content.

Fig. 9 Moisture uptake curve for neat VE510 and carbon/VE510 panels immersed in seawater at
40 °C. a University of Tennessee results, b Florida Atlantic University results
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5 Modeling of Moisture Transport in Unidirectional
Voidy Composite

5.1 Materials and Interface

Glass fibers are amorphous, inert materials that do not absorb water. Polymer matrix
materials, such as vinylester and epoxy, are nonpolar thermosets that can absorb
water by diffusion governed by Fick’s law. Voids in composite materials have
different sizes and geometries, caused by different mechanisms. Isolated voids in
the matrix materials may be caused by air entrapment or by vaporization of volatile
components during the manufacturing process. If the resin does not wet the fiber
perfectly, voids may occur at the fiber/matrix interface. If the interface voids are
connected, they may be considered as capillaries that run along the fiber axis in the
composite material [28]. These voids in the composite materials provide additional
pathways for water absorption, which explains the additional moisture uptake
observed experimentally in carbon/vinylester composites [29, 30] as well as in the
glass/epoxy composites [7].

During the manufacturing process, surface treatment and coating (sizing) of
fibers is conducted to improve the fiber/matrix interfacial bonding, through pri-
marily three mechanisms, including chemical adhesion, physical adhesion and
mechanical adhesion [23]. For instance, glass fibers can be treated with an
organosilane coupling agent, such as R-SiX3, which works as a chemical bridge
[31] and a major component of the interphase formed between the fiber and matrix
[32].

Utilization of coupling agents also improves the physical adhesion through a
good wetting between the fiber and matrix. When the composite materials are
exposed to water or moisture during service, the sizing chemistry and corre-
sponding surface and interfacial energy may affect the kinetics of water transport at
the interface. Experimental results in Table 2 showed that the type of fiber sizing
influences both bonding and excess moisture uptake in T700 carbon fiber/vinylester
(510A) composites with two separate sizings (F and G) [24].

Capability of surface wetting can be evaluated by contact angle measured at the
air–liquid–solid interface. A contact angle below 90° represents high wettability,
while a contact angle greater than 90° represents low wettability. Contact angle
between neat resin and liquids can be measured directly by dispensing droplets on
the resin surface. Neat resins are mostly hydrophobic. The contact angle of water on
neat vinylester is about 91.8° [33].

Contact angle of liquids on single fibers of known diameter, d can be measured
using the Wilhelmy balance method, in which a single fiber is oriented perpen-
dicular to the liquid–air interface with a known surface tension, clv, and the force, F
exerted on it is measured. The contact angle is then calculated from the Wilhelmy
equation,
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F ¼ pdclvcosh ð29Þ

The contact angle of liquid resin decreases from 55° for native E-glass fibers to
about 25° after a silane coating for thermoplastics is added [34]. The contact angle
of water of those silane coated fibers ranges from 70° to 76° depending on the
sizing chemistry [35]. As the values are less than 90°, the treated solid surface is
hydrophilic and prefers to be covered by water as opposed to gas.

5.2 Langmuir-Type Sorption Model

The classical Fickian diffusion model has been commonly used to describe the
diffusion in polymeric systems [1, 36]. For voidy composite materials, the inter-
phace diffusion model is limited to predict the high diffusivity observed experi-
mentally. A theoretical analysis by Piggott and Woo [37] indicated that a void path
model with a diffusivity of 15 times that of the polymer was more suited to explain
the experimental data for carbon/epoxy and glass/epoxy composites. Recently,
López et al. [38] proposed a Langmuir-type model to describe the sorption
mechanism in voidy materials. This model considers two separate parts of water
sorption in the porous polymers, including a mobile fraction diffusing in the matrix
and a bound fraction filling the voids, described by

Yw ¼ mw

m0
¼ Ymat

w þ Ycav
w ð30Þ

Two extreme conditions are considered for above equation. In the dry state, both
water mass fractions are zero. In the wet equilibrium state, both parts are saturated
with water, marked as Ymat

w 1ð Þ and Ycav
w 1ð Þ. The water transport behavior through the

matrix with presence of voids is then described by

@Ymat
w

@t
¼ �DdivrYmat

w � a
@Ycav

w

@t
ð31Þ

where D is the classical Fickian diffusion coefficient of water in the matrix polymer,
a is the water transfer coefficient between the diffusion in the matrix and filling in
the voids. The second term on the right side of above equation describes the water
trapped in the voids. To further model the kinetics of water filling in the voids,
characteristic time, s is introduced to derive a phenomenological expression of
@Ycav

w =@t,

@Ycav
w

@t
¼ � 1

s
Ycav
w � Ycav

w 1ð Þ
Ymat
w

Ymat
w 1ð Þ

 !
ð32Þ
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Water sorption in porous semicrystalline fluoropolymer samples was experi-
mented by gravimetric measurements at 40 °C and at varied pressure levels,
including atmospheric pressure and hydrostatic pressures of 100 and 250 MPa.
Matching the theoretical curves to the experimental measurements gives values of
parameters a and s. With fitting parameters s ¼ 100 h and a = 0.2 and 0.7 for two
samples with initial porosity levels f0 = 4.3% and 14%, respectively (Fig. 10).

5.3 Capillary Flow Model

A different model to describe water absorption in the voids of composite materials
is capillary flow using Darcy’s law (Eq. 8), where capillary flow is assumed in the
voids along with each fiber at the fiber/matrix interface. Fichera and Carlsson [28]
utilized the capillary flow model to explain seawater absorption in the voids of
unidirectional carbon/vinylester (C/VE) 510A panels. Parameters for seawater
absorption model predictions in unidirectional C/VE 510A panels were determined
experimentally, including saturation moisture content Mm, void content Vv, satu-
ration time as well as the dimensions of the capillaries (Table 3). Specifically, for
the diffusion model, the effective diffusivity, D of the composite was calculated
(Eq. 3) from transverse diffusivity, DT = 0.258 � 10−6 mm2/s and longitudinal
diffusivity, DL = 1.00 � 10−6 mm2/s. As the panel size increases, the effective
diffusivity decreases due to the higher value of DL than DT. For the capillary model,
effective diameter, d and number of the capillaries was calculated based on several
assumptions: the total volume of the capillaries equals to the void volume; capillary
flow takes a path along with the fiber axis; moisture saturation occurs when both the
matrix resin reaches saturation by diffusion and capillaries are filled by water.

Superposition of the capillary flow in the voids at the fiber/matrix interface and
the classical Fickian diffusion-based water absorption in the polymer matrix gives a
complete description of water absorption in the voidy composite materials

Fig. 10 Langmuir-type
sorption modeling of water
uptake in porous
semicrystalline fluoropolymer
samples [38]

Water Uptake in Polymer Composites with Voids 51



(Fig. 11). Both the diffusion and capillary flow models predict an increase in the
saturation time with the panel size, agreeing with the experimental measurements.
When the composite panels are exposed to seawater, water wicking starts imme-
diately due to capillary flow in the voids of the exposed surfaces, followed by slow
diffusion in the matrix material. However, a limitation of this model lies in the
saturation time predicted by the capillary flow model, which is much shorter than
that of the excess moisture determined from experiments. This is due to the
assumption that the capillaries are uniformly distributed without any isolated voids
and capillary flow runs along with the fiber axis at a constant speed.

The void content, determined from the excess water absorption decreases with
the size of the unidirectional C/VE 510A panels. The saturation time for the excess
water absorption, determined by subtracting the total water uptake with the diffu-
sion fraction in the matrix, increases with the panel size. These observations suggest
the presence of impedance to the capillary flow and storage in the voids at the
fiber/matrix interface, likely from isolated voids or from the resistance of
the trapped air when capillary flow advances from both openings of a capillary.

Table 3 Parameters for combined diffusion and capillary flow model predictions in C/VE 510A
composite panels [28]

Parameter Panel size (cm)

2 � 2 5 � 5 10 � 10

Saturation moisture content Mm (%) 0.587 0.43 0.395

Void content Vv (%) 1.00 0.54 0.46

Saturation time t (day) 8 36 60

Effective diffusivity D (10−7 mm2/s) 6.15 4.05 3.3

Capillary number n (106) 1.16 3.38 6.74

Capillary diameter d (µm) 0.86 0.67 0.64

Fig. 11 Comparison of theoretical prediction of moisture content with the experimental
measurements for a a 5 cm� 5 cm C/VE panel and b a 10 cm� 10 cm C/VE panel [28]
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In that case, the smaller panels are likely to have more interconnected capillaries so
that the saturation of the excess moisture beyond diffusion in the vinylester matrix
is faster, as observed experimentally.

5.4 Future Work: Improved Capillary Model

Both Langmuir-type sorption model and capillary flow model share a common
basis in describing the water diffusion in voidy composite materials, which divides
the water absorption into two separate fractions: one moisture fraction modeled
with classical Fickian diffusion and the other moisture fraction modeled with
phenomenological expression of water sorption in voids (Langmuir-type model) or
flow in open-ended capillaries at fiber/matrix interface (capillary flow model).
However, both models are not well suited to accurately predict the kinetics of water
filling in the voids for a number of reasons: (i) voids in a composite material may
consist of both isolated voids and interconnective voids; (ii) location of the voids in
the polymeric matrix or at the fiber/matrix interface determines the surface prop-
erties of voids and thus the interfacial properties for liquid flow within the void
areas; (iii) air trapped within the interconnected voids would act against the cap-
illary flow but eventually escape from the voids by slow perfusion.

We propose an improved capillary model to describe the kinetics of excess water
absorption beyond the Fickian diffusion in a polymer matrix, which considers the
effects of void size, location and surface properties. When a composite panel is
immersed, water can enter the capillaries from both openings at the exposed sur-
faces (Fig. 12). Voids in the polymer matrix are considered as hydrophobic cap-
illaries that repel water from entering in the channels, as the neat vinylester resin
has contact angle of water greater than 90°. Voids at the fiber/matrix interface are
hydrophilic capillaries as fibers treated with silane agents have contact angle of
water less than 90°, so that water can enter immediately due to surface tension.
Pressure of the air trapped inside the voids increases gradually with water filling. As
the pressure difference across the water/air interface changes with the water front, as

Fig. 12 Capillary flow in a void with both openings exposed to water
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a result of a combination of viscosity, fluid inertia, and dynamic pressure, the filling
rate is no longer a constant.

Assuming the flow in a single capillary is fully developed Poiseuille flow, the
force balance on the capillary may be expressed as,

mþDmð Þ€x ¼ 2pRccoshþ pr2 � qgH � pr2 � Pair � pr2 � 1
2
q _x2 � 8plx _x ð33Þ

where m ¼ pR2xq, Δm is the added mass, contact angle h of seawater in the
capillary, r ¼ d=2 is the radius of the capillary and H is the underwater depth of
specimen. We further assume that the pressure of trapped air obeys Boyle’s law,

Pair ¼ P0 � V0= V0 � 2pR2x
� � ð34Þ

where P0 is the atmospheric pressure, V0 is the initial volume of trapped air in the
capillary. The trapped air can slowly escape from the capillary by diffusion. The
rate of volume loss of air can be calculated using Fick’s law,

� dVi

dt
¼ SGiDpi

d
ð35Þ

where subscript i represents the gas component in the air, S is the surface area for
permeation of the trapped air, Gi is the permeability of the matrix polymer to each
gas component, Dpi is the difference in the partial pressures of the gas component
between inside and outside of the capillary, d is the thickness of matrix polymer
film where gas permeation occurs. As indicated by the experimental study by
Thomason [7], the void content is a dominant factor of water absorption in terms of
the initial absorption rate and also in the final equilibrium level. The proposed
capillary model could provide a quantitative analysis of the kinetics of water
absorption in voidy composite materials.

The parameters for the capillary flow model can be determined experimentally,
including size and location of the equivalent capillaries from µ-CT imaging [11]
and surface properties from contact angle measurement (Fig. 13). The void content
determined from µ-CT scan (Fig. 13a) can be validated by the experimental mea-
surement, in that the amount of water absorbed by the voids within the composite
panels can be calculated by subtracting the total water content with the moisture
accumulated through the diffusion mechanism. The mass of absorbed water can
then be converted to void content in the composite panels. Contact angle of water
for matrix voids can be measured directly from water droplets on the surface of neat
resin, e.g. 111° of water for a VE510A resin specimen (Fig. 13b). Contact angle of
water for the voids at the fiber/matrix interface, can be estimated from water droplet
on the surface of diced composite panels at various depths followed by polishing
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and cleaning processes, e.g. 65° of water for a carbon/VE510A specimen
(Fig. 13c). For the interfiber voids, contact angle can be determined from the
Wilhelmy balance method.
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Durability of US Naval Composites
and Sandwich Structures: Science
Framework Considering Multiscale
Response in Harsh Sea Environment

Dayakar Penumadu

Abstract Deformation behavior of carbon fiber-reinforced polymer composites
involves mechanisms at multiple length scales with a strong dependency on the
carbon fiber type and quality, fiber sizing, choice of polymer matrix, form of
reinforcement, and manufacturing process. Naval structures typically employ
sandwich materials including low-density foam core materials. Given the large
amount of variables associated with materials and processing methods, a systematic
science based framework is needed for predictive capabilities to model static,
fatigue, and fracture behavior and its dependency on seawater and temperature.
Using materials of high interest to US Navy, such a framework is proposed con-
sidering T700 carbon fibers specifically sized for vinylester resin system having
brominated additives for improved fire performance. Textile composites manufac-
tured utilizing VARTM process with suitable post-cure were utilized throughout the
experimental campaign. The sandwich lay-up for this study consists of a closed cell
polymeric (PVC) foam core placed between thin carbon fiber-reinforced vinylester
facings. A fundamental study to evaluate the environmental degradation associated
with long-term exposure on mechanical properties of carbon fiber-(Toray T700 3K
tow-based stitched fabric) reinforced vinylester (CF/VE) facings at different ori-
entations and various specimen sizes was implemented. The tension–tension fatigue
effects, which simulate the splash load in marine environment, are shown to be
more notable in composite facings with orientation of lay-ups that are resin dom-
inated (for example, [±45]2S). The seawater absorption in the carbon
fiber/vinylester composite leads to several deleterious effects resulting in new
failure modes and deterioration in long-term durability.
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1 Introduction and Materials

Marine composites are subjected to sea environment and thus are exposed to sea-
water for sustained periods of time. Due to the recent weather changes, naval ships
now have access to cold regions for longer durations and thus understanding the
coupled effects of temperature and seawater are also important on the static, fatigue,
and fracture behavior of the fiber-reinforced polymer composites. This chapter
presents a recent summary of the author’s work on the effects of sea environment
on the mechanical response of carbon fiber composites and sandwich structures.
The face sheet materials of interest for US Navy include T700 carbon fiber-based
fabric (12k tows and plane weave) and vinylester resin (Derakane 510A) and
typically employs VARTM infusion process with a targeted post-cure protocol for
optimal properties. Vinylester resins are especially of interest due to their low
absorption of moisture and cost. Large panels of approximately 1.5 � 1.5 m were
manufactured and coupon samples are obtained from various orientations. To
evaluate the effects of long-term exposure to seawater, coupon samples were soaked
at 40 °C for an extended period of time until full saturation state was reached
through the diffusion process, confirmed by the periodic evaluation of weight gain
measurements with time.

The composite sandwich panels were fabricated using the VARTM process
(Fig. 1) with the facing material made of carbon stitch bonded fabric designated as
LT650-C10-R2VE supplied by the Devold AMT AS, Sweden. This was an
equi-biaxial fabric produced using Toray’s Torayca T700 12k carbon fiber tow with
a vinylester compatible sizing. The weight of the fabric was 634 g/m2 with
315 g/m2 of fiber in the 0° direction and 305 g/m2 in the 90° direction. Both
directional fibers were stitched with a 14 g/m2 polyester knitting thread. Toray’s
Torayca T700 carbon fiber was chosen because of its lower cost and higher
strength. The T700 fiber had a vendor reported tensile strength of 4.9 GPa, a tensile
modulus of 230 GPa, and an elongation of 2.1%. The matrix used was Dow
Chemical’s DERAKANE 510A-40, a brominated vinylester, formulated for the
VARTM process. The bromination imparts a fire-resistant property to the com-
posite. The fiber volume fraction was found to be 58–60% including the polyester
stitch fiber. The core material used was H100 Divynicell PVC foam having an
average density of 100 kg/m3 and average cell size of 0.15 mm.

2 Microstructure and Multiscale Effects

An example optical micrograph of a composite facing sample that is polished is
shown in Fig. 2. The nominal diameter of the carbon fiber reinforcement is 7 µm.
As can be seen from this figure and values from Table 1, the arrangement of fibers
in the composite shows a typical variation of zero (touching) to four fiber diameters
as the spacing between the fibers. Thus in order to understand the degradation
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Fig. 1 a Biaxial fabric lay-up and VARTM setup, b facing and sandwich sample

Fig. 2 Microstructure of carbon fiber vinyl ester composite

Durability of US Naval Composites and Sandwich Structures … 61



resulting from the exposure to seawater, one needs to understand the effects at a
single fiber scale, potential interface degradation, effects at tow level, and then
composites accounting for considered manufacturing process (VARTM for this
study). Such multiscale studies comprehensively addressing the durability effects
from marine environment are nonexistent to date and this chapter partially
addresses the approaches suitable for such comprehensive science based approach
to provide a basic understanding of this very complex degradation phenomenon.

A fundamental understanding of degradation associated with harsh sea envi-
ronment on the mechanical behavior of individual carbon fibers is also essential.
Since carbon fiber is typically made of turbostratic graphite crystals, amorphous
region, and pore spaces in between, and the fibers are applied with surface chemical
treatment called sizing, to optimize the fiber surface to interface with matrix resin
and also help with the handling of the fiber during its manufacturing processes,
exposure to moisture and seawater can have noticeable effects. Often in the past
literature, this aspect is neglected with the assumption that carbon fibers are
homogeneous and do not degrade with exposure to moisture, largely a miscon-
ception to date. Studying the mechanical properties of single carbon fiber is very
challenging requiring very sensitive load and deformation sensing system [1] and
the existing standards [2, 3] do not adequately provide a methodology for reliable
mounting and testing of individual fibers accounting for system compliance con-
sidering the nonlinear elastic response of carbon fibers. In this study, the exposure
to sea environment over an extended period of time was simulated in the laboratory
by combining the soaking tests of fiber bundles in seawater at elevated tempera-
tures. Seawater absorption and desorption and coupled temperature cyclic effects
may degrade the properties and performance of sized carbon fibers. A nano-tensile
testing system (Fig. 3) was used to evaluate the mechanical properties of single
carbon fibers with diameters around 7 µm.

The unique testing system employed in the study has a load and displacement
resolutions comparable with that of a nano-indentation system, i.e., less than 50 nN
in axial force and 1 nm resolution in axial displacement using capacitance plates. In
addition to exceptional quasi-static performance, simultaneous dynamic loading can

Table 1 Fiber arrangement
within a bundle
corresponding to
microstructure

Fiber to fiber distance

Measurement Length (um)

1 12.919

2 10.526

3 8.612

4 12.44

5 11.483

6 22.967

7 26.794

8 21.339
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be applied during typical tensile extension of a single fiber, thus obtaining the
dynamic elastic moduli (storage and loss modulus values) as a function of the
globally applied strain of the fiber sample, instantaneously capturing even small
mechanical property changes often unseen in the traditional quasi-static testing
approach.

These features provide unique opportunity to measure nonlinear stress/strain
response, even in the pre-failure state, an important aspect of most carbon fibers.
The stress–strain behavior of individual carbon fibers obtained from Devold LT650
T700 stitched fabric was evaluated using the above universal testing machine
equipped with a nano-mechanical actuator. Fibers were soaked at 40, 60 and 80 °C
for 8 weeks with extractions done weekly for testing. All samples were then des-
iccated before testing, using a custom mounting procedure developed by the
author’s group [1]. In addition, reference (control) samples were placed in a des-
iccator for time aging studies and with fibers soaking in seawater for target duration.
Environmental degradation of the mechanical properties of single carbon fibers was
observed as shown in Fig. 4. The fibers that were kept in the desiccator for a target
duration corresponding to fibers being aged at target temperatures is termed
‘Ambient and Aged’ in Fig. 4 The storage modulus, SM, is the instantaneous elastic
response of the sample, and is ideal for comparing carbon fiber samples because of
the inherent nonlinearity in their stress/strain response. Strong evidence has been
presented here based on experimental data to support the notion that carbon fibers
are not inert to seawater exposure, and the mechanical degradation was demon-
strated using the reduction in storage modulus values as a function of elastic strain

Fig. 3 Single carbon fiber testing system for precise studies on the effect of seawater at single
carbon fiber scale

Durability of US Naval Composites and Sandwich Structures … 63



levels. Most of the literature assumes that carbon fibers individually are not affected
by fluids, and this is not a valid assumption.

To accelerate the aging process, fiber properties were obtained from seawater
baths maintained at 40, 60, and 80 ºC. Work presented here simply demonstrates
elastic stiffness loss with time, temperature, and seawater exposure. It would be
natural to assume that other related mechanical property degradations would also
occur at a single fiber level, including failure stress state and fatigue analysis, a
topic of future study for the author’s group. It is equally important to learn the
degradation mechanism so as to create or improve fiber properties and improved
interfaces with target resin to be more effective in resulting composite materials
with less degradation due to harsh sea environment. Since the tensile failure of
single fibers is generally considered to follow Weibull statistics, a large number of
fibers need to be considered in the experimental campaign for reliable interpretation
on the failure strength dependency as a function of seawater exposure for accel-
erated conditions. However, the pre-failure response generally does not vary sig-
nificantly for various filaments within a tow of carbon fibers.

3 Monotonic Tensile Behavior and Seawater Effects

Composite facing specimens of carbon fiber vinylester (CF/VE) were prepared
using different ply lay-ups, namely [0/90]2S and [±45]2S to achieve fiber and matrix
dominated failure respectively. All tensile tests were performed under deformation
control at a constant crosshead rate of 0.1 mm/min, at room temperature in air. In
order to minimize the effect of gripping stress on the mechanical behavior and to

Fig. 4 Effect of seawater at elevated temperature on elastic behavior of single carbon fibers
extracted from the devold LT650 T700 biaxial fabric
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avoid failures within tab section, 25 mm long tabs were attached to the ends of the
specimens using a suitable adhesive with precise thickness control for the adhesive
to ensure alignment of top and bottom parts of the specimens inside hydraulic grips.
When experimentally feasible, an extensometer was used to record strain data for
comparison purposes. It showed comparable results with Digital Image Correlation
(DIC) technique used to obtain surface strain data. The DIC system (commercially
available, VIC-3D) uses dual-cameras to measure the shape of an object, surface
displacements, and full-field surface strains in three dimensions. The basic method
tracks the gray value pattern in small pixel neighborhoods, called subsets, during
deformation. The experimental setup is shown in Fig. 5 which includes a biaxial
mechanical testing system and 3D-DIC equipment and example rendering of 30
pixel � 30 pixel tracking regions for surface displacement based interpretation of
spatially resolved strains.

Figures 6 and 7 depict damage localization and evolution at identified stress
levels for matrix dominated specimens. Surface 3D DIC principal axial strains
clearly show the location of strain localization and damage accumulation of CF/VE
[±45]2S specimens and with large variation in spatially resolved strain values for
tensile stress equal to 100 MPa. For axial stress values in the range of 20–80 MPa,
corresponding to elastic range, damage evolution in the form of axial strain
experienced was distributed along the specimen gage length. Increasing to a stress
level at 100 MPa results in a sudden growth of localized strain (shear) bands.
However, a completely different damage scenario was observed for fiber dominated
CF/VE [0/90]2S specimen displaying localization zones from early stages of applied
external stress starting at 20% of failure stress. With stress increase from 200 to
1000 MPa, shows the additional distribution of localized damage and strain

Fig. 5 Servo-hydraulic testing system and 3-D digital image correlation setup
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accumulation eventually leading to catastrophic failure. The goal of these experi-
ments was to evaluate relative effects of seawater exposure on monotonic behavior
considering localized response.

CF/VE samples were also subjected to controlled rate of strain loading with ten
tensile load–unload loops (corresponding to unloading at 20, 40, 60, 80 MPa, and 5
loops at 100 MPa) to evaluate accumulated plastic strain as shown in Fig. 8. Fiber
dominated CF/VE [0/90]2S composites under ten cycles of up to 80% failure stress

Fig. 6 Tensile stress–strain behavior of matrix dominated specimen ([±45]2S)

Fig. 7 Axial strain localizations for four tensile stress values indicated in Fig. 6 for the matrix
dominated composite specimen ([±45]2S); 20 MPa on the left to 100 MPa on the right
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load–unload did not show considerable accumulated permanent strain; therefore,
this part of the study focused only on matrix dominated CF/VE. In order to evaluate
the damage evolution due to seawater effects compared to time-aged sample, a
saturated CF/VE [±45]2S that was soaking in seawater for 3 years was also sub-
jected to similar testing. This particular sample had a moisture uptake of 0.8%
based on periodic weight gain measurement. Results included in Figs. 8 and 9 show
that exposure to seawater corresponding to wet sample substantially increased the
amount of plastic strain (referred as damage in this chapter) when compared to dry
sample, evaluated at various strain or stress levels, quantifying the relative effect of
marine environment on damage evolution. After 10 cycles of tensile load–unload
cycles, saturated [±45]2S CF/VE sample showed substantial matrix cracking on the
sample surface unlike the case of dry and aged specimen of [±45]2S CF/VE
composite. Corresponding to the 10th load–unload cycle at the amplitude of axial
stress prior to unloading of 100 MPa, large strain variations along the sample length
with high strain localization at mid height were also observed. The advantage of

Fig. 8 Monotonic tensile
stress strain relation with
unload–reload loops for
[±45]2S

Fig. 9 Accumulated plastic
strains for [±45]2S specimen
and the effects of long-term
seawater exposure
contributing to augmented
damage
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DIC monitoring is that spatially resolved strain data can be carefully observed for
evaluating local structure and relation to observed surface strain variations; on the
other hand, using only extensometer one could overlook the damage evolution as
seen above. Approximately 20% difference was observed for DIC-based axial strain
(eyy) at the end of 10th cycle compared to extensometer based measurements.
Damage accumulation zones identified for such tests for various specimen locations
are being further studied using high-resolution X-ray tomography to elucidate
microstructure role further.

4 Fatigue Behavior of Facing Due to Sea Environment

Under tension–tension fatigue test, orientation dependence of CF/VE exhibit dis-
parate failure mechanisms only when fatigued in the air or under immersed con-
ditions that lead to earlier failures when submerged in fluid. It was shown [4–7] in
the past that secant and tangent modulus, ES and ET, respectively, were used to
determine the degradation due to seawater confinement effect at each orientation.
The fatigue life of composites is denoted by the number of load cycles to fatigue
failure. It was observed when comparing peak strain subjected to the same stress
level of 0.5rfailure between fiber and resin dominated composite laminates, seawater
confinement did not impact fatigue life on fiber-dominated specimen. On the other
hand, seawater confinement effects significantly reduced fatigue life on resin
dominated CF/VE. Tangent moduli evolution as a function of number of cycles of
loading as a basis for comparison between fiber and matrix dominated CF/VE at the
same stress level of (0.67 rfailure) showed similar observations. Therefore, only
matrix-dominated samples due to sea environmental effects are focused in this
study. Cyclic fatigue tests were suspended when the applied number of cycles
reached one millions cycles. This fatigue endurance limit was used in several
studies in the past [6, 8, 9].

CF/VE composite samples with deformation response that is matrix dominated
([±45]2S), had an average static tensile strength of 120 MPa. Fatigue life for these
matrix dominated facings were obtained at varying maximum applied stress levels
of 0.8, 0.67, 0.6, and 0.5. Fatigue performance was obtained for these samples with
either air or seawater as the confining medium while the specimen was subjected to
cyclic tensile loading at an R-ratio of 0.2 at a frequency of 1 Hz as shown in
Fig. 10. This figure shows the configuration for simulating one-sided exposure to
seawater while the sample is subjected to fatigue loading. A thin latex member
provides the access to the deforming specimen to seawater under cyclic loading as
shown. A modified setup for extensometer which uses 100 mm gage length is
employed as shown in this figure. For a fatigue sample with no confining fluid, it
corresponds to fatigue loading in the air, which serves as a reference for changes
due to the presence of seawater corresponding to degradation in fatigue life. One
sided confinement was considered as the sandwich structures employed in
ship structures are typically only exposed to seawater on the outer surface.
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Complete confinement all around the sample corresponds to worst case scenario for
maximum degradation condition, though unrealistic in practice.

Fatigue life of matrix-dominated [±45]2S CF/VE samples due to complete
seawater confinement and one-sided confinement/exposure effects are summarized
in Fig. 11. It can be clearly seen from this figure that scatter in the results for fatigue
life for repeating samples (*6 in this study) is relatively large (as expected) for a
target maximum cyclic stress amplitude [10]. The mean response indicates clearly
that the fatigue life of these composites is much higher when they were confined in
the air as compared to seawater confinement. For maximum stress amplitude of
50% of the static tensile strength, fatigue life exceeded a million cycles (fatigue
limit), thus experiments below that stress level were not considered. As the max-
imum cyclic stress amplitude increased from 0.5 to 0.8, relative effects of water
confinement also decreased. Figure 12 shows the relative changes in fatigue life for
maximum cyclic stress amplitude corresponding to a value of two-thirds of its static
tensile strength. Wet sample corresponds to fully saturated condition based on
weight gain observations. Dry sample corresponds to time aged composite in low
humidity environment while wet samples were soaked to reach saturation weight
gain condition, typically 10 weeks or longer. As can be seen, a reduction in fatigue
life of nearly 50% is expected for ship structures in service for a long time allowing
outer facing of sandwich structure to be saturated and subjected to fatigue with
water available on one side.

Fig. 10 One-sided seawater
confinement/exposure for
[±45]2S specimen and
tension–tension (R = 0.2,
1 Hz) cyclic fatigue setup,
100 mm gage length
corresponds to distance
between knife edges of
extensometer on the gage
section
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The large degradation resulting from the availability of seawater while the
fatigue specimen is undergoing repeated loading was due to a new failure mode
which was confirmed using high resolution computed tomographic analysis of
specimens after failure. Specimens fatigued in air showed damage throughout the
cross-section of the failed zone while those confined with seawater largely failed
from delamination of outer lay-up. The matrix cracking during cyclic fatigue
loading allows incompressible water into these cracks and result in very large
stresses on the outer part of the facing during downward loading, resulting in
premature failure and not allowing the entire cross-section of the material to con-
tribute to fatigue strength. Prediction of fatigue life in composites is more com-
plicated as compared to metals because the failure mechanism involves several
factors including fiber breakage, matrix cracking de-bonding, and the complex
role of interface/interphase. With different damage mechanisms and related

Fig. 11 Seawater effect on master curves for fatigue life

Fig. 12 Seawater effect on tension fatigue life at a stress level of (0.67rfailure)
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accumulation in composites, experimental results are a must for a given material
system and manufacturing conditions. Observing the secant modulus degradation of
facing material during the service of the sandwich ship structure can serve as a good
indicator for the expected fatigue life remaining for service considerations.

5 Role of Interface in Sandwich Structures

Interfaces at multiple scale play a very important and complex role in capturing the
degradation in mechanical behavior of reinforced composites subjected to harsh
environment associated with naval structures including seawater, temperature, and
hydrostatic pressure. At a fiber level, chemical sizing can absorb moisture
depending on the chemistry and storage conditions prior to use of the material form
(unidirectional pre-preg, stitched fabric) and can significantly reduce the interfacial
shear strength. The relative loss can be quantified using single fiber fragmentation
testing, but the challenge is to mimic the state of the cured resin system in single
fiber composite to be representative of the manufactured large scale composite.
However, relative effects can be obtained precisely using laboratory scale studies
and can also be effectively utilized to target fiber sizing that is more robust for low
cost and high volume applications such as naval composites. The interface between
facing and foam core also plays a very important role and its degradation is not
considered in the literature in depth. Table 2 summarizes critical energy release
rates obtained from DCB specimens (Fig. 13).

