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Abstract

Strain on fibreglass-reinforced polyester was analysed for different types of stress-strain patterns to determine the
existence of a critical point on the respective diagrams. This critical point defines the maximum strain value prior to
a steep and abrupt increase that causes failure. «Useful life» should, therefore, be regarded to be the number of cycles
associated with the critical point rather than the number associated with failure. The tests conducted in this study
showed that the number of critical point cycles was around 95% of the yield point cycles. The degradation rate of the
material tested under different loads was found with an analytical model applied to the most common strain pattern.
The model proposed also showed that the stress ratio, R, was related to elastic modulus degradation. When studied for
load state values of 10 to 16% of the ultimate tensile strength (UTS), material life expectancy was found to be 10* to
107 cycles. No fatigue limit appeared for these values, however. Immersion of the material in water and subsequent
drying under ambient conditions was found not affecting either deformation or deformation-related variables. Finally,
a model was developed to predict life expectancy from the maximum strain values.

Additional key words: admissible strain; composite; degradation; elastic modulus; fatigue; glass fibre reinforced
polyester; useful life; wind turbine blades.

Resumen

Estudio de la deformacion de un material compuesto de fibra de vidrio y resina de poliéster
sometido a cargas dindmicas

En esta investigacion se plantea el analisis del proceso de deformacion por fatiga del material compuesto bajo di-
ferentes condiciones de carga ciclica y amplitud constante durante todo el proceso. También se ha analizado la in-
fluencia de la humedad en el proceso de deformacion. La metodologia de trabajo seguida se ha basado en la realiza-
cion de ensayos destructivos (método de fatiga) y el seguimiento de los mismos utilizando un captador de deformaciones
y un software especifico. El proceso de degradacion ha dado lugar a diferentes tipologias del diagrama de deforma-
cién y a la observacion de un punto critico en ese diagrama. Ese punto ha permitido establecer un valor limite para la
deformacion (deformacion admisible) y otro valor limite para la vida sin riesgo de rotura (vida ttil). Se ha hallado
una esperanza de vida del material del orden de 10* a 107 ciclos, para valores de la carga maxima en fatiga compren-
didos entre el 10% y el 16% de la tension de rotura, no apareciendo, a estos niveles, indicio alguno de un posible li-
mite de rotura. Se ha aplicado un modelo de andlisis a la tipologia de deformacion méas comun hallada, que permite
cuantificar la tendencia a la degradacion en las distintas condiciones de carga y de humedad ensayados.

Palabras clave adicionales: deformacion; degradacion; fatiga; materiales compuestos; médulo elastico; poliéster
reforzado con fibra de vidrio; vida util.

Introduction

To ensure the durability of structural parts, desig-
ners must have a full working knowledge of the pro-
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perties of the materials used (Andersen et al., 1988;
Bach, 1992, 1994), under both static and dynamic
conditions. At the same time, safety factors must
be built into the design to accommodate uncertain-
ties associated both with the material itself and
the environmental conditions to which it will be ex-
posed.
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The general objective of fatigue tests is to predict
the life expectancy of structural parts. Many models
are in place to calculate the expected number of cycles
that can be withstood by a material, based on S-N
curves. Andersen et al. (1988) and Bach (1988, 1991)
reported that the fatigue life of a material can be
predicted with an equation proposed by Mandell
(1982) that relates the applied stress to the number of
cycles:

o=0y (1-yylog N) [1]
where o (MPa) is the applied stress; oy the ultimate
tensile strength (MPa), N the number of cycles and y,
a coefficient dependent on the stress ratio R and the
type of material.

Vazquez et al. (1998) developed a model to predict
the expected number of cycles based on fatigue test
data for different values of R. Their model is as
follows:

Number of cycles=a x° [2]

where a, b are generic statistical coefficients; x is the
modified variable Oy/O,,,; Oy 1S ultimate tensile strength
(UTS) (MPa); and 0, is the maximum stress applied
(MPa).

According to Reifsnider (1991), when strength falls
below a certain value, the useful life of the member in
question is regarded to be over. Behaviour models
based on a large number of tests provide a clearer view
of these developments, which have been studied by
Yang et al. (1983), Reifsnider (1991) and Oller (2002),
among others. Their techniques call for destructive
testing, however, in which degradation is difficult to
monitor.

A number of studies by O’Brien (1985) and Talreja
(1986, 1997), for instance, relate the variation in
material stiffness to the density of cracks in the matrix
and the extent of scaling. Paris et al. (1961) proposed

a mathematical relationship between the useful life of
a material and crack length.

Hwang and Han (1986) introduced a simple model
using the fatigue modulus concept, which establishes
a relationship between the force applied and the de-
formation generated in the laminate for a given number
of fatigue cycles. The material fails when the defor-
mation induced reaches a threshold, expressed in per
cent of the ultimate static deformation.

Several researchers have defined a so-called «damage
variable». Reifsnider (1991), for instance, proposed a
damage variable defined as D =(Sn-Sr)/(Sn-S) (where
Sn is the static strength, Sr the residual strength and S
the test stress applied). When D=0, Sn=Sr, in which
case the material undergoes no degradation, and when
D=1 the residual strength equals the existing strength.

