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Flax fiber reinforced composites are demonstrating promising outcomes which make them potential candidates to replace
synthetic composites in various industrial applications. However, there is limited information regarding their long-term per-
formance, and it is usually acknowledged that natural fibers are less resistant than their synthetic counterparts. In this context, it is
crucial to study their durability before considering their use for structural rehabilitation and strengthening in construction. This
research aims to study and predict the performance of flax fiber reinforced polymer (FFRP) composites with a biobased epoxy
matrix. The test program consists in exposing FFRP laminates and FFRP strengthened concrete slabs to different accelerated
ageing conditions over a total period of two years. In the present study, not a single stress variable but various combinations and
coupling of two environmental stress variables, temperature (T) and relative humidity (RH), are considered, thereby dis-
tinguishing this study from most of the works reported in the literature. Then, a series of mechanical destructive tests are
performed periodically on aged samples to evaluate property evolutions over ageing time. The collected experimental data are
analyzed to develop a performance evolution model and to evaluate the service lifetime performance of this new biobased FFRP
composite. For that, the potential of the Tweedie exponential dispersion (TED) process model, which takes some famous
stochastic processes (Wiener process, Gamma process, and inverse Gaussian process) as special cases, is investigated. The TED
process modeling, particularly interesting in the cases of complicated degradation mechanisms, is written here for destructive tests
and, finally, a reliability analysis based on the TED process model determined is carried out in order to update the FRP design
equations provided by international codes in the specific case of FFRP.

1. Introduction

At this time, flax fiber reinforced polymer (FFRP) com-
posites are still in a research and development stage but are
considered a highly promising solution for the future. With
their low-carbon footprint and high mechanical properties
to weight ratio, FFRPs are poised to be a viable replacement
for traditional synthetic composites in specific industrial

applications. This transition is due to the shift in interna-
tional interest towards recyclable and biosourced materials
and lowering carbon emissions [1, 2]. However, a major
challenge in using natural fibers remains their sensitivity to
environmental conditions, and more specifically in the
presence of water [3, 4]. Numerous studies have investigated
the effect of humidity on the mechanical behavior of FFRP
laminates, but until now, there are still unanswered
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questions related to the lifetime performance prediction of
FFRP and the coupling effects of temperature and humidity
on the ageing behavior of these materials.

In civil engineering applications and especially in the
domain of structural rehabilitation and strengthening in
construction, it is crucial for engineers to get knowledge about
the long-term performance of the materials used and not just
their short-term characteristics. This extended performance is
highly affected by thermal [5] and hygrometric service
conditions encountered in the outdoor environment [6-9].
For this reason, this study focusses on a better understanding
of temperature and humidity influences on the mechanical
properties of FFRP laminates. However, the degradation
process of FRP under environmental service conditions is
very slow and, thus, is a serious issue if one aims at qualifying
the risk of failure of this product over time. Acceleration
strategies, by increasing the stress level applied to the product,
are used to obtain comprehensive data in a shorter time.
While most works on accelerated degradation tests reported
in the literature deal with the case of a single stress variable,
various combinations of two environmental stress variables,
temperature (T) and relative humidity (RH) in the ranges
20°C-60°C and 50%-100%, respectively, are considered in this
article. This enables to quantify the individual and coupling
effects of these two stress variables on the parameters of a
model enable to describe the loss of FFRP performances over
time and to estimate their lifetime.

The premise of performance-based approach is to choose
an appropriate degradation model for the composite. There
are two large classes of degradation models for degradation
analysis, which are the general path models and the sto-
chastic process models. Ye and Xie [10] and Yan et al. [11]
provide a general discussion about these approaches. The
basic principle of general path modeling is to find a physical
parametric model which fits all degradation paths well and
to consider some of its parameters to be random to account
for variability between samples. For the second class, data
are assumed to be generated from a stochastic process. Thus,
these latter models can effectively characterize the uncer-
tainty and dynamics of the degradation process. Some
studies in the literature, such as [12-17], advocate to apply
these stochastic process approaches to model the degrada-
tion since statistical indicators related to failure-time are
directly obtained by using the properties of the assumed
underlying process. It is mainly this feature that motivates
the choice of the stochastic process modeling in our study.

There are three stochastic process models mainly repre-
sented in the literature: Wiener process, Gamma process, and
inverse Gaussian (IG) process. However, these processes are
very specific and are not suitable, or generic enough, for
products with complicated failure mechanisms and structure
[18]. To compensate for that, the potential of the Tweedie
exponential dispersion (TED) model, a variant of exponential
dispersion models, whose variance function has power ex-
ponential form, has been investigated. Actually, the three first
processes mentioned are shown to be special cases of TED
process with specific values of the exponent in the power form
of the variance function [19, 20]. This ability to model several
types of process, to be more generic, is of particular interest
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for our study since complicated degradation mechanisms are
observed. The TED process modeling will be rewritten here
for the case of destructive tests whereas its general form found
in the literature was first thought for nondestructive tests or
continuous degradation monitoring.

The study of the present paper was part of a research
project called “MICRO, Matériaux Innovants Composites
pour la Réparation d’Ouvrage” (or innovative composite
materials for the repairing of civil structures) and funded by
ANR (Agence Nationale de la Recherche, or National Re-
search Agency). This project involved a comprehensive
durability test program on FFRP strengthening systems
which consisted in performing various types of mechanical
tests, to follow the evolutions of several performance indi-
cators of these systems (tensile properties and interlaminar
shear strength of the FFRP laminates and bond strength of
the FFRP/concrete interface) versus exposure time in var-
ious accelerated ageing environments. The present paper is
only focused on the evolution of the tensile capacity of the
FRRP composite over ageing time.