A picture of a small sample of sandwich structure material considered in this
study and the corresponding X-ray computed tomography [11] image of its
cross-section at one location is shown in Fig. 14. The complex interface between
the face sheet and foam core material can be clearly seen from the reconstructed
X-ray tomographic projection. Despite the fact that the surface of the H100
Divinycell foam core has access to its cells for the vinylester resin to infuse and
develop an intimate bond, a number of void regions at the interface are visible, and
the jagged edge of the resin front is quite rough with sharp transitions. Our detailed
work has shown that when this resin rich interface is exposed to seawater, the
interface degrades substantially, more so than the facing material itself, and results
in delamination crack propagating within the matrix region. For dry interface,
delamination experiments indicate interface cracks always propagating into the
lower density foam region. Thus, a substantial degradation of approximately a third

Table 2 Delamination testing of face sheet and foam core summary results

Condition (no. of samples) Critical energy release rate, Gc (N/m
2) Degradation

Dry (15) 541–963

Wet (10) 451–632 30%
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in the reduction of critical energy release rate was observed from the double can-
tilever beam specimens as noted in Table 2. This observation leads to an important
aspect of optimizing surface of core materials with the resin system being used to
potentially lessen the impact of sea environment on interfacial delamination
toughness.

Fig. 13 DCB specimen testing setup for interface delamination studies that shows cryogenic
load cell

Fig. 14 Picture of a CF/VE-H100 PVC sandwich material and X-ray-computed tomography
projection showing the interface between composite face sheet and cellular core
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6 Summary and Conclusions

A fundamental study to evaluate the environmental degradation associated with
long-term exposure on mechanical properties of carbon fiber-reinforced vinylester
facings at different orientations and various specimen sizes was implemented. The
tension–tension fatigue effects are shown to be more notable in composite facings with
orientation of lay-ups that are resin dominated (for example, [±45]2S). The moisture
absorption in the carbon fiber/vinylester composite leads to several deleterious effects
resulting in new failure modes and deterioration in long-term durability. Specifically, it
has been demonstrated that moisture/seawater has impact on the following:

(1) A gradual reduction in nonlinear elastic properties of single carbon fibers was
observed for T700 fibers when they were subjected to aggressive soaking
conditions. Since the behavior was measured based on very precise nano-tensile
testing, this demonstrates that the amorphous and porous portions of the single
carbon fiber microstructure can cause degradation and should be considered in
the future studies. Carbon fibers should not be considered as inert, as is often
assumed, for marine environment.

(2) Under monotonic tensile loading conditions, the damage evolution for seawater
saturated composite facings that are matrix dominated was much more than dry
specimens. Damage was quantified based on accumulated plastic tensile strain
and was spatially resolved using three-dimensional digital image correlation
technique. Both dry and saturated specimens showed stain localizations well
below the eventual failure stress and likely results from variations in local fiber
volume and resin fraction and fiber orientation.

(3) Tension–Tension fatigue life of carbon fiber vinylester composites is much
higher when they were fatigued in the air as compared to conditions associated
with seawater confinement. For maximum stress amplitude of 50% of the static
tensile strength, fatigue life exceeded million cycles (fatigue limit).

(4) Specimens fatigued in air showed damage throughout the cross-section of the
failed zone while those confined with seawater largely failed from delamina-
tions of outer lay-up. The matrix cracking during cyclic fatigue loading allows
incompressible water into these cracks and results in very large stresses during
downward loading leading to premature failure.

(5) Interfaces at multiple scales play a very important and complex role in cap-
turing the degradation in mechanical behavior of reinforced composites sub-
jected to harsh marine environment, leading to reduced fiber-matrix interfacial
shear strength and lower delamination toughness between face sheets and foam
core materials.
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Statistical Long-Term Creep Failure Time
of Unidirectional CFRP

Yasushi Miyano and Masayuki Nakada

Abstract A method for statistical prediction of the long-term creep failure time of
CFRP using the statistical static strengths of CFRP at various temperatures and the
viscoelasticity ofmatrix resin is proposed based onChristensen’smodel of viscoelastic
crack kinetics. The tensile strength along the longitudinal direction of unidirectional
CFRP constitutes important data for the reliable design of CFRP structures. The
authors developed a reliable method for testing creep and fatigue strengths as well as
static strength at elevated temperatures for resin-impregnated carbon fiber strands
(CFRP strands) as unidirectional CFRP. Two kinds of CFRP strands with two types of
PAN-based carbon fibers with high strength and high modulus were examined on the
viewpoint of failure mechanism. The statistical static strengths of these CFRP strands
and the creep compliances ofmatrix resinsweremeasured at various temperatures. The
tensile creep failure times of these CFRP strands are predicted statistically based on a
prediction method using measured data. The predicted creep failure times of these
CFRP strands were compared with the creep failure times of these CFRP strands
measured experimentally and statistically. Additionally, the statistical
temperature-dependent static strengths are also discussed for CFRP strands of two
types of pitch-based carbon fibers with low modulus and high modulus.

Keywords CFRP � Viscoelasticity � Life prediction � Tensile strength � Creep
failure time

1 Introduction

The mechanical behavior of matrix resin of CFRP exhibits time and temperature
dependence, called viscoelastic behavior, not only above the glass transition tem-
perature Tg, but also below Tg. Consequently, it can be inferred that the mechanical
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behavior of CFRP depends strongly on time and temperature [1–5]. Our earlier
reports have proposed the formulation of statistical static, creep, and fatigue
strengths of CFRP based on matrix resin viscoelasticity [6, 7].

The tensile strength along the longitudinal direction of unidirectional CFRP
constitutes important data for the reliable design of CFRP structures. The authors
developed a reliable test method to assess creep and fatigue strengths, as well as the
static strength, at elevated temperatures for resin-impregnated carbon fiber strands
(CFRP strands) combined with PAN-based high-strength carbon fibers T300-3000
and epoxy resin [8]. Furthermore, the authors confirmed that the time-dependent
and temperature-dependent tensile static strength is controlled by the viscoelastic
behavior of matrix resin based on the Rosen’s shear lag model [9]. Additionally, the
authors developed a test method for the CFRP strand of more high-strength carbon
fibers T800-12000 and epoxy resin with a highly reliable co-cured tab. The
temperature-dependent tensile strength of this CFRP strand was evaluated [10].

Our most recent study undertook the prediction of statistical creep failure time
under tension loading along the longitudinal direction of unidirectional CFRP
performed using CFRP strands of two kinds of high-strength carbon fibers
T800-12000 and T300-3000 and epoxy resin [11, 12]. The statistical creep failure
time of these CFRP strands at a constant load and temperature was predicted using
statistical results of static tensile strengths of CFRP strands measured at various
temperatures, and the viscoelastic behavior of matrix resin. The predicted results
statistically agreed well with the experimentally obtained results measured using
creep tests for these CFRP strands.

For this study, the proposed method of predicting the statistical creep failure
time under the tension loading along the longitudinal direction of unidirectional
CFRP from the statistical static strengths of unidirectional CFRP measured at
various temperatures is applied to various unidirectional CFRP with carbon fibers
of different kinds. First, the method of predicting the statistical creep failure time of
CFRP from the statistical static strengths of CFRP measured at various tempera-
tures is proposed again based on Christensen’s model of viscoelastic crack kinetics
[13]. Second, two kinds of CFRP strands with PAN-based high-strength and
high-modulus carbon fibers were prepared as specimens for unidirectional
CFRP. Third, the static strengths of these CFRP strands were measured experi-
mentally and statistically at various temperatures. Then the creep failure times of
these CFRP strands were predicted statistically using the statistical static strengths
based on the predictive method. The creep failure times of these CFRP strands at
several constant loads and a temperature were measured experimentally and
probabilistically using these CFRP strands for comparison with the predicted ones.
Additionally, the predictive method was applied to CFRP strands of two kinds with
low-modulus and high-modulus pitch-based carbon fibers. Finally, the time and
temperature dependences on the statistical static and creep strengths of various
CFRP strands are discussed in the viewpoints of fracture mechanism.
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2 Statistical Prediction of Creep Failure Time of CFRP

We have proposed the formulation for the statistical static strength rs of CFRP
based on the viscoelasticity of matrix resin, as shown in the following equation in
our previous paper [7]:

log rsðPf ; t; TÞ ¼ log r0ðt0; T0Þþ 1
as
log½� lnð1� PfÞ� � nR log

D�ðt; TÞ
Dcðt0; T0Þ

� �
; ð1Þ

where Pf signifies the failure probability, t denotes the failure time, t0 represents the
reference time, T is the temperature, T0 stands for the reference temperature, r0, and
as respectively denote the scale parameter and the shape parameter on the Weibull
distribution of static strength, nR is the viscoelastic parameter, and Dc and D*
respectively represent the creep and viscoelastic compliances of matrix resin. The
viscoelastic compliance D* for the static load with a constant strain rate is shown as

D � t; Tð Þ ¼ Dcðt=2; TÞ: ð2Þ

The statistical static strength rs is shown by the following equation by substi-
tuting Eq. (2) into Eq. (1).

log rsðPf ; t; TÞ ¼ log r0ðt0; T0Þþ 1
as
log½� lnð1� PfÞ� � nR log

Dcðt=2; TÞ
Dcðt0; T0Þ

� �
ð3Þ

The relation between the creep failure time and the static failure time can be
shown in Fig. 1 [11]. This figure shows the creep strength and the static strength
versus the failure time. The creep strength curve is obtainable by horizontally
shifting the static strength curve by the amount log A. Therefore, the statistical creep
strength rc is shown by the following equation.

Fig. 1 Time shifting between static strength and creep strength [11, 12]
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log rcðPf ; t; TÞ ¼ log r0ðt0; T0Þþ 1
as
log½� lnð1� PfÞ� � nR log

DcðAt=2; TÞ
Dcðt0; T0Þ

� �

ð4Þ

The failure probability of CFRP under a constant creep stress rc0 can be shown
by the following equation from Eq. (4).

Pf ¼ 1� exp �Fð Þ; logF ¼ as log
rc0
r0

� �
þ asnR log

DcðAt=2; T0Þ
Dcðt0; T0Þ

� �
ð5Þ

The shifting amount log A is determined by the slope kR of the static strength
curve shown in Fig. 1 as

logA ¼ logð1þ 1=kRÞ; kR ¼ nRmR ð6Þ

where nR is the viscoelastic parameter in Eqs. (1) and (3), and where mR is the slope
of logarithmic creep compliance of matrix resin against the logarithmic time
[11, 12].

3 Molding of CFRP Strands

Two kinds of PAN-based carbon fibers and pitch-based carbon fibers of two kinds
were prepared in this study, as shown in Table 1. PAN-based carbon fibers are
high-strength-type carbon fiber T300-3000 and high-modulus-type carbon fiber
M40J-6000 (Toray Industries Inc.). The pitch-based carbon fibers are
low-modulus-type carbon fiber XN05 and high-modulus-type carbon fiber XN50
(Nippon Graphite Fiber Co. Ltd.). Weibull distributions of the static strengths rc for
carbon fibers of four kinds with shape parameters ac and scale parameters bc are
shown in Fig. 2.

Four CFRP strands with carbon fibers of four kinds and a general purpose epoxy
resin jER828 (Mitsubishi Chemical Corp.) were molded using a filament winding
system developed by the authors [8]. Actually, 200 specimens for four kinds of
CFRP strands are molded, respectively, at one time using this system. Table 2

Table 1 Carbon fibers used in this study and mechanical properties by catalogs

Name PAN or
pitch

Density
(g/cm3)

Tex
(g/km)

Elastic modulus
(MPa)

Tensile strength
(MPa)

T300-3000 PAN 1.76 198 230 3530

M40J-6000 PAN 1.75 225 377 4400

XN05-3000 Pitch 1.65 410 55 1100

XN50-3000 Pitch 2.14 450 527 3830
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presents a composition of epoxy resin and the cure condition of CFRP strand,
which is the same to those for the Refs. [11, 12]. The gage lengths of CFRP strands
are approximately 200 mm. The glass transition temperatures Tg = 160 °C of the
epoxy resin are determined from the peak of loss tangent against temperature at
1 Hz using the DMA test. The fiber volume fraction Vf = 55% of CFRP strand is
ascertained from the weight of CFRP strands.

4 Creep Compliance of Matrix Resin and Static Strength
of CFRP Strands

The dimensionless creep compliance Dc/Dc0 measured at various temperatures is
shown at the left of Fig. 3. Long-term Dc/Dc0 at T = 120 °C was obtained by
horizontally shifting those at various temperatures, as shown at the right of Fig. 3
[11, 12]. The reference temperature and time were selected as T0 = 25 °C and t0 =
1 min in this study. The creep compliance at reference temperature and reference
time Dc0 was 0.33 GPa−1. The dashed curve is the dimensionless viscoelastic
compliance D* of the matrix resin under the constant strain rate at T = 120 °C. The
maximum slope in this figure is mR = 0.28 shown in Eq. (6).

Fig. 2 Weibull distributions of static strengths of single fibers of four kinds

Table 2 Composition and cure schedule of CFRP strand

CFRP strand Carbon fiber Composition of resin (weight ratio) Cure schedule

T300/EP T300-3000 Epoxy: jER828 (100)
Hardener: MHAC-P (103.6)
Cure accelerator: 2E4MZ (1)

70 °C � 12 h
+150 °C � 4 h
+190 °C � 2 h

M40J/EP M40J-6000

XN05/EP XN05-3000

XN50/EP XN50-3000
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The static tension tests for two kinds of CFRP strands T300/EP and M40J/EP
with PAN-based carbon fibers were conducted at three temperature levels, 25 °C,
135 °C, and 150 °C with 2 mm/min cross-head speed. The tensile strength of the
CFRP strand rs was obtained using the following equation.

rs ¼ Pmax

te
q ð7Þ

Therein, Pmax stands for the maximum load (N). q and te respectively represent
the density of carbon fiber (kg/m3) and the Tex of a carbon fiber strand (g/1000 m).

Figure 4 presents static strengths versus temperature for CFRP strands of two
kinds: T300/EP and M40J/EP. The static strength of T300/EP decreases with
increasing temperature and that of M40J/EP keeps a constant with increasing

Fig. 3 Dimensionless creep compliance of matrix resin at T = 120 °C [11, 12]

Fig. 4 Static strength of T300/EP and M40J/EP versus temperature
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temperature. The Weibull distributions for the static strength of CFRP strand
T300/EP at three temperatures are shown in Fig. 5, where as is the shape parameter
and bs is the scale parameter of CFRP strands. Although the scale parameter
decreases according to the temperature rise, the shape parameter maintains an almost
constant value. Figure 6 is the Weibull distribution for the static strength of
M40J/EP at three temperatures. Scale parameter bs as well as the shape parameter as
maintain almost a constant value for different temperatures in the case of M40J/EP.
Shape parameter asand the scale parameter bs at the temperature T = 25 °C in these
figures can be presumed as shape parameter as and scale parameter r0 of static
strength at the reference temperature T0 = 25 °C and the reference failure time t0 =
1 min used in Eqs. (1), (3), and (5).

Figures 7 and 8 show the dimensionless static strength rs=r0 against the
dimensionless viscoelastic compliance of matrix resin D*/Dc0 simultaneously and
temperature for T300/EP and M40J/EP. The relation of rs=r0 against D*/Dc0 can
be shown by a straight line with the slope of nR, which is the viscoelastic parameter
in Eqs. (1), (3), and (5). The slopes of both CFRP strands are completely different
from one another. The shape parameter as of T300/EP is almost equal to that
predicted from the shape parameter ac of carbon fiber T300 shown in Fig. 2 based
on Rosen’s shear lag model. On the other hand, the as of M40J/EP is almost equal
to 0 which is completely different from that predicted from the ac of carbon fiber
M40J. It can be presumed that the fracture mechanisms of T300/EP and M40J/EP
are quite different. The details of this difference are discussed in the Sect. 8.

All parameters in Eqs. (1), (3), and (5) were determined by measuring the creep
compliance of matrix resin and the statistical static strength of CFRP strand at
various temperatures through the above process. They are shown in Table 3.

Fig. 5 Weibull distributions of static tensile strength of T300/EP at four temperatures
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Fig. 6 Weibull distributions of static tensile strength of M40J/EP at three temperatures

Fig. 7 Static strength of T300/EP against viscoelastic compliance of matrix resin

Fig. 8 Static strength of M40J/EP against viscoelastic compliance of matrix resin
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5 Creep Failure Time of CFRP Strands

Creep failure tests of T300/EP and M40J/EP were conducted using a specially
designed creep failure testing machine [11]. The test conditions are presented in
Table 4. Results of the creep failure tests are presented in Figs. 9 and 10. The
predicted creep failure probability against failure time calculated by substituting the
parameters of Table 3 into Eqs. (5) and (6) is also shown in Figs. 9 and 10.
The upper graphs of these figures show the relation of creep strength rc against the
creep failure time t at T = 120 °C, and the lower graphs show the relation of failure
probability Pf against the creep failure time t at T = 120 °C. The predicted statistical
creep failure time agrees well with the experimental data for T300/EP. However,
the predicted statistical creep failure time does not agree with the experimental data
for M40J/EP.

Table 3 Parameters for statistical creep failure time prediction

Parameters T300/EP M40J/EP

Scale parameter of static strength of CFRP strand at 25 °C: r0 3,721 MPa 4,355 MPa

Shape parameter of static strength of CFRP strand: as 27 33

Viscoelastic parameter of matrix resin: nR 0.050 0.0067

Slope of viscoelastic compliance of matrix resin: mR 0.28 0.28

Slope of static strength of CFRP strand against failure time: kR 0.014 0.00188

Logarithmic time shifting factor: log A 1.86 2.73

Table 4 Conditions of creep failure tests for CFRP strands

CFRP strand Temperature
T (°C)

Creep stress
rc0 (MPa)

rc0=r0 (%) Number of
specimens

T300/EP 120 3,126 84 20

3,312 89 20

3,498 94 20

M40J/EP 120 3,658 84 20

3,876 89 20

4,094 94 20
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6 Fractographs of T300/EP and M40J/EP After Static
and Creep Tests

Figures 11 and 12 respectively portray fractographs of T300/EP and M40J/EP after
the static tests and creep tests. These figures clarify that the fractures of CFRP
strands show different tendencies. A markedly uneven failure surface is observed
for T300/EP, where penetrations of cracks through fibers are not observed.
However, a mirror surface with a wide area is observed in M40J/EP, where the
generated cracks penetrate through numerous fibers.

Fig. 9 Failure probability against creep failure time of T300/EP
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7 Temperature Dependence of Static Strength
on Pitch-Based Carbon Fiber Strands

Figures 13 and 14 respectively portray the static strengths versus temperature for
two kinds of CFRP strands, XN05/EP and XN50/EP, with two kinds of pitch-based
carbon fibers (XN05 and XN50; Nippon Graphite Fiber Co. Ltd.) and a general
purpose epoxy resin (jER828; Mitsubishi Chemical Corp.). The mechanical prop-
erties of XN05 are low modulus and low strength. These properties of XN50 are
high modulus and high strength, as shown in Table 1. The static strength of
XN05/EP changes clearly with temperature. That of XN50/EP does not change with
temperature, as shown in these figures.

Figures 15 and 16 respectively show the static strength rs against the vis-
coelastic compliance of matrix resin D*/Dc0 simultaneously and temperature for
XN05/EP and XN50/EP. The relation of rs against D*/Dc0 can be shown as a

Fig. 10 Failure probability against creep failure time of M40J/EP

Statistical Long-Term Creep Failure Time of Unidirectional CFRP 85



T300/EP M40J/EP

Fig. 11 Fractographs of T300/EP and M40J/EP after static tension tests

T300/EP M40J/EP

Fig. 12 Fractographs of T300/EP and M40J/EP after creep tests
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straight line with the slope of nR, which is the viscoelastic parameter in Eqs. (1),
(3), and (5). The viscoelastic parameters nR of both CFRP strands are also com-
pletely different from each other.

Fractographs of both of XN05/EP and XN50/EP after the static tests show the
same behavior as that for the case of PAN-based CFRP strands as shown in Fig. 17.
The markedly uneven failure surface is observed in XN05/EP, where penetrations
of cracks through fibers are not observed. A mirror surface with wide area is
observed in XN50/EP, where the generated cracks penetrate through many fibers.

Fig. 13 Static strength versus temperature of XN05/EP

Fig. 14 Static strength versus temperature of XN50/EP
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Fig. 15 Static strength of XN05/EP against viscoelastic compliance of matrix resin

Fig. 16 Strength of XN50/EP against viscoelastic compliance of matrix resin

XN05/EP XN50/EP

Fig. 17 Fractographs of XN05/EP and XN50/EP after static tension tests
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8 Discussing of Failure Mechanisms

The experimental viscoelastic parameters nR for T300/EP and XN05/EP as shown
in Figs. 7 and 15 agree with the theoretical viscoelastic parameters nR determined
from nR = 1/2ac based on Rosen’s shear lag model [11], where ac is the shape
parameter for tensile strength of single carbon fiber shown on Table 1, respectively.
Therefore, it can be presumed that the failure mechanism of T300/EP and XN05/EP
is based on Rosen’s shear lag model. The failure of a carbon fiber based on Rosen’s
shear lag model is not influenced from other carbon fibers and therefore the
markedly uneven failure surface should be observed on the fractograph of CFRP
strand. Actually, the fractographs of T300/EP and XN05/EP show the uneven
failure surfaces as shown in the left sides of Figs. 11, 12 and 17.

On the other hand, the failure of M40J/EP and XN50/EP show brittle fracture as
shown in the right sides of Figs. 11, 12 and 17, and the static strengths of these
CFRP strands do not show time and temperature dependent and the viscoelastic
parameters nR are nearly equal to zero. The reason why the statistical creep failure
time of M40J/EP show clearly time dependent as shown in Fig. 10 is unclear.

9 Conclusions

We proposed a prediction method for statistical creep failure time under tension
loading along the longitudinal direction of unidirectional CFRP using the statistical
static tensile strength of CFRP strand and the viscoelasticity of matrix resin based
on Christensen’s model for viscoelastic crack kinetics. Results clarified that this
prediction method is applicable for CFRP strands with high-strength PAN-based
carbon fibers.

Statistical considerations related to strength should be associated strongly with
the size effect of strength, as discussed in our recent paper [14]. Through these
discussions, our results for resin-impregnated CFRP strands shall be extended in
future studies to general CFRP structures that must have high reliability.

Statistical considerations related to the strength should be also associated with
the water effect of strength for marine use. Our proposed methodology shall be
useful for these discussions.
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Multiphysics Modeling
of the Hygro-Mechanical Behavior
of Heterogeneous Materials

Alexandre Clément, Sylvain Fréour and Frédéric Jacquemin

Abstract The present chapter investigates the modeling of the hygro-mechanical
behavior of composites used in marine environment. The purpose of the proposed
models is to analyze the effect of water absorption on a composite structure through
mechanical quantities such as stress fields. The case of non-Fickian diffusion
processes is first addressed with the Langmuir model allowing representing
anomalies of diffusion. The elastic constitutive equations thus depend on the
moisture content involving a hygroscopic strain field. The capabilities of the model
are shown with a numerical study on a composite material. Second, we propose to
introduce couplings between the water diffusion and the mechanical states. To
achieve this, we mix the classical Fick model with the free volume theory and
implement the model in a finite element software. A numerical study regarding the
impact of such coupling on a pure resin case is carried out. We finally propose to
take into account the uncertainties sometimes observed on the experimental data
which enable the characterization of the diffusion properties. Some of the material
properties of the hygro-elastic model thus become random and are modeled with
random variables. The propagation of these uncertainties is made with a stochastic
spectral approach based on polynomial chaos expansions. The efficiency of the
proposed technique is shown with a numerical application involving a polyamide
neat resin.
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1 Introduction

Due to their excellent specific properties, the use of thermosetting and thermoplastic
composites is growing in many industrial sectors such as transport and energy.
Renewable marine energies are no exceptions since these materials favor the per-
formances of energy converting systems [1]. However, marine structures are sub-
jected to a harsh environment and moisture absorption may be harmful for the
material. Most of polymeric resins employed in these composites are indeed
hydrophilic and the water absorption may lead to a premature aging of the material.
Different phenomena may occur and encourage damage processes. First, the
absorbed water can react with the polymer network [2] and may decrease some
mechanical properties such as the elastic modulus through plasticization for
instance. Second, the moisture uptake yields a so-called hygroscopic swelling of the
matrix and, since the fibers made of carbon or glass are hydrophobic, internal
stresses occur within the composite which may deteriorate the structure [3]. It is
therefore of first importance to be able to predict and analyze these phenomena in
order to ensure the long-term behavior of the structure.

Many experimental studies have been devoted to water diffusion in composite
materials such as the ones proposed in [4–6]. Most of them point out that the water
uptake may be well represented with the classical uncoupled Fick model [7].
However, when a particular material exhibits deviations from this model, one
should use more complex models to be able to represent the diffusion behavior.
This task may be achieved using the dual stage Fick model [8] or the Langmuir
model [9]. The latter appears as a good candidate since it may help to represent a
wider range of sorption kinetics assuming that the absorbed moisture is composed
of mobile and bound phases. However, unlike for the Fick model [10–12],
numerical tools associated to the Langmuir model do not exist and transient local
diffusion analysis is not possible for complex physical systems. The first part of this
chapter is thus devoted to numerical transient uncoupled hygro-elastic analyses
based on the Langmuir model for non-Fickian composite materials [13].

Even if the Langmuir model may improve the modeling of diffusion processes,
the hygro-elastic problem remains uncoupled. However, a coupling between the
mechanical fields and the water diffusion may exist in polymeric resins [14, 15] and
composite materials [16–18]. For instance, a specimen subjected to tensile loading
while aging tends to absorb water faster while a specimen subjected to compression
tends to exhibit a lower water diffusivity. The second part of this chapter is devoted
to the modeling of such couplings using the free volume theory which introduces a
dependency of the local moisture field to the local strain field [19]. The nonlinear
model has been implemented in a commercial finite element software allowing
numerical analyses of this coupling.

The third and last part of this chapter deals with the handling of uncertainties
appearing in water absorption phenomena. Experimental results may indeed exhibit
relevant randomness on the diffusion properties of the studied polymeric resins and
composites. Taking into account these uncertainties seems today essential if one
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seeks to obtain reliable numerical predictions, usable in a design process or
decision-making. The most classical technique to achieve this kind of stochastic
study relies on Monte Carlo simulations [20, 21]. This technique has been inten-
sively used to solve complex stochastic physical problems. This nonintrusive
approach only requires the use of a simple deterministic calculation code. However,
it requires numerous deterministic computations which tend to lead to prohibitive
computational costs. In order to bypass those issues, one can use the spectral
stochastic methods proposed in [22] for the propagation of uncertainties through
physical systems. These approaches provide a complete characterization of the
random response under a suitable functional form and, once the solution is com-
puted, allow a fast postprocessing of any probabilistic quantities such as statistics or
probability laws. This parametric methodology, usually leading to construct poly-
nomial chaos expansions of random variable or random fields, has been intensely
developed to solve stochastic partial differential equations [23–28]. In this last
chapter, we thus focus on the study of stochastic transient hygro-elastic behavior of
composite materials based on a spectral stochastic approach.

2 Fickian and Non-Fickian Hygro-Mechanical Problem

In this section, we present the diffusion models used in this work. We first focus on
the classical Fick model used in the following chapters for the study of couplings
and uncertainties. We then present the Langmuir model allowing the modeling of
moisture diffusion phenomena with anomalies of diffusion which cannot be rep-
resented with the Fick model. We also present the mechanical constitutive equa-
tions which take into account the hygroscopic swelling and help complete the
hygro-elastic model. A numerical study on an epoxy-based composite reinforced
with long carbon fibers is finally carried out.

2.1 Microscale Problem

We consider a heterogeneous material, schematically depicted in Fig. 1, which
occupies a spatial domain X ¼ Xm [Xr 2 R

d with d ∊ {1, 2, 3}. Xm and Xr,
respectively, represent the matrix and the fibers acting as reinforcements. The
variable cðx; tÞ denotes the moisture content of a material point, characterized by its
position through vector x, at time t. This moisture content cðx; tÞ is defined by

cðx; tÞ ¼ mwðx; tÞ
m0ðxÞ ; ð1Þ

Multiphysics Modeling of the Hygro-Mechanical Behavior … 93



where mwðx; tÞ is the local uptake in mass of water whereas m0ðxÞ is the local mass
at the initial time.

The spatial average moisture content �cðtÞ can be obtained with the following
relation

�cðtÞ ¼ 1
M0

Z
X
qðxÞcðx; tÞdX; ð2Þ

where qðxÞ is the local density and M0 is the mass of the sample at initial time.
From an experimental point of view, using the knowledge of M0 and the mass MðtÞ
at time t of the sample, the overall volume of which is X, �cðtÞ is evaluated using the
following relationship

�cðtÞ ¼ MðtÞ �M0

M0
: ð3Þ

Gravimetric measurements through time thus allow the characterization of the
water diffusion kinetics. From now on, all equations will be written according to the
local moisture content cðx; tÞ. In this work, we assume that the diffusion process is
governed by a unique diffusion coefficient D in each spatial direction. Moreover,
since the fibers are considered hydrophobic, the problem may be solely formulated
on the domain Xm. This remark is true for both models which are exposed in the
following.

The Fick law is a classical choice to represent a diffusion process where each
water molecule is free to move in the polymer network associated with domain Xm.
Since the diffusivity is assumed constant (i.e., independent of moisture content or
mechanical states), the Fick local diffusion problem can be posed as: find the
solution field cðx; tÞ such that it verifies

Fig. 1 Microscale model
problem
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@c
@t

¼DDc on Xm;

c ¼ cimp on Cc;

ð4Þ

where cimp is a given moisture content applied on a part Cc of boundary @X.
We now focus on the Langmuir diffusion model presented in [9], where the

authors divided the water molecules into two populations. The first nðx; tÞ is free to
move while the molecules of the second phase Nðx; tÞ are bonded to the polymer
network due to reversible chemical reactions such as those occurring when moisture
induced plasticization takes place. A free water molecule could become a bonded
one with a frequency a and reciprocally a bonded molecule could be freed with a
frequency b. The total moisture content cðx; tÞ naturally verifies the expression:

cðx; tÞ ¼ nðx; tÞþNðx; tÞ: ð5Þ

The Langmuir local diffusion problem can be written as: find the solution fields
nðx; tÞ and Nðx; tÞ such that they verify

@n
@t

þ @N
@t

¼DDn on Xm;

@N
@t

¼ a n� bN on Xm;

n ¼ nimp on Cc;

N ¼Nimp on Cc;

ð6Þ

where nimp and Nimp are, respectively, the imposed free and bounded moisture
content on Cc. Considering those two different populations, the Langmuir model is
able to represent a wider class of diffusion phenomena than the Fick model. In
particular, delay or, on the contrary, fast absorption, at early instants of diffusion
can be simulated with this model.

Both previous diffusion problems can be coupled to an elastic problem in order
to analyze the deformation of the material or the structure under aging conditions.
We denote by uðx; tÞ the displacement field, by eðuðx; tÞÞ the strain tensor, and by
rðx; tÞ the Cauchy stress tensor. Both the reinforcements and the matrix are
assumed to be linear isotropic elastic materials represented by the fourth order
stiffness tensor C verifying

CðxÞ ¼ Cm if x 2 Xm

Cr if x 2 Xr

�
; ð7Þ

where Cm and Cr are constant tensors. Moreover, bh is the hygroscopic expansion
coefficient which is considered, in this work, identical in each direction. The
hygroscopic expansion is represented by the diagonal tensor bh whose diagonal
components are equal to bh. Material parameter bh is taken equal to 0 for the
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hydrophobic reinforcements. Finally, the quasi-static linear elastic problem can be
written as: find the displacement field uðx; tÞ such that

r � r ¼ 0 on X;

r ¼C : e� bh c½ � on X;

u ¼ uimp on Cu;

ð8Þ

where uimp is the imposed displacement on the part Cu of @X and cðx; tÞ is the
solution field of either problem (4) or problem (6).