Bach (1994), in turn, related the expected number
of cycles to the variable d=E/E, (where E is present
and E, initial stiffness). His findings showed that the
number of useful life fatigue cycles was 70% of the
number of cycles needed to induce failure.

Anderson (1996) established the following ratio:
100(e/€max), Where €, 1s the strain prior to failure (ec
in this paper).

The present study aimed to assess the behaviour of
fibreglass-reinforced polyester (GFRP) under static
and dynamic loading. The specific objectives pursued
were: 1) to calculate the expected number of fatigue
cycles withstood by the material from the S-N diagram;
i1) to study the strain diagram and observe possible
variations under different load states; iii) to identify
the possible existence of a critical point on the strain
diagram that would be indicative of impending mate-
rial failure, and to establish the strain limit values; iv)
to study the effect of the stress ratio, R, on material de-
formation; and v) to study how deformation is affected
by the intensity of moisture absorption-induced ageing.

Abbreviations used: CDF (cumulative distribution function for different data), CV [coefficient of variation of the data (%)], E (elas-
tic modulus MPa), E* (slope of the second lineal line MPa), Fy (strain factor in the breaking point), F (strain factor in the critical
point), F,, (strain factor corresponding to maximum strain of design), F, (generic strain factor, for N,), GFRP (glass-fibre-rein-
forced polyester), Gy (life factor in the breaking point), G, (generic life factor, for N,), G¢ (life factor in the critical point),
K_S (Kolmogorov-Smirnov statistic coefficient), 1, (initial length of sample), N (number of cycles corresponding to fracture), N¢
(number of cycles corresponding to the critical point), N, (number of cycles as a variable), N; (expected life corresponding to F,,),
Py (point of beginning of the strain diagram), P; (initial point for strain tests), P (critical point, beginning of the degradation of the
elastic modulus), R (stress ratio), R? (coefficient of correlation), UTS (ultimate tensile strength MPa), V; (glass-fibre volume per-
centage of GFRP), a (slope of the straight line between points P; and P¢ of the strain model), 3 (shape parameter of the Weibull
function), € (strain under a given sinusoidal load), y (characteristic value in the Weibull function of distribution, corresponding to
63.2 percent percentile), €; (initial strain, at N;), €¢ (critical strain, at N¢), €, (maximum strain of design), €g (strain at failure),
A (shape parameter of the lognormal function), p (typical value in the lognormal function of distribution, corresponding to the 50
percent percentile), oy (elastic limit MPa), o, (limit of proportionality MPa), oy (ultimate tensile strength UTS MPa), G, (mini-
mum stress MPa), 0,,,x (maximum stress MPa), o,, (average stress MPa),
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Material and methods

The tests were conducted on a 50-kN Amsler 50
PZBDA 401 hydraulic testing frame suitable for both
static and dynamic trials. The minimum load in dyna-
mic trials was set at 7 kN, due to apparatus instability
under that value. The pulse frequency used in the short
duration trials was 4.16 Hz (250 pulses min!). In the
long duration trials, however, pulse frequency was raised
to 8.33 Hz (500 pulses min™"), for the sole purpose of
shortening testing time. Frequency does not affect
fatigue strength in this range.

Fibre layout in the samples is shown in Figure 1.
Each sample had 15 one-directional laminates with
a density of 500 g m and four cross-ply laminates
(at£45°), interspersed after every fifth one-dimen-
sional laminate, with a density of 300 g m™.

Fibre characteristics were as follows: RO 99P-177
1200 tex, direct D, type E wire; mass (ISO-1889) =
1,200 g km™. The matrix characteristics were: ESTRATIL
2123 polyester; density (UNE 553020)=1.2 g cm™;
water absorption under ambient conditions (UNE 53028
44 cm*)=0.15%; tensile strength (UNE 53023) =54 MPa.

The estimated volume percentage of fibreglass was
61.97. Test sample dimensions and shapes are shown in
Figure 2. All tests were conducted with rectangular rather
than the conventional dog-bone specimens because
avoiding the size effect was regarded to be crucial in fa-
tigue testing. This led to the use of identical samples in
all tests. In addition, given the minimum load accommo-
dated by the testing frame (7 kN) and the grip width,
all the specimens were designed as shown in Figure 2.

The tails of 23 test samples were burned to find their
fibre content, expressed in per cent by volume.

Static tests

Twenty samples of the material were tested for ulti-
mate tensile strength; UTS or oy (MPa). The loading

Tlayer=45° v i
====-== © 5 layers 0°
1 layer+ 45° ::
X¥—== —5 layers 0°—¥%
Tlayer£45° =7
EE____ 5 layers 0°
1layer=45° S oSS SS RS RS RS RS

Figure 1. Fibreglass fibre arrangement in test samples: four
cross-ply laminates (+£45°) and 15 one-directional laminates.