In order to present our main results, the rest of this
article is organized as follows: Section 2 will present how the
FFRP material is prepared and what are the ageing condi-
tions and the testing procedure. Section 3 will focus on the
analysis of accelerated degradation processes. Theoretical
aspects about stochastic TED process modeling and lifetime
distribution approximation are described first, before
explaining how to consider the individual and coupling
effects of the two stress variables, temperature and relative
humidity, through the generalized Eyring model (GEM), on
the parameters of the TED process model. Finally, we will
show how to estimate the complete degradation process
parameters by maximizing the likelihood function written in
the case of destructive tests. It is in Section 4 that we will
describe how to carry out the probabilistic prediction of
FFRP lifetime based on the TED process modeling of our
experimental results. The lifetime will be estimated under the
ageing condition T'=20°C—RH=50%, considered as the
reference or service condition. The reliability functions of
FFRP will be approximated, in a first attempt, using the
safety or environmental coefficients defined for carbon or
glass FRP in four different international design codes (since
carbon and glass fibers are the only ones considered in the
design codes). It will be concluded that current guides are
not sufficient and that new design coefficients are necessary
for FFRP. These new coefficients are provided at the end of
Section 4 in order to address the shortfalls of the current
international recommendations. Section 5 will conclude the
paper and will give some perspectives of our work.

2. Materials and Experimental Program

2.1. Materials and Ageing Conditions. Unidirectional (UD)
flax fiber/bioepoxy composites, consisting of 2 layers of
200 g/m* UD flax fiber fabrics, were manually prepared
using the hand layup technique. The UD FFRP composite
plates had a dimension of width 200 x height 350 mm (see
Figure 1(a), later in the article), with a thickness to width
ratio lower than 0.01. The flax fiber fabrics (LINCORE® FF
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FiGure 1: Dimensions of composite plates and specimens tested in direct longitudinal tension: (a) composite plate dimensions, (b) sample
test dimensions, and (c) universal testing machine with the noncontact advanced video extensometer.

UD 200) used in this study were produced by Groupe
Depestele, a French natural textile company. The 30%
biosourced DGEBA resin (CHS-EPOXY G520) was supplied
by Spolchemie, a Czech chemical company known for its
environmentally friendly products. The hardener is a 100%
biosourced amine derived from cardanol (Phenalkamine NX
5619). Its amino hydrogen equivalent weight is 104 g eq”".
The epoxy resin was mixed with the hardener using a high-
speed mixer and considering a stoichiometric ratio of amino
hydrogen to epoxy, a/e, equal to 1. The composite plates were
cured in laboratory conditions {20°C/35-50% RH} for 3
weeks until stabilization of the polymerization process. This
initial state corresponds to the starting time T0 of the du-
rability test program. The FFRP laminates had a fiber volume
fraction around 16%. Their glass transition temperature after
initial cure (at T0) was measured by differential scanning
calorimetry (DSC) at a heating rate of 10°C/min and was
equal to 54°C.

All the FFRP composite plates were then divided into six
series that were placed in various environments, corre-
sponding to different accelerated ageing conditions (see
Table 1). The specimens were stored (or immersed in the case
of an environment at 100% RH) vertically in the climatic/
bath chambers to favor an optimal 1D moisture diffusion
across the thickness (see Figures 2(a) and 2(b)). In order to
be uniform between figures, each ageing condition is as-
sociated to a specific color (e.g., V1 is associated to red) and
each time measurement is associated to a specific mark (“+”
for 3 months, “®” for 6 months, “@” for 12 months, and “a”
for 24 months).

Mechanical tests have been completed at T0 and after
exposure times of 3, 6, 12, and 24 months. The tests were
performed after shorter intervals at the beginning of the tests
and then become rarer since a slight decrease of the deg-
radation speed was expected and thus less information is
necessary. Indeed, water sorption phenomena have a fast
initial kinetics which slows down quite rapidly after a few
weeks/months. We therefore expected to see a marked

influence of RH in the short term (accelerated by T), and a
slower evolution thereafter. This assumption has been val-
idated by our experimental observations.

2.2. Testing Procedure. This study was part of a research
project which involved a comprehensive durability test
program on FFRP strengthening systems. This program
consisted in performing various types of mechanical tests, to
follow the evolutions of several performance indicators of
these systems (tensile properties and interlaminar shear
strength of the FFRP laminates and bond strength of the
FFRP/concrete interface) versus exposure time in various
accelerated ageing environments. The present paper is only
focused on the evolution of the tensile capacity of the FRRP
composite over ageing time.

As mentioned in the previous section, UD FFRP plates
with the dimension of width 200 x height 350 mm with two
plies have been made by hand layup process. Samples with
the dimension of width 25 x height 250 mm (Figure 1(b))
have been cut from the plate using a water-cooled table
diamond saw in order to ensure their integrity (which has
been optically checked ex-post). In order to minimize the
edge effects due to impregnation flaws, a strip of 5 cm wide of
material is removed all around the perimeter of the plates
before to cut the samples (Figure 1(a)). Glass fiber composite
tabs are glued to each extremity of the samples using an
epoxy adhesive, to improve the grip during tensile tests
(Figure 1(b)). Direct longitudinal tensile tests were carried
out on samples of the UD FFRP composite laminate (in the
fiber direction) according to NF EN ISO 527-5 standard and
French AFGC guidelines [21]. An Instron 5969 universal
testing machine, equipped with a noncontact advanced
video extensometer, was used to apply the loading speed of
1 mm/min as advised in the standard method.

An actual tensile strength can be determined directly
from the force monitored at failure and from the sample’s
cross-sectional area (width x thickness). However, this latter
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TaBLE 1: Ageing conditions.

Name Temperature ("C) Humidity Test schedule

Vi 20 50% RH (climatic chamber) 3, 6, 12, and 24 months
V2 20 100% (immersion in water) 3, 6, 12, and 24 months
V3 60 50% RH (climatic chamber) 3, 6, 12, and 24 months
V4 40 100% (immersion in water) 3, 6, 12, and 24 months
V5 60 75% RH (climatic chamber) 3, 6, 12, and 24 months
Ve 60 100% (immersion in water) 3, 6, 12, and 24 months

(®)

FiGure 2: FFRP composite plates were stored vertically in the climatic/bath chambers: (a) climatic chamber for nonimmersed (RH =50% or
75%) conditions; (b) bath chamber for immersed (RH =100%) conditions.

dimension is known to be not suitable for the design of
structural reinforcement, since (i) the thickness of samples
made by the hand layup process can vary within the plate
and (ii) it is essentially the active section of fibers which
provides its tensile strength to the sample. Thus, as pre-
scribed in ASTM D7565/D7565M—10 (2017) [22], the
tensile capacity per unit width (for a given number of layers)
of the composites, as defined by the following equation, is
monitored:

failure force

ffu (1)