In this work, simulations involving Fick or Langmuir’s models were performed
using the commercial finite element software Abaqus™ in which a specific element
was developed using an UEL subroutine. The corresponding elastic problems have
also been solved using the same finite element software. The next section is devoted
to a numerical study involving a composite material with a non-Fickian diffusion
behavior.

2.2 Numerical Study: Composite Material
with a Non-Fickian Diffusion Behavior

We focus on an epoxy-based composite reinforced with carbon fibers and propose
to analyze its diffusion and elastic behavior during aging. The gravimetric mea-
surements characterizing the diffusion process are coming from [8]. The diffusion
parameters corresponding to Fick and Langmuir models can be determined from a
minimization problem aiming at finding the optimal diffusion parameters reducing
the least-square distance between the experimental data and the analytical solution
given in [7] for the Fick model and in [9] for the Langmuir model. Figure 2
illustrates the experimental sorption curve for the epoxy resin with the results of the

Fig. 2 Experimental
diffusion data of the studied
epoxy resin with both Fick
and Langmuir identification
results
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identification for the Fick and the Langmuir models. We can notice that this resin
presents an anomalous diffusion behavior and only the Langmuir model allows a
good representation of the diffusion process. In the following, only the Langmuir
model will thus be used. The Langmuir identification leads to the following results:
D ¼ 2:04 lm2s�1, C1 ¼ 1:71%, a ¼ 0:717 10�7s�1 and b ¼ 0:745 10�7s�1.

Figure 3 illustrates the geometry of the problem. We focus on a square sample of
size 75 mm where thickness e is sufficiently small to neglect the water absorption
by the edges. Only a slice of the superior half of the sample is therefore geomet-
rically modeled. The geometrical characteristics are the following: the height
h = 600 µm and the width w = 100 µm. We propose to perform the same study
with different microstructures for which the spatial distribution of the fibers can be
periodic or random. One should note that only a random configuration is illustrated
in Fig. 3. The diameter of fibers is equal to 7 µm and the volume fraction is equal to
61%. The elastic and other material parameters are the following ones for the epoxy
resin: Young’s modulus Em ¼ 4 GPa, Poisson’s ratio mm ¼ 0:36, density qm ¼
1310 kgm�3; and hygroscopic coefficient bmh ¼ 0:00324. For the carbon rein-
forcements, the corresponding parameters are: Young’s modulus Ef ¼ 20 GPa,
Poisson’s ratio mf ¼ 0:33, density qf ¼ 1780 kgm�3; and hygroscopic coefficient

b f
h ¼ 0.
Figure 4 presents the sorption curve for the different geometries of the

microstructure (one is regular and four are random). The sorption curves are very
similar even for the periodic microstructure. Only small deviations may be seen at
the beginning of the process where the diffusion is faster in the periodic case. Fibers
clusters which occur in random cases indeed act as barriers. Moreover, it may be
noticed that the sorption curves predicted for the composites structure are typical of
an anomalous diffusion behavior. Furthermore, their shapes are similar to the
sorption curve characterizing the pure resin sample (cf. Fig. 2).

We then focus on the elastic results. Figure 5 illustrates the local stress fields ryy
after 1 h and when the steady state is reached. We can observe that the extreme
stresses are localized in the matrix and that material points surrounded by fibers are
in traction while the other points located in a zone with a lack of reinforcements are
under compression. Moreover, this figure highlights the geometrical impact on
stress intensity since random cases lead to higher local stresses regarding the

Fig. 3 Problem definition with the different types of studied microstructures
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periodic case. If the average water content is not modified by the geometrical
distribution of the fibers, local quantities such as local stress fields strongly depend
on this distribution. This assessment is emphasized with Fig. 6a which illustrates
the spatial distribution of the local stresses at steady state. On this figure, the local
stresses within the matrix and the reinforcements are separated in order to clearly
observe the differences between the two constituents.

We finally focus on spatial average quantities which can be seen as macroscopic
results. Figure 6 also presents the spatial mean stress ryy within the matrix and the
reinforcements. One should note that results for random or periodic configurations
lead to the same values, this is why only one configuration is illustrated in this
figure. It shows that the matrix is globally under compression while the fibers are in

Fig. 4 Average water content �cðtÞ with respect to time t for periodic and random geometries

Fig. 5 Local stress fields ryy at 1 h (up) and when the steady state is reached (down)
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tension. However, compared to observations made on Fig. 5, it highlights the loss
of information resulting from considering the spatial mean values. Indeed, the
matrix or the fibers could locally be in tension while the mean stress is negative or
in compression while the mean stress is positive. In conclusion, changes in the
distribution of the fibers only affect the local fields; the global fields remains almost
the same.

This numerical study pointed out the use of the improved Langmuir diffusion
model in order to perform a numerical investigation of the humid aging of com-
posite materials. In addition, the geometrical effect on local field, particularly for the
stresses induced by the swelling of the matrix, between regular and random
geometries has been highlighted. However, in the section, we only consider an
uncoupled hygro-elastic problem since the diffusion or mechanical properties do not
vary according to the various local fields. The purpose of the following section is to
introduce such dependencies between the diffusion coefficient and the mechanical
fields.

3 Coupled Hygro-Elastic Problem

The Fickean model assuming a constant diffusivity is widely used in numerical
computations [3, 12, 29]. However, experimental work has emphasized that the
diffusivity can depend on the mechanical field, for both neat resin and composite
samples [14–17, 30]. This coupling between the diffusion kinetics and the
mechanical states has been highlighted through aging tests under mechanical loads.
They emphasize a nonlinear relationship between the applied stresses and the global
(or macroscopic) diffusivity of the studied samples. In this work, such dependency
is modeled using the free volume theory briefly presented in the following.
A numerical example allows the results to be compared between the coupled
hygro-elastic model and the classical uncoupled Fick model and emphasizes the
impact of such couplings on the hygro-mechanical behavior.

Fig. 6 Spatial density distribution of the local stresses ryy at the steady state (a) and spatial
average stress ryy within the matrix and the reinforcements (b)
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3.1 Free Volume Theory

Recently, the coupling between the diffusion coefficient and the mechanical field
was expressed not using the stress tensor r but the strain e [19]. This choice implies
that the mobility of water molecules, in the polymer network, is physically related
to the space available embodied by the free volume Vf . This volume, in blue on
Fig. 7, is defined as the difference between the macroscopic observable volume V
and the real volume occupied by the polymer molecules Vp (colored in red on
Fig. 7). On this figure, the black border denotes the outer surface of the sample, the
red circular areas are the regions occupied by the polymer, whereas the blue areas
denote the free volume existing between the polymer molecules.

We thus propose to relate the diffusivity to the free volume by the Doolittle
equation as has been done in [14]. The ratio between the diffusivity Dðe; tÞ of the
polymer in a given strain state and the corresponding reference value in the strain
free state D0 is given by the following equation:

ln
Dðe; tÞ
D0

� �
¼ a

1

v f0
� 1
v f ðe; tÞ

 !
; ð9Þ

where v f0 and v f ðe; tÞ are, respectively, the free volume fractions of the strain free

and strained polymer and parameter a is empirical. In addition, v f0 and v f ðe; tÞ are
related through:

v f ðe; tÞ ¼ v f0 þ
DVðe; tÞ

V0
; ð10Þ

Fig. 7 Definition of the free
volume in a neat resin
specimen
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where DVðe; tÞ is the volume variation induced by the mechanical loading and V0

stands for the volume in a free of stress/strain state. Assuming small displacements,

the ratio DVðe;tÞ
V0

may be approximated by the trace of the strain tensor denoted by
tr e. Equation (9) may thus be written:

DðeÞ ¼ D0 exp
a tr e

v f0 ðv f0 þ tr eÞ

 !
: ð11Þ

Using Eq. (11), the Fick local diffusion problem becomes: find the solution field
cðx; tÞ such that:

@c
@t

¼r � ðDðe; tÞrcÞ on Xm � T ;

c ¼ cimp on Cc � T:
ð12Þ

In fact, the maximal moisture absorption capacity also depends on the local
strain [14]. However, this second coupling is more difficult to take into account in
the finite element framework and is not considered in this work. As for the
Langmuir model, dedicated Abaqus™ subroutines have been implemented in order
to solve the nonlinear problem resulting from the coupled hygro-elastic model.

Considering experimental data such as gravimetric measurements, the difficulty
comes from the identification of the free volume theory parameters for which no
analytical solutions are available. Different authors seem to agree for pure resin
without defect about the value of v f0 = 2.5% [14, 18]. Moreover, tests results given
in [30] show that the parameter a 2 ½0:031; 0:036� for epoxy resins. Therefore,
both a and v f0 are fixed in this work and only D0 remains unknown. This latter
parameter is determined through an inverse problem consisting of finding the
optimal value of D0 using finite element simulations and experimental data.

3.2 Numerical Study: Humid Aging Under Three Point
Bending Load

In this section, we propose to analyze the aging of an epoxy resin submitted to a
three point flexural bending. The test is depicted in Fig. 8 with its diffusion and
mechanical boundary conditions. Two values for the external force F are consid-
ered: F1 ¼ 5N and F2 ¼ 10N. The coupons are 80 mm long and 3 mm thick. The
distance between the supports is d ¼ 48 mm. The diffusion parameters of the epoxy
resin are D0 ¼ 0:696 lm2s�1, a ¼ 0:031, v f0 ¼ 2:5% and C1 ¼ 3%. The elastic
constants for the same material are E ¼ 2:7 GPa, m ¼ 0:35 and hygroscopic coef-
ficient bh ¼ 0:0025.
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We first compare the numerical results for coupled and uncoupled Fick models.
The moisture content fields cðxÞ, obtained from computations with both uncoupled
and coupled models, at time t = 144,000 s, close to the middle of the specimen, are
shown in Fig. 9. It is worth noting that for the lower force, the field is almost
symmetrical as in the uncoupled case. This is no longer true for F2 ¼ 10N where
the field is strongly disturbed in the area under the applied force F2. Figure 2b
presents the gradients of cðxÞ through the thickness at two specific times t =
72,000 s and t = 720,000 s, in the middle section of the specimen. At t = 72,000 s,
all coupled models lead to unsymmetrical results unlike the Fick model. Close to

Fig. 8 Description of the flexural three points bending test with imposed boundary conditions

Fig. 9 Moisture field cðxÞ under a three point flexural bending load F for both uncoupled and
coupled problems (a). Moisture gradient through the thickness in the middle of the specimen for
the uncoupled problem, coupled with F1 and coupled with F2 at two transient time steps t ¼
72000 s and t ¼ 720000 s (b)
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the saturation, the coupled model tends to lead to more symmetrical results. As
expected, on the top face, the absorption is slowed down, while the diffusivity is
higher on the bottom side of the coupon. This is understandable, because the
material is in a compression state close to the loaded surface and in tension on the
other side.

The local diffusivity Dðx; tÞ, at t = 360,000 s, t = 720,000 s and at the steady
state, for F2 ¼ 10N, is plotted on Fig. 10. The area where Dðx; tÞ[DF are col-
ored. According to Fig. 10, at t = 360,000 s, Dðx; tÞ was predicted to remain lower
than DF in the largest part of the specimen. Furthermore, the asymmetry appeared
clearly. At t = 720,000 s, Dðx; tÞ remains lower only in a tiny area under the
application point of F. The impact of both model and force intensity on local fields
is thus emphasized. Those observations may be extrapolated to larger dimension
immersed structures such as tidal blades. In such structures, due to external loads,
moisture fields are heterogeneous, generating internal stresses which may lead to
local damage and a premature deterioration.

We now focus on the predictions of the evolution of the global water content.
Figure 11 illustrates the numerical sorption curves obtained with the uncoupled
Fick model and the coupled model for forces F1 and F2. We can notice that all
curves are very close to each other. This assessment is similar to the one made in
the previous section dedicated to uncoupled models. Even if local fields are sig-
nificantly affected by the couplings, the global quantity tends to remain constant.
Thus, even when strong couplings occur at the microscopic scale, global experi-
mental data may still follow the uncoupled Fick law. However, the reader must
keep in mind that the maximum water content is assumed constant in this work;
introducing a coupling between this diffusion parameter and the mechanical strain
field may change this statement. Experimental data on such mechanical tests per-
forming during aging should be made in the future to confirm, or not, those
conclusions.

Fig. 10 Diffusivity field Dðx; tÞ at two transient time steps (a) and at saturation (b) in the case
F2 ¼ 10N

Multiphysics Modeling of the Hygro-Mechanical Behavior … 103



4 Stochastic Hygro-Elastic Problem

This last section is devoted to taking into consideration the uncertainties which may
appear in a hygro-elastic problem. Figure 12 presents the moisture uptake through
time of polyamide composite samples reinforced with glass fibers. Even if all
samples are assumed to be the same (i.e, same material and same geometry), we can
observe significant differences for both coefficients of diffusion and maximum
water content. Taking into account solely the mean value or extreme values of the
diffusion parameters may lead to quite poor predictions. Probabilistic approaches
thus aim at considering the uncertainties observed on the input data and at prop-
agating them in the physical system. The response thus becomes random and allows
more robust and reliable predictions. The following section features a methodology
to efficiently propagate the uncertainties based on a parametric vision and

Fig. 11 Evolution of C with
respect to

ffiffi
t

p
for the

uncoupled case and the
coupled cases associated to F1

and to F2

Fig. 12 Experimental
absorption curves for a
polyamide/glass
unidirectional composite
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polynomial chaos approximation. A stochastic numerical study illustrates the
capabilities of the proposed technique.

4.1 Stochastic Model and Polynomial Chaos Approximation

We are now interested in taking into account the uncertainties on the diffusive
properties of the material. For the sake of simplicity, we solely present the
stochastic problem for the diffusion problem (4) corresponding to the Fick model.
To achieve this task, we adopt a parametric vision of the uncertainties resulting in
working in a finite dimension probability space. The probabilistic content is then
represented by a set of independent random variables n ¼ ðn1; . . .; nmÞ with prob-
ability law Pn. We introduce the associated probability space ðH;BH;PnÞ, where
H � ℝm is the set of elementary events and BH is a r-algebra on H. Random
variables n are used to characterize the various random inputs, such as the material
properties or loadings.

The introduction of uncertainties modifies problem (4) which becomes: find
local moisture field cðx; t; nÞ : Xm � T�H such that

@cðx; t; nÞ
@t

¼DðnÞDcðx; t; nÞ on Xm � T �H;

cðx; nÞ ¼ cimpðx; nÞ on Cc �H;

ð13Þ

In order to quantify the random local response cðx; t; nÞ, it is necessary to use
dedicated computational techniques. The best known is the Monte Carlo method
which consists of generating a large number of simulations of n and evaluating the
system response cðx; t; nÞ for each of them. This nonintrusive technique is easy to
implement and especially provides a good estimate of the statistical moments.
However, it may require a large number of deterministic calculations and leads to
significant computational times. We therefore choose to use a different calculation
technique here, belonging to spectral stochastic methods, and leading to a func-
tional representation of the random response, which requires a few deterministic
calculations when the number of random input variables m is low enough.

As has been done for the spatial time problem for which we introduced a spatial
approximation space thanks to finite elements, it is necessary to define a stochastic
approximation space SP � S ¼ L2ðH; dPnÞ where S is the second-order random
variable space. The stochastic approximation space SP can always be written;

SP ¼ fvðnÞ ¼
XP
a¼1

vaHaðnÞ; va 2 Rg; ð14Þ

where fHagPa¼1 is a functional basis of S for which several choices exist such as
polynomial chaos expansion and its generalization [22, 31–33]. These types of
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representation are well adapted for regular functions with respect to input random
variables. When those functions are less regular (for instance a continuous function
whose derivatives are discontinuous) a high number P of basis functions may be
needed. In this case, other ways of representation may be used such as piecewise
polynomial approximation [34, 35] or multi-wavelets [25, 36].

In order to solve the problem (13), we choose to use a L2 projection method at
the stochastic level [37–39] which only requires the resolution of problem (4) for a
final set of realizations of basic random variables.

The aim is to seek a functional form of the semi-discretized solution cðtn; nÞ 2
RQ80� tn � T where Q ¼ N � P and such that:

cðtn; nÞ �
XP
a¼1

caðtnÞHaðnÞ ð15Þ

The L2 projection technique consists in defining approximation (15) as the
projection of cðtn; nÞ onto the subspace S spanned by the basis functions fHagPa¼1.
This projection is defined with respect to the usual inner product of S

hv;wiS ¼ EðvðnÞwðnÞÞÞ ¼
Z
H

vðyÞwðyÞdPnðyÞ: ð16Þ

When considering orthonormal functions Ha, the coefficients caðtnÞ 2 RN of the
approximate solution (15) are then defined by

caðtnÞ ¼ Eðcðtn; nÞHaðnÞÞ ; ð17Þ

where Eð�Þ denotes the mathematical expectation. Computing coefficients caðtnÞ,
and thus the discretized solution leads to an approximation of the expectation from
below. This task can be achieved with a suitable numerical integration at the
stochastic level (quadrature, Monte Carlo, etc.) which is written as:

caðtnÞ ¼
XK
k¼1

xkcðtn; nkÞHaðnkÞ ; ð18Þ

where the nk and xk are, respectively, the integration points and the associated
integration weights. These points correspond to particular elementary events of
input random variables n. This approach is thus clearly a nonintrusive technique
since it only requires the resolution of K deterministic problems, for instance, with
the use of a simple deterministic finite element solver. In the following, the pro-
posed approach will be referred to as S-FEM for stochastic finite elements method.
In the next section, we propose a numerical study showing the capabilities of the
proposed S-FEM approach.

106 A. Clément et al.



4.2 Numerical Example: Stochastic Hygro-Elastic Study
of a Polyamide Neat Resin

The numerical study deals with a PA6 neat resin. We focus on a 2D representation
of experimental samples with small thickness leading to the problem of a plate of
size 1� 10mm2 thanks to symmetric conditions. The probabilistic content is
represented by two independent Gaussian random variables characterized by their
means and standard deviations which model the isotropic diffusion coefficient and
the maximum moisture content such that D 2 Nð1:19 10�7; 1:2 10�8Þ ðmm2=s)
and C1 2 Nð3:81; 0:06Þ ð%Þ. The statistic information on these two random
variables comes from experimental observations of 10 different samples of the same
material. For each of them, an identification procedure has allowed the Fick dif-
fusion parameters to be determined. We can notice that the scatter is more important
for the diffusion coefficient than for the maximum moisture content. The elastic
parameters are all deterministic with Young’s modulus E ¼ 3:8 GPa, Poisson’s
ratio m ¼ 0:35; and isotropic hygroscopic expansion coefficient b ¼ 0:00295. The
initial water content is assumed equal to zero within the sample. For the spatial
approximation, we use a finite element mesh composed of 8000 3-node linear
triangle elements. For the time approximation, an implicit Euler forward scheme is
used with a time step increment of 2 days. At the stochastic level, we use a
polynomial chaos with degree p ¼ 3; and basis function fHag are the Hermite
polynomials. Note that both spatial, time and stochastic convergence have been
checked to provide accurate results in the following.

We first focus on the global moisture content. Figure 13 illustrates the 99%
confidence interval (CI) and the mean of the stochastic process CðtÞ obtained with
the S-FEM solution. On the same figure, the experimental data are depicted
showing a good agreement with the stochastic numerical predictions. The proposed

Fig. 13 Evolution of the
stochastic global water
content CðtÞ with respect to
time; comparison between the
S-FEM solution and the
experimental data
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technique thus allows reliable numerical predictions regarding the stochastic dif-
fusion process.

The proposed method allows a fast postprocessing of statistical or probabilistic
quantities such as density probability functions needed in the computation of
probabilities of particular events. Figure 14 presents the probability density func-
tions (PDF) of stochastic process CðtÞ for two different time steps t1 ¼ 46 days and
t2 ¼ 185 days. We can observe that both PDF tend to be very close to a Gaussian
distribution which characterizes the input random variables.

Owing to the diffusion model, we can have access to the uncertainties on local
quantities for which no experimental data are available. The evolution of the
stochastic local water content for two different material points, x1, located close to
the boundary, and x2, located in the middle of the plate, is presented on Fig. 15. We
can observe that the moisture uptake starts earlier for the point x1 since it is closer to
the boundary. Moreover, we notice that the level of uncertainties is a little higher

Fig. 14 Probability density functions of moisture content CðtÞ for two different time steps t1 ¼
46 days and t2 ¼ 185 days

Fig. 15 Evolution of the stochastic local water content cðx; tÞ with respect to time for two
different material points x1, close to the boundary (a), and x2 in the middle of the plate (b)

108 A. Clément et al.



for point x2 than for point x1. Indeed, since the scattering for the maximum water
content acting as the boundary condition is lower compared to the diffusion coef-
ficient, material points located close to this boundary are less affected. However,
points located quite far from this boundary, such as x2, are more sensitive to the
uncertainties on the diffusion coefficient.

We finally focus on elastic quantities through the stress field rxxðx; tÞ. We
analyze the uncertainties on this quantity for material points x1 and x2. For both
points, we can observe relevant level of stresses at the beginning of the diffusion
process. Moreover, we can notice that point x1 is in a compression state while x2 is
in a tension state during the whole duration of the diffusion process. However, for
both points, the stresses tend to zero when the steady state is reached since the water
content field and then, the hygroscopic strain field, are homogeneous within the
material. Finally, we can observe that uncertainties are also significant for the
elastic quantities with levels similar to the ones noted for the moisture content
(Fig. 16).

Figure 17 presents the evolution of the stochastic process uxðx; tÞ for a material
point located between the boundary and the center of the plate. We can observe that
the displacement increases quite fast and tends to be quite similar to the evolution of
the local moisture uptake with uncertainties of the same range. On the same figure
is depicted the density probability function of the same local quantity at the steady
state. We note that this PDF (or the corresponding CDF) may be used to evaluate
failure probability; for instance, if a specific displacement criterion implies that the
local displacement should not exceed 5.8 10−3 mm we have the following proba-
bility Pðumax

x [ 5:8 10�3Þ ¼ 5:5 10�3.

Fig. 16 Evolution of stochastic process rxxðx; tÞ with respect to time for two different material
points x1 (a) and x2 (b)
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5 Conclusions

In this chapter, the multiphysics modeling of the hygro-mechanical behavior of
heterogeneous composite materials was investigated. We first show the advantage
of the Langmuir model which allows a large class of diffusion phenomena to be
represented, and can be used when the classical Fick model cannot represent a
particular diffusion process. This model is based on a differentiation of the water
molecules which can be free or bonded to the polymer network. This model thus
allows delay or, on the contrary, fast absorption to be represented, at early instants
of diffusion. We showed the efficiency of the model with a numerical study in
which an epoxy-based composite reinforced with carbon fibers was analyzed. This
analysis was possible through the implementation of the Langmuir diffusion model
within a finite element software. In this study, we have shown that a non-Fickian
epoxy resin also led to an anomalous diffusion behavior for the composite. The
geometrical distribution (regular or random distributions) of the fibers within the
material tends to influence the local fields such as the moisture content and the
elastic quantities.

The second part of this chapter dealt with the coupling between the diffusion
process and the mechanical states. We introduced a dependency of the diffusion
coefficient on the local strain field based on the free volume theory. A numerical
study was possible owing to the implementation of the nonlinear hygro-elastic
problem within finite element software. We studied the impact of this coupling on
three-point flexural bending during moisture absorption and compared the results
with numerical simulations based on the uncoupled Fick model. We have shown
that the external loadings may have a significant impact on the diffusion process.
We have also pointed out that such couplings may not modify the shape of the
sorption kinetics, which may indeed remain Fickian.

The last part of the chapter was dedicated to uncertainties observed in diffusion
kinetics which influence the response of the model. We have proposed to tackle this

Fig. 17 Evolution of the stochastic process uxðx; tÞ for a particular material point (a) PDF of
uxðxÞ for the same point at the steady state
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difficulty using a parametric vision of the uncertainties and modeling the random
local and global hygro-elastic response through polynomial chaos expansions. The
computation of the stochastic solution was made with an L2 projection method
which only requires the evaluation of the solution for particular realizations of the
input random variables. If no analytical solution exists for a given complex
hygro-elastic problem, these solutions may be obtained with finite element soft-
ware. We have highlighted the capabilities and efficiency of the proposed technique
with the analysis of a polyamide-based composite reinforced with glass fibers. In
this study, both diffusion coefficient and maximum moisture content were random.
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Reliability of Composite Marine
Structures

A.J. Sobey, J.I.R. Blake and R.A. Shenoi

Abstract Traditional engineering design takes a deterministic view of the world.
This type of analysis has provided a safe method for designing structures for many
years. However, reliability analyses have been developed to account for the
stochastic loads encountered in service and the variation in geometries and material
properties seen after production. There are a range of techniques available for this
analysis each with their own advantages and disadvantages. This chapter explores
methods for composite analysis using simplified methods and simulation
techniques.

Keywords Monte Carlo simulations � Analytical structural analysis � Composite
risers � Grillages � Natural fibres � Flax

1 Introduction

The marine industry is making a concerted effort to move from a deterministic to a
risk-based approach to design. In an effort to account for the risks it is necessary to
determine the probability of an occurrence. Reliability methods have been available
for a number of years but are being applied more regularly in industry and much of
the literature seeks to provide guidance on how these tools can be used.

Sobey et al. [1] reviewed a number of papers relating to reliability of composite
marine structures concluding that many studies focus on simplified structures:
plates and cylinders. Recently, more complex marine structures have been analysed
by Gaspar [2] and [3], Zayed [4] and [5], Taflandis [6], Silva [7], Luis [8] and Deco
[9] but these are focused predominantly on steel structures. Further, to the lack of
complexity in the examples being investigated only a small number of limit states
are generally being considered, the focus is predominantly on strength and fatigue,
normally using a simple S-N approach, and it is proposed that the number of failure
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modes being considered need to be increased, with increasing accuracy. This is
supported by Sobey et al. [10] who investigated the reliability of marine structures
between first principles rules and design rules. This investigation highlighted the
importance of the deflection criterion, relative to the strength, for composite marine
structures. Since these publications, multi-scale modelling has been increasingly
investigated as this provides the opportunity for increased accuracy and the ability
to incorporate a wider range of limit states. Sriramula and Chryssanthopoulos [11]
quantified the uncertainty in composite materials and reviewed different stochastic
methods suggested by researchers. They classified the uncertainties starting at
constituent (micro) level to ply (meso) level and component (macro) level. They
concluded that multi-scale modelling approaches are promising for stochastic
analysis of composite structures. This is because the uncertainties at the micro-level
propagate to higher scales and cause significant effects on macro scale stiffness and
strength properties. Research proposed by Blanchard et al. [12] on flax fibres
highlights a similar problem; while the variation in the strength of the materials is
much less variable, there is a much greater variation in properties at the micro-level,
making prediction of the more complex limit states difficult.

In the design of marine structures, there are a number of rule sets that take a
risk-based approach to design, incorporating some prescribed probability of fail-
ures. The International Ship and offshore Structures Congress (ISSC) collated a
number of annual probabilities of failure from different codes related to the marine
industry, as shown in Table 1. These values represent the annual probability of
failure (Pf) for some systems (production and merchant ships) and components
(plates, cylinders and shells).

Based on these values and literature, the ISSC has given a list of recommended
reliabilities for different types of marine and offshore structures. These values are
shown in Table 2.

These values give an idea for the target probability of failures common in marine
structures, to allow a comparison to the examples given later. The values given are
not as low as might be expected, with probabilities of failure above the level at
which society is normally comfortable according to a study performed by Keese
and Barton [15] for the aircraft industry.

Table 1 Annual Pf in existing structures [13]

Type of structure Relevant code Annual Pf
Production ship Current Codes 10−4 < 10−4

Merchant ship Current Codes 10−3

Cylindrical shells NPD/DNV, API RP2T 10−6–10−4, 10−5–10−4

Stiffened flat plates NPD/DNV API RP2T 10−5–10−4

Stiffened panels API RP2T, RCC/API Bul-2U 10−4

Stiffened plates API RP2T, RCC/API Bul-2U 10−3

Stiffened shell bays API RP2T, RCC/API Bul-2U 3 � 10−4

Offshore structures API RP2A, LRFD, CSAS471 4 � 10−4

CSAS471 10−5–10−4
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This chapter reviews analysis performed at the University of Southampton on
grillage top hat stiffened plate structures, typical of boatbuilding practice as an
example, using Monte Carlo simulations to analyse different composite materials.
The paper analyses the differences in reliability between E-glass/vinylester and
carbon/epoxy composite materials using a Navier grillage analysis. This reliability
analysis is extended to investigate new materials, in this case flax. Multi-scale
analysis is added into the grillage analyses to gain a better prediction of the material
properties and the importance of accurate properties is highlighted by assessing the
effects of durability issues related to water uptake in composite risers.

2 General Methodology

A number of analyses are performed to demonstrate the benefits of the reliability
methodology and to show how different limit states affect the probability of failure.
The focus is on simplified analytical structural models in combination with Monte
Carlo Simulations. Monte Carlo Simulations provide a more accurate assessment of
the probability of failure than FORM/SORM (First Order Reliability Method/Second
Order Reliability Method) approximations. However, they are time-consuming
requiring in the order of 103 more simulations, and therefore more calls of the
structuralmodel. Thesemethods become feasiblewhen used in conjunctionwith rapid
analytical solutions with reduced run times. Figure 1 shows the general methodology
where the structural analysis method selected and the failure criteria are different
depending on the analysis shown below, and are detailed in the relevant sections.

From an assumed statistical distribution and Coefficient of Variation for each
basic state variable, a population of values for each basic state variable is randomly
generated. Each basic state variable is used in the structural model and so any one
combination of randomly generated basic state variables represents a design pos-
sibility for structural analysis. A stress and deflection can then be generated and
these are compared to the failure criteria, if the criteria are exceeded then a failure
occurs. This is then repeated, summing each failure that occurs, until the probability
of failure converges; where convergence normally occurs at approximately 103

times more simulation runs than the probability of failure.

Table 2 ISSC recommended
reliabilities for marine
structures [14]

Unit Failure probability

Monohull 10−5–10−3

Semi-submersibles:

Hulls 10−4–10−3

Moorings 2 � 10−3–10−2

Tension leg platforms:

Hull 10−4–10−3

Tethers 10−5–10−4
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Failure criteria are taken from those suggested by the World Wide Failure
Exercise (WWFE) [16]. As per these recommendations, the Zinoviev, Tsai and
Puck failure criteria have been selected. The Zinoviev failure criteria details are
shown in Table 3 which in the case of strength are the ultimate strength values in
compression, XC, or tension, XT, and in shear, S12 (where 1, 2 represent the local
in-plane coordinate system with 1 in the longitudinal direction, 2 in the transverse
direction).

The Tsai failure criterion [18] is given in Eq. 1, and is a popular criterion where
in the cases given the value of F1 is −0.5 which is the value given as a good
approximation for standard composite materials.

r1
XTXC

� �2

þ r2
YTYC

� �2

þ 1
XT

� 1
XC

� �
r1 þ 1

YT
� 1
YC

� �
r2 þ 2F12r1r2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XTXCYTYC
p
� �

þ s12
S12

� �2

¼ 1;

ð1Þ

Puck criteria [19] details are given in Table 4 where the strength criteria are
similar to the Zinoviev, or maximum strength, criteria with an empirical adaptation
in the regions where multiple stresses are applied.

�1T ;C is the failure strain, tensile or compressive, �1 is the normal strain of a
unidirectional layer, vf 12 is the Poisson’s ratio of the fibres, Ef 1 is the fibre modulus
in x1 direction, mrf is the mean stress magnification factor, c21 is the shear strain of

a unidirectional layer, r1D is the stress value for linear degradation, q �ð Þ
?k is the slope

Random Number Generation for variables

Structural analysis (Grillage or riser)

Failure Criteria (WWFE and/or Max. deflection)

Number of Failures/Number of Simulations

Probability of Failure

Fig. 1 General Monte Carlo
simulation methodology

Table 3 Zinoviev failure
criteria [17]

Longitudinal tension failure r1 ¼ XT

Longitudinal compressive failure r1 ¼ XC

Transverse tensile failure r2 ¼ YT
Transverse compressive failure r2 ¼ XC

In-plane shear failure s12 ¼ S12
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of the longitudinal fracture envelope and q �ð Þ
?? is the slope of the transverse fracture

envelope. Other limit states selected for each study are documented in the relevant
sections.

3 Grillage Analysis

Composite grillage structures, shown in Fig. 2, are analysed as the exemplar as they
predominate in marine structures. The results are demonstrated using analysis taken
from Sobey et al. [1]. It utilises a simple grillage theory reported in Vedeler [20].

The deflections for the analysis are generated using Eq. 2,

w x; yð Þ ¼
X1
m¼1

X1
n¼1

amnsin
mpx
L

sin
npx
B

; ð2Þ

The coefficient amn is dependent on the flexural rigidities of the stiffeners (Dg, b),

amn ¼ 16PLB

p6mn m4 gþ 1ð Þ Dg

L3 þ n4 bþ 1ð Þ Db

B3

n o : ð3Þ

The moments can then be found in the beams or girders (Ms) from Eq. 5,

Ms ¼ �Ds
@2w
@x2

; ð4Þ

and the shear force can also be found for the beams and girders Qs from Eq. 6,

Qs ¼ @Ms

@x
: ð5Þ

Table 4 Puck failure criteria [19]

Fibre failure in tensión 1
�1T

�1 þ vf 12
Ef 1

mrf r2
� �

¼ 1

Fibre failure in compression 1
�1C

�1 þ vf 12
Ef 1

mrf r2
� ���� ��� ¼ 1� 10c21ð Þ2

Inter-fibre failure mode A (for
transverse tension)
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Inter-fibre failure mode B (for
moderate transverse compression) 1
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Inter-fibre failure mode C (for large
transverse tension)
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This grillage theory is verified as shown in Table 5. The grillage stresses and
deflections are compared to orthotropic plate method as simulated by Clarkson [22]
and the shear forces are compared to Datoo [23]. The Clarkson panel has a length
and width of 3810 mm. The panel consisted of four beams and girders with
dimensions 254 mm deep 127 mm wide with 18.288 mm thick flanges and
9.144 mm thick webs (the unusual significant figures are an artefact of imperial to
SI unit conversion). A pressure of 137.9 kPa was applied to each panel and this
panel is used in further studies, unless stated. The results show a close match to the
previously reported results.

Table 5 Verification of
grillage method [1]

Property Established Current

Clarkson—Deflection (mm) 9.63 9.87

Clarkson—Stress (MPa) 165.52 170.13

Datoo—Shear at Crown Corner (MPa) 99.00 98.72

Datoo—Shear at Neutral Axis (MPa) 101.00 102.76

Fig. 2 Grillage topology [21]

118 A.J. Sobey et al.



Yang et al. [24] compared the answers from the grillage theory with the addition
of classical laminate plate theory, giving a good comparison to Finite Element
Method, also allowing the incorporation of layer by layer stresses, shown in
Table 6.

This analysis shows that the grillage gives an accurate approximation to the
finite element analysis, while benefitting from low computational expense. This
allows an accurate interpretation of the reliability without the need for surrogate
modelling. It will also allow for extension to co-varying input values where two
variables are linked and changes in one will elicit changes in the other.

4 Standard Composites

Material selection can be a difficult process in a number of industries. More
expensive materials can give improved performances with the ability to develop
structures with lower mass but determining the additional benefits can be a difficult
task. In Sobey et al. [1] a simple grillage analysis is used, without the addition of
classical laminate plate theory, showing a comparison of reliability of carbon/epoxy
and E-glass/vinylester. All of the WWFE criteria are assessed for first failure as well
as a grillage deflection limit state, taken as 10% of the stiffener spacing. The results
of this analysis are shown in Table 7.

The results show that the carbon provides a lower probability of failure than the
E-glass composite, which is the expected result. The analysis shows the importance
of the deflection criterion; all of the failures that do occur are against the deflection
criteria; in neither case are there any strength failures. This provides difficulty in
performing reliability analysis for composite materials as the analysis is application

Table 6 Demonstration of accuracy of grillage method [24]

Method FEM Grillage method Difference (%)

Deflection (mm) 26.23 20.75 −20.9

Stress (MPa) Top layer rx 225.9 255.4 13.1

ry 2.051 2.31 12.6

rxy 0.43 0 –

Bottom layer rx 262.5 290.9 10.8

ry 2.33 2.63 12.9

rxy 0.40 0 –

Table 7 Comparison of the reliability between glass and flax fibre reinforced structures [1]

Carbon/epoxy E-glass/vinylester

Probability of failure 6 � 10−4 3 � 10−2

Normalised compared to mass 1.07 � 10−6 4.19 � 10−5

Normalised compared to cost 1.77 � 10−7 1.1 � 10−5
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specific. Therefore, the deflection criterion must be clearly defined and is often
found from design rules or “rule of thumb”. This makes comparisons of results
difficult as the criterion changes with each application.

5 Extension to Multi-scale Reliability

Current continuum methods allow a good estimation of the structural integrity.
However, the types of modelling performed in the previous section have limita-
tions. To allow for improvements in estimating the behaviour of composites,
understanding the fibre, the matrix and their interaction at the smaller scale is
important to improve accuracy and understand damage initiation. A grillage can be
assessed at different levels for example, as shown in Fig. 3, providing an ability to
assess a wider range of limit states and more accurate material properties. This can
be achieved by building a macro level model from representative building blocks of
fibre/matrix elements. These building blocks or unit cell approaches depend upon a
representative volume element (RVE) to define the micro-level interaction.
A comparison between the reliability of a grillage analysis using material properties
developed from the Halpin-Tsai method for the composite and that from the more
accurate unit cell or Representative Volume Element (RVE) approach, Mutlu et al.
[25], is shown below.

First, a unit cell model or RVE is developed for graphite/epoxy, Fig. 4, where
the material properties are shown in Table 8.

Meso Scale              
(Ply Level)

Macro Scale              
(Structure Level)

Micro Scale              
(Fibre/Matrix Level)

Fig. 3 Methodology for multi-scale modelling [25]
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The RVE, shown in Fig. 4, is created with the diameter of the fibre calculated to
ensure a fibre volume fraction of 0.6. Periodic boundary conditions are often chosen
for approximating large systems and are used at the edges to represent the con-
nection with the rest of the layer. The periodic boundary condition means that
deformations on opposite surfaces are the same and that the stress vectors acting on
opposite sides are opposite in direction.

The results are compared to Sun [26] and the experimental results from Daniel
and Lee [27] and Sun and Zhou [28] shown in Table 9. The results show a good
correlation for most of the properties. The Young’s modulus shows similar results
to previous FEA and experiments in both directions. The shear modulus, however,
gives a close approximation to the previous finite element analysis, but sits between
the two sets of experiments in the G12 direction and underestimates one set of
experimental results in the G23 direction. The Poisson’s ratio is also similar to the
previous FEA modelling, underestimating the experiments. The latter sets of results
are judged to be similar enough and differences may be caused by experimental
error, as well as some inaccuracy between the modelling and experiments.

Fig. 4 RVE model under
periodic boundary conditions

Table 8 Material properties
for AS4 and 3501-6

E1 (GPa) E2

(GPa)
G12

(GPa)
m12 m23

Graphite AS4 235 14 28 0.2 0.25

Epoxy 3501-6 4.8 4.8 1.8 0.34 0.34
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The RVE is approximated using a surrogate due to the high computational
expense; it is not possible to run it for each step in the Monte Carlo Simulation. The
surrogate modelling includes four main steps:

• Initiation of data points using a sampling plan;
• perform FEA at each sample point;
• construct the surrogate from the sample points;
• explore the surrogate to ensure accuracy.

In order to define the sample points, Latin Hypercube is used, for which
Forrester et al. [29] describes an efficient method. To construct the surrogate model,
Kriging is used based on Eq. (6)

u ið Þ ¼ exp �
Xk
j¼1

hj x
ið Þ
j � xj
��� ���pj

 !
; ð6Þ

where uðiÞ are the parameters used to fit the model, k is the number of design
variables, xj are the components of the sample points; 40 sample points are used to
construct the surrogate and another 20 test points are used to check the accuracy of
the model. Average prediction errors are used to check the accuracy of the surrogate
model: the calculation of the longitudinal Young’s modulus is used as an illustrative
example in Fig. 5 to show the accuracy of the predictions. Young’s modulus of the
surrogate is generally slightly over predicted compared to that of the complete FE
analysis, with an average error of 3%.

The averages predicted for the errors are presented in Table 10 with the other
material properties giving lower predicted errors.

The verification studies of the RVE-surrogate model show that it can be used
with confidence to implement the material properties into the reliability analysis.
A composite stiffened plate with 0.55 fibre volume fraction is analysed as an
example of typical marine structures. For this analysis glass fibre is used with an
epoxy resin with material properties given in Table 11, the coefficient of variation
for the material properties are also included and each is assumed to follow a Normal
distribution.

Four variables are employed to calculate the layer properties within the surrogate
model: Ef ;Em;Gf and Gm. The stiffened plate is defined in Table 12, which also

Table 9 Verification of material properties against graphite/epoxy composite

Elastic constants (GPa) RVE model [25] FE model [26] Experiment [27, 28]

E1 143.2 142.6 142/139

E2 10 9.6 10.3/9.85

G12 5.84 6.0 7.6/5.25

G23 2.93 3.1 3.8

m12 0.24 0.25 0.3

m23 0.31 0.35 –
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shows the coefficient of variation for the variables all of which are varied using a
normal distribution.

Two approaches are applied in this study: first, the material properties and effects
of the constituent properties are calculated by the micro-level RVE modelling;
second, the material properties are calculated using the analytical approximation of
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Fig. 5 Surrogate model control for E1

Table 10 Accuracy of
surrogate model [25]

Avg. Pred. error (%)

E1 3.05

E2 0.12

G12 0.003

Table 11 Micro-level
variables and coefficients of
variation (CoV)

E (GPa) m CoV (%)

Glass 73.1 0.22 3

Epoxy 3.45 0.35 3

Table 12 Macro level
variables

Variable Definition Value (mm) CoV (%)

L Length 3072 3

B Breadth 3072 3

P Pressure (kPa) 110 3

a Crown width 211 –

b Crown thickness 12.92 –

c Web-Flange thick 12.92 –

d Web height 258 –

e Flange width 232 –

Ply thickness 1.615 –

Number of plies 8 –
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Halpin-Tsai from the constituent properties. For both approaches, the material
properties are assigned to be equivalent for each layer, with one material property
for the laminate, and this is compared to an analysis where each ply is varied using
the same random process as defined in the Monte Carlo simulation but instead of
assigning one material property for the entire thickness each layer has a different set
of properties. The probability of failure is assessed against selected criteria: the
maximum deflection criterion (L/150) is taken from Lloyds Register Rules for
Special Service Craft [30] and the Zinoviev failure criterion is selected from those
recommended by the World Wide Failure Exercise. The results are shown in
Table 13 where 108 runs were performed for each case. It is observed that there is
not a significant difference with the assignment of material properties at each layer
giving similar probabilities of failure for both cases.

However, a significant difference is observed for the probability of failure cal-
culated between the RVE-Surrogate and Halpin-Tsai approaches. One of the rea-
sons for this could be differences in the material properties estimated by the
surrogate model. The longitudinal Young’s modulus estimated by the surrogate
model is higher than the RVE model calculations. The number of sample points
could be enhanced to have better estimations.

This study discusses multi-scale approach for the reliability analysis of com-
posite stiffened plates. Micro and macro level modelling is applied separately to be
able to include micro- and macro variables into the reliability analyses.
Representative volume element approach and Halpin-Tsai analytical approximation
are performed in order to evaluate the material properties. In general, good
agreement is achieved between the RVE model and the literature. The material
properties obtained from a square packed RVE seem adequate in predicting the
material properties of composites. Surrogate modelling using Kriging also gives
good estimates for the material properties. There are some small differences in the
predictions of the longitudinal Young moduli for the test cases but it is used as a
surrogate model of the finite element RVE model with good accuracy and low
computational cost. Since this study is ongoing work, the accuracy of the RVE and
surrogate model can be improved. At macro level model, the grillage method
provided the required accuracy and speed to be used in a probabilistic analysis. As a
future work, the RVE model will be studied in detail by including the
microstructural damages such as voids, defects and delamination to investigate the
macro level responses. However, a complete set of material properties is required,
including distributions and coefficients of variation.

Table 13 Probability of failure results [25]

RVE-Surrogate Halpin-Tsai

Equivalent material properties 0.0855 0.146

Layer by layer material properties 0.0856 0.146
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6 Flax Composites

The RVE approach is successful in providing an estimate of material properties, and
could be extended to understand a wider range of limit states. Reliability analysis
can still provide an ideal way to include the variation of materials into the structural
level analysis, and explore the feasibility of new materials. Blanchard et al. [12] use
a grillage analysis to explore the reliability of natural composites. Flax fibres are
well investigated at the fibre scale, Blanchard [30], but there are limited studies to
show its potential as a structural material. A number of studies indicate that the lack
of uptake is due to the variability of the materials at the fibre scale, but Blanchard
et al. show that this is not the case at the laminate scale. Reliability analysis is
therefore used to compare the flax to E-glass materials, the standard composite
material most likely to be replaced by flax, to understand how flax composites
perform. A grillage is outlined in Table 14 with two stiffeners in each direction. The
structure used is similar to the previous grillage (Sect. 5) but with a lower load and
a smaller grillage. Due to the disparity in mass and thickness for the flax materials
and the E-glass, two studies are performed: one to simulate a mass-constrained
problem common to most engineering situations, and second a volume-constrained
condition which is commonly found in the boatbuilding industry.

Material properties, and their variations, are collated from previous experiments
and literature and are shown in Table 15. It can be seen that whilst the variations for
the materials at the laminate level are comparable to each other, the stiffness and
strength of the flax are much lower. Low stiffness for flax plies is counteracted at
the laminate level as flax is about 20% thicker than the E-glass laminates for the
same number of plies. Flax laminates also have a much lower mass, meaning more
plies can be used before mass equivalence with the glass laminates.

Results for the mass- and volume-constrained cases are shown in Table 16
subjected to a strength limit state (Zinoviev). The probability of failure for the
E-glass composite grillage is zero (i.e. no predicted strength failures). A grillage
constructed from flax/epoxy to the same volume as that of the E-glass/vinylester has
a relatively large probability of failure, 0.146, showing that the flax is not a feasible
replacement. For the mass-constrained applications the flax provided a safe option,
judged to have a reasonable probability of failure compared to the ISSC criteria.

Table 14 Grillage topology for E-glass and flax [12]

Definition E-glass/Vinylester Flax/epoxy
(same volume)

Flax/epoxy
(same mass)

Crown width (mm) 211 211 211

Crown thickness (mm) 12.92 12.93 20.06

Web thickness (mm) 12.92 12.93 20.06

Web height (mm) 258 258 258

Flange width (mm) 211 211 211

Flange thickness (mm) 12.92 12.93 20.06
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In this case the thickness of the flax laminate is much higher, 20 mm compared to
13 mm, but the number of layers remains similar to the E-glass laminate with an
increase from 31 to 37. This highlights that whilst flax might not provide a like for
like structural material it might be feasible in applications where sustainability is an
important driver. A key element to this analysis is that the deflection is not used in
the limit state; this is especially relevant as deflection values for the flax are high.
Incorporating the maximum deflection criterion (L/150) used in the previous study,
which is taken from Lloyds Register Rules for Special Service Craft, would have

Table 15 Material properties for flax and glass fibre reinforced composites

Materials Flax/epoxy E-glass/vinylester

Mechanical properties Mean CoV
(%)

Ref. Mean CoV
(%)

Ref.

Longitudinal Young’s modulus
(MPa)

8 180 5.08 31 29
200

6.16 33

Transverse Young’s modulus (MPa) 8 180 5.08 31 23
900

7.95 33

Poisson’s ratio 0.25 5.00 N/A 0.16 6.25 33

Shear modulus (GPa) 2.07 5.31 32 4.5 6.67 33

Tensile strength in the fibre direction
(MPa)

90.9 7.89 31 512.5 4.39 33

Compressive strength in the fibre
direction (MPa)

90.32 4.76 32 363.4 20.64 33

Tensile strength perpendicular to the
fibres (MPa)

90.9 7.89 31 350.9 2.54 33

Compressive strength perpendicular
to the fibres (MPa)

90.32 4.76 32 336.4 7.49 33

Shear strength (MPa) 38.01 5.81 32 44.7 1.34 33

Ply thickness (mm) 0.539 mm wet
for 221 g/m2

31 0.417 mm wet
for 610 g/m2

33

Composite density (kg/m3) 1220 31 1980 33

Table 16 Comparison of the reliability between glass and flax fibre reinforced structures [12]

E-glass/vinylester Flax/epoxy
(same volume)

Flax/epoxy
(same mass)

Probability of failure (Pf) 0 0.146 3 � 10−6

Normalised compared to mass
(Pf/kg)

0 7.9 � 10−4 1.05 � 10−8

Volume of the grillage (m3) 0.145 0.145 0.234

Mass of the grillage (kg) 286.96 176.96 285.00

Mass of the fibres (kg) 216.55 78.32 125.4

Mass of the resin (kg) 70.41 99.13 159.7

Thickness of the laminate (mm) 12.92 12.93 20.05
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led to much higher probability of failures and required much higher masses and
volumes.

The study indicates that flax fibre composites might be beneficial for lightly
loaded structural applications with mass driven constraints and a willingness to
integrate sustainable materials. At the yarn scale, the variability in mechanical
properties is high but is comparable to conventional composites at the laminate
level. A higher fibre volume fraction will significantly improve flax properties.
Some key material properties are still missing for natural fibres and a complete
understanding of the structural potential of natural composites will require a more
complete set of material properties and limit states. The multi-scale modelling
approach for reliability predictions will become more powerful for these uncertain
materials, as they will be better defined at the unit cell level.

7 Durability of Composite Risers

Composite risers are built to operate in harsh conditions for long periods of time.
During this period the material properties degrade and it is at this point that failures
are most likely to occur. The previous studies, as with much of the literature,
focuses on material properties after production and undamaged. This study aims to
investigate the difference in probability of failure for structures with moisture
damage. This is done using a static catenary model outlined in his section.

The governing mathematical equations for the catenary shape requires the fol-
lowing inputs: w, weight per unit length of the cable; TH, horizontal tension; ql,
density of constituent laminate structure; qi, density of internal fluids; qf, density of
external medium; h, operational depth; and the geometry of the cylindrical pipe to
evaluate of the second order differential equation, Eq. 7,

y00 xð Þ ¼ 1
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ y0 xð Þ½ �2

q
; ð7Þ

where a is the catenary parameter, TH
w : The boundary conditions are imposed such

that

y 0ð Þ ¼ 0; ð8Þ

y0 0ð Þ ¼ 0; ð9Þ

tan h0 ¼ 0; ð10Þ

where h0 is the angle of the seabed at the touchdown point. Assuming the angle of
the seabed is 0 leads to Eq. 11,
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y xð Þ ¼ TH
w

cosh
w
TH

x

� �
� 1

� 	
� h: ð11Þ

which is a catenary curve with a departure point at y = 0, sea level; and a touch-
down point at a depth of h metres below the sea surface.

The length of the catenary section, s, based on the horizontal, x, direction can be
determined using Eq. 12,

s xð Þ ¼ TH
w

sin h
w
TH

x

� �
� ð12Þ

Forces acting on the riser include tension, both vertical and horizontal, as well as
the bending moments and were estimated using Eqs. 13 and 14,

Tv xð Þ ¼ w:s xð Þ; ð13Þ

T xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
v xð Þþ T2

H


 �q
; ð14Þ

where Tv (x) is the distribution of the vertical component of tension along the length
of the riser. In addition, the bending moments acting on a segment of the riser can
be estimated by multiplying the curvature by the bending stiffness inherent to the
material and geometry as shown in Eq. 15,

M xð Þ ¼ EI:j xð Þ ¼ EI
w

TH cosh2 w
TH
x

� � : ð15Þ

The local analysis was conducted to determine the stresses and strains acting on
the laminate structure of the riser. This was done using Classical Laminate Theory
(CLT), using the notation from Nijhof [34], in Eq. 16,

N
M

� �
¼ A B

B D

� 	
e0

j

�

ð16Þ

where A is the extension stiffness matrix; B is the bending-extension coupling
effects between in-plane stresses and curvatures and between bending and twisting
moments and in-plane strains; D is the stiffness of the laminate in the perpendicular
direction under the influence of bending and twisting moments; e0 is the vector of
strain at a particular point in the laminate; j is the vector of curvatures induced in
the laminate by the external forces; N represents the in-plane forces acting on the
segment of riser and M representing the corresponding induced moments.

The tensions experienced by the riser can be expressed, in Eq. 17, as the
resultant forces (Nx, Ny, Nxy) where
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N ¼ TV ; 0; 0ð Þ; ð17Þ

with Nxy = 0. Likewise, the bending moments occur with respect to the y-direction,
in Eq. 18, thus

M ¼ MB; 0; 0ð Þ: ð18Þ

The in-plane strain vector {e}k- for the kth lamina is given by Eq. 14,

ef gk ¼ e0
� �þ zk jf g: ð19Þ

The stress-strain relationship can be determined for the kth lamina by employing
Eq. 20,

rf gk¼ Q0½ �k e0
� �þ zk Q

0½ � jf g; ð20Þ

where Q’ is the transformed reduced stiffness matrix for each lamina, dependent on
the lamina’s angle relative to the principal direction of the laminate, and e = { ex, ey,
exy) is a vector of in-plane strains experienced by the laminate. The stress com-
ponents of {r}k are evaluated by the Tsai-Wu failure criterion and used to determine
the reliability.

The Tsai-Wu criterion is chosen as a good predictor of first-ply failure. The static
catenary equation is compared to a static analysis performed by Zhan [35] using
Riflex™ (Riser System Analysis Programme) with beam elements, the results for
tension are shown in Fig. 6.
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Fig. 6 Comparison of tension forces from static global model to Zhan [35]
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The results show that there is a good match between the two results.
A comparison of the bending moments is shown in Fig. 7.

The bending moments provide a similar accuracy to the tensions, but near the
touchdown point there are some discrepancies. A reliability analysis is performed
on a riser with properties given in Table 17, based on those given in [36].

The variables for the analysis are given in Table 18 with material properties
taken from [36] and the coefficients of variation are taken from [37].

The reliability analysis is performed for three sets of material properties. The first
is the intact material properties assuming no damage from moisture uptake. The
second is the properties given by Malmstein et al. [38] on glass/epoxy composites
in freshwater. The properties of these materials gave a flexural strength reduced by
50% and the weight increased by 2%. The third set of properties come from
experiments developed by carbon/epoxy specimens by Zafar et al. [39] who found
an increase in weight of 2.12%. The corresponding loss of tensile strength was 20%
and Young’s modulus was reduced by 10%. These values replace the properties
given in Tables 17 and 18. It is considered that Zafar et al. [38] represents the more
realistic values for risers due to the similar materials and tensile properties alongside
experiments conducted in salt water. Due to the lack of available data, Malmstein
et al. [38] also used to represent a more pessimistic case as the results are so
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Fig. 7 Comparison of bending moments from static global model to Zhan [35]

Table 17 Topology for the riser

Number of laminae 56-ply

Composite material Carbon/Epoxy

Layup [90/15/-15/90/45/-45/45/-45/45/-45]5 + [45/-45]3
Thickness of steel liner (m) 0.007

OD (m) 0.22

Ply thickness (m) 0.000075

Laminate wall thickness (m) 0.0112

Weight/metre (N) 1030
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dissimilar to each other, as they are taken in freshwater which gives a higher water
uptake than salt water (Table 19).

These results show that determining the effects of durability are potentially
important for these applications. At higher depths there is a larger separation in
results between the intact and moisture reduced properties. Whilst analysis at
current depths shows a small separation it is important that, as greater depths are
explored, these properties are accounted for. The different degraded properties
change the probability of failure with the more realistic Zafer properties decreasing
the probability of failure at greater depths, but making less of a difference at lower
depths of operation. There can be a difference in the moisture uptake depending on
a number of factors, including which surfaces are wetted and the heat of the
material. Risers have a large temperature differential and are likely to only be
exposed to moisture on one side. It is therefore important to be able to more
accurately determine the durability properties of these materials, and specifically
their applications.

8 Conclusions

This chapter reviews work using reliability analysis for composites structures using
Monte Carlo simulations. Results from a rapid analytical grillage method and a riser
are compared, showing the benefits in using simplified methods to gain a good
understanding of the structural problem. The grillage analysis highlighted how

Table 18 Riser predicted
material variations

Composite

Mean [35] CoV [36] (%)

Xt (MPa) 2450 5

Xc (MPa) 1570 16

Yt (MPa) 70 18

Yc (MPa) 133 16

S (MPa) 98 11

Ex (GPa) 125 10

Ey (GPa) 9.588 16

G (GPa) 5.4 20

v 0.35 11

Table 19 Comparison of
riser reliability with and
without material degradation

Depth (m) Composite

Normal Malmstein [38] Zafer [39]

1500 2.00E-06 2.80E-05 2.00E-06

2000 1.00E-06 1.84E-04 5.00E-06

3000 1.30E-05 3.12E-03 6.60E-05

4000 1.25E-04 3.02E-02 5.33E-04
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reliability analysis can be used to help make design decisions. It also showed the
importance of the deflection criteria for composite applications. The growing
importance of multi-scale modelling is highlighted and it is shown how differences
in prediction can be made, using these models to provide additional accuracy and
eventually more limit states to the analysis. Also reviewed is a comparison of glass
fibre composite grillage structures with a natural fibre reinforced composite struc-
tures with two approaches: “same volume” and “same mass”. The results show that
the probability of failure of natural composites is lower than for conventional fibre
structures while also requiring a structure with a larger volume. However, due to the
low density of natural fibre reinforced composites, it can be applicable to secondary
or tertiary structure with light mass requirements. Finally the effects of material
durability are incorporated in the models and their importance is shown. At low
depths, the difference in probability of failure is small, but as the operating depth
increases the importance of these properties also increases. There is a large dif-
ference between the more realistic and pessimistic material properties and further
work needs to be performed to judge the degradation of properties in these appli-
cations. Key themes throughout all of the analyses are the material properties, their
distributions and the values by which they vary. To develop good distributions
takes a large quantity of experiments, which often are not performed or treated with
the statistical care that would make these sets more useful; this is especially the case
when looking at the co-variance. Furthermore, the properties that are developed are
for intact materials, not those that have been in operation for a number of years, and
the latter are the more realistic properties for when failure is likely to occur. Virtual
experiments, using micro-scale modelling to degrade the properties, are likely to
provide an opportunity to more easily explore these types of properties and an area
of importance for the next steps in reliability modelling.
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Multiscale Modelling of Environmental
Degradation—First Steps

Andreas T. Echtermeyer, Abedin Gagani, Andrejs Krauklis
and Tobiasz Mazan

Abstract Fibre-reinforced plastics are praised for their good corrosion resistance.
However, when this resistance needs to be documented for safety-critical applica-
tions extensive and time-consuming test programmes are needed. A better quanti-
tative understanding of the fundamental mechanisms behind degradation should
help to reduce the testing effort. A multiscale approach for modelling degradation in
water and hydrocarbons is described. The environmental degradation happens on
the scale of the constituent materials: fibres, matrix and sizing (interface). Local
concentration profiles of the fluid inside the material need to be known to predict
degradation. The global engineering properties are then calculated from the con-
stituents using finite element analysis and homogenisation. Describing degradation
with the multiscale approach is a promising method for reducing the current test
effort. Much more work is needed to create enough confidence in the models that
then can be used for designing real components. The first steps are described here
showing the models and how they can be connected.

Keywords Composites � Environmental degradation � Multiscale modelling �
Failure mechanisms � Marine � Offshore

1 Introduction

Composites (fibre-reinforced plastics) are frequently recommended for having good
corrosion resistance. They do not corrode like metals and that is certainly an
advantage. Corrosion of metals has been studied for many years, it is well under-
stood for common exposures, but corrosion of metals is also still one of the main
challenges when using metals in the marine and offshore environment [1–3].
Composite materials can potentially replace metals and solve the corrosion prob-
lems. However, composites can degrade with time. The degradation is typically a
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different process than corrosion, but it still has to be accounted for. If designed and
used properly, composites can be operated without maintenance for long times,
their entire design life. Service experience is good. But it has been time-consuming
and costly to demonstrate for safety-critical applications, that the material properties
of composites do not degrade significantly [4, 5].

Today’s methods for obtaining long-term properties are based on accelerated
testing [6]. There are basically two ways to accelerate testing: increasing the test
temperature over the service temperature or increasing the loading above service
loads. Increasing the temperature is often not possible, because the composites in
the oil and gas industry are already being used close to the maximum temperature
that the matrix can tolerate. For marine applications (ships) using Arrhenius-based
acceleration to simulate long-term performance may be an option, because the
service temperature in water or in the air is significantly lower than the maximum
temperature the composite can be tested at. The API 15S standard [7] also uses
Arrhenius-type acceleration for its axial testing of end fittings on thermoplastic
pipes.

The most widely used method for determining degradation by accelerated testing
is long-term testing based on increasing the load beyond the operational loads while
exposing the samples to the extreme environments that could be experienced during
service. Specimens are tested in saturated conditions and the liquid needs to diffuse
into the samples before testing. For large test specimens, this conditioning process
can take several weeks, adding to the already long testing times. A 4-mm thick
glass fibre epoxy sample can take 8–9 months to saturate with water at 60 °C.
Full-scale specimens can typically not be tested in the service environments,
because the conditioning process to reach saturation would take many years.

The resistance to short-term high loads is simply measured by short-term static
tests to rupture of the conditioned specimens. Comparing the strength of the con-
ditioned specimens with the strength of dry unconditioned specimens shows the
reduction of the strength. If the stresses due to extreme operational loads times the
required safety factors are still lower than the strength of the conditioned speci-
mens, the design is acceptable in that respect. This approach is only valid if fairly
instant degradation mechanisms or just swelling during the conditioning period
cause the strength reduction. If chemical degradation would slowly lead to further
damage with time, it would not be detected. Typically, fairly inert constituent
materials are chosen to prevent the effect of long-term degradation due to chemical
attack.

The long-term properties of the conditioned specimens themselves are typically
measured by cyclic fatigue testing or stress rupture tests, to demonstrate resistance
against cyclic or long-term constant loads, respectively. Test results at short times
and high loads are then extrapolated to long times and low loads. The low loads
would be the operational loads times safety factors. Testing of the preconditioned
specimens has to be done in the conditioning environment to ensure that the fluids
do not diffuse out of the specimen during the long-lasting test. If the test periods are
very short and diffusion out of the specimen is slow the testing can possibly be done
just in the air. However, it should be noted that diffusion out of the specimens could
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happen quite rapidly, it often occurs at a comparable rate with that of diffusion into
the specimens.

For SN curves test data are typically obtained between 20 and 1,000,000 cycles.
An example is given schematically in Fig. 1. The test points are fitted by linear
regression giving the mean SN curve. A characteristic curve is established by
shifting the mean curve to lower numbers of cycles. Data can also be extrapolated
to longer cycle times. The characteristic curve is then shifted down further to
account for the uncertainty in the extrapolation process. The length of extrapolation
is also limited. The approach for obtaining stress rupture curves is basically the
same, except that numbers of cycles are replaced by time. Testing times for a design
life of 25 years are up to 10000 h (a bit more than a year). The approach described
here is in accordance with DNV-OS-C501 [9] and DNVGL-RP-F119 [8]. Very
similar approaches are given in API 17 J [10], API 15S [7] and ASTM D 2992 [11].
This method has worked well in many applications.