- sample’s width X number of layers’

Aged specimens were tested 2 to 3 days after their re-
moval from the climatic/bath chambers. This time corre-
sponds to the time necessary for the preparation of the
samples before the test (cutting of test samples, preparation
of the grip tabs, and gluing of the gauges). The number of
samples tested for each type of condition and for each term
of the test program is shown in Table 2. In the following
Sections 3 and 4, statistical processing of data will be carried
out. Relevancy of such statistical processing is debatable with
regard to the limited number of samples available at each
time measurement and for each ageing condition (from 3 to
5 samples). At most, the calculation of the mean value makes
sense, whilst that of variance has less meaning. However, the

statistical processing that will be carried out in our study has
the objective to estimate parameters of a degradation model
(a TED process) on the whole (at different times). This
estimation is based on the maximization of the likelihood
function (see equation (14) in Section 3.4), and this latter
function aggregates, for each ageing condition, all the data
available at time T0, 3, 6, 12, and 24 months. It means that
the statistical processing relies actually, for instance, for V1
ageing condition, on 47 samples or data (47 =33 at T0 + 4 at
3 months + 3 at 6 months + 4 at 12 months + 3 at 24 months).
The total number of data available for the parameters’ es-
timation of the stochastic TED process model is given in the
last column of Table 2.

Figures 3(a)-3(f) show examples of typical tensile force
(per unit width) vs. strain curves for the six different ageing
conditions at initial time T0 and after 3 and 24 months. The
tensile capacity used later in the model corresponds to the
value of tensile force reached at the failure of the sample.

3. Probabilistic Analysis of Accelerated
Degradation Processes

3.1. Tweedie Exponential Dispersion Model. A stochastic
process is called an exponential dispersion (ED) degradation
process {Y (t),t >0} if satisfying the following properties:
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TaBLE 2: Number of tests/data.

Type Time = TO 3 months 6 months 12 months 24 months Total number of data
V1 3 4 4 3 47
V2 4 3 3 3 46
V3 33 4 4 4 3 48
V4 4 4 3 3 47
V5 4 4 4 3 48
V6 3 5 5 3 49

Tensile test @ V1 [20°C-50%RH] ageing condition Tensile test @ V2 [20°C-100%RH] ageing condition

110

110
100 | - oo

Tensile force per unit width (N.mm™!)
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0 02 04 06 08 10 12 14 16 0 02 04 06 08 10 12 14 16

Strain (%) Strain (%)
—— At time 70 init. —— At time T0 init.
—— After 3 months —— After 3 months
—— After 24 months —— After 24 months
(a) (b)
Tensile test @ V3 [60°C-50%RH] ageing condition Tensile test @ V4 [40°C-100%RH] ageing condition
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Figure 3: Continued.



1o Tensile test @ V5 [60°C-75%RH] ageing condition
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0 Tensile test @ V6 [60°C-100%RH] ageing condition
11

00| S R S
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()

F1GuRre 3: Typical tensile test curves for the different ageing conditions and at varying test times (at initial time T0, after 3 months and after
24 months): (a) V1 (20°C-50%RH) ageing condition, (b) V2 (20°C-100%RH) ageing condition, (c) V3 (60°C-50%RH) ageing condition, (d)
V4 (40°C-100%RH) ageing condition, (e) V5 (60°C-75%RH) ageing condition, and (f) V6 (60°C-100%RH) ageing condition.

(1) Y (0) = 0 with probability one

(2) {Y (t),t=0} has independent increments on non-
overlapping intervals; that is, Y (¢,) -Y (¢;) and
Y (t,) — Y (t5) are independent for 0 <t, <t, <t;<t,

(3) Each increment follows an ED distribution, i.e.,
Y(t+At) =Y (t) ~ ED(u(A(t + At; q)
- A(t;q),A), forVAt>0,

where the probability density function (PDF) of ED dis-
tribution ED (uA (t;9),A) is

fy stlu, g, A) = c (A, y, t)exp{A[y0 — A(t; x(0)]}.  (3)

(2)

(i) ¢(+) is a canonical function guaranteeing that the
cumulative distribution function (CDF) of equation
(3) is normalized and no more than one.

(ii) A is called the index or diffusion parameter.

(iii) x(-) is called the cumulant function of ED distri-
bution since its first derivative «' (-) gives the suc-
cessive cumulants of this distribution.

(iv) p is called the mean value parameter and is im-
plicitly found in equation (3) since it satisfies
pu=x(0)21(0).

(v) A(t;q) is the function of time ¢, which is specified
according to degradation physics or empirical ob-
servations and pA (t; q) can be regarded as the mean
degradation path. Function A(t;q) is generally
nonlinear and can take into account a phase shift in
time of the observed phenomenon, b. A typical
flexible form is that of power function where
A(t;q) = (t-b)fort=b. If g=1, then A(t;q) =
(t — b), and the degradation path is linear after t=b.

Finally, the mean degradation path can use the following
form to take into account an initial value & of the
degradation:

pA(t;q) =put -b)1+ & (4)

The mean of ED process is E(Y (t)) = yA(t;q), as
mentioned above. The variance is Var(Y (¢)) = V(p)A
(t;q)/A, where V(u) =«" (z71(4)) is the unit variance
function and «" (@) is the second derivative of x(6) with
respect to 0.

The Tweedie exponential dispersion (TED) model is an
important special class of ED models where

V(u) =pf, pe (-00,0]U[1,00). (5)

The TED process includes Wiener process (for p = 0),
Gamma process (p = 2), and IG process (p = 3) models.