An inherent assumption in the extrapolation process is that no change in failure
mechanisms or phase change in the material happens during the extrapolated time,
i.e. the maximum measured time to the end of design life. Based on the good
experience with the methods this assumption seems to be right for the composite
materials and environments used today. But it is good to keep in mind that these are
statistical methods that do not say anything about the physics and processes
involved during fatigue or stress rupture. For example, early polyethylene pipes
showed a phase transformation in stress rupture after a little more than 10000 h.
The stress rupture curve got steeper, not allowing direct extrapolation of stress
rupture data measured only below 10000 h [12].

The lack of understanding of the physics of long-term degradation is reflected in
the large test programmes required. Figure 2 shows schematically SN curves for
different testing conditions. The reference curve is usually the dry material at room
temperature. If the temperature gets increased or the material gets soaked with water
or hydrocarbons, the SN curve usually drops. Since we do not know how much it

Fig. 1 Typical SN curve and
extrapolation of data to higher
number of cycles. Based on a
figure in [8]
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drops, this has to be measured. The drop in static strength compared to dry con-
ditions could be used as a shift factor. But we also do not know if the slope of the
curve changes, requiring measurement of a full new SN curve. Every new envi-
ronmental condition requires obtaining a new SN curve. If we would understand the
mechanisms better and could quantify them (even in a conservative way), testing
could be significantly reduced.

Trying to understanding long-term degradation on the ply or laminate level has
so far not led to procedures that can reduce the test effort. Much qualitative rea-
soning has been developed, but still new testing is required for new materials and
new environments. This is partially due to the complexity of composites. Fibres can
be arranged in many different ways, they can be straight, woven, knitted. They may
be even distributed or in bundles with resin rich areas between them. The laminate
may have many voids, thermal stresses, not be fully cured, etc. It seems that a
model addressing the main effects and not ignoring the details that can be applied to
most composite laminates has not been found yet.

This chapter proposes addressing degradation with the multiscale approach. In
particular, environmental degradation should happen on the level of the constituent
materials: fibres, matrix and sizing. The sizing on the fibres is governing the
strength between fibres and matrix and needs to be included as a constituent
material, even though commonly only fibres and matrix are mentioned as con-
stituent materials. In the next paragraphs we will explain how degradation can affect
the constituent materials. Based on the properties of the constituent materials it
should be possible to predict ply properties and, further, laminate properties.
Predicting laminate properties from ply properties is well established through
laminate theory. Elastic properties and static strength can be well predicted. A more
detailed analysis would show that strength and fatigue behaviour may be influenced
by stacking sequences and other laminate specific properties, but we will ignore
these effects in the “first steps” described here. More challenging is the prediction of
ply properties from constituent properties. Elastic properties can be quite well

Fig. 2 Expected changes of
an SN curve due to different
environments
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predicted by “classical micromechanics” [e.g. 13, 14, 15], but strength is not as
predictable. More recent work using Finite Element (FE) simulations of
Representative Volume Elements (RVE) are more promising in also predicting
strength on the ply level [e.g. 16, 17].

2 Degradation of Reinforcing Fibres

We limit ourselves here to degradation in hydrocarbons and water. Carbon fibres
are typically considered to be inert to both liquids. They would not absorb or react
with either liquid. Carbon fibres also do not change their properties in the tem-
perature range of interest for marine and offshore applications ranging from about
−60 °C up to 200 °C. Exposure to other harsh chemicals, such as H2S may affect
carbon fibres. In such cases, new measurements of the properties of the fibres would
have to be made.

Unprotected glass fibres exposed to water lose their strength quickly, especially
if they are also mechanically loaded [18, 19]. This is due to the glass material partly
dissociating into ions and due to ion exchange in the aqueous medium, weakening
the glass. If the matrix protects the glass, this effect is largely reduced. A rule of
thumb is that strength and fatigue properties of E-glass fibres drop by 10% if
protected by the matrix. But it depends on the composition of the glass fibre and
some recent glass fibres perform better than traditional E-glass fibres [19]. For
safety-critical applications the rule of thumb is not sufficient and measurements are
still required. It is also not clear whether the slopes of SN curves or stress rupture
curves change due to exposure to water. Simple hydrocarbons are seen not to affect
the properties of the glass fibres.

For a micromechanics model, carbon fibres can be assumed to have the same
properties in air at room temperature as in any typical marine or offshore envi-
ronment. This is a convenient situation for developing models. For glass fibres, the
degradation of material surrounded by the matrix needs to be understood. It should
depend on the water content that reaches the fibre, the stress of the fibre and the
temperature. Research is planned by the authors to investigate this aspect in more
detail.

Organic fibres, such as aramid, can show more complicated behaviour. They can
absorb liquids and their internal microstructure can be changed. These fibres are not
covered in this document.

3 Degradation of the Matrix

Degradation of the matrix can be described by chemistry and polymer science. We
use polyamide 11 (PA11, Nylon 11) as an example of how degradation can be
described by a multiscale approach. A detailed description was given by Mazan
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[20–22]. PA11 can react with water via hydrolysis. The reaction equation is given
by Jacques’ kinetic model [21, 23]:

rðWÞ ¼ dn
dt

kH ½Amide�½Water� � kR½Acid�½Amine�

The reaction rate r is given by the amide bonds being broken with time dn/dt.
This depends on concentrations of amide groups, water and the hydrolysis products
—amine and acid groups. Note that the reaction constants kH and kR have a tem-
perature dependence given by an Arrhenius law. This means that the concentration
and temperature profile of water in the component have to be known.

Based on the reaction equation, the change in molecular weight with time can be
calculated. Figure 3 shows a comparison between calculation and experimental
results for water exposure at 120 °C. An equilibrium is reached at about 70 days.

The change in properties is given here by basic chemical reaction kinetics. It is
also interesting to see that hydrolysis creates equilibrium after 70 days. The equi-
librium is governed by the balance between hydrolytic degradation of amide bonds
and repolymerization of its products.

Applying various aspects of polymer science, it was shown that the reduction of
molecular weight happens in the amorphous phase. The low molecular weight
components migrate towards the crystalline regions of the semi-crystalline PA11
and become part of the crystalline phase. This means crystallinity increases due to
degradation of the amorphous phase. It increased from 22 to 35% in the equilibrium
condition for this example.

Fig. 3 Change of Molecular weight of PA11 with time at 120 °C (solid line). Experimental
values are shown as symbols, based on [20]
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Calculating various polymer properties, it was eventually possible to predict the
change of the Young’s modulus, as shown in Fig. 4. Making some assumptions that
modulus is linked to strength, the strength of PA11 could be predicted as well, as
also shown in Fig. 4.

The modelling approach shown here has given fairly good agreement with
experiments. Many assumptions were made and it will probably take some time
until enough confidence is established to use such methods in design calculations
and standards. However, it shows that degradation can be predicted based on first
principles of polymer science combined with some empirical molecular correla-
tions. It seems to be a promising way to describe degradation.

Degradation of other matrix materials or in other environments can, in principle,
be described in a similar way.

• An equation needs to be found that describes the chemical reactions.
• The influence of the chemical reaction on the molecular structure needs to be

established.
• The molecular structure needs to be linked to elastic properties and strength

properties.

It is also important to point out that in many matrix materials used in composites
in the marine and offshore industry, chemical reactions are not expected to happen.
In these cases, strength properties are simply influenced by swelling.

Not all steps are always known. New experimental techniques may have to be
developed to establish all relevant correlations. But this approach can bring the
prediction of degradation away from statistical curve fitting to a more fundamental
understanding.

Fig. 4 Change of modulus and strength of PA11 with time at 120 °C. Experimental values are
shown as symbols, based on [22]. The modulus was measured by DMTA, the strength was
measured using dogbone-shaped coupons
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4 Degradation of Sizing

Degradation of the sizing can be described in the same way as degradation of the
matrix. Unfortunately, the detailed chemistry of the sizing is not easily available
and, in any case, more complicated molecules are involved. This makes estab-
lishing the steps described above more difficult. More empirical methods may be
needed to establish the properties of the sizing. They could be fibre matrix pull-out
tests [24–26], micro-debonding tests [27–29], etc. These tests are complicated to
perform, but they could give very useful input to the degradation.

5 Obtaining Concentration Profiles

The degradation of the matrix and, to a so far unknown extent, of the fibres is
dependent on the concentration of the water or hydrocarbons. It is therefore
important to integrate into a degradation model the ability to know the concen-
tration profile of the medium.

Many empirical results are available and also a few analytical methods for
predicting fluid diffusion in composites. Most use equations proposed by Shen and
Springer [30], based on the Fickian law [31]. However, as pointed out by Woo and
Piggott [32], the relations fail to precisely predict the effect of fibre volume fraction
and fibre orientation on diffusion. In particular, for the diffusion along the fibre
direction they predict a lower diffusivity than the one observed experimentally. The
reason is that diffusion along the fibres and through the sizing happens more rapidly
than through the matrix alone [32]. This is supported by some experimental studies.
Using Atomic Force Measurements AFM and Micro Thermal Analysis µTA,
Mallarino et al. [33] and then Joliff et al. [34] measured the mechanical and thermal
properties of the interphase, the few µm thick layer around each fibre. They
reported lower stiffness and softening temperature, attributed to a locally less dense
crosslinking and to some plasticization. They consequently deduced that diffusivity
is also different locally, higher than in the bulk matrix. In order to obtain a precise
diffusion prediction, Joliff et al. also proposed a 2D FE diffusion modelling
approach taking the effect of the interphase into account. They modelled the
interphase as a few µm thick area around each fibre and obtained good agreement
with experimental results [35]. It was important to use a realistic fibre architecture
to get more precise results.

The authors extended this idea to a 3-D FE model. They prepared some samples
with fibres in the in-plane direction and some samples with the fibres in the
out-of-plane directions. This model was able to predict the higher diffusivity in the
samples with fibres in the out-of-plane direction, which was not possible to explain
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with the previous models proposed by Shen and Springer [30]. Furthermore, it was
also possible to explain the effect of volume fraction on fluid diffusion by means of
the same model. Figure 5 shows some preliminary measurements of water uptake in
a glass fibre epoxy laminate along the fibre direction and across the fibre direction.
Modelling results have also been obtained [36].

In order to highlight the importance of this effect, a problem that composite riser
designers face is reported here: a composite riser is immersed in water and termi-
nated with metal end fittings at the ends. The strength of the connection between
end fitting and riser pipe is difficult to predict due to stress concentrations, unknown
interface properties and dominance of through the thickness stresses. Typically, the
design is based on saturated degraded material properties, but this approach may be
too conservative. Parts of the laminate inside the end fitting may stay dry during the
entire design life due to the long diffusion paths towards the inside of the end fitting.
Using this approach will only be possible if good confidence in the diffusion
calculations is obtained.

It should be noted that the assumption of the validity of Fickian diffusion has
been questioned in some cases. Unexpected increases in diffusion after long
exposure times were found, where the water content would have been expected to
be constant due to saturation [37, 38]. Voids, applied stresses and matrix cracks are
also expected to influence the diffusion characteristics of the laminate. These
aspects need to be studied more to gain confidence in the prediction of concen-
tration profiles of fluids in composite components.

Fig. 5 Anisotropic diffusion of water in a glass epoxy laminate
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6 Linking Constituent Properties to Ply Properties

Once the properties of the degraded constituent materials are known the properties
of the composite need to be predicted. As described in the introduction, there are
challenges in predicting composite laminate properties from constituent properties,
because all the possible interactions are difficult to describe in simple models. This
is a challenge that composite science has been facing for many years. For example,
the offshore standard DNV-OS-C501 [9] and the Recommended Practice
DNVGL-RP-F119 [8] require both that material properties are mainly established
on the ply level. Laminate and component properties can subsequently be calcu-
lated and a few confirmation tests are required to confirm that the more complicated
components and structures are properly described. This approach is widely used
and typically referred to as the testing pyramid. Figure 6 shows the testing pyramid
from DNV-RP-F119. This RP has a clause that allows also obtaining material
properties on the constituent level, provided it can be shown that ply properties are
properly described. This is an extension of the testing pyramid to a smaller scale
while following the basic philosophy of confirmation testing on the higher level. No
guidance is given in the RP on how the link from constituent properties to ply
properties shall be done.

A promising approach is to model the microstructure of the ply as a
Representative Volume Element RVE. Figure 7 shows such an element as an
example. In order to obtain a good estimation of the effective properties, it is
necessary to apply boundary conditions that guarantee a compatible deformation
field. The RVE is described by a FE mesh and the elastic (or plastic) and strength

Fig. 6 Test pyramid, as described in DNVGL-RP-F119 [8]
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properties of fibres, matrix and sizing (interface) can be put into the respective
elements of the mesh. Deformations and failure can then be predicted from the
behaviour of the RVE. Failure can be defined in various ways. It can be the
maximum stress in a simulated stress strain curve or it can be the occurrence of a
certain type and size of damage in the RVE. Since RVEs are not suitable for
modelling large structures the properties of the RVE need to be homogenized.
Homogenized properties can then be used as ply properties in standard FE codes.
Good examples can be found in [39–42].

We are here mainly interested in using the modelling to predict degradation.
Unfortunately, all uncertainties in going from constituent properties to homoge-
nized ply properties become part of this modelling approach. For modelling
degradation, it may be sufficient to predict the relative change of properties using
measurements on the constituent level and scale actual properties on the ply level
accordingly. This simplification would require experimental verification, but it
could circumvent some of the challenges involved in predicting properties using
RVEs and homogenisation. It should be easier to predict relative changes than
absolute changes.

The sections above describe how static properties could be obtained from the
degraded constituent properties. There is no generally accepted method to relate
stress rupture and fatigue to constituent properties. Some work is ongoing by the
authors to address this issue, but it is too preliminary to report this now.

Fig. 7 Possible
representative volume
elements to describe
composite’s behaviour from
the properties of the
constituents
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7 Discussion

The general approach to describe degradation of composites is based on long-term
testing. It is well described in various standards and widely used in industry. The
main commercial problem is that testing times, extent and cost are too high. Test
programmes running for a year or more are often not feasible in the tight schedules
of development programmes. This can lead to composites not being selected for an
application, traditional metals being used instead. From a scientific point of view
the large test programmes reflect the lack of knowledge behind the mechanisms
causing degradation. Extensive long-term testing is compensating for this lack of
knowledge.

Understanding the failure mechanisms behind degradation could solve the lack
of knowledge and reduce the testing effort. It is probably the only approach that can
be taken to achieve the goal of less testing and also shorter testing times. The
multiscale approach described here provides a means to characterize degradation on
the fundamental level of constituent properties and to link the results to commonly
used global engineering properties. The goal to understand composite behaviour
based on fundamental properties and principles is as old as composites science. Due
to this all the steps described here have been studied to some extent before, and this
document has mentioned only a small fraction of the work that has been done. The
multiscale approach has, however, been more developed to understand composite
behaviour in general. The link to degradation is not established as much. The title of
this paper states “first steps” and it is hoped that we will fairly quickly reach a better
understanding of degradation in this context.

From an industrial perspective, it will be important that the approach is general,
applicable to many materials and reliable. The results will have to be included in
design standards, otherwise the old way of extensive long-term testing will remain.
Reliability of the results is paramount for this. Predictions of the new models will
have to be extensively tested against the old approach until reliability can be
assured. The methods employed by the testing pyramid approach of confirming
results on a higher level can be applied here. A certain generality and simplicity
would also help for the implementation. Finding the major mechanisms that govern
the behaviour of degradation and describing them in a widely applicable way will
be more important than to characterize all effects involved, provided the simplifi-
cations are conservative. Over time, the models can be improved giving more
optimal results and confidence.

8 Conclusions

The current way of obtaining long-term degradation results is based on large and
time-consuming test programmes. The methods are based on accelerated testing,
mainly by increasing loads and having specimens conditioned with the relevant
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environments. Extrapolation to the longer service times is made by statistical
mathematics without a direct relation to the physics involved. The methods have
worked well giving good service records and are described in various marine and
offshore standards. It would be desirable to shorten the test programmes.

A possible way to shorten test times is a multiscale-based approach. Degradation
is described by chemical reaction kinetics, which is well linked to the physical
process taking place on a molecular level.

Examples are shown of how engineering properties for the constituent properties
can be obtained from the molecular degradation events. Many assumptions are
involved in such calculations, but with time confidence could be gained in the
methods.

A further step is to obtain ply properties, as they are the typical input to FE
design programmes used by engineers. Using Representative Volume Elements to
model the interactions of the constituents and subsequent homogenisation of
properties seems to be the best approach to obtain the engineering properties.

Since all degradation is dependent on the concentration of the fluids inside the
components a good understanding of the diffusion process is also needed.
Anisotropic characteristics of the diffusion process should be considered.

The principles of applying the multiscale approach to degradation have been
shown. Details and especially experimental evidence that the approach is reliable
are still missing. However, it seems to be the most promising approach to reduce
testing programmes for documenting degradation in the future.
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Present and Future Composites
Requirements for the Offshore Oil
and Gas Industry

Denis Melot

Abstract The aim of this paper is to review some of the main applications of
composite and polymer materials in the oil and gas industry. It starts with the basics
of material selection and the methods used for corrosion mitigation of carbon steel
which is the base case and material of choice due to its low cost and ease of
installation. Some specific business cases are identified for composite materials and
some typical applications are described in more details.

Keywords Corrosion-composite-polymer-oil � Gas-offshore-flowline � Oil and
Gas

1 Introduction

The oil and gas industry is a “metal-based” industry, and more specifically, a carbon
steel-based industry.

At the same time, polymer and composites materials are recognized and used in
the industry for the general following reasons:

• Corrosion resistance (maintenance-free).
• Better strength to weight ratio than steel.
• Light weight/ease of installation.

In order to switch from well-known solutions with associated codes and stan-
dards (like for metallic solutions) to alternative materials like composites or poly-
mers, strong business cases must be established.
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Some applications are already well known such as (and not limited to) the
following:

• Flexible unbonded pipes, with the advantage of flexibility versus rigid steel pipe
leading to ease of installation (reeled pipe/no detailed metrology/cope with
uneven topography/work under dynamic conditions…) [1].

• Fiber glass reinforced thermoset pipes (typically referred to as GRE: Glass
Reinforced Epoxy or GRP: Glass Reinforced Plastic), with the advantage of no
corrosion/no maintenance/no cathodic protection and ease of installation for
offshore piping or onshore flowlines.

• Composite gratings for offshore application, with the advantage of no corrosion
and light weight.

• Sea water piping at moderate pressures (*15–30 bars).

New product developments are also being brought to the market, either to meet
the increasing demands of offshore developments as described by Groves [2] or to
push the limits of existing solutions such as, for flexible pipes:

• Anti-H2S layer to allow slightly sour fluid transportation and use in ultra deep
water [3].

• Cost effective polymer qualification as pressure sheath [4].
• Higher temperature range mono-layer pressure sheath [5].

In addition, new manufacturing techniques lead to the recent appearance on the
market of the so-called TCP (Thermoplastic Composite Pipes), which are spoolable,
fully bonded composite pipes, and which close the gap between the rigid classical
GRE pipe and the flexible unbonded pipes [6]. Though spoolable, these pipes are
not yet as flexible as unbonded pipes but are cheaper to manufacture with higher
pressure and combined loadings capabilities than the GRE pipes.

One existing identified business case for TCP is its use as downline for
pre-commissioning of pipelines or well intervention [7, 8].

End users have been reported to use composites and polymers for their pro-
duction facilities. Petrobras states that large cost reductions were obtained by
changing out cable trays, gratings, piping, and chemical storage tanks from steel to
composites on their offshore facilities where weight reduction and sea water cor-
rosion resistance are critical. As an example, they claim that since 1994, all their
new platforms have composite gratings and that more than 40% of the steel gratings
are replaced by composites [9].

Melot et al. [10] list the use of polymer materials within their upstream facilities.
They note that the material of choice remains carbon steel and that the development
of composite/polymer parts is foreseen as fields become mature producing more
water at a higher temperature with increased corrosivity.

Paiva [11] notes the need for higher temperature and higher pressure resistant
materials (either metallic or polymers). The higher corrosivity of the produced
fluids is also noted, which enhances the need for higher corrosion resistant materials
or coatings.
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Qi [12] mentions that over 17,000 km of composite pipes have been installed by
CNPC (one local oil and gas company) and it is growing at about 2000 km per year.
The advantages noted are similar to those presented here, with a focus on corrosion
resistance for production fluids with high amounts of acid gases (H2S and CO2).
The low life cycle cost of composite pipes is also highlighted.

Melve et al. [13] present a new technology qualification process for a composite
kill and choke line. It is a hybrid structure made of a steel liner reinforced by
filament wound layers of carbon fiber-epoxy resin and is designed for a 15000 psi
internal pressure with an internal diameter of 4.5 in. Its use is for deep offshore
applications down to 4000 m depth to reduce the overall weight of the drilling riser.

All these examples show that the advantages of polymer materials are well
identified within the industry, but that their use is linked to specific business cases.
Yet there is a consensus in the industry that the use of alternative materials to
carbon steel will grow in the future due to pressure to lower life cycle costs and
reduce weight for ease of installation or for ultra deep offshore developments.

2 Material Selection in the Oil and Gas Industry

The fluid coming out of the production wells is a three phase fluid (i.e.,
hydrocarbons/water/gas in different proportions) under pressure and temperature.

The fluid processing mainly consists in the separation of these three phases
followed by a specific treatment for each of the phases (see Fig. 1).

The water produced can be reinjected in the field to improve oil recovery. In a
similar way, part of the produced gas can be used to help the produced fluid to reach
the process facilities (gas lift process).

Fig. 1 Schematic of a typical fluid process
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2.1 A Corrosion Assessment in Oil and Gas

The most frequent cases of corrosion in the oil and gas industry are as follows:

• H2S cracking that may happen within days.
• CO2 corrosion and microbial induced corrosion that happens within years.
• Atmospheric corrosion in the marine environment that happens within 10 years.

It should be mentioned here that in the produced fluids, oxygen is not present.
Corrosion of carbon steel equipment is happening via acid gases (CO2 and H2S)
dissolved in the water phase.

In that respect, the pH of the water phase in a produced fluid is one of the key
parameters to assess the corrosivity of the fluid. Depending on the water compo-
sition, the amount of CO2 and H2S and the total pressure, this pH may typically
vary from 3 to 6.5. The limited water wetting of the carbon steel and the possible
protection from corrosion layers may also play a mitigating role in the corrosion
process.

The majority of the corrosion concern is coming from CO2 corrosion (even if
H2S cracking is much more critical in terms of risk). As the objective of this paper
is to give only some general features of the material selection and corrosion
assessment, we will focus mainly on this type of corrosion as a typical example.

The CO2 corrosiveness of production fluids can be evaluated using predictive
models.

Several predictive models have successively been issued since the 70’s, both
from research entities and from operators. The oldest and best known is the very
simple “De Waard–Milliams” model [14, 15], which has constituted the “matrix” of
the more elaborate current models. Yet there are, at present, no generally accepted
prediction models in the industry and almost every company has developed its own
model. Among those, operators tend to adjust their model to their own field
experience and their practical needs.

TOTAL has developed its own model over many years, initially called Corplus,
recently renamed PreCorr since its last major up-date. It includes all physico-
chemical equilibria involved in CO2 and H2S corrosions, the kinetics of corrosion,
thermodynamics and hydrodynamics, water/oil wetting, and protection performance
of corrosion layers. From its early days, a particular emphasis has been given to the
necessary inclusion of the whole field experience of the Company, through
semi-empirical classification criteria of the Corrosiveness.

It provides the corrosion engineer with a “CO2 corrosiveness” of the produced
fluid with respect to a carbon steel surface, which can then be translated into a
“corrosion likelihood” of the equipment subjected to this fluid (i.e., the ability of
equipment to sustain a fluid over a certain period). This can be translated into
different categories as reported in Fig. 2 below (Fig. 3, 4).

A few typical examples of CO2 corrosion are given in the pictures below.
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Typical CO2
Corrosiveness for 

CS (mm/y)

Approximate lifetime vs design life 
(assuming no preventive action)
 - CO2 Corrosion Likelihood -

Practical 
likelihood of 

failure

VeryLow < 0.1
System will last much longer than required 

with no failures, without any preventive 
action

None

Low 0.1 – 0.3

System should reach its initial design life 
without a failure with available corrosion 

allowances, not requiring any 
complementary preventive action

Low but no 
extension over 
initial design 

life

Medium 0.3 to 1
System should reach 50% of its design life 

before a failure occurs, if no preventive 
action is undertaken

Likely but 
delayed

High 1 to 3 A failure may occur after 25% of its design 
life, if no preventive action is undertaken

Very likely 
within a few 

years

Very High > 3- 5
The system may not even resist ¼ of its 

design life, if no preventive action is 
undertaken

Certain and 
soon

Fig. 2 Corrosion likelihood assessment as per TOTAL model

Fig. 3 CO2 internal corrosion on carbon steel pipe
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2.2 Corrosion Mitigation Methods

Once the corrosion likelihood is known, mitigation measures can be implemented
to keep the use of carbon steel safe and reliable.

The first and easiest mitigation measure is the implementation of a corrosion
allowance to the equipment. A few mm up to 10 mm of extra thickness can then be
prescribed at the design phase of the equipment that will take care of the corrosion
rate without any additional treatment. However, this measure in itself is rarely
sufficient to ensure complete corrosion mitigation over 20 years or more, except for
very moderate corrosiveness. It is rather aimed at offering some margin in the case
of a temporary lack of efficiency of the other mitigation solutions mentioned below.

In addition to the above, fluid inhibition by specialized chemicals at low dosage
is the conventional solution in the industry for corrosion mitigation on facilities
built with carbon steel.

Fig. 4 CO2 internal
corrosion on carbon steel pipe
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The most common corrosion inhibitor treatment consists of a continuous
injection at the inlet of the equipment to be protected, at typical dosages of 10 to
100 ppm (v/v) versus the liquid or water flow rate.

pH stabilization can also be applied to wet gas/condensate pipelines (using
chemicals such as MDEA, KOH …) where the condensed water has a particularly
low pH and is highly corrosive.

When it comes to the water injection network, the fluid can be a mix of produced
water (separated from the oil and gas phase in the process-see Fig. 1) and sea (or
lake) water, in highly variable proportions. Its corrosivity is usually mitigated via
the following measures:

• Oxygen removal, for the part of the water coming from the outside (sea or lake),
• Biocide injection to prevent the Microbiologically Influenced Corrosion,
• Corrosion inhibitor treatment, to deal with the acidity coming from the produced

water, if any,
• Possibly cleaning pigs (for deposit removal).

The corrosivity of the gas network (see Fig. 1) is associated with its condensed
water, which is the most acidic of all produced waters (pH usually within 3 to 4.5).
As such, the preferred mitigation measure is to dry the gas by a dedicated dehy-
dration process, to ensure that its dew point is always below the minimal temper-
ature that the gas may reach. However, as this dehydration is only done in the final
processing part of production facilities, corrosion inhibitors are also used on the gas
side, upstream of this dehydration process.

As noted previously, the objective of all these mitigation measures is to keep the
use of carbon steel as widespread as possible by controlling its corrosion rate. This
is generally done successfully as, in general, carbon steel represents about 95% of
the steel consumption in the oil and gas industry. Nevertheless, as discussed below,
all these measures may face practical limits of application or pose too serious cost
or reliability issues to be applied in numerous cases.

2.3 Corrosion Monitoring

Whenever a corrosion mitigation measure is implemented, there is a requirement to
control its efficiency throughout the lifetime of the equipment.

A dedicated field of expertise exists nowadays in the industry. The most com-
mon monitoring methods implemented are as follows:

• Follow-up of chemical injection specifications.
• Monitoring of dehydration process (for gas treatment).
• Monitoring and maintenance of oxygen removal process (for water treatment).
• Corrosion probes and coupons downstream of chemical injection.
• Periodic wall thickness checks and periodic inspection.
• Miscellaneous chemical analyses.
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• Bioprobes (for microbial induced corrosion).
• Bacteria count in water.

The oil and gas industry has learned to cope with carbon steel corrosion risks
and most important to keep corrosion rates under control and the failure rate at an
acceptable level.

2.4 Practical Issues with Mitigation Measures

There are cases identified where the mitigation measures described above are not
efficient or cost effective or considered high risk. These are for instance as the
following:

• Production wells, where the chemical injection is often not reliable and costly,
specially, offshore, as the injection must be done at the bottom of the wells, i.e.,
some thousands of meters below the surface.

• Subsea production manifolds, jumpers, Christmas trees, where a high reliability
is a must but is very difficult to achieve.

• Topsides for instrument tubes, chemical/hydraulic lines.
• Produced water networks.
• Topsides for open and closed drains where a mix of unknown aerated fluids are

commonly leading to fast and multiple losses of containments.

There are also potential issues associated with corrosion inhibitors themselves as
follows:

• Their efficiency as mitigation measure is quite specific and only proven after a
few years of use in the field. It can also evolve as fluid composition and
temperature change with time.

• Their injection and dosage on-site may not always be optimum and need a
stringent follow-up (good condition of pumps, daily verification of injection,
weekly verification of injected volumes, etc. )

• Solid particles and scale accumulation may compromise their efficiency.
• They become hardly efficient above 110–120 °C.
• Their compatibility with other added chemicals can be problematic.

2.5 The use of Alternative Materials to Carbon Steel

Whenever inhibition is not safe enough or inefficient or not cost effective for some
of the above reasons, the natural alternative choice in the oil and gas industry is to
move toward a corrosion resistant alloy (CRA) such as the following:
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• 13% Cr alloy for well tubing.
• Duplex or super duplex for subsea equipment, wet gas processing, instrument

tubing…

This, of course, comes with a cost (around 5–10 times higher compared to
carbon steel pipe or piping).

It is in this window that non-metallics must also find their place, as long as they
can be as attractive as or even more attractive than both carbon steel + mitigation
and CRAs.

2.6 Conclusions

The use of metallic materials (either carbon steel or corrosion resistant alloy) is
linked to the following:

• Availability and cost.
• Ease of installation.
• Well-known mitigation measures.
• Available inspection and monitoring techniques.
• Good knowledge of failure modes and aging process (i.e., corrosion).

The use of polymer materials as a means of internal corrosion mitigation must
overcome all the above items and must be linked to a specific business case.

In addition, the use of corrosion resistant alloys is limited in quantity and may
end up being limited in their availability in the future. This also means that the use
of polymer/composite materials is linked to additional benefits such as the
following:

• Life cycle cost savings (specially, versus corrosion resistant alloys).
• Ease of installation (light materials/quick connections/light laying equipment),

versus all metallic materials.
• Weight saving (for offshore structures and ultra deep offshore developments),

also versus any metallic material.

3 Identified Potential Business Cases
for Polymer/Composite Materials

Some potential business cases have been identified in the industry for the use of
polymer/composite materials as the following:
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For internal corrosion:

• Transport of nontreated sea water (water intake/fire fighting).
• Mature fields with high water cut (above 80% typically) where a proper fluid

inhibition and reliability is costly and problematic.
• Aerated and chlorinated water line offshore.
• Water disposal wells (onshore and offshore).
• Aquifer water injection lines (with typically 300 mg/l NaCl).

For external corrosion and light weight/ease of installation:

• Gratings for offshore splash zone area.
• Secondary structures in offshore where weight is critical such as Tension Leg

Platforms.
• Composite risers for ultra deep offshore.
• Flexible and/or composite spoolable pipes for ease of installation, especially

subsea (no welds).