The function x (6) can be obtained for the TED model by
solving the equations ' (771 (u)) = (du/dd)|y_, W = ub,
and the solution can be expressed as

( exp(e)’ p = 1;

(o) =] o (6)

[(1- p)e] (p=21(p-1))
2-p

, p#L2

Although x (0) has an analytic form, it remains that ¢ (-)
in equation (3) has no closed form except for some special
values. An approximated method, the saddle-point ap-
proximation method (SAM), can be used to obtain the PDF
of TED. According to the previous research [23, 24], the
SAM provides a highly accurate approximation for the TED
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model, which is expressed in terms of the unit deviance
d(y,tl q):

: A . _)LA(t;q)
f(y,tlu,q,l)—\/—zmlp(t;q)yp exp( 5 d(y,tly,q))) (7)

where this unit deviance takes the following forms, re-
spectively, for the three cases p=1, p=2, or p#1,2:

y y y
2 1 - —uts =1
{A(t;q) INGT) (A(t;q) #)} P
~ pA(t;q) y _
d(y,tlu,q,A) =3 Z{In ) +yA(t;q) 1}, p=2 (8)
2-pAP-2 (4. 1-p 2-p
y AT (t9) Y 4
- , 2.
{(l—p)(2—p) (l—p)A(t;q)+2-P} P

The two cases with p equal to 1 and 2, which correspond,
respectively, to the Poisson and Gamma process, have
specific PDF expressions. As we aim developing a more
generic approach, we will study the expression of the unit
deviance when p+#1,2.

3.2. Reliability Function. According to the definition of soft
failure, when the amount of degradation reaches a pre-
specified critical level w, failure occurs, that is, the product
lifetime =inf{t: Y(t) = w}. The CDF of Ilifetime

distribution is F (t)
R(t)=1-F(t).

Generally speaking, it is not easy to have analytical
expressions of F (t) and R (t). An approximation method can
be used to compute the CDF and reliability function.
According to the results obtained by Jergensen [25] and
Hong and Ye [26], when AA (t; q) is large, which is often true
when t is large, the lifetime T' is approximately normal with
mean pA (t;q) and variance V (u)A(t; q)/A. Hence, the re-
liability function and PDF of the lifetime distribution for the
TED model can be approximated as

= P(T <t), and the reliability function is

R(tluA) = 1 —d)(\/i(.u\//\(t q) - W))

(9)

f ¢ty

where @ (-) and ¢(-) are the CDF and PDF of the standard
normal distribution, respectlvely It is noted that some
characteristic functions (e.g., u™-quantile life and mean time
to failure (MTTF)) have closed-form expressions according
to this approximation approach.

Denoting the standard normal quantile ®~! (u) as z,,
approximation of the 1™ lifetime quantile is

2419
(zu\/(yPA(t; QIA) + \/zﬁ (uPA(t;q)/A) + 4pA (t; Qw )
w= 42 N* (t; q) '

(10)

NA(tq) i — w
VETS \/#"A(tq)<# A(tq))(/)(\j:(”““t’q) \/A(t;q)>>’

And, thus, the mean time to failure (MTTF) is ap-
proximated as

MTTF = (11)

)
uA(t; q)

3.3. Acceleration Test. Temperature and humidity are the
two stress variables in the accelerated life test. The gener-
alized Eyring model (GEM) [27] describes the relationship
between life and temperature and humidity. In the TED
model, ¢ denotes the degradation rate which clearly should



change when the acceleration stress is different. Therefore,
the parameter y is assumed to be affected by the stress’s
combination (T, RH) and can be written as

c¢;-RH
)y

where T is the thermodynamic temperature in kelvin (K)
and RH is the relative humidity (%). The parameters
a, ¢, ¢, and c; need to be estimated.

To use ED process for the purposes mentioned above,
initial symbols and assumptions have to be put forward:

u(T,RH) =a exp(—%l+ ¢, -RH+

(1) The number of stress (sx) combination levels is
denoted by “d”, and, thus, s,k =1,2,...,d. In our
test, d = 6. The test is destructive (whereas works
found in the literature mainly deal with nonde-
structive tests or continuous degradation monitor-
ing); that is, a unit can only be detected once; that has
to be considered in the writing of the likelihood
function (equation (14), later). Each stress combi-
nation level (T}, and RH,, where k =1,2,...,d) is
loaded following the constant stress loading scheme.
T, and RH, represent the k™ stresses combination.

(2) The total number of units available for the test is N;
Njof them are allocated to the stress combination
level s, such that ¥'¢_, N, = N.

(3) Let m and t;;, respectively, represent the number
and j" detection time for units at the stress level s;.
The correspondmg number of samples is ry;, such
that Z] 1 M = N

(4) Under each stress level s,k =1,...,d, the degra-
dation  characteristic  y;; of the ™ unit
i=1,... ,nk].) follows ED distribution with mean
u(T,RH) - A(t) and diffusion parameter A. It is as-
sumed that the parameter A is a constant over
stresses, which agrees with our daily observation of
the product’s physical characteristic.

(5) The degradation of mechanical performance is di-
vided into two stages. The first stage increases due to
the postcuring process, which physically corre-
sponds to the continuation of residual monomer
reticulation during ageing, leading to the increase of
cross-linking degree of the epoxy network. Then, in
the second stage, the mechanical performance de-
creases down to failure. Under the stress combina-
tion level s, the final value of mechanical
performance in postcuring process is &, k=

Mathematical Problems in Engineering

1,2,...,d, which is also the initial value of the
second stage, and which is different under different
stress combination levels. In engineering, we are
more concerned about the mechanical properties in
the second stage. Therefore, only the second stage for
degradation modeling will be considered.

At this stage, the mechanical performance y can be
expressed as

yk = sk —x(t;Tk, RHk), (13)
where x(t;T,RH;) follows TED process with an
initial value taken at zero for t=0.

(6) A unit is assumed to fail at a time T when its
degradation Y (¢) crosses a predetermined failure
threshold w. It is assumed that the function
Alt;q) = (t-b)1, k=1,2,...,d. by is the shift of
time affected by the postcuring effects.

(7) The unknown parameters to determined are
E = (fl’ £2> s fd)bl)bZ) L )bd) a, Cl)CZa C3) P; qa /1)

3.4. Parameter Estimation. It aims at deriving process pa-
rameters with explicit expressions. The unknown parameters
of the TED process have to be estimated from the data
provided by actual (experimental) accelerated destructive
tests. Following the argument in the assumptions, the PDF
f (& = yiji) of the degradation data y, ;; is TED distribution
with mean aA (f)exp(—(c,/T) + ¢, - RH + ((¢; - RH)/T)) and
diffusion parameter A. Therefore, the likelihood function of
the proposed model is

B

d my Mg

L= f(&

k=1 j=1 i

ykji)' (14)

-
I
—

In the above equation, each sample, correspondmg to
subscript kji (i™ sample, measured at the j™ time, under the
k™ stress combination), is counted once since the tests are
destructive.

Then, the log-likelihood function of E up to a constant is

d my M

=T -2 Y Y Y [ plin Altq)

kl]lzl (15)

+p ln(‘fk - ykji) + AA(tkﬁ q)d(ykﬁ”‘i)]’

where
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( &k = Vkji fk‘)’kji <5k = Vkji >}
2 1 - |t =1,
{A(fkj; a) wh(tgia) \Aligia) !
.”iA(tkﬁQ) &k = Ykji _ _
(& ‘ykji)z_PApfz(tkﬁQ) B (& = yaji)u'™ + wt £1,2
(1-p2-p) (1- pA(t: ) 2-p[ P70

Taking the first-order derivation of I(E|y) to respect

&L, ..., &; and A, then we can have
d my
aA m 2 kZlZlZl[ (tejs@)d(yijis )] (17)
j=li

Setting this equation to zero leads to
N

Yo PRLD) Yt [ At a)d(yigis i) |

Substituting (18) into (15), we have a profile log-likeli-
hood function I1(&,,&,,...,¢&,,a,¢,¢,5,¢5, p,q). The estima-
torsof &1, &,,...,&5,b,,b,,...,b,a,¢q,¢5,¢5, p and g can be
obtained as follows:

(gnga R ’Ed’EI’EZ’ ... )Eda a)EI)EZ$E3)i))q)

= Argmax [(E).
£1€Qp,...peQ,9€Q

Substituting (£, &5, ..., 80, 01,0y, -, 58,81, 85, T,
p.q) into (15), then the MLEs A can be obtained. These es-
timated parameters are denoted as E. The estimate of the
reliability function can be obtained by substituting the esti-
mated parameters Z into the reliability functions in equation

9).

A= (18)

(19)

4. Lifetime Prediction

4.1. Experimental Results. Mechanical tensile tests were first
carried out on unaged specimens, providing the initial
reference performance before ageing. Samples were then
tested after 3, 6, 12, and 24 months ageing in various
conditions. The experimental results, i.e., the values of the
tensile capacity of the FFRP laminates versus ageing time in
various accelerated environments, are shown in
Figures 4(a) and 4(b). To analyze the degradation trend
under different acceleration conditions, the mean degra-
dation paths of tensile capacity per unit width are also
shown in continuous straight lines connecting the averaged
values at each time and for each ageing conditions. Some
mean paths might appear to not connect the mean values,
and it is only due to possible overlaying of dots from
different ageing conditions.

Three typical profiles of degradation can be distin-
guished from the experimental observations (see
Figures 4(c)). The first profile is associated to a continuous

decrease of the performance (profile I in Figure 4(c)). This
profile is representative of the degradation under immersed
V6 ageing conditions (see Figures 4(b)). The second profile
shows a peak performance followed by a delayed decrease of
performance (profile II in Figure 4(c)). This profile can be
considered as representative of the degradation under V2,
V3, V4, and V5 ageing conditions (see Figures 4(a) and 4(b)).
The third profile corresponds to an initial decrease of per-
formance and a delayed portion of second profile, ie., a
decrease after an increase (profile III in Figure 4(c)). Per-
formance degradation curve under V1 ageing condition is
representative of this profile (see Figure 4(a)).

Temperature and humidity have obvious influences on
the postcuring effect. We must admit that we were surprised
by the irregular fluctuations of the degradation paths in the
postcuring stage. However, this phenomenon has been
previously observed in the literature [28, 29] and is inter-
preted as the consequence of two antagonistic physical
mechanisms (see Figure 4(d)). A first one (“ascending
branch”), associated to the postcure of the resin (reaction of
residual monomers), which results in an increase in per-
formance over time. A second one (“descending branch”)
may be related to material and interface degradations or
other phenomena decreasing performances such as resin
plasticization.

After the postcuring stage, the tensile capacity per unit
width will decrease, which is the gradual ageing stage. As the
degradation process in the postcuring stage is irregular, only
degradation analysis for the ageing stage is performed.
Therefore, for the accelerated condition V1, only the deg-
radation data in the 12™ and 24™ months are used; for the
accelerated condition V2, only the degradation data in the
6", 12, and 24™ months are used, and for the accelerated
conditions V3, V4, V5, and V6, the degradation data in the
3™ 6™, 12", and 24™ months are applied for the degradation
analysis.

4.2. Estimation of TED Process Model Parameters. The ap-
proach detailed in Section 3 is applied to describe the
degradation process is described by TED process. And
considering that the power function is flexible, the mean
degradation path is set as a power function; that is,
wA(tq) =p (t—-b )1 +&, k=1,2,...,6 stands the 6
different accelerated conditions V. The initial value of the
ageing stage is denoted as & ,k=1,2,...,6 for the
accelerated condition V. The parameter y, is affected by
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FIGURE 4: Results of tensile capacity per unit width value (normalized by the average of initial values): (a) for nonimmersed (RH =50% or
75%) conditions, (b) for immersed (RH =100%) conditions, (c) three typical profiles of the degradation curves, and (d) two antagonistic

physical mechanisms.

temperature and humidity, and the relationship is described
by GEM (in equation (12)). The MLE is used to obtain the
estimates of the parameters, which are shown in Figure 5.
The detail workflow of the estimation of the TED process
parameters is shown in Figure 5. Figure 5 completes this
Figure 5 with the estimated values of these parameters.

Finally, to show the fitting effect of the model on the data,
the average degradation trajectory for fitting comparison is
used, as shown in Figures 6(a)-6(f). The ED model performs
well to describe the mean degradation paths at the six testing
conditions. Furthermore, the SSE (the sum of squares due to
error) at different stress levels is very small and ranges from
9.563 x10™* (for V1) to 1.891 x 10™* (for V3). Therefore, it
can be stated that the ED model is suitable to analyze the
degradation path of tensile capacity per unit width. All SSE
values are reported within Figures 6(a)-6(f).