These above are just a few general examples and some others might exist.
What is critical is to get into the details of each business case in order to clearly

highlight the interest of composite materials and challenge as much as possible the
use of metallic materials whenever possible. As such, not only the fluid corro-
siveness or the operating conditions (P/T) are critical, but also the installation
process and the life cycle cost including the use of chemicals. This is of course not
always easy, especially because in our industry the CAPEX (Capital Expenditure)
part is much more critical than the OPEX (Operating Expenditure) part.

In the following sub-chapters, we will detail the different polymer/composite
solutions that are available to the oil and gas engineer.

3.1 Glass Fiber Reinforced Epoxy Pipes

Composite pipes are a combination of resin (matrix) and long fibers. The design of
such pipes is critical to the application:

• Orientation and type of fibers give the expected mechanical and chemical
compatibility (type C glass fibers are more chemically resistant than type E glass
fibers).

• Chemistry of the resin gives the temperature rating and overall chemical
resistance of the pipe as the following:

– Polyesters are used for large diameter pipe to convey water or sewage.
– Vinylesters are used for more aggressive fluids (like strong acids for

example).
– Epoxies are used for aggressive fluids and high-pressure applications.
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The ISO 14692 standard defines the general temperature ratings of the pipes
according to the chemical nature of the matrix as follows:

• 110 °C for epoxy.
• 100 °C for vinylester.
• 70 °C for polyester.
• 150 °C for phenolic.

Some manufacturers also define the temperature limitations of the epoxy matrix
according to the chemical nature of the hardener:

• 65 °C for anhydride type epoxy.
• 93 °C for amine type epoxy.
• Up to 200 °C for aromatic type epoxy.

Of course, these are all related to the expected glass transition temperature of the
matrix and we consider as a base case that the operating temperature of the pipe
should not be above the glass transition temperature of minus 20 °C.

The overall structure of a composite pipe is as follow:

– Internal layer of approximately 0.5 mm composed mainly of resin for improved
chemical resistance.

– Structural wall for the mechanical requirement.
– Top coat of approximately 0.3 mm for UV resistance.

The internal pressure rating for composite pipe is calculated via long term
(ASTM D2992) and short term (ASTM D1599) testing results.

The joining system is critical to the integrity and pressure rating of the lines. It
can be adhesively bonded or threaded depending on the pressure rating and/or the
installation constraints. To learn more on this specific subject, please refer to ISO
14692, API 15LR, and API 15 h.

Fiber glass reinforced epoxy pipes have been used by TOTAL since the early
80s in France on mature fields where the amount of water produced is typically
above 80%. The driving force to switch from carbon steel to composite pipes was
clearly internal corrosion mitigation. The operating conditions were also favorable
with low pressure (about 10 bars) and mild temperature (40–80 °C). In 1983,
67 km of pipes were installed and in 1993, 130 km were in operation with no
issues. For inspection purposes, pipe samples are recovered from the lines at regular
intervals (every 5 years) and pressure tested to burst. So far, no test results have
shown any degradation in the pressure rating compared to the original pipe sample.
The pictures below, Figs. 5 and 6, illustrate some typical applications of composite
pipes onshore.

Composite pipes are also used for the fire fighting systems on offshore facilities
again for internal corrosion mitigation (untreated stagnant sea water). Pressure
rating is low (18b) and joining system is the “bell and spigot” type. An example of
this application is given in the following figure (Fig. 7).

The main issues related to this application are as follows:
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• Water hammer effect leading to debonding and cracking at joint interfaces
• Joining defects.
• Vibrations.
• Bad design (especially for supporting fixtures).

This leads to early failures, most of the time identified during commissioning of
the lines. After proper repair of the defective joints, the lines operate without any
identified issues. Yet, these early failures do not play in favor of the use of com-
posite pipes and make operators less confident with these solutions.

Another identified business case is the use of such pipes for process open and
closed drains network, where the fluids conveyed are of unknown origin and where
oxygen entry is common, leading to a very high fluid corrosivity which is not
possible to mitigate via the usual measures (inhibition is inefficient). In the specific

Fig. 5 Composite pipe installation for flowlines (Courtesy of SBPI)
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case of closed drain systems, extra care is needed to ensure that the pressure rating
of the whole network is considered in the design of the composite network.

These composite pipes are not used for subsea application due to their limited
mechanical properties, and low collapse resistance.

3.2 Spoolable Reinforced Thermoplastic Pipes

Glass fiber reinforced epoxy pipes have a connection every 9 m and have very
limited minimum bending radius. By making the composite pipe more flexible and
even spoolable, the cost savings in installation time, pipe transportation and lower
risk of failure due to limited numbers of joints are significant. This has led several
pipe suppliers to provide the industry with such alternative products.

There are as many reinforced pipe designs as there are manufacturers. Most of
the time, they are based on the general structure (Fig. 8).

Depending upon the operating temperature and type of fluid of the line, poly-
ethylene can be changed to a more suitable thermoplastic such as polyamide or
PVDF. The reinforcing layers can be made of aramid fibers, steel strips, dry glass
fibers or even glass fiber reinforced epoxy matrix, all being bonded or not to the
liner.

Fig. 6 Composite pipes for water transportation (Courtesy of SBPI)
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The length of a single spool ranges from 120 up to 2000 m depending of course
upon the diameter of the line. For a 4 in. line, the typical spool length goes from 500
to 700 m. The pipe diameter is limited to 8 in. maximum at present.

The qualification process follows the requirements of the API15S, the pressure
rating is established via the regression curve of ASTM D2992 (similar to those
described in Sect. 3.1 and polyethylene pipes). There is no requirement for axial
loading and the bending capability is tested only via 1000 h survival pressure

Fig. 7 Fire fighting system network on an offshore facility (Courtesy of SBPI)

Fig. 8 Typical structure of a spoolable reinforced thermoplastic pipe
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testing on bent samples (and after 10 reverse bending cycles). External pressure is
tested via compression ring test only.

This makes these type of pipes applicable mainly to onshore networks with no
complex load cases. A few examples exist of use in shallow water.

Typical examples are water injection lines and industrial water distribution
onshore. They have also been used for unburied production fluid gathering lines in
the Middle East.

The contact with production fluids is limited by swelling and diffusion properties
of the thermoplastic liner used. New products are being developed to mitigate this
issue via the introduction of a metallic layer within the pipe structure to make it gas
and fluid tight [16].

3.3 Thermoplastic Composite Pipes

Thermoplastic composite pipes are a new development of the spoolable reinforced
thermoplastic pipes described in Sect. 3.2 with a very similar structure (see Fig. 9).

All the layers are fused together which makes these pipes a solid wall structure.
They can accommodate high-pressure ratings and complex loading cases and

can be made collapse resistant unlike the pipes in Sect. 3.2.
As such, they can compete in performance with carbon steel pipes or unbonded

flexible pipes from a purely structural point of view.
The general qualification of these pipes follows the requirements of the DNV RP

F119 standard. The philosophy of this standard is to perform extensive testing at the
laminate level to be able to build up a predictive model for the pipe behavior and
limit the full-scale testing on the pipe to the validation of the model. Complex load
cases can be taken into account and predicted. Each application or business case
leads to a specific pipe design (number of reinforcement layers/angle of the fibers in
each layer, etc.) made to fall within the acceptance criteria and safety factors of
DNV RP F119.

Fig. 9 Structure of a
thermoplastic composite pipe
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Due to their higher overall performances, these pipes have limited flexibility
compared to spoolable reinforced thermoplastic pipes of Sect. 3.2 or unbonded
flexible pipes, but are still spoolable to a minimum bending radius of 2–7 m
depending on the structure and diameter. The diameter range is limited to 6–8 in. at
present. Each spool can be as long as 3000 m.

One interesting feature of some pipe designs is the possibility to mount the end
fitting directly on-site during installation by cutting at length the spooled pipe. This
makes it easier for rehabilitation/retrofit on existing installations and avoids the
need for precise metrology in advance. A few spools could be ordered and used by
the meter on demand.

The downlines for well intervention or pipe commissioning are one existing
application of these pipes [7, 8] (Fig. 10). Here the main features are the light

Fig. 10 Thermoplastic
composite pipe (Courtesy of
Airborne Oil and Gas)
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weight of the pipe (meaning lighter vessels and lifting equipments for installation)
and better resistance to the cycle of reeling–unreeling compared to carbon steel
lines. The aging process and monitoring of the pipe condition are made easier due
to the retrievablility of the line between two campaigns (possibility to inspect and
take samples of the pipe for testing) (Fig. 11).

At the moment, further qualifications are ongoing for the use of such products
for permanent subsea water injection jumpers where ease of installation is a key
factor. Chevron North Sea Ltd. installed in 2016 a thermoplastic composite
methanol injection spool subsea for permanent use.

Further developments are foreseen for their use as risers for ultra deep water
(4000 m and more) in the coming years. The knowledge of the aging process of the
product in contact with production fluids and its monitoring with time will be a key
issue for the development of such business cases.

Fig. 11 Spooled Composite line downhole deployment (Courtesy of Airborne Oil and Gas)
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3.4 Internally Lined Carbon Steel Pipes

Even if slightly out of the scope of this paper, the use of thermoplastic liners to
protect the internal surface of a carbon steel pipe from the conveyed fluid must be
discussed and presented here, as it is a potential competitor (already used in the
industry) to composite pipes.

The general principle is to insert a thermoplastic pipe into the carbon steel pipe
by pulling it through a diameter reducing box. Once in the carbon steel pipe, the
liner is released from its tension and allowed to freely relax back. It ends up tight
fitted to the carbon steel pipe [17].

The maximum length of a liner that can be inserted in one go is dependent on its
mechanical properties in tension but the average length can be estimated between
1500 and 2500 m. The connections between two strings of lined pipes are made of
stainless steel at present, to ensure the continuity of the anti-corrosion barrier
through the pipe. New connection designs under qualification use thermoplastic
sleeves electro-fused to the liner on-site for a faster, easier and cheaper installation
cost of the technology.

The liner technology was first implemented in the North Sea for offshore water
injection lines in 1994. The liner was polyethylene with stainless steel connections.
Since then several hundreds of kilometers of lined pipes have been installed in the
world.

One of the main advantages of the liner technology is that it uses the carbon steel
pipe as structural support.

One of the key qualification issues for the use of liners for gas and hydrocarbon
transportation is the knowledge of the diffusion and permeability properties of the
liner to production fluids and gases to evaluate the risk of collapse during operation
due to rapid decompression, and assessment of the composition of the annulus
(space between the steel and the liner) and the quantity of gas trapped in the annulus
(there may be a need for venting to release the pressure), see Fig. 12.

Fig. 12 Schematic diagram
of the collapse mechanism.
The pressure build up in the
detached region is coming
from the species that have
permeated through the liner.
Collapse is resulting from a
depressurization in the line
during operation
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3.5 Composite Gratings

When looking at external corrosion mitigation, one typical example, even if not the
most technologically challenging, is the use of composite gratings for offshore
structures.

The common practice in the industry is the use of standardized galvanized
gratings. In offshore environments, especially in the splash zone areas of offshore
structures, such gratings can have a limited lifetime of about 5 years.

Composite gratings can be either molded (65% resin, isotropic, cheap) or pul-
truded (70% fibers, anisotropic, high mechanical resistance).

The most commonly used resins are as follows:

• Isophthalic polyester for good overall properties and low cost.
• Vinylester for improved chemical and mechanical resistance.
• Phenolic for fire resistance and mechanical resistance.

The oil and gas industry uses mostly pultruded phenolic type gratings for fire
resistance performance and mechanical properties.

Molded gratings are used whenever fire resistance is not required or when high
load bearing resistance is not necessary.

Typical examples of composite gratings offshore are given in the following
pictures, Figs. 13, 14, and 15.

Apart from the corrosion resistance aspect, weight saving is also a good business
case for composite gratings as they are typically 50–70% lighter than steel gratings.
This can be critical on some offshore structures such as tension leg platforms.

Fig. 13 Pultruded phenolic grating on offshore structure
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Fig. 14 Molded grating on offshore structure

Fig. 15 Composite grating in the splash zone area of an offshore structure
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4 Conclusion

The oil and gas industry is a carbon steel-based industry. The corrosion is mitigated
via fluid treatment and chemical injection for internal corrosion and cathodic pro-
tection and coating for external corrosion. The steel aging process (corrosion) and
failure modes are well known and can be monitored and inspected in most cases.

The use of polymer and composite materials must be linked to detailed and
specific business cases where corrosion mitigation is not possible or recognized as
unreliable with high associated corrosivity.

Polymer and composite materials are not used up to their full potential in the oil
and gas industry due to the following:

• Lack of industry knowledge and lack of detailed business cases.
• Lack of simple qualification process and non standardized solutions.
• Unknown failure modes and difficulty to extrapolate the aging to the end of life

of the equipment (the Arrhenius law usually does not work).
• Lack of qualified contractors for installation on-site.
• Lack of inspection techniques for installation and monitoring during operation.

Nevertheless, their intrinsic characteristics make them the solution of choice for
the future of the industry for maintenance-free and easy-to-install solutions.

Some typical examples are reported in this paper including new technologies
such as thermoplastic composite pipes that show the potential for a wider use of
these solutions.

The current oil and gas market, calling for cost reduction in project development
with innovative solutions, is certainly a great opportunity for composites and
polymers.
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Composite Materials in Tidal Energy
Blades

Matthew Dawson, Peter Davies, Paul Harper and Simon Wilkinson

Abstract Composite materials are the natural choice for the construction of tidal
energy blades; their high strength, good environmental resistance and the ease with
which they may be used to form complex shapes means that they are well suited to
the application. The design of MW-scale tidal energy blades has evolved over a
number of years, keeping step with the requirements of turbine developers as their
emphasis shifts from prototyping to production. In parallel, it has been necessary to
develop a rigorous approach to materials testing and qualification. The specifics of
the blade structure and the operational environment mean that it has been necessary
to solve a number of complications that arise during such a qualification pro-
gramme. These issues are discussed and efforts to mitigate their consequences are
explained. Although this chapter is written particularly with tidal energy blades in
mind, much of the content will be applicable to a wide range of other applications
where composite materials are used in the marine environment.

1 Introduction & Background

Tidal energy blades (Fig. 1) represent a relatively new and challenging application
for composite materials. They present a combination of commercial, environmental
and loading conditions that demand a detailed engineering approach. In particular,
it is necessary for a cost-effective structure to sustain very heavy fatigue loading in a
submerged marine environment.
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Over the past decade, tidal turbines have been built to a wide variety of designs.
Whilst the wind industry has converged on a 3-bladed horizontal axis turbine as the
preferred solution, the tidal industry is still relatively young and there is not yet a
consensus regarding the optimal configuration for a tidal turbine. In particular,
developers are unsure whether it is more cost-effective to opt for a complex device
that generates as much energy as possible or a simpler device that is relatively
cheap to manufacture and maintain but is unable to extract as much energy from a
given flow. It follows that the argument has not been won or lost with regard to a
number of key design variables, and progress for many developers has been
hampered by the inconsistency of government and industrial support, often
meaning that operational experience is still fairly limited. Inspection of existing
designs and prototypes would lead to the conclusion that designers have a number
of different ideas with regard to the following aspects, amongst others:-

• Scale:-
Generating capacity varies from several kW to more than 1 MW. Some
developers look for economies of scale in terms of production quantities, whilst
others seek it in terms of machine size.

• Foundation:-
Machines exist whereby turbines are attached to fixed (gravity base or piled),
floating and even ‘flying’ (underwater) support structure.

• Method of deployment/retrieval:-
Costs associated with deployment and retrieval are very significant, so methods
vary greatly as designers strive to minimise the overall costs of these activities.

• Blade mounting:-
Blades may be mounted on a central hub or an outer ring. Furthermore, some
designers favour variable pitch blades in a drive to maximise energy capture and
minimise loads, whilst others prefer a simpler machine, and therefore opt for a
fixed-pitch scheme. The phrase “if it hasn’t got it, it can’t go wrong” is par-
ticularly apt here. The cost of rectifying problems/breakdowns in service is very
high, so reliability is extremely important.

• Number of blades per rotor:—This may vary from 2 to 10.

Fig. 1 Various tidal energy blades in situ, manufactured by AEL/Airborne
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In many cases there are strong interdependencies between the varying design
options, meaning that identification of any particular ‘best’ answer is far from
straightforward (in any case the optimal solution may be site-dependent). It is likely
that the field will narrow in time, as weaker solutions and developers fall by the
wayside.

Whilst there are clearly many permutations in terms of the configuration of the
overall turbine, it is fortunate for the blade designer that many of these options do
not especially affect the blade concept design. However, the selection of a fixed or
variable pitch system would have implications for the favoured blade concept.
A variable pitch blade will tend to terminate in a circular root to efficiently mate
with the pitch bearing; this requirement in itself has design implications that cas-
cade along the rest of the blade. However, a fixed-pitch blade typically has no need
for a circular root, so it gives the blade designer more options in terms of config-
uration. Unsurprisingly, the decision to mount the blades at the hub or to an outer
ring is also very significant in terms of blade concept selection.

A variety of materials and configurations has also been adopted for the con-
struction of tidal blades, depending on the specifics of the application and the
experience and preferences of the designer. It is generally the case that blades are
built with epoxy matrix composite materials, incorporating both carbon and glass
reinforcements as appropriate. Whilst glass fibres are significantly cheaper and,
therefore, represent the default choice, there is also often a case of the targeted use
of carbon fibres. In particular, the superior strength, stiffness and resistance to
environmental degradation of carbon fibres mean that they will find application in
elements of the structure such as spar caps. In this capacity, they enable a more
slender, higher performance blade than would otherwise be the case. In the quest to
minimise the unit cost of power, a small increase in performance is worth a lot. In
general, blades are assembled using a structural epoxy adhesive.

Both prepreg and resin infusion processes may be appropriate, depending on the
detail of the requirement. Whilst the infusion process tends, in general, to result in a
lower cost of material per kg and a simplified supply chain, the selection of prepreg
materials would be expected to result in improved moulding consistency and a
considerable reduction of development risk, particularly in cases where it is nec-
essary to use carbon fibres. It is also the case that one or other of the processes may
lend itself more naturally to the moulding of a given structural form. For example, if
it is necessary to turn a mould upside-down during the production process, then a
dry fabric preform intended for resin infusion will probably fall out of the tool,
where a stack of sticky prepreg plies would be more likely to stay where they are
needed-the reason is not always complicated!

In terms of configuration, AELs experience to date has predominantly been with
MW-scale, variable pitch, hub-mounted blades. The favoured general configuration
in this case (Figs. 2 and 3) is a central box-spar mounted in airfoil section
skins/fairings. A rear web member provides additional reinforcement to the trailing
edge. This arrangement confers a number of key advantages:-
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• Neither the leading edge (vulnerable to impact) nor the trailing edge (relatively
weak) is required to sustain serious shear loads.

• The primary structure (box-spar) is not exposed to unquantified direct leading
edge impact.

• The box-spar can readily transition into a circular section at its root, where it will
mate with the pitch bearing.

• In order to achieve a good hydrodynamic performance, it is important that the
blade chord (distance from leading edge to trailing edge) is permitted to increase
very rapidly as we move outboard of the blade root. It is straightforward to
achieve this with the box-spar scheme, without requiring sudden changes of the
section in the primary structure.

Whilst AEL’s general scheme has tended to remain constant, there has been a
considerable evolution over the years in terms of the detail, reflecting the changing
requirements of developers.

In the early days, the priority would be to provide 2 or 3 blades relatively quickly
for a ‘proof of concept’ prototype machine, whilst keeping tooling and development
cost, and development risk to a minimum. Unit cost, part count and lead time to
produce an individual blade were therefore of lesser importance than the overall
project cost. A scheme appropriate to this earlier developmental stage is shown in
Fig. 2. Whilst the relatively large number of mouldings and assembly stages means

Fig. 2 MW scale, variable pitch blade section—earlier example for proof of concept machines

Fig. 3 MW scale, variable pitch blade section—evolved for production
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that such a scheme would not be well suited to cost-effective volume production,
each moulding is in itself relatively straightforward to tool and manufacture.
Therefore tooling costs are relatively low, and the chances of project costs bal-
looning due to development trouble are minimised.

The requirements of a blade designed for volume production are significantly
different. By the time developers contemplate volume production, they should be
more robustly funded and understand that it is necessary to absorb higher tooling
and development costs, and some development risk in the quest for a low blade unit
cost. Therefore it is required of the blade designer to be more ambitious in terms of
the mouldings produced. Figure 3 shows substantially the same configuration as
Fig. 2, but consists of 3 mouldings as opposed to 8. Although this development will
assist greatly in the achievement of reduced blade unit cost and lead time, the
mouldings are not as simple to engineer. In particular, the development of a suc-
cessful single piece box-spar concept absorbed many hours of engineering time and
the creation of several sub-scale prototypes.

Qualification of Materials and Structure

The general approach to the design and qualification of tidal energy blades calls for
the design process to be synchronised with a ‘pyramid’ type test programme
(Fig. 4) to determine or confirm relevant material and component properties and
performance.

As such, the results of a large number of small, relatively cheap coupon tests are
built upon by increasingly complex element, detail and full-scale structural tests. As
the complexity of the test increases, so the number of tests diminishes.

In general, the lower levels of the pyramid (1 and 2) will tend to inform the final
design, and the higher levels (3 and 4) serve primarily as confirmation that the final
design and underlying data and assumptions are adequate.

Fig. 4 Typical test pyramid
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Perhaps unsurprisingly, the execution of a test programme is not without com-
plication. Bearing in mind the size of tidal blades (8–9 m in length) and the heavy
loading they endure (several MNm in terms of root bending moment), it may not be
possible to locate a facility suitable for and willing to conduct a full-scale ‘level 4’
test. Wind blade test facilities are generally unsuitable, as they tend to employ
winches for static loading, and resonant frequency excitation to induce fatigue
loading.

In comparison to wind blades, tidal blades are relatively short and stiff, which
means that it would be difficult to adequately control the applied load with winches.
Furthermore, resonant frequency excitation is out of the question as a means of
inducing fatigue, as the fundamental flap frequency of a tidal blade is much higher
than the loading frequency at which mechanically induced heating would be
expected in the structure. When it first became necessary to conduct a MW-scale
blade test, AEL, therefore, found it necessary to build its own static test frame
(Fig. 5). Load is distributed as appropriate along the length of the blade using a
series of hydraulic rams and spreader beams, and the frame may be disassembled
for storage. To date, static load tests have been successfully conducted at AEL on 2
separate blade designs.

But it is not just at the ‘full-scale test’ end of the test programme that compli-
cations are found. With regard to the effects of seawater saturation, it is generally
far more practical to consider these at an early stage in the qualification process—
typically as a part of the level 1 test programme. However, a seawater-ageing phase
is usually very difficult to fit in the development programme for a new product
(Fig. 6): One set of mechanical test coupons would normally be tested in the air
with no ageing. Another set would be aged for several months at 45 °C in natural
seawater, before mechanical testing in air. The design values would then be based
on the least favourable data, adjusted as appropriate depending on the results of the
level 2 programme. Coupons are designed to be as thin as possible (to minimise

Fig. 5 Tidal energy blade static test at AEL
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time to saturate) but there are other considerations that limit achievable ‘thinness’
such as the avoidance of buckling in the case of compression tests, or the need to
produce balanced and symmetrical laminates with what can be relatively thick plies.

The MARINET ‘SEADEG’ study was instigated as a collaborative effort
between IFREMER, the University of Bristol and AEL to determine whether there
exists any scope for further accelerating the seawater ageing of composite coupons.
It follows that success in this aim could dramatically reduce the timescales required
for the execution of the level 1 programme.

Another complication is the choice of a test environment for the level 1 tension
fatigue coupons aged in seawater. The effect of the marine environment on the
durability of composite materials has been studied in some detail since the work of
Smith et al. [1]. Recent references [2–4] give an overview of current knowledge.
Seawater ageing is known to result in potentially substantial reductions in the
tensile strength [5] and tension fatigue performance of glass fibre composites tested
in both air [6, 7] and seawater [2, 8]. Kosuri and Weitsman [9] showed that the
tension fatigue performance of seawater-aged carbon composite laminates
(AS4/3501-6 [0/903]s) may also depend on the test environment. They found that
some laminates, when aged in seawater and then fatigued also in seawater
demonstrated reduced performance when compared to those aged in seawater but
then fatigued in the air. The proposed mechanism for this accelerated degradation
(Fig. 7) is additional to the ageing affect that is normally quantified during materials
qualification programmes as follows:

#1 -Transverse cracking of off-axis plies early in the fatigue life of a multiaxial
laminate.
#2 -Water ingresses into transverse cracks as they open up under tensile loading
#3 -Pressurisation of the water during unloading, causing delamination between
plies to grow more rapidly than would otherwise be the case.

However, the body of published experimental data relating specifically to this
effect appears to be very limited. Therefore the study also aimed to identify whether
such an effect would be apparent in a material/laminate typical of tidal energy
blades.

The following sections describe the detail and outcome of a work programme
undertaken to address some of the issues described above.

Fig. 6 Typical coupon testing timescales
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2 Study Objectives

The objectives set for the body of work described in this chapter were, therefore, as
follows:

• To determine whether the choice of conditioning medium (natural seawater or
deionised water) would affect the moisture absorption characteristics, fibre
direction tensile strength (r11T) and interlaminar shear strength (s13) of infused
and prepreg unidirectional glass/epoxy laminates. These two parameters were
selected as being good indicators, respectively, of fibre and matrix/interface
performance and degradation.

• To quantify the effect of pressure and temperature on the rate at which the
infused and prepreg glass/epoxy laminates absorb moisture.

• To determine whether the choice of the test environment (natural seawater or
air) would have a noticeable effect on the tension fatigue strength of [0/+ 45/0/-
45]s infused glass/epoxy laminates already aged in natural seawater until close
to saturation.

Fig. 7 Proposed mechanism by which fatigue testing in seawater may mechanically accelerate the
growth of delaminations
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3 Procedures

Materials for the programme were chosen to be typical of those used in the con-
struction of tidal blades.

Resins: As discussed in Sect. 1, the manufacture of tidal blades may require the
use of prepreg and/or infusion resins. Therefore the majority of this study was
conducted using representative examples of both.

Fibres/fabric: As discussed in Sect. 1, glass fibre would normally be selected
for tidal blade construction in preference to carbon fibre, unless the latter was
specifically required for its superior strength, stiffness or environmental resistance.
Therefore glass fibres were deemed most appropriate, particularly as their greater
sensitivity to environmental effects would make for clearer results. More specifi-
cally, the selected fabric comprised ‘Advantex’ fibres in a 567 g/m2 unidirectional
non-crimp format.

Test coupons were manufactured at AEL with an 80 °C ultimate cure temper-
ature, then shipped to IFREMER for conditioning and mechanical testing (Table 1).

In order to establish control data, Quasi-static mechanical tests (r11T & s13) and
tension fatigue tests (rXXT) were conducted on dry (un-aged) coupons according to
Table 2, (M1, M4a).

Table 1 Test matrix—coupon conditioning

Materials

ID Subject Medium Infused Prepreg Temperature
(°C)

Pressure
(bar)

No. coupons/test

Cla Effect of
conditioning
temperature
on laminate
weight gain
in natural
seawater

Natural
seawater

Yes Yes 4 1 3

Clb Yes Yes 25

Clc Yes Yes 40

Cld Yes Yes 60

Cle Yes Yes 80

C2a Effect of
conditioning
medium on
laminate
weight gain

Deionised
water

Yes Yes 40 1 3

C3a Effect of
conditioning
pressure on
laminate
weight gain

Tap water Yes Yes 40 1 3

C3b Yes Yes 500 5

C4 Weight gain
check for
thicker |0/
+ 45/0/-45]s
fatigue
coupons

Natural
seawater

Yes 40 1 1
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Coupon conditioning and regular weighing were carried out in accordance with
the procedures explained in Sect. 3.2. Weight gain coupons were aged according to
the conditioning matrix in Table 1 to establish the effects of conditioning temper-
ature (C1), conditioning medium (C2) and conditioning pressure (C3) on their
moisture absorption characteristics.

Quasi-static mechanical test coupons (r11T and s13) were conditioned in natural
seawater and deionised water at 40 °C for a period of almost 8 months. Tension
fatigue coupons (rXXT) were conditioned in natural seawater at 40 °C for
9 months. Mechanical tests were then conducted on these conditioned coupons
according to the test matrix in Table 2.

3.1 Design and Manufacture of Coupons

Test panels were manufactured using standard AEL methods, developed to be as
representative as possible of full-scale manufacturing processes. Prepreg panels
were manufactured by oven-curing the prepreg under the vacuum between a flat
tool and a caul plate. Infused panels were manufactured by vacuum-infusion of the
fabric stack between a flat tool and a caul plate. The panels were allowed to cure at
room temperature for approximately 24 h before transfer to an oven for final cure.

Subsequently, end tab strips were bonded to the tension (r11T) and fatigue
(rxxT) coupons using epoxy adhesive film and a 70 °C cure cycle. A water-cooled
diamond wheel saw was used to cut coupons from the panel.

Materials specifications for both the infused and prepreg coupons are shown in
Table 3. Coupon laminate details and dimensions are presented in Table 4.

Table 3 Material specifications

Matrix:- Infused Prepreg

567gsm Advantex SE2020 Unidirectional
non-crimp
(587gsm including carrier fibres and
stitching)

Reinforcement

Initial cure 24 h @ room temp N/A

Final cure 6 h @ 80 °C 6 h @ 80 °C

Tg onset (dry) *70 °C (DSC)a 89 °C (DMA)b

Tg peak tan delta *89 °C (DMA)a 101 °C (DMA)b

Typical cured ply thickness 0.442 mm 0.488 mm

Typical Fibre volume fraction (structural) 49.0% 45.6%

Typical Fibre volume fraction (total) 50.7% 47.2%
aData supplied by manufacturer for cure cycle with 24 h@ room temp, 16 h@ 50 °C, 2 h @ 80 °C
bData supplied by manufacturer for identical cure cycle
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3.2 Conditioning and Weighing of Coupons

Coupons (C1, C2, C4) were aged in either natural seawater or deionised water as
appropriate (Table 1). Tank capacity in each case was 170 litres. The temperature
was monitored and recorded, and the water was continuously renewed. The cou-
pons were weighed periodically on a Sartorius balance: After removal from the
tanks, excess surface water was wiped off with absorbent paper and the coupons
were weighed before being replaced in the tanks. The relevant mechanical test
coupons (Table 2, M2–M4) were aged in the same tanks, then removed at the end
of the ageing period and held at 20 °C in seawater or deionised water (corre-
sponding to the conditioning medium) until testing. To enable ageing under
hydrostatic pressure (C3b), coupons were placed in tap water in pressure vessels
inside temperature controlled ovens. Control coupons (C3a) were placed in a tap
water bath at the same temperature, in the oven next to the pressure vessel. All
measurements were made using equipment calibrated annually by a certified
external calibration company.

3.3 Mechanical Testing

Tensile tests were performed on a 200 kN electro-mechanical test frame according
to ISO 527. Interlaminar shear tests (short beam shear) were executed in accordance
with ASTM 2344. In both cases, tests were performed under displacement control
at 2 mm/minute.

Tension fatigue tests were executed on a 250kN servo-hydraulic test frame. The
chosen loading frequency was 1 Hz, after preliminary measurements made with an
infrared camera, (Fig. 8a), had indicated heating effects at higher frequencies in air.
Tests were performed under load control at R = 0.1 (cyclic minimum load/cyclic

Table 4 Coupon details

Coupon
type:-

Tension
r11T

(M1a-M3a)

Interlaminar
shear—s13
(Mlb-M3b)

Fatigue
rxxT

(M4)

Weight
gain
(standard)
(C1-C3)

Weight
gain (thick)
(C4)

Layup 04 05 [0/+ 45/0/-45]s 04 [0/+ 45/0/-45]s

Nominal width
(mm)

25 10 25 50 50

Overall length
(mm)

240 16 240 50 50

Gauge length
(mm)

120 12 120 N/A N/A
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maximum load = 0.1). A special fixture was built, (Fig. 8b) in order to perform
tests in seawater. This allowed temperature controlled natural seawater (25 °C) to
be circulated around the specimen during the test.