4.3. Lifetime Estimation Based on Design Codes. When pa-
rameters of TED degradation process are estimated, it is thus
possible to estimate the lifetime of FFRP laminates under a
specific environmental condition of temperature and relative
humidity. In the following, the condition T=20°C and
RH =50% are considered for reference. However, since the
expression of the degradation rate y as a function of T' and
RH is embedded in the TED process set of parameters, any
other environmental condition could be used.

Eventually, to estimate the lifetime, it is first necessary to
state a criterion that should be considered to ensure a safe
functioning of the FFRP system. In other words, the
threshold value w (found in equation (9)) defined as the
maximum acceptable value of degradation of the mechanical
performance is required. To find this threshold value, we rely
on the existing design codes, i.e., ACI 440 2R-17 [30], TR55
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Experimental observations of performance degradation for both immersed and nonimmersed
conditions (Figures 4(a) and 4(b))
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(& be) (2.061,-17)
FIGURE 5: General expressions and workflow used to estimate the TED process parameters.
[31], FIB Bulletin 40 [32], and AFGC guide [21]. Even if our fi = Ffa-3x0, (21)

study concerns tensile capacity per unit width and not ac-
tually strength, the formalisms used for strength in the
specific guidelines will be considered as reliable for capacity
per unit width in the following.

For instance, in the case of ACI 440 2R-17 [30] rec-
ommendations, the design tensile strength (or capacity) at
the ultimate limit state of FRP fy, is

faa=Ce X ff (20)

with

where f, is the mean value of the ultimate tensile strength,
[, is the characteristic value of this ultimate tensile strength,
o is its standard deviation, and Cy, is a reduction coefficient
depending on the fiber type and considering environmental
effects on FRP ageing.

This approach is called “semiprobabilistic” in the sense
that the safety margins are taken by considering a distance
of three times standard deviation ¢ from the mean per-
formance (the “probabilistic part” of the approach) and
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Ficure 6: Comparison between experimental and ED model values under different ageing conditions: (a) V1 (20°C-50%RH) ageing
condition, (b) V2 (20°C-100%RH) ageing condition, (c) V3 (60°C-50%RH) ageing condition, (d) V4 (40°C-100%RH) ageing condition, (e)
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that it can provide a deterministic value of the lifetime .
This latter is estimated, physically speaking, as the time
required to degrade the tensile capacity value from its
initial value f7 (0) to the design value fg,. In other words,
the time at which ff(tf)/f;‘u(O) = Cy (where f{t) repre-
sents the value of FRP tensile capacity as a function of
time).

As equation (21), from ACI 440 2R-17 [30] code, relies
on the assumption that the statistical distribution of f; is
normal, it can be stated that the calculated deterministic
value of lifetime #; can be guaranteed with a level of con-
fidence £.. This level of confidence, not to be confused with
“confidence interval,” can be calculated rewriting equations
(20) and (21) into

Q:CEX(I—%(COV):I—(

fu

CoV

+3><CE) x CoV,

(22)

where CoV = (G/H) is the coeflicient of variation of the
tensile capacity.
And, next, we define

1-Cyg
EC—CD[ ( CoV +3><CE>], (23)
where @ (+) is the CDF of the standard normal distribution.

For instance, if CoV =10% and C;=0.85, £ =
[-4.05] is equal to 2.56.107°. It is statistically equivalent to
the probability/risk that the tensile capacity per unit width is
lower than its design value fg,.

Our approach has more potential because it provides not
only one value of lifetime with a prefixed level of confidence
but also, instead, the full description of the statistical dis-
tribution of the lifetime through the use of equation (9). If
one focusses on the degradation of the normalized perfor-
mance, f 7 @ f ¥ (0), the threshold value w will have to be
equal here to Cg x (1 -3 x CoV). f{0) is the initial value of
tensile capacity, which may actually show a certain amount
of statistical variability.

Even if the other design codes, TR55 [31], Fib Bulletin 40
[32], and AFGC guide [21], may rely on different safety
concepts (assumptions and formalisms), our approach can
be applied to these specific guidelines straightforwardly. The
formalisms of the other design codes, with information
about the levels of confidence and with the values of the
threshold to choose for our fully probabilistic approach, are
summed up in Table 3. It is needed to point out that the
expression of threshold w for AFGC guides does not inte-
grate the coefficient of variation (CoV) of performance. It is
rather confusing, and the validity of such expression should
be reconsidered, in our opinion.

4.4. Probabilistic Analysis of Lifetime. TED degradation
process is being determined (see Section 4.1), and it is thus
possible to draw the reliability functions of FFRP laminates
as a function of time with specified values of the threshold w
through equation (9). It is also possible to deduce indicators
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of lifetime (equations (10) and (11)) of FFRP laminates under
a specific environmental condition of temperature and
relative humidity. As already mentioned in Section 4.3, it is
reminded that the condition V1 (T=20°C, RH=50%) is
considered as the service condition. However, since the
expression of the degradation rate y as a function of T'and
RH is embedded in the TED process set of parameters, any
environmental conditions could be used.

No values of safety reduction and environmental coef-
ficients found in the design recommendations mentioned
below are proposed specifically for FFRP laminates. Thus, in
the following, the coefficients specified within the design
codes for carbon (CFRP) and E-glass (GFRP) fiber rein-
forced polymers will be considered for reference in a first
approach. Clearly, the probabilistic indicators of FFRP
laminates lifetime are estimated using either CFRP or GFRP
coeflicients provided by ACI 440 2R-17 [30], TR55 [31], Fib
Bulletin 40 [32], and AFGC [21] guides.

All design codes are less conservative in the case of CFRP
compared to GFRP, due to the fact that the variability (i.e.,
coeflicient of variation, CoV) of the latter is higher than the
first ones. That leads, as an illustration with the ACI 440 2R-
17 [30] approach, to a stronger reduction of characteristic
tensile strength f} (see equations (20) and (21)) for GFRP
laminates (Cg of E-glass =0.65) than for CFRP ones (Cg of
carbon = 0.85). For the estimation of probabilistic indicators
of FFRP laminates, the same value of CoV calculated from
our experimental observations, CoV =7.6%, is used for both
E-glass and carbon fibers. Taking into account the remark
above about the difference in reduction factors, the lifetime
indicators (MTTF and 10%-quantile) will be bounded by a
lower value provided by the less conservative case using the
coeflicients of CFRP and an upper one by the most con-
servative using the coefficients of GFRP.

Expressions derived for maximum allowable perfor-
mance (threshold) w values are given for CFRP and GFRP
laminate types in the fifth column of this table.

Estimated indicators of FFRP lifetime (MMTF and 10%-
quantile), for the reference condition V1, are shown in
Table 4 and reported in Figures 7(a)-7(f).

Depending on the considered design codes, the failure
threshold w varies greatly (see the third column of Table 4),
which directly leads to obvious differences in lifetime. The
reliability functions of carbon and E-glass fiber composites
relying, respectively, either on ACI 440 2R-17 [30], TR55
[31], Fib Bulletin 40 [32], or AFGC [21] guides are shown in
Figures 7(a)-7(d). We must bear in mind that these reli-
ability functions are obtained integrating the safety coeffi-
cients; thus, one should not be confused by the fact that
CFRP laminates seem less reliable than GFRP ones. It is just
that the codes are more conservative in the case of the latter
type of fibers, as explained above. We remark, to illustrate
this point, that the ratios of MMTF values between GFRP
and CFRP are equal to 2.0 for both ACI 440 2R-17 [30] and
TR55 [31], to 3.7 for Fib Bulletin 40 [32] and to 1.3 for AFGC
guide [21]. For Fib Bulletin 40 [32], the great difference
between the MTTF of GFRP and CFRP laminates is due to
the large discrepancy between the associated values of the
partial environmental reduction factors ,,, ; (4.16 for GFRP
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TaBLE 4: Estimated lifetime (MTTF and 10%-quantile), threshold, and level of confidence £, for FFRP laminates exposed to the reference

condition V1 (20°C-RH 100%).

Estimated lifetime

Design code Coefficient values Threshold w* (month/year) Level of confidence £,
MTTFE  10%-quantile
Cj, = 0.85 (corresponding to carbon fibers coef.) 0.656 72.1/6 44.9/3.7 3.039¢ - 06
ACI440 2R-17[30]  With Cp = 0.65 (corresponding to E-glass fibers coef.) 0.502 1;1;';1/ 87.0/7.3 2.778e~-11
213.4/
Ymf = 1.4 Pme = 1.1 Yum = 1.4 (carbon fibers coef.) 0.393 178 133.3/11.1 7.163e—16
TR55 [31] With e :
Yt = 1.95 Ymg = 1.8; Yum = 1.4 (E-glass fibers 0173 435.0/ 282.6/23.6 6.628¢ — 28
coef.) 36.3
119.5/
Nenve = 1.29 y5 = 1.25 (carbon fibers coef.) 0.547 10.0 73.9/6.2 1.220e - 09
Fib Bulletin 40 [32] With m O. 4/
Henve = 4163 y; = 1.25 (E-glass fibers coef.) 0.169 36.7 281.2/23.4 4.257¢-28
Ya = 1.4; ay = 0.8 (carbon fibers coef.) 0.571 110.4/9.2 66.7/5.6 8.547e - 09
AFGC guide [21] - With Yia = 1.6; oy = 0.8 (E-glass fibers coef.) 0.500 1?5'26/ 89.8/7.5 2369 —11
*From expressions in the 5™ column of Table 3.
1.0 T T T T T T T T 1.0 = T T T T T T
44.9months I3 133.311\1(31\[}5
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282.6months
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FicUre 7: Continued.
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FIGURE 7: Reliability functions of FFRP composites relying on different design codes: (a) reliability of carbon and E-glass fibers relying on
ACI 440 2R-17 [30], (b) reliability of carbon and E-glass fibers relying on TR55 [31], (c) reliability of carbon and E-glass fibers relying on Fib
Bulletin 40 [32], (d) reliability of carbon and E-glass fibers relying on AFGC guide [21], (e) reliability of carbon fibers relying on the different
design codes (ACI 440 2R-17 [30], TR55 [31], Fib Bulletin 40 [32], and AFGC guide [21]), and (f) reliability of E-glass fibers relying on the
different design codes (ACI 440 2R-17 [30], TR55 [31], Fib Bulletin 40 [32], and AFGC guide [21]).
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FIGURE 8: Estimations of lifetime indicator intervals for FFRP composites relying on different design codes (lower bounds are provided using
the coefficients of CFRP and upper bounds are provided using those of GFRP).

TaBLE 5: Parameter requirements to reach target lifetime.

Design codes —

Target lifeti
| Target lifetime | Corresponding

ACI 440 2R-17

TR55 [31] Fib Bulletin 40  AFGC guide [21]

MTTF (years) 10%-duantile = rechold o [30] e = 185 Y = 1.4) - [32] (7 = 1.9) (ay =08)
(years)
5.0 3.0 0.686 Cp=0.89 Yoo = 0.49 Hems = 1.03 Yia = 117
8.0 5.0 0.600 Cp=0.78 Yot = 0.56 Hemye = 1.17 Yia = 1.33
10.0 6.3 0.550 Cp=0.71 Vs = 0.61 Nemes = 1.28 Via = 1.46
15.0 9.7 0.441 Cp=0.57 Voo = 0.76 Hemy = 1.60 Yia = 1.82
15.5 10.0 0.432 Cr=0.56 Vs = 0.78 Henye = 1.64 Via = 1.86
20.0 13.0 0.353 Cp=0.46 Vs = 0.95 Hemus = 200 Vg = 2.27
229 15.0 0.310 Cr=0.40 Vs = 1.08 Hemve = 2.27 Vi = 2.58
25.0 16.4 0.283 Cp=0.37 Vs = 1.19 Hemus = 2-49 Vg = 2.83
304 20.0 0.223 Cr=0.29 Vs = 1.51 Ao = 3.16 Yia = 3.59

vs. 1.29 for CFRP). On the opposite, the difference of MTTF
between GFRP and CFRP laminates provided by AFGC
guide [21] is very low. This is due to the low discrepancy of
the partial reduction factor of tensile strength ygy (1.6 for
GFRP vs. 1.4 for CFRP). Once again, the formalism of AFGC
guide [21] should draw our attention since it seems to be not
enough conservative for GFRP laminates.