4 Results

4.1 Variation of Natural Seawater Temperature

Immersion tests of up to 2 years in duration confirmed the expectation that an
increase in conditioning temperature greatly accelerates the rate of coupon weight
gain (Figs. 9a, b). The infused coupons were seen to saturate at 0.9–1% weight
gain. However, in the case of the prepreg coupons, only the 60 °C curve seems to
have stabilised, appearing to reach saturation at 1.4% weight gain.

At all temperatures, the infused coupons were seen to reach saturation much
more rapidly than the prepreg. For both materials when aged at 80 °C, colour
changes and further changes in weight after apparent saturation were noted (weight
gain for the infused coupons, weight loss for the prepreg). This suggests that some
manner of material degradation beyond the physical effects of moisture ingress may
have taken place, (possibly oxidation) and appears to confirm the normal
assumption that coupons should not be aged very close to or exceeding the matrix
Tg, as this would risk altering the material in a manner unrepresentative of normal
service.

Fig. 8 Tensile fatigue test setup, a in air, with IR camera, b in natural seawater
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It is possible for both materials to normalise the time required to achieve a
certain weight gain at any temperature against the time required to achieve the same
weight gain at 40 °C (Figs. 10a, b). Linear relationships can be seen to exist
between the conditioning temperature and log[normalised time], particularly con-
vincingly in the case of the infused coupons.

Fig. 9 a—Weight gain of infused coupons in natural seawater—effect of conditioning
temperature. b—Weight gain of prepreg coupons in natural seawater—effect of conditioning
temperature
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4.2 Variation of Pressure and Conditioning Medium

The effect of increasing the ambient pressure from 1 to 500 bars is very limited for
both types of the coupon (Figs. 11a, b). For the infused coupons, the effect of high
pressure even appears to be to retard the initial rate of weight gain. It is suggested in
other work where strong pressure effects on diffusion kinetics are noted [10], and
that these effects are related to relatively high-laminate porosity. Considering the
logistics of a normal accelerated ageing programme, it is not too great a

Fig. 10 a—Time to weight gain normalised against 40 °C data—infused coupons. b—Time to
weight gain normalised against 40 °C data—prepreg coupons
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disappointment that the use of hyperbaric equipment has very little effect. The
practicalities of depressurising and re-pressurising the conditioning unit every time
access was required, and the likely capital and maintenance costs of the equipment
would be particularly onerous.

With regard to the effect of conditioning medium, initial rates of weight gain are
similar. However, it can be seen that coupons conditioned in deionised water will
ultimately achieve a greater weight gain than those conditioned in seawater
(Figs. 12a, b)

Fig. 11 a—Effect of pressure—infused coupons in tap water at 40 °C. b—Effect of pressure—
prepreg coupons in tap water at 40 °C
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4.3 Effect of Conditioning Medium on Mechanical
Properties

Both conditioning media clearly have an adverse effect on the tensile and inter-
laminar shear strengths of the infused and prepreg coupons (Figs. 13 and 14) with
the deionised water resulting consistently in greater degradation. This means that
changing the conditioning medium from seawater to deionised water would risk
building too great a seawater knockdown factor into the design allowables, possibly
resulting in an uncompetitive product. Note that the higher tensile strength of the
infused samples is due to the higher fibre content (see Table 3).

As all coupons were manufactured using the same fabric, it is worth considering
(Figs. 15 and 16) whether there could be a correlation between weight gain and
strength when normalised with respect to the dry values. If it were possible to

Fig. 12 a—Effect of conditioning medium on weight gain—Infused coupons at 40 °C. b—Effect
of conditioning medium on weight gain—Prepreg coupons at 40 °C
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identify a relationship independent of conditioning medium and resin option, it
could prove a very valuable aid to resin selection. A plot of the normalised tensile
strength (r11T) against weight gain at test (estimated from the weight gain coupon
data), does not show any correlation. However, if instead we plot r11T against
weight gain at saturation, then it is possible to observe a reasonable linear corre-
lation (Fig. 15) between these two parameters. Of course, the material close to the
surface will be saturated long before the coupon as a whole, so the observation does
make sense. However, we do not see such a convincing correlation when we plot
the interlaminar shear strength (sILS) against weight gain (Fig. 16), either at test or
saturation, and it should be noted that some authors have proposed more complex
correlations in the past [11].

Fig. 13 Fibre direction tensile strength—effect of 8 months ageing @ 40 °C

Fig. 14 Interlaminar shear strength—effect of 8 months ageing @ 40 °C
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(Note that the weight gain at saturation for the prepreg coupons in deionised
water was estimated by factoring weight gain at saturation in seawater by the ratio
of weight gain in deionised water: weight gain in seawater at the test.).

4.4 Effect of Ageing and Test Environment on Tension
Fatigue Strength of a [0/+ 45/0/-45]s Glass/Epoxy
Laminate

When tested after 9 months’ immersion in natural seawater at 40 °C, results show
that the seawater-aged tension fatigue coupons would have been saturated or very
close to saturation (1% weight gain). Figure 17 confirms that seawater ageing also

Fig. 15 Normalised tensile strength against weight gain

Fig. 16 Normalised ILS strength against weight gain
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has a notable adverse effect on the tension fatigue strength of a representative glass
epoxy laminate. However, in contrast to the findings of Kosuri and Weitsman [9] no
further degradation is noted that may be attributable to the change in test envi-
ronment from air to seawater. It should be noted that this study only applies to a
single laminate and that the complexity of fatigue failure mechanisms means that
this result may not be universally applicable. Of course, laminates including 90°
cross plies could be more susceptible to the proposed effect as a result of their
greater propensity toward transverse cracking, as could carbon/epoxy laminates
where delamination tends to play a greater role in fatigue degradation. In any case,
the experiment appears to demonstrate for glass/epoxy composites that the ageing
process is the main factor at play in terms of the environmentally induced degra-
dation of tension fatigue performance.

5 Conclusions

Bearing in mind the concerns discussed in Sect. 1 with regard to the seawater
ageing and testing of laminates for tidal blade construction, it is possible to draw
some very useful conclusions from this study.

• Ageing at high pressure should be ruled out as a means of accelerating the
ageing process. It does not meaningfully change the rate of ingress of moisture,
nor is it a particularly practical proposition.

• Ageing in deionised water may slightly reduce the time required to achieve a
given level of saturation, but it would also appear to have a greater adverse
effect on mechanical performance than ageing in natural seawater. Therefore,
natural seawater remains the conditioning medium of choice.

Fig. 17 Tension fatigue
performance of infused
glass/epoxy laminate, [0/
+ 45/0/-45]s, R = 0.1
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• The only practical option (of those examined) to further accelerate ageing would
be an increase in conditioning temperature. However, the benefits of such a
change could be significant; by increasing the standard conditioning temperature
towards 60 °C, seawater-ageing timescales could be reduced by a factor of three
or more. This is consistent with a 4 month saving in the duration of a qualifi-
cation programme. Of course, this would depend on the specific resin system
and Tg; care would need to be taken in setting a temperature limit below which
any degradation effects would be representative of those anticipated in normal
service.

• There can be significant differences between resins in terms of weight gain at
saturation, and time to saturate.

• There appears to be a linear correlation between weight gain at saturation and
fibre direction tensile strength normalised with respect to the dry value, for
coupons with identical Advantex glass reinforcement, but variations in matrix
and ageing medium,

• For a representative [0/+45/0/-45]s Advantex glass laminate, there is a signifi-
cant knockdown in terms of tension fatigue performance associated with ageing
in seawater However, there is no further knockdown associated with conducting
the fatigue test in seawater, as opposed to air.

6 Further Work

Before any change can be implemented in terms of conditioning temperature, it will
be necessary to verify that an increase in conditioning temperature (as required to
accelerate the ageing process) does not confer any unexpected effect on mechanical
performance. Furthermore, it would be interesting to follow up the observation of
linear dependency of normalised tensile strength on weight gain at saturation. There
could be significant beneficial implications for materials screening or qualification
programmes, should this relationship be shown to hold more widely.

It would also be worthwhile to extend the fatigue study to consider a greater
variety of laminates and materials, as it is possible that other aged laminates
(particularly those including 90° cross plies and/or carbon reinforced laminates)
could be more susceptible to accelerated fatigue damage when the fatigue test is
conducted in seawater.
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Influence of Composite Fatigue Properties
on Marine Tidal Turbine Blade Design

Vesna Jaksic, Ciaran R. Kennedy, David M. Grogan, Sean B. Leen
and Conchúr M.Ó. Brádaigh

Abstract The structural design of marine tidal turbine blades is governed by the
hydrodynamic shape of the aerofoil, extreme loadings and composite material
mechanical properties. The design of the aerofoil, chord and twist distribution along
the blade is generated to optimise turbine performance over its life time. Structural
design gives the optimal layout of composite laminae such that ultimate strength
and buckling resistance requirements are satisfied. Most structural design approa-
ches consider only extreme static loads, with a lack of dynamic load-based fatigue
design for tidal blades. Approaches for tidal turbine blade design based on dry and
immersed composite material fatigue life are studied.
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1 Introduction

In order to fully utilise the tidal blade structural material fatigue life it is necessary
to have information on its performance in marine environment for the full design
life of marine renewable energy devices (10–20 years). To date, however, there are
no reports available of experience with heavily loaded GFRP structures operating in
this environment. In addition, the literature on fatigue test programmes for the
composite materials that will be used in marine renewable energy devices is limited.
Consequently, designers of these devices are forced to be quite conservative in their
structural design, leading to increased cost. A comprehensive fatigue life model for
composite blades, incorporating realistic hydrodynamic loadings, cyclically varying
blade stresses and wet composite material fatigue properties, will therefore be very
valuable for tidal turbine designers. In this regard, the aim of the study is to quantify
the degradation in fatigue strength of composite materials due to water uptake and
to predict the degradation in tidal turbine blade life due to water saturation.

1.1 Tidal Energy

Tidal energy is gaining increased attention due to its predictable nature as renew-
able energy source. The efficiency of tidal power is around 80%, much greater than
coal, solar or wind. The geographic distribution of tidal energy resources around the
world is presented in Fig. 1 [1].

Fig. 1 World tidal energy patterns [1]
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The map shows that there is considerable tidal energy-harnessing potential
around the coastlines of the UK, Ireland and France, among others. The total
theoretical tidal energy resources available in broad geographic areas around the
UK (Fig. 2) are estimated to be 216 TWh/year [2] while estimated Irish resources
are 230 TWh/year [3]. However, technological limitations, physical, environmental
and commercial constraints will make extraction of all this available energy
impossible. However, taking into account the ocean energy projects which have
been awarded funds, Europe could see up to about 57 MW of tidal energy capacity
installed operational by 2020 [4].

1.2 Composite Tidal Turbine Blades

Despite the predictable nature of tides, tidal current intensity and variability over
small geographical areas cannot be foreseen [5]. Turbine rotors are the part of tidal
device structures that are most sensitive to harsh marine environment, extreme
weather and turbulence flows [6, 7], as well as having to withstand erosion due to
ice, sand and floating trees. Tidal turbine blades are subject to water ingress and
saturation during the device employment period [8]. The blade failures on a number
of prototypes highlight the need for design that will withstand the expected
hydrodynamic loads [9, 10]. Experience shows that blade failure due to environ-
mental loading often happens in short periods. Structural health monitoring of tidal

Fig. 2 Wave and tidal power distribution and energy map—UK [2]
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blades on seabed-mounted devices, in particular, is difficult and expensive and in
the case of damage, costly lifting vessels need to be employed.

Hence, tidal blades require high static and fatigue strength. This implies the
necessity to use thick composite sections or higher strength reinforcing fibres
(carbon). Glass fibre-reinforced polymers (GFRP) such as epoxy or vinyl ester are
commonly used for tidal blades due to their good properties, e.g. high strength,
corrosion resistance and low cost. However, the research on the potential of using
carbon fibre-reinforced polymers (CFRP) in tidal blade design [9, 10] is ongoing
[11]. The polymers normally used in GFRP can absorb up to 5% water by weight
when immersed for long periods and this can reduce the tensile strength of the
material more than 25% [12]. Material properties and design impact the life
expectancy, and hence energy production from tidal turbines [13]. Furthermore,
blade development affects the load and cost of other components.

1.3 Modelling of GFRP Fatigue Life

Composites are a natural choice for turbine blades but there is little test data
available on material behaviour under coupled environmental and cyclic loading.
An extensive review of modelling of fatigue in GFRP has divided the work into
three broad approaches [14]. First is a testing approach where life predictions are
based on test data of the exact or similar material; second is the phenomenological
approach where predictions are based on the stiffness and residual strength beha-
viour; and third is a progressive damage approach where damage in the unidirec-
tional (UD) lamina is predicted and incremented until a final failure state is reached,
thereby predicting fatigue life. The testing approach to fatigue life estimation is by
far the most widely used [15, 16]. The technique is constantly being refined to
include effects like spectrum loading and complex constant life diagram
(CLD) results [17]. Stiffness of GFRP laminates degrades by between 10 and 20%
during fatigue cycling. The main drawback of the models discussed up to this point
is their lack of flexibility in dealing with different laminate layups and/or loading
patterns. Micromechanical approaches that predict the response of the laminate
based on damage mechanisms in the individual UD plies offer a potential solution.
The simplest approach is to degrade the matrix properties based on observed levels
of cracking [18] and use classical laminate theory (CLT) to integrate the results.
Others have considered two damage mechanisms, namely matrix cracking and
interlaminar delamination [19].
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2 Blade Hydrodynamic and Fatigue Model

2.1 Tidal Turbine Blade Design Assumptions

The preliminary design of the tidal blade assumes that device operates in a steady
flow. The device configuration considered for the modelling and benchmarking is
based on a wind turbine, i.e. a machine which has a horizontal axis oriented up-tide
and has three pitch-regulated (PR) blades [20]. Hydrodynamic design of tidal tur-
bine blades can be expected to follow a similar pattern to that of wind turbine blades
[9, 21]. Hence, the Blade Element Momentum (BEM) theory is employed for a
blade hydrodynamic modelling [22, 23]. In this regard, a preliminary design
methodology is presented, based on a minimum number of input parameters, in
order to predict the fatigue life of the blades [24, 25].

2.2 Turbine Blade Fatigue Design Methodology

The preliminary fatigue design methodology for GFRP tidal turbine blades consists
of a number of separate models, combined to facilitate the hydrodynamic and
structural calculations required (Fig. 3).

The first module in the design process algorithm is a tidal model which predicts
the tidal current speed at any time for specified local tidal velocities [9, 24]. The
output from this tidal model forms a key input to a hydrodynamic model, which in
turn computes the radial distributions of local relative blade-fluid velocities, axial
and tangential blade forces, optimum chord length, and pitch angle. The subsequent
structural module, based on development of a finite element model of the blade, and
driven by the output from the hydrodynamic model, is then employed to

Fig. 3 Algorithm of tidal turbine blade design methodology
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characterise the strain distribution in the turbine blade. The fatigue model accounts
for each rotation of the blade explicitly and determines the maximum strain in the
blade for each cycle. It then takes that maximum strain, compares them to exper-
imentally determined strain–life curves for immersed and dry materials and obtains
a damage fraction for that cycle [13].

The method can be applied to the preliminary investigation of a number of
design aspects for tidal turbines. All of the models used in the methodology are
relatively simple and can be quickly processed. This allows adjustment of the key
parameters in order to study the effect of changes in the device design and per-
formance. The model takes into the account the experimental results of fatigue
testing on GFRP laminates, manufactured using materials and processes which are
the current state of the art used in marine renewable energy devices.

2.3 Tidal Model

The tides are the result of interaction of the gravity of the sun, earth and moon. The
fall and rise of tides create kinetic energy. The first module in the design process is
a tidal model, which predicts the tidal current speed at any time for specified
measured local tidal velocities (Fig. 4). The water speed depends on the local
topography, but if the spring (highest tides) and neap (lowest tides) maximum
velocities are measured, the full cycle can be approximated by a combination of a
semi-diurnal sinusoid and a fortnightly sinusoidal function [26, 27]. The output
from the tidal model forms a key input to a hydrodynamic model.

Fig. 4 a Typical tide height pattern around Ireland [28] and b Sinusoidal model output for water
velocity
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2.4 Hydrodynamic Model

The hydrodynamic model (HDM) generates an optimised blade shape for any size
turbine when given water velocity (generated by tidal model) and number of blades.
It also calculates the forces that are exerted on the single blade by the water flow.
The HDM is based on a stream tube or blade element momentum approach [29, 30]
(Fig. 5). Hence, for each stream tube (radial distribution of the blade), local relative
blade-fluid velocities, axial and tangential blade forces, optimum chord length, and
pitch angle can be calculated. Furthermore, the model predicts the maximum power
output, torque and bending moment at the blade root at the chosen water velocity.

The lift and drag forces can be estimated to a first-order approximation using a
stream tube momentum model. The model (Fig. 5) assumes a series of isolated
concentric tubes within which momentum loss is in balance with the forces acting
on the blade. The fluid forces on the blades (for steady-state operation), inside any
stream tube, must equal the momentum lost from that stream tube.

The lift force (L), perpendicular and drag force (D), parallel to the fluid velocity,
generated by a stream tube on the blade section inside it [24], can be calculated:

L ¼ 1
2
CLV

2
r qSDR ð1Þ

D ¼ 1
2
CDV

2
r qSDR; ð2Þ

where CL and CD are the coefficients of lift and drag for the aerofoil selected [31],
Vr is apparent or relative velocity seen by the blade (Fig. 5), q is the density of the
fluid, S is the chord length of the blade at the stream tube radius and DR is the radial
thickness of the stream tube. The axial (thrust) force, FA, and the tangential (torque)
force, FC, acting on the blade by observed stream tube can be obtained:

FA ¼ L cos hþD sin h ð3Þ

Fig. 5 Schematic of
hydrodynamic model concept
showing one of the
n concentrically stacked
stream tube annuli and the
associated fluid flows [24]
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FC ¼ L sin hþD cos h; ð4Þ

where h is the angle between the relative velocity and the plane of the rotor.
The input data for the HDM are water velocity, density, viscosity and initial

velocity at the exit, number of blades, outer and inner diameter of the stream tube,
RPM, CL, and lift to drag ratio. Figure 6 shows an example of the radial distributions
of FA and FC versus radius as predicted by the hydrodynamic model. Control sys-
tems have a significant effect on the forces and moments in a tidal turbine blade, by
regulating the power absorbed by the turbine during high water velocity operation.

2.5 Finite Element Analysis Model (Static)

A finite element model (FEM) in conjunction with a fatigue life model (FLM) is
used to characterise the strain distribution (i.e. maximum strain) in the turbine blade
and estimate blade fatigue life. The example of the FEM modelling of tidal blade is
given in Fig. 7.

Fig. 6 Radial distributions of
axial (FA) and tangential (FC)
forces from hydrodynamic
model at 2.6 m/s water
velocity

Fig. 7 Finite element model
of a tidal blade (top) and
flapwise deflection of the
blade due to a tidal stream
velocity
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The maximum strains at each blade section are calculated [9] using the stiff-
nesses predicted from the software code PreComp [32] and the bending moment
distributions predicted by the hydrodynamic model. The flapwise strains in the spar
caps are significantly larger than the edgewise strains due to the large thrust forces
on the blade. This static design approach can be used to compare the efficiency of
using carbon fibre-reinforced polymers (CFRP) with the baseline GFRP. An
example of predicted flapwise strain distribution along a 12 m length blade, for
extreme and normal load cases, shows greater strain for the GFRP than for the
CFRP spar caps (Fig. 8). The research shows that even when using thicker lami-
nates (over 100 mm), the calculated strains are of the same magnitude as the failure
strains of the material. Hence, the risk of failure over the lifetime of the turbine is
significant [9]. The use of CFRP increases the static margin of safety in the blade,
when compared to GFRP. This becomes important since high tidal velocities (up to
4 m/s) could occur and the effect of seawater degradation of the fibre matrix
interface is likely to reduce the stiffness of the GFRP over the lifespan of such a
device [8, 33]. Hence, the stiffness of the blade can be improved and the mass
reduced by introducing a CFRP spar cap, for instance.

2.6 Fatigue Loading of Blades

The fatigue model focuses on the highest tensile strain in the blade, which is
predominantly attributed to the flapwise bending-induced strain. Each cycle of the
tide (2 per day) causes a slow increase and then a decrease in the maximum strain
on the blade. The blade experiences a cyclic load for each revolution of the
machine, caused by the blocking (‘shadow’) effect of the support tower (Fig. 9).

Fig. 8 Maximum flapwise strain in the blade’s spar caps, using GFRP and CFRP, calculated
using PreComp [34] for tidal stream velocities of a 4.1 m/s and b 2.4 m/s [9]
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Experiments with scaled models of tidal turbines in a wave tank have found
flapwise bending moment amplitudes of 50% [35]. This corresponds to a fatigue
loading R-ratio (eMin/e Max) of 0.5 [24].

2.7 Blade Fatigue Model

The major strains in the blade are directly proportional to the flapwise bending
moment, considering the material in the turbine blade to be essentially linearly
elastic. Therefore, the maximum strain at any time j is

emax;j ¼ emax;sp
Mf mj

� �

Mref

� �2

; ð5Þ

where Mf(mj) represents the functional dependence of bending moment on tidal
current velocity, Mref the reference bending moment and eref the maximum strain in
the blade when the reference moment is applied corresponding to a specific ref-
erence velocity Vref. The fatigue model has two components caused by two types of
load (strain cycles). The first sums the damage due to the strain cycles caused by the
low-frequency semi-diurnal tidal cycle, which implicitly includes the lower fre-
quency 14-day tidal cycle effect, while the second is caused by the higher frequency
cycles, due to the tower shadow effect.

Fig. 9 a Tower shadow on downstream 3-bladed tidal turbine and b Schematic of tower shadow
effect (50%) on maximum strain in the turbine blade

204 V. Jaksic et al.



3 Finite Element Analysis (Damage Model)

In the FE model of the blade, for a particular integration point, the damage fractions
are summed to find the 7-day damage and hence the turbine life, using a Miner’s
rule approach [36]:

D7�day ¼
XN7�day

k;tide

1
Nf ;k

þ
XN7�day

j;rev

1
Nf ;j

; ð6Þ

where Nk is the number of tidal movements during the 7-day period, Nj is the
number of turbine revolutions during the 7-day period, Nf,k and Nf,j are the numbers
of cycles to failure for a given combination of mean and alternating strain during
each tide and revolution, respectively, k is the increment of tidal cycles, and j is the
increment of revolutions of the turbine. Hence, the blade life in years can be
obtained as follows:

Blade lifeyears ¼ 7:38
365:25D7�day

; ð7Þ

where 7.38 is the exact length of the 7-day period used (1/4 of a synodic month) and
365.25 the length of a year in days.

4 Manufacturing and Testing

The structural properties of GFRP materials depend on orientation of the fibres,
polymer type and fibre/polymer volume fraction. One of the main advantages of
fibre-reinforced materials is the ability to align the strong, stiff fibres with the main
loads and thereby use the material to its maximum advantage. There are situations,
however, particularly in relation to emerging technologies, e.g. marine renewable
energy, where the loads are not very well understood and are complex and mul-
tidirectional in nature, for which quasi-isotropic (QI) laminates can be used.

The multidirectional nature of laminates complicates the fatigue damage
mechanisms. Matrix cracking parallel to the fibres or inter-fibre failure (IFF) is first
seen in the most off-axis plies under tensile loading. Ultimate IFF cracking takes
place in the first 25% of fatigue life and the significant drop in stiffness is complete
with only a minor reduction in stiffness after this point. However, fatigue strength
reductions do not follow the changes in static strength since the damage mecha-
nisms are different in fatigue [37].
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4.1 Coupon Manufacture

The vacuum-assisted resin transfer moulding (VARTM) process was used to lay up
800 mm squares of [(45°/135°/90°/0°)2]s laminates infused with epoxy or vinyl
ester resin using (Fig. 10a).

The E-glass fabric used (Ahlstrom#42,007, Ahlstrom Corporation, Helsinki,
Finland) is a biaxial non-crimp form with 2 plies (each 300 g/m2) stitched together
at 90°, while the 45°/135° plies were obtained by cutting an 800 mm square at a 45°
angle biaxial fabric used for the 0°/90° plies. Eight layers of the fabric were stacked
on the mould to create the 16 ply laminate. Resin feed tubes, vacuum tubes and
spreader manifolds were placed on top of the stack of fabrics and a layer of breather
fabric laid over the top of the entire surface to provide a path for the resin to spread
across the laminate. A vacuum bag was laid over and sealed around the edges of the
mould with a synthetic rubber sealant tape and the resin feed and vacuum tubing
were brought out through the seal. The vinyl ester resin, Scott Bader VE676-03
(Scott Bader Company Ltd., Wellingborough, UK), was mixed with 2%
Accelerator G, and then 2% Trignox 239 catalyst (Akzo Nobel N.V., Amsterdam,
The Netherlands) was added and mixed thoroughly. The resulting mixture was
allowed to stand for 5 min to degas before introduction into the fabric stack. It took
approximately 25 min, at 18 °C room temperature, to infuse into the 0.8 m
0.8 m � 3.75 mm laminate. The process was repeated to manufacture the

Fig. 10 Coupon manufacturing and testing. a Vacuum-assisted resin transfer moulding process;
b Saturated specimens immersed in tap water (using acrylic tube with O-ring seal and polythene
pouch with waterproof tape) during testing; and c Instron 8801 fatigue test machine
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epoxy/E-glass laminates (the hand lamination formula of Ampreg 22 with slow
hardener—Gurit Holding AG, Wattwil, Switzerland). Since this resin is more
viscous than is optimum for resin infusion, the viscosity was lowered by increasing
the temperature to 27 °C and it took an hour to infuse into the laminate.

The vacuum continued to be applied for a number of hours after infusion, until
the resin had set and after a room temperature cure for 48 h, the laminates were
oven cured at 80 °C for approximately 4 h. Fibre volume fractions of 50% were
achieved at an average thickness of 3.75 mm. The laminates were cut into
25 � 250 mm coupons (Fig. 10b) using a water cooled, diamond-tipped, rotary
saw under controlled feed rate.

4.2 Fatigue Testing

An Instron 8001 test machine with 8800 controller was used for fatigue testing
(Fig. 10b, c), applying a sinusoidal force–time history in tension–tension mode
(R = 0.1), at frequencies of between 3 and 6 Hz. All static tests and a small number
of fatigue tests were carried out on an Instron 8500 test machine with an 8800
controller. The gripping pressure on both machines was adjusted to 50 MPa and
100 MPa for fatigue and static tests, respectively. The fatigue test frequency was
decreased to maintain a constant rate of strain application as the strain level
increases ensuring that the coupon does not overheat. A fan was also used to cool
the coupon during testing. A radiation thermometer measured less than 10 °C
temperature rise in surface temperature during the highest stress cycling test. The
temperature in the test room with the 8001 machine was maintained at 21 °C and
with the 8500 machine varied between 15 and 19 °C. Five coupons were tested at
each of four separate stress levels (Fig. 10c). Approximately, twenty coupons of
each material were tested over a range of maximum stress levels that caused the
coupons to fail between 100 and 10 million cycles. The number of cycles to failure
and the maximum fatigue strain applied to each coupon was recorded, producing a
strain–life (e-N) curve. A power law relationship between maximum initial strain
(emax,i and fatigue life is

emax;i ¼ AN�B
f ; ð8Þ

where Nf is the number of cycles to failure, and A and B are constants for power law
fit to fatigue data.

Vinyl ester/E-glass has a number of advantages over the epoxy/E-glass material
used, e.g. lower cost and increased resistance to water penetration. However, the
epoxy resin shows superior fatigue performance over the vinyl ester resin. The
strain–life fatigue test results for the epoxy/E-glass and vinyl ester/E-glass materials
along with the corresponding power law curve fits, Eq. (8), are presented in Fig. 11.
During the testing, epoxy proved to be more tolerant to the cracks and minor
delaminations (appear at the edges of the coupon during testing). Furthermore,
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applying experimental fatigue data for both of the materials in the fatigue model
and integrating with respect to time history of tidal velocity, it is predicted that the
maximum strain in a vinyl ester blade must be 29% less than in an epoxy blade, to
achieve the same fatigue life.

5 Effects of Water Saturation

GFRP tends to absorb a small amount of water, typically less than 5% [12]. The
water diffuses into the polymer matrix, changing its mechanical properties. The
water fills any small voids and tends to dilute any unreacted constituents of
the polymer, while the resulting osmotic pressure can cause damage to the laminate,
i.e. stress corrosion cracking (SCC) of the fibres may occur.

The materials and processes have been chosen to create state-of-the-art GFRP
laminates in order to perform accelerated ageing on these laminates at a low
temperature, and testing in order to reliably mimic the water saturation level found
in an operating tidal turbine blade as described in Sect. 4.1.

5.1 Accelerated Ageing Procedure

Accelerated ageing was used to simulate the effect of approximately 20 years in
cold seawater by immersing the QI specimens, with either epoxy or vinyl ester

Fig. 11 Test results for
Quasi-Isotropic
(QI) laminates (R = 0.1)

Table 1 The list of the materials tested and ageing procedures used

Material Vf Thickness
(mm)

Immersion ageing
(mths)

Stress aged
(mths)

Vinyl ester/E-glass 50% ± 2% 3.75 40 °C/30 21

Vinyl ester/E-CR glass 60% ± 2% 4.22 40 °C/20

Epoxy/E-glass 50% ± 2% 3.75 30 °C/29
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matrix reinforced with E-glass or E-CR glass (Table 1), in warm (30–40 °C) water
for up to 2.5 years [13]. Movement of moisture by diffusion into the polymer resin
and damage processes within the composite was accelerated by increasing the
temperature of the material.

Figure 12 shows a plot of the acceleration factors for epoxy with the diffusion
constants that result from combinations of operating (reference) temperatures and
accelerated ageing temperatures [38]. 12 °C has been chosen as the design oper-
ating temperature for a tidal turbine operating off the coast of Ireland. The graph
shows that the 20 and 30 °C ageing temperatures will cause diffusion-controlled
processes in epoxy/E-glass composites to proceed approximately 3 and 10 times
faster, respectively, than at the 12 °C operating environment. The water tempera-
ture for vinyl ester ageing was increased to 40 °C, which results in an acceleration
factor of 10 [13, 38]. Hence, immersing vinyl ester glass composite in a water bath
at 40 °C for one year will cause damage equivalent to 10 years in 12 °C seawater.

Two tap water baths with heater stirrers (heated water is distributed throughout
the entire tank) were used during the specimen age-immersion process. One tank
contained the epoxy/E-glass coupons and was maintained at 30 °C. The other heated
tank contained vinyl ester/E-glass coupons and is maintained at 40 °C. A third
unheated tank is used to age both the epoxy and vinyl ester composites at room
temperature. The maximum water circulation around the coupons was allowed while
they were supported evenly, so that there were no unwanted stresses generated in
specimens during the saturation. Each of the coupons was weighed on a mass
balance and the weight recorded before it was placed in the tank. The average

Fig. 12 Predicted acceleration factor for epoxy/E-glass composite due to ageing water
temperature
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weights for the Epoxy/E-glass and Vinyl ester/E-glass coupons were 43.872 g
(4.1% variation) and 43.596 g (1.4% variation), respectively. The coupons were
reweighed before testing (after the immersion ageing period) to establish the amount
of water that had been absorbed during ageing.