In Figures 7(e) and 7(f), the reliability functions and
associated lifetime indicators provided by the four design
codes are compiled, respectively, for CFRP and GFRP
laminates in single graph. Relying on the principle stated
previously that FFRP reliability functions can be in a first
approach considered bounded by CFRP (low limit) and
GFRP (upper limit) reliability functions, Figure 7 is com-
pleted by Figure 8 which gives an overview of the bounds of
MTTF and 10%-quantile indicators of lifetime for FFRP
laminates using formalisms of the four different design
codes. This overview confirms the less conservativeness of
ACIT 440 2R-17 [30] and AFGC guides [21] design codes
compared to Fib Bulletin 40 [31] and TR55 [32] ones. It also

confirms the great discrepancy of the estimated values of
lifetime indicators between the different design codes. For
example, MTTF ranges from 72.1 months (6 years), for ACI
440 2R-17 [30] with CFRP coefficients, to 440.4 months
(36.7 years), for Fib Bulletin 40 [31] with GFRP coefficients.

It must be concluded from what it is written above that
the lack of dedicated coefficients for flax fiber laminates
within the leading design codes makes it too imprecise for
the estimation of their lifetime indicators. To address this
shortcoming, we propose new coeflicients specific for FFRP
laminates for the four design codes; coefficients which are
variable according to the target lifetime (examples for target
MTTF or target 10%-quantile values are presented in Ta-
ble 5). In that way, we go further than existing codes that do
not explicitly take into consideration different choices of
design target lifetime. Based on our results and the estimated
TED degradation process, the reduction coefficients for
different target values of lifetime in the specific case of FFRP
laminates are provided in Table 5. For the ACI 440 2R-17
code [30], the only parameter to determine is the
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environmental reduction coefficient Cg. For TR55 [31]
recommendations, since we do not have significant infor-
mation about the variation of tensile modulus with time, the
partial reduction factor of the modulus y,,; is taken to its
more conservative value (i.e., y,,p = 1.8) and the partial
reduction factor y, related to FRP fabrication method,
being invariant between CFRP and GFRP, is taken at 1.4.
Thus, we just have to determine the partial reduction factor
of tensile strength y_.. For Fib Bulletin 40 code [32], the
parameter to determine is the environmental reduction
factor #,,,; the partial reduction factor of tensile strength is
taken at the same values as for CFRP and GFRP laminates,
Le, y; = 1.25. Finally, for AFGC guide [21], the only pa-
rameter to adjust is the partial reduction factor of tensile
strength y; 4; the environmental reduction factor is also
taken at the same values as for CFRP and GFRP laminates,
ie., a, =08 =0.8.

The threshold w values corresponding to the target
lifetime indicators are given in the third column of Table 5.
We remind that this threshold is evaluated as the ratio
between the performance at time ¢ and this performance at
the initial time (w = ff (t)/ff(O)). In other words, the
threshold w can be viewed as the percentage of the
remaining performance after a given time of service. This
threshold clearly decreases over time, and hence, the re-
duction coefficients have to be adjusted according to the
target lifetime values. Thus, to be more conservative, for
high values of target lifetime indicators, the Cg coeflicient
of ACI 440 2R-17 rules has to be decreased. For the other
coefficients y, ¢, onys> and g4, brought to the denominator,
those have to be increased with increasing target lifetime
values.

To complete, we need to keep in mind that the provided
values of the reduction coefficients Cg, Yp1> feny,s» and ygq are
independent of (or available whatever is) the CoV of the
FFRP laminate tensile strength. Only the corresponding
threshold w will change according to the CoV value.

5. Conclusions

The main motivation of this study was to propose extensions
to international guides dedicated to the design of FRP
strengthened reinforced concrete structures for the special
case of FRPs made of biosourced resin and flax fibers. This
biocomposite FFRP represents a sustainable alternative to
glass or carbon FRPs. Due to the impossibility to carry out
tests under service conditions with the aim to guarantee safe
performances for several years or decades, accelerated
degradation tests have to be considered. FFRP laminates
were subjected to six accelerated ageing conditions, and their
mechanical performances were monitored over a period of
24 months. The degradation was stimulated by two stress
variables, temperature and relative humidity, which is rarely
seen in experimental/theoretical papers from the literature.
In the present study, a lifetime prediction approach based on
the Tweedie exponential dispersion (TED) model combined
with the generalized Eyring model (GEM) was calibrated
according to the experimental observations. The TED model
was chosen because it is more versatile and particularly
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accurate for complicated degradation mechanisms, which
was the case in our study. The GEM enables to consider the
individual and coupling effects of temperature and relative
humidity on the parameters of the TED process model. In
addition, a correction was made to take into consideration
the effect of the postcuring phenomenon of the epoxy
matrix. To our knowledge, combination of the TED model
with a two-stress variable acceleration function, such as
GEM, has not yet been proposed by our community.

To go back to our main objective, new reduction coef-
ficients for FFRP laminates have been proposed in order to
update four of the international leading design codes (ACI
440 2R-17 [30], TR55 recommendations [31], Fib Bulletin 40
[32], and AFGC guide [21]). An originality of the present
approach is to derive reduction coefficients adapted to a
target lifetime from a probabilistic perspective, which is not
proposed by current design codes. It is a fundamental ap-
proach in order to avoid noneconomic overdesign while still
ensuring safety requirements.

Regarding the perspectives of this study, we are deeply
convinced that international design codes should adopt
approaches considering varying reduction coefficient de-
fined for a specific lifetime. Considering the particular case
of TR55 [31] guide, calibration of reduction coefficient y, ¢
should be explored since this parameter, which has not been
monitored in the present study, varies over time. This could
provide a more optimal design for FRP strengthening sys-
tems. With a wider perspective, we are also confident that
the global approach, which consists in considering the
probabilistic analysis of long-term performances of FRPs
through accelerated degradation tests and stochastic process
modeling, deserves to be extended to other loading contexts
such as fatigue lifetime estimation [33] or other mechanical
properties such as toughness [34]. The mathematical for-
malisms and their algorithmic counterparts have been made
available by the scientific community.
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