5.2 Stressed Immersed Testing

Figure 13a shows a vinyl ester/E-glass coupon installed in a stressed test config-
uration. The main component of this rig is a heavy duty die spring (Berger
R50-203, Berger Tools Ltd., Kemsing, Kent, UK), with a spring rate of 117 N/mm.
The end cap of the stressing mechanism transfers the load from the die spring end
into stainless steel pin. The end cap has a slot machined in it to allow a 25 � 4 mm
coupon to pass through. The coupon was modified slightly to work with the
mechanism by having an 8–mm-hole drilled on each end. During assembly of the
mechanism the spring was compressed by 34.2 mm and trapped between the end
caps and pins inserted in the holes in the coupon, thereby applying a 4 kN load to
the composite coupon. This resulted in a stress of 42.7 MPa and a strain of 0.21%
in the 25 � 3.75 mm QI vinyl ester/E-glass coupons. Before each of the ten cou-
pons is assembled into the stressing rig, they were fatigued in air for 10,000 cycles
between 0.8 kN and 8 kN. This load level was chosen to cause cracking in the 90°
plies of the material in order to mimic the damage expected to occur in service. Five
of the stressed coupons were immersed in 40 °C water for 20 months, while the
other five were stored in insulated conditions at the same temperature as the water
bath. The fatigue testing setup is shown in Fig. 13b while the testing procedure is
described in Sect. 4.2.

Fig. 13 a Stressing
mechanism for stress ageing
of GFRP coupon and
b Immersed fatigue test setup,
polyethylene pouch with
waterproof tape
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5.3 Water Uptake During Immersion Ageing

The rate of water absorption at 30 °C and 20 °C (room temperature) by the
epoxy/E-glass coupons is shown in Fig. 14a. The results show that the coupons
immersed in the 30 °C ageing tank absorbed water more quickly than those at room
temperature, becoming saturated at 0.6% moisture. This is expected as the higher
temperature in the ageing tank triggers the higher diffusion of the water molecules.
On the contrary, the coupons at room temperature had not become saturated by the
end of the immersion period. The results of the vinyl ester/E-glass coupons
immersion show the same trend (Fig. 14b). The vinyl ester/E-glass coupons
immersed in 40 °C water for 21 months on average absorbed 0.16% of their
weight. As previously observed, the lower immersion temperatures resulted in
slower saturation of the specimens.

The amounts of water absorption by the epoxy and vinyl ester composite cou-
pons are significantly lower than previously reported in the literature [39, 40]. There
are two possible reasons why this phenomenon occurred: (a) the particular poly-
mers chosen for this work are for use in immersed applications, thus they have been
developed to minimise water absorption, and (b) the laminates from which the
coupons were taken had a low void content.

Fig. 14 Weight of water absorbed by a Epoxy/E-glass and b Vinyl ester/E-glass composite
during water immersion ageing
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5.4 Effects of Water Saturation on Fatigue Life
of E-glass/Epoxy

Constant amplitude fatigue testing of both dry and wet coupons established the
stress–life curves for the materials and thereby quantified the degradation in the
fatigue strength due to water saturation of the materials. The results of fatigue
testing epoxy/E-glass QI coupons in tension–tension mode (R = 0.1) for the wet
and dry coupons are shown in Fig. 15. The dry coupons were stored at room
temperature for 20 months and tested in air at room temperature, while the wet
coupons were immersed for 20 months in 30 °C water and tested while immersed,
in the water pouch (Fig. 13b), at room temperature. The results show a drop in
fatigue strength for the water aged and immersed coupons compared to the coupons
which were aged and tested in normal room temperature air. At high stresses the
wet aged fatigue strength decreases by 20–25% and at high cycles the wet aged
strength is 8% below the fatigue strength of the dry material. The actual change in
fatigue life of a structure will depend on the spectrum of fatigue cycles loads it
experiences while it is in service. It is observed that during fatigue testing all the
immersed coupons broke in the zone that was actually immersed in water within the
pouch which indicates that it is important to keep the coupons wet during testing for
best representation of the immersed failure condition, as any drying that takes place
during the testing tends to be accompanied by a recovery in strength.

Fig. 15 Stress–life curves for wet and dry epoxy/E-glass in R = 0.1 fatigue tests
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5.5 Fatigue Modulus Reduction in Wet and Dry GF/Epoxy

The fatigue modulus is monitored during the fatigue tests on the dry and wet
coupons. The evolution in fatigue modulus over the life of wet and dry coupons at
three different load levels shows that wet coupon stiffness decays in the same way
as the dry coupons during fatigue cycling (Fig. 16). The only significant difference
between the behaviour of the wet and dry coupons during fatigue cycling is that the
wet coupons consistently fail at a lower number of cycles.

6 Tidal Turbine Blade Design Example

6.1 Tidal Blade Model

The following design example is based on 3-bladed downstream, free-yaw tidal
device with a 5.0 m rotor radius, operating in a 2.6 m/s tidal current velocity, and
with approximately 330 kW production capacity. The input parameters for the
HDM (generated by tidal model) are shown in Table 2.

6.2 Hydrodynamic Model

The algorithm of the HDM, as described in Sect. 2.4, is shown in Fig. 17. The
design of the aerofoil (chord and twist distribution along the blade) is found so that
the turbine has the optimum performance over its lifetime. The blade is divided into

Fig. 16 QI epoxy/E-glass Modulus degradation during fatigue cycling at R = 0.1
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number of sections (stream tubes). The HDM performs adjustments of the chord
length until the moment balance is achieved, after which the process is repeated for
all remaining stream tubes. For the set of input parameters (Table 2) model gen-
erates the radial distribution of blade chord length, pitch angle, tangential and axial
forces, and power. In this example, the chord length at the blade root is 1.25 m with
the pitch angle 20°, while the chord length at the tip is 0.75 m with the pitch angle
4°. FA increases linearly with increasing radius, from 0.7 to 2.3 kN at the extreme
blade radius, and is significantly larger than the (power-generating) FC, which
increases with the radius from 320 N to 410 N at the extreme blade radius (Fig. 6).
These forces cause a flapwise bending moment of 150 kNm and edgewise bending
moment of 35.7 kNm, respectively, at a 1.5 m radius from the rotor centre.

Table 2 Parameters for base
case hydrodynamic model

Parameter Value

Water velocity 2.6 m/s

Number of blades 3

Router 5.0 m

RPM 16

CL 1.0

L/D 70

Angle of attack 7°

f 0.333

Water density 1025 kg/m3

Water viscosity 0.0,013,155 Pa/s

Rinner 1.5 m

Fig. 17 Summary of hydrodynamic model method
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6.2.1 Pitch-Regulated Tidal Turbines

In order to regulate the turbine power during high water velocity, control systems
are used to manage forces and moments on the tidal blade. The HDM is used to
simulate the two options for controlling power in tidal turbines, pitch-regulated
(PR) and stall-regulated (SR). PR is a system which modifies the lift coefficient
(CL), i.e. the forces on the blade, by rotating the entire blade about its axis. SR
blades are designed with a radial variation of pitch angle so that the angle of attack
over a section of the blade exceeds the stall angle and lift drops off, reducing the
forces on the blade, with tidal velocity increase [41]. An operational range of
velocity for tidal currents is typically 0.75 to 3 m/s (exceptionally 4 m/s). For this
example the operational environment is such that both control systems produce the
same flapwise moment [42].

The maximum theoretical power levels for SR and PR turbines and the energy
produced by each turbine per year are calculated using the HDM [24]. The energy
output of the PR turbine is matched to that of the SR turbine to enable an objective
comparison with the respect to damage accumulation. This is achieved by identi-
fying the threshold value of water velocity for pitch control, above which blade
pitch is controlled to give constant power. Figure 18a, b shows the power and thrust
moment curve for a PR and SR tidal turbine, respectively. These turbines would
have similar energy output in a year at 3.05 m/s current speed.

6.2.2 Effect of Control Strategy on Bending Moments

The maximum fibre strain at any water velocity, given the flapwise bending
moment at that water velocity and the assumption of linear elasticity in the blade,
can be computed using Eq. (5) given in Sect. 2.7. The predicted dependence of
bending moment near the root of the blade on water velocity, due to thrust forces
calculated by the HDM, for a PR, an SR and an unregulated tidal turbine is shown

Fig. 18 Power and thrust moment of a pitch- and b stall-regulated tidal turbine operating in
different flow regimes
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in Fig. 19. The turbines operate in the water velocity regime where all three control
systems produce the same flapwise moment (Sect. 6.3).

6.3 Structural /Finite Element Model

The aerofoil shape has been simplified (Fig. 20a) for structural modelling, by a
piecewise linear equivalent keeping the same section thickness, 24% of chord
length (Fig. 20b). The two shear webs have been inserted into the aerofoil shape
creating a box section which becomes the structural core of the blade. The top caps
and shear webs of the box are 35 and 12 mm thick near the root (at 1.5 m radius)

Fig. 19 Predicted effect of water velocity on blade bending moment (at R = 1.5 m) for various
control strategies, as calculated using hydrodynamic model

Cord length

0.24×Cord 
length

Spar cap Shear web

R

(a)

(b)

(c)

Fig. 20 a RIS–A1-24 Airfoil [45]; b Simplified aerofoil shape used for finite element analysis of
a tidal turbine blade and c Final element (FE) model of a 5 m blade for a 3-bladed, 330 kW turbine
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and taper to 6 and 4 mm at the tip, respectively. A finite element (FE) model of a
tidal turbine blade has been created using Abaqus FEA software [43] (Fig. 20c)
with the panels of the blade modelled as shell elements with QI material properties
from standard laminate analysis [44] (Table 3).

The deflected shape of the blade for the extreme loading, taking into account a
safety factor of 2, applied to the FE model is shown in Fig. 21. Under the factored
load the blade tip deflects 334 mm axially, which is approximately twice the blade
aerofoil thickness at the tip. This amount of deflection will not introduce any
significant error into either the structural or hydrodynamic calculations [24].

In order to predict fatigue damage accumulation, using equations given in
Sects. 2–4, the moment–velocity relationships (Fig. 19) are fitted with polynomial
expressions, to allow interpolation with respect to water velocity. The fatigue ref-
erence case (Table 4) is analysed by the fatigue model which predicted a fatigue life
of 11.6 years for the observed case scenario. The fatigue model (Sect. 2.7) can give
insight into the effects of each of the parameters shown in Table 4, on the fatigue life.

Table 3 Epoxy/E-glass
material properties

Inputs Single
unidirectional
ply properties

Quasi-isotropic
laminate [(45\135
\90\0)2]s

Vf 50% E1 38 GPa Ex, Ey 19.3 GPa

Ef 72.4 GPa E2 11.6 GPa Gxy 7.2 GPa

mf 0.22 G12 3.5 GPa mxy 0.330

Em 3.5 GPa m12 0.285

mm 0.35

Fig. 21 Undeformed and
deformed shape of blade at
2.6 m/s water velocity, with a
factor of safety of 2.0 applied

Table 4 Parameters for
fatigue reference case

Parameter Value

Maximum water velocity 4.0 m/s

Neap max. velocity/Spring max. velocity 60%

Factor of safety applied to loads 2

Tower shadow 50%

Control system PR

Material Epoxy/E-glass

Spar top cap thickness range 35–6 mm

Shear web and fairings thickness range 12–4 mm
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The results of the FE analysis show that the highest stresses and strains occur
near the blade root, in the spar caps of the structural beam box section (Fig. 22).
These are primarily caused by the large (flapwise) bending moments due to the
thrust force, FA (Fig. 6).

The maximum bending strains occur on the outer surface, while the maximum
principal strains are in the middle of the spar cap. In order to make an appropriate
comparison to the experimental fatigue life data, it is necessary to find the maxi-
mum fibre strain in a ply in which the fibres are closely aligned to the load direction
(note that surface ply is 45° to the blade axis). Fibre strains along a section through
the midline of the pressure side spar cap extending from near the hub to the tip of
the blade are shown in Fig. 23. The fibres in the three outermost plies are at 45°,
135° and 90° to the blade axis (i.e. to the maximum principal strain) which reduces
their fibre strains. The 4th ply from the surface has its fibres at 0° to the blade axis
which means that is aligned with the direction of the principal bending strains. The
maximum fibre strains are predicted in this ply (Fig. 23).

Fig. 22 Final element model results; a First principal stress distribution in 45° surface ply under
design load and b Maximum principal strains in the outer surface along the blade under design
load

Fig. 23 Fibre strains in the
four outermost plies at
maximum strain locations
along blade operating in
2.6 m/s water velocity
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The base case results have given the maximum fibre strain in the turbine blade at
2.6 m/s water velocity. To compute maximum fibre strain at any water velocity,
given the flapwise bending moment at that water velocity with the assumption of
linear elasticity in the blade, Eq. (5) can be employed.

6.4 Composite Damage (Pitch vs Stall Regulation)

The blade life of SR and PR devices is determined using the fatigue model. Based
on the water velocity increments of 0.1 m/s the fatigue damage fraction for each
rotation of the turbine is calculated. The results of cumulative damage for the PR
and SR blades for different velocities are shown in Fig. 24. The area under each
individual curve represents the normalised total accumulated damage over the
blade’s lifetime.

The bulk of the damage that occurs in the SR blade is at high water velocities
(greater than 3.5 m/s). On the contrary, the PR blade experiences more damage at
low water velocities. For example, the damage fractions of SR and PR turbine
blades at 3.9 m/s water velocity are 0.149 and 0.066, respectively. The reason for
the SR turbine blade’s behaviour at such high velocities is the relatively higher
bending strain in comparison with the PR blade. However, the PR blade experi-
ences the most of the damage at medium water velocities (2.5–3.5 m/s). This is
consistent with the fact that PR blades predominately operate in this water regime.
Hence, when comparing the blades with the same structural design, employed on
two differently controlled tidal turbine devices it was found that the SR blade has a
shorter life span (12.8 years) than PR blade (20 years).

Fig. 24 Damage accumulation per 0.1 m/s bin for PR and SR epoxy/E-glass turbine blades
operating in a tidal flow with 4.0 m/s maximum velocity and 60% neap/spring variation
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7 Effect of Water Saturation on Predicted Blade
Fatigue Life

The predicted fatigue life for a blade on an SR and PR tidal turbine is plotted
against maximum stress experienced by the blade in a 2.5 m/s tidal flow (Fig. 25).
The predicted 20-year “dry” fatigue life of a stall-regulated tidal turbine blade is
reduced to 17 years if the laminate is water saturated. For a 66 MPa maximum
stress in the blade, the predicted “dry” life is 5 years and the predicted “wet” life is
2.9 years. Kennedy et al. have shown that a stall-regulated blade with “dry” lam-
inates needs only 10% thicker laminates in order to have equal life with a
pitch-regulated blade [24]. However, the analysis shows that the laminates would
need to be an additional 1 to 4% thicker to counteract the effects of water saturation
on the blade. A blade of PR turbine with a maximum stress of 72 MPa, which is
predicted to have a 5 year “dry” life, will fail, on average, 1.7 years earlier if the
blade laminates are water saturated. However, the “dry” life of 20 years and the
“wet” life of 19.1 years when water saturated can be achieved by increasing the
thickness of the laminates, and thus reducing the stress in the blade to 63.5 MPa.
This convergence of the wet and dry laminate lives occurs because pitch regulation
limits the maximum stress in the blades. In achieving the longer blade fatigue life
(> 15 years), stresses are limited to levels where the difference in life between wet
and dry laminates is very small. According to the results shown in Fig. 25, the life
of water saturated blades is reduced by about 3 years for SR and about 1–2 years
for PR turbines.

Fig. 25 Effect of seawater saturation on predicted fatigue life of pitch-regulated (PR) and
stall-regulated (SR) tidal turbine blades
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8 Conclusions

An approach for the fundamental fatigue design of glass fibre-reinforced polymer
(GFRP) tidal turbine blades is described in this study. The model is implemented
with the aim to estimate and compare the immersed life of stall-regulated (SR) and
pitch-regulated (PR) tidal turbine blades. In that regard, the uniaxial fatigue testing
results of water-immersed Quasi-Isotropic (QI) GFRP, i.e. epoxy/E-glass and vinyl
ester/E-glass materials, are incorporated in the three-bladed tidal turbine model for a
range of tidal velocities.

The mechanical properties of the material used in the blades are evaluated. There
was only 1% drop in QI epoxy/E-glass coupons modulus when immersed in 30 °C
for 20 months. However, there was no difference between the fatigue modulus for
the wet and dry specimens. For the increased water temperature the water
absorption was relatively low, i.e. for epoxy/E-glass (0.6% for 20 months at 30 °C)
and vinyl ester/E-glass (0.2% for 22 months at 40 °C). Regardless of the low level
of water absorption, the fatigue strength of the material was significantly degraded
by water immersion ageing. It was found that the wet fatigue strength is 20% and
8% lower than the dry fatigue strength at 1000 cycles and at 1 million cycles,
respectively. Hence, the effect of water saturation is also stress level dependent. The
stressing of the coupons during immersion did not result in additional water
absorption. However, these specimens experienced 10% loss in fatigue strength.
Overall, it is found that the epoxy/E-glass material is significantly more fatigue
resistant than the vinyl ester/E-glass material and thus more desirable in tidal blade
design.

Nonetheless, the experiments showed that the fatigue life of tidal blades is
extensively dependant on strain–stress level experienced by the blade, regardless of
the material. For instance, an increase in a material stress of only 15% could
decrease blade life by up to 75%. Likewise, the tower shadow effect influences the
fatigue life of blades, so that increasing the shadow effect from 50% to 90% will
lead to 15% reduction in the blade fatigue strength or maximum allowable strain.
Regarding tidal turbine blade life span, the study found that an SR blade will have a
shorter life than an equivalent PR turbine blade. In order to increase the fatigue
blade life of the SR blade to that of PR turbine blade, the thickness of the laminates
in the spar cap needs to be increased by approximately 10%, i.e. decreasing the
maximum strain by about 5%. However, in the case of both devices, the laminates
in the spar need to be between 1% and 4% thicker in order to prevent the negative
effect of water saturation on the blade.
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Marine Ageing Behaviour of New
Environmentally Friendly Composites

Peter Davies, Pierre-Yves Le Gac, Maelenn Le Gall and Mael Arhant

Abstract In recent years several new materials have been proposed for marine
applications. These include liquid infusible acrylics, basalt fibre and plant
fibre-reinforced composites, and thermoplastic polyamide composites. In order to
assess the long-term durability of such materials accelerated tests are used but the
validity of this approach, widely accepted for traditional marine composites, must
be checked. This presentation will describe results from ageing tests on these four
materials, specifically developed for particular applications: acrylic composites and
basalt and flax fibre composites for surface structures, and carbon-reinforced
polyamides for deep sea pressure vessels.

Keywords Ageing � Durability � Seawater � Environment

1 Introduction

There is now an extensive database of properties of marine composites and several
recent publications provide an overview [1, 2]. Predicting long-term behaviour of
complex, anisotropic materials is not simple; while water diffusion can be accel-
erated by increasing the temperature this can introduce additional degradation
mechanisms which may not occur at lower temperatures. In an ideal situation the
chemistry of the matrix reactions and the response of the fibre/matrix interface
would be fully understood so that the choice of accelerating temperature could be
justified. In practice, matrix resins are complex formulations and the large number
which are commercially available preclude detailed investigation, so lifetime pre-
dictions are often based on experience, a limited number of tests, and safety
coefficients.

There has been a growing awareness in the last few years of the need to include
environmental impact in the design process. This covers both material selection,
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in terms of evaluating energy requirements, and also considering end-of-life
options. Life cycle analysis provides a standard framework to assess these
parameters [3] and has been used in some cases, but input data are not always
available. One way to represent the end-of-life options is shown in Fig. 1 [4].

The worst scenario for a structure such as a composite boat is putting compo-
nents in landfill at the end of their life, as neither materials nor energy is recovered.
The materials used today in most marine structures, mainly glass fibre-reinforced
polyester, are very difficult to recycle and most will end up at landfill sites.
A slightly improved scenario involves incineration, to recover at least some energy,
but this requires separation of the many different materials which make up most
marine structures. There have been some initiatives to dismantle pleasure boats and
in France several sites now exist for this [5]. However, it is clear that we are losing
significant amounts of valuable material resources every year, and these resources
are limited. Solutions must be found to reduce this waste.

In order to address this, various new materials are being proposed. One option is
to develop low-cost thermoplastic matrix composites, as these can, at least in
theory, be recycled at the end of their useful life to produce new structures. Another
active area concerns new fibre options, and two examples will be presented, basalt
and natural fibres from plants. However, in order to transfer all these developments
to industrial applications it is essential to evaluate their long-term durability in
seawater compared with existing materials; this paper will describe recent work in
this area at Ifremer.

2 Materials & Methods

The materials studied here are presented in Table 1, together with material details.
The main equipment used to examine the durability of these materials is a set of

natural sea water tanks controlled at temperatures from 4 to 90 °C, with continuous
water renewal, Fig. 2. These allow samples to be immersed for long periods, and
periodic weighing on a precision balance provides an indication of water diffusion
kinetics.

Quasi-static mechanical tests were performed on matrix resins and composites in
tension at a crosshead displacement rate of 2 mm/min. An extensometer with a

Recycling

Reduction

Landfill

Re-use

Incineration

Fig. 1 End-of-life options
for marine composites,
bottom to top: least to most
desirable, based on [4]
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gauge length of 50 mm was used to measure strain. Compression tests were per-
formed using the end pinned buckling test [6] at a crosshead displacement rate of
6 mm/min.

Cyclic tests were performed in four-point flexure, with 100 mm between lower
supports, under sinusoidal load control with an R-ratio of 0.1 at 2 Hz.

Table 1 Materials studied

Material Fibres Matrix Fibre
Content, Vf

Thickness
(mm)

Manufacture

Acrylic
Glass/acrylic
Carbon/acrylic

Unreinforced
E-glass 0/90°
Carbon 0/90, QX

Elium 150
Elium RT300
Elium 190

0
0.58
0.52, 0.54

2.7
2.9
1.7, 1.5

Cast
Infusion
Infusion

Basalt/epoxy
Glass/epoxy

UD
UD

Araldite 1564
LY/Aradur 3687

0.44 3.5
3.5

Infusion
Infusion

Flax/polyester Biaxial Flax Bio-sourced
polyester

0.3 4 Infusion

Polyamide
Carbon/Polyamide

Unreinforced
UD

PA6
PA6

0
0.48

70 lm, 2
2

Extrusion
Thermo-
compression

QX Quadriaxial, 0/45/90°. UD Unidirectional

Fig. 2 Natural seawater ageing tanks maintained at different temperatures and continuously
renewed
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3 Infusable Acrylic Matrix Composites

Vacuum-assisted infusion is one of the most common manufacturing methods for
boat structures and has largely replaced hand lay-up in recent years. This technique
is used to produce glass fibre-reinforced polyester, vinyl ester and epoxy structures
but these are all thermosetting resins. The recent development of Elium™ acrylic
matrix resins offers new options, as these can be manufactured using infusion but
polymerize to become thermoplastic, so recycling is possible. However, due to the
recent introduction of these materials (2013) very few ageing data are available; a
campaign was therefore launched in 2014 to evaluate the sea water ageing resis-
tance of the resin and its carbon and glass fibre-reinforced composites. Coupons and
specimens were aged in seawater at 25, 40 and 60 °C for up to 18 months. Figure 3
shows one example of results for mechanical properties of the acrylic matrix resin.
Although the initial tensile strength is lower (55 MPa compared to 74 MPa for the
epoxy) the strength retention is better than that of this commercial epoxy resin
commonly used in marine composites. Final tensile strength after saturation is
around 45 MPa, compared to 35 MPa for the epoxy. Modulus values are similar for
both before immersion, around 3 GPa, and drop after saturation to 2.5 and 1.9 GPa,
respectively, for acrylic and epoxy.

Following these encouraging results, an 18-month ageing study was performed
on glass and carbon fibre-reinforced acrylic composites. Figure 4 shows an example
of stress–strain plots for carbon/acrylic samples dry, fully saturated after immersion
for 12 months in sea water at 60 °C, and dried again after ageing. There is clearly
an effect of water but it is at least partly reversible.

These first results suggest that these acrylic materials are quite stable in a marine
environment. Further results and more details can be found in [6]. From an ageing
point of view this appears to be a good candidate resin for composites used in
marines structures; as an example acrylic resin composites were used recently to
manufacture a prototype racing yacht [7]. More work is needed now to evaluate its
recycling potential.
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ageing results at 60 °C in sea
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4 Basalt Fibre Composites

The marine composite industry is dominated by glass fibre-reinforced materials.
These have been in use for over 50 years, and provide excellent properties at
reasonable cost. For high performance applications, carbon and occasionally aramid
fibres are used but there has been no challenge to glass fibres since their intro-
duction. In recent years, however, there has been some interest in basalt fibres for
composite structures [8]. Basalt is a natural material found in volcanic rocks; basalt
fibres were developed in Russia in the 1950s and are now commercially available.
Various reasons have been given for adopting them as a composite reinforcement in
place of glass, including lower energy required to manufacture them [9], improved
tensile properties, improved corrosion resistance compared to E-glass [10] and
improved temperature stability [11]. All these advantages are open to discussion,
but if basalt fibre composites are to be used in marine structures it is essential to
know how they respond to sea water ageing. Few data are available [12].

A study was therefore performed in which the same epoxy resin was reinforced
with either glass or basalt fibres and aged in natural seawater to saturation. Figure 5
shows examples of the diffusion plots. The weight gains and diffusion kinetics are
very similar for both materials and governed by the matrix resin.

The initial quasi-static flexural properties of the basalt composites were higher
than those of the glass composite, 698 MPa compared to 594 MPa, but in both the
dry and saturated states it is interesting to note that the normalised flexural fatigue
performance of both materials with respect to quasi-static properties in the same
condition (526 and 559 MPa for basalt and glass after ageing) is very similar,
Fig. 6.

These results suggest that there is no fundamental difference in the ageing
behaviour of basalt fibre composites compared to glass fibre-reinforced materials.
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5 Natural Fibre Composites

There has been considerable interest in natural fibre composites in recent years,
particularly from the automotive industry. These bio-sourced reinforcements
require little energy to produce and can be composted at the end of their useful life,
providing significantly lower environmental impact than their glass fibre-reinforced
equivalent [13]. It is therefore of interest to examine whether they can be used in
marine structures. However, the cellulose-based fibres such as flax are very sen-
sitive to water, so the role of the matrix resin is critical in protecting them from
water ingress. This is quite different from the case of glass- or carbon-reinforced
composites where it is the matrix resin which absorbs water while the fibres absorb
very little.
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Fig. 5 Weight gains for
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If traditional coupon immersion is used to evaluate the durability of these
materials the exposure of fibres at the (unprotected) coupon edges results in very
high weight gains and property losses. However, when a more realistic test is
performed, in which water only enters through one exposed face, Fig. 7, weight
gains are very low, Fig. 8.

These results are quite dependent on the boundary conditions, and in particular
the environment in the room where the test cell is placed.

Following an extensive test campaign a flax fibre-reinforced polyester boat was
designed and built, the Gwalaz, Fig. 9 [14].

Fig. 7 Ageing setup for one-sided exposure of 70 � 70 mm2 samples to seawater
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Fig. 8 Weight gains for
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Samples taken from the Gwalaz hull after 18 months’ navigation confirmed that
very small amounts of water had entered the hull composites, and suggest that
ageing using the one-face exposure method is a more realistic test for these
materials.

6 Thermoplastic Polyamide Composites

The fourth type of material is being considered for future use in underwater
applications, carbon fibre-reinforced thermoplastic. There has been considerable
work on high performance thermoplastic matrix polymers such as polyether ether
ketone (PEEK), including hydrostatic pressure testing of carbon/PEEK composite
cylinders [15, 16]. These materials show excellent properties, but they are very
expensive and require high forming temperatures (above 350 °C).

The question addressed here is whether cheaper, lower performance polymers
such as polyamides might provide adequate properties for underwater applications.
There are many different polyamide grades available (e.g. PA6, PA66, PA11,
PA12); one of the cheapest is polyamide 6, but this is known to be very sensitive to
moisture. The first step is therefore to study the diffusion kinetics for PA6 in
seawater. Figure 10 shows the weight gain of an unreinforced PA6 immersed at
15 °C. This shows that the polymer can pick up 10% by weight of water. This water
has a significant effect on properties, but after drying the initial properties are
completely recovered [17].

Fig. 9 Gwalaz all-flax reinforcement trimaran
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Diffusion studies of this material pose problems, as the dry PA6 glass transition
temperature is quite low, around 60 °C. When water enters the material the Tg

drops significantly, and during the ageing period the material changes from the
glassy to the rubbery state. This results in an acceleration of water ingress as shown
in Fig. 10, and the need for a specific diffusion model. One has been developed and
more details of this are given in [18].

Underwater pressure vessels are quite thick, in order to resist hydrostatic pres-
sure, so it is also important to know the composite diffusion kinetics, as in service
water ingress may be confined to a small external region of the wall thickness.
Immersion tests have therefore been performed on composites, Fig. 11. Here sat-
uration occurs at around 3% weight gain due to the presence of fibres, and again the
non-Fickian behaviour can be observed.

Hydrostatic pressure may also affect water ingress [19], so a series of tests was
performed under pressure, Fig. 12. Samples were placed in water in a pressure
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vessel inside an oven at 40 °C. Periodic weight measurements allow plots of water
content versus square root of time to be constructed. Results for samples subjected
to pressure are compared to those for similar specimens in the same oven without
pressure. These show that there is not a significant influence of pressure on diffu-
sion in this material.

The influence of moisture content on composite properties was then examined.
Figure 13 shows one example, the influence of water on axial compression strength
measured on unidirectional specimens using the end hinged buckling test. Valid
compression strength values are hard to obtain, and many test variants exist. This
test involves flexural loading of a long specimen and allows compression properties
to be obtained by strain gauging specimens subjected to axial buckling. More
details can be found in [20]. Higher values are obtained than for pure compression
due to the presence of a strain gradient across the specimen thickness [21]. Tests
were performed on specimens which had been saturated in water at different
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saturation levels (by exposing specimens to different humidity conditions using salt
solutions), in order to avoid the presence of a water gradient. These data are very
useful as they can be introduced into an ageing model for any geometry once the
local water profile has been established.

There is indeed a drop in compressive strength with water ingress, and all the
matrix-dependent properties decrease, but the changes are predictable and residual
strength values around 600 MPa are measured at complete saturation. The prop-
erties are also recoverable after drying, indicating that matrix plasticization is the
main physical mechanism involved.

Based on the water diffusion kinetics and the loss in compression strength, it is
possible to estimate the response of a composite tube in deep sea. For example, for
a 12-mm-thick carbon/polyamide 6 pressure vessel of 120 mm inner diameter at
15 °C it would take around 75 years to saturate the wall thickness, Fig. 14, so the
use of these materials for deep sea applications such as drifting profilers (2 years’
immersion at 2500 m depth) appears quite feasible. More details are available in
[22, 23].

7 Conclusions

This paper describes the tests used to evaluate the durability of composite materials
developed to reduce environmental impact of marine structures. For the first, acrylic
matrix composites, the traditional approach with ageing accelerated by raising water
temperature, are satisfactory. Results show that these materials are quite stable in
seawater.

For the second, basalt fibre composites, a classical study comparing weight gain
and property changes for basalt fibre with those for glass fibres in the same epoxy
matrix, showed property retention at least as good as for glass. This suggests that
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basalt fibres may be used to reinforce marine structures if their environmental
advantages are confirmed.

For the third material type, natural fibre-reinforced biocomposites, the usual
immersion of coupons leads to very high weight gains and property losses due to
the hydrophilic nature of cellulose-based fibres and diffusion dominated by simple
edge effects. An alternative approach for these materials has been proposed, using
exposure to only one surface.

And for the final case, thick carbon/polyamide 6, the low Tg of PA6 causes a
transition from the glassy to rubbery state during immersion. This requires a
specific analysis, but the diffusion kinetics are such that despite the high affinity of
PA6 for water, the time for saturation in the configuration considered is so long that
degradation is quite limited and predictable.

These results suggest that there is considerable potential for reducing environ-
mental impact in many marine applications.
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