Aluminium peg (static tests)

Woody peg (dynamic tests)

[ 1 X 05cm

10cm J"Tailoﬂ cm
40 cm

Figure 2. Tests sample shapes and dimensions.
rate used, 10 kN min~!, was within the range of values
recommended by Greenwood (1981). All the samples
were checked to determine the consistency of their
fibre content and the possible effect of modifications
in that variable on the mechanical properties of the
material. Deformation was measured with a linear
variable differential transformer (LVDT) connected to
a data logger.

The readings were entered in the statistical software
to find the cumulative distribution function (CDF) of
all the variables studied.

Dynamic tests

The testing frame generated sinusoidal tensile stress,
characterised by the minimum (G;,) and maximum
(Omax) stress applied and the R = 0,,;,/0pax ratio.

The load states (o0,/0y) 100, which fell within the
elastic range of the material, varied from 16% to 10%
of'the UTS. Deformation was monitored by continuous
strain measurements and plotted against the number
of fatigue cycles (N,). The present study introduced a
strain factor F,, the «damage variable», which was
related to the life factor G,, another variable.

Effect of moisture on GFRP

In this paper, three series of test samples exhibiting
type [ behaviour (see Results, section «Strain analysis
and typologies») were subjected to the series B loading
conditions. The effect of moisture absorption on defor-
mation was studied by conducting two (2H) or three
(3H) wet-dry cycles, consisting in immersion in water
at 20°C followed by drying at ambient temperature for
varying lengths of time.
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Table 1. Mechanical characteristics of the material

oy (MPa)! E (GPa) o, (MPa)’ E* (GPa)*
CDF? Weibull Lognormal Lognormal Lognormal
B¢ 11.7
y’ 921.3
pd 60.54 503.6 52.54
» 7.57 126.88 6.36
K-St 0.82 0.61 0.97 0.76

! Ultimate tensile strength (UTS). 2 Elastic modulus. 3 Proportional limit. * Slope of the second
linear region on the stress-strain diagram. 3 Cumulative distribution function. ¢ Shape parameter
(Weibull function). 7 Characteristic value (Weibull function). ® Characteristic value (lognormal
function). ° Shape parameter (lognormal function). '° Kolmogorov-Smirnov statistic. ' Cumula-

tive distribution function.

Results
Static tests
Mechanical characteristics of the material

All the samples were fitted to a Weibull function, in
which the characteristic value was oy =921.3 MPa (see
Table 1). The o,(MPa) values, in turn, were fitted to
the lognormal function, where the proportional limit,
0,, was 503.6 MPa. The most likely value for the elastic
modulus, E, was E=60.54 GPa. The stress/strain
diagram confirmed the existence of two distinct linear
regions. The E* value, or slope of the second linear re-
gion, was 52.54 MPa (Table 1).

Influence of the glass-fibre volume percentage V;

A statistical analysis of the findings showing that
the most likely V; value was 61.97% also yielded the
following results: CDF: Weibull, f=19.1, y=61.97
and K-S=0.99.

Regression analysis based on the values of the elas-
tic modulus and UTS found that while V;had no effect
on oy (R?=-0.026) it was consistently correlated to E
(R*=0.742).

Dynamic tests
S/N diagram
The S-N diagram (Fig. 3) was plotted with a short

number of load states, ranging from 16 to 20% of the
UTS, whose respective O, values were 117.6, 156.8

and 235.2 MPa. As Table 2 shows, the o, value
was 58.8 MPa in all the tests conducted. The S-N
diagram was plotted for the entire suite of tests, i.e.,
15 each in series A, B and C (Table 2). These data were
used to determine the characteristic fatigue life (N)
values.

The failure model developed for the maximum stress
applied, 0,,.x (MPa), was expressed as:

O = 930.72 N-01254 [3]

where N is the number of cycles; the resulting correla-
tion coefficient was R>=0.9872.

The model can be fitted to a straight line (see Fig. 3)
as follows:

Omar=—49.91 log N+471.74 [4]

Testing a previous model of life prediction

A failure model was developed for a similar
GFRP but with lower density (300 gm™) and a oy
(660 MPa) values. This failure model was defined as

260 A Series
52,940
240

220
= 200 -

[~
= 180
5 160 -
140 -
120
100 T T T
4 5 6 7

Figure 3. S-N diagram (maximum stress O,,,, (MPa) vs. log of
number of cycles (N), for series A, B and C (Table 2). Correla-
tion to real data: R>=0.9984.

R =0.9984

B Series
2,310,560

C Series
11,446,200

»log N
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Table 2. Fatigue load states

Series Opmax (MPa)! Load state (0,/0y) 100 N (cycles)?
A 235.2 16%, and R=0.25 52,940
B 156.8 12%, and R=0.38 2,310,560
C 117.6 10%, and R=0.50 11,446,200

! Maximum stress applied, where O, = (Opay + Omin)/2 is the average stress (MPa) and oy is UTS.

2 Number of cycles to failure.

shown in Equation (5) for the log of the number of
cycles, N:

max

log(N) = 2.588 ( % ) [5]
o

where oy is the UTS (MPa) and o,,,, the maximum
stress applied (MPa). In the present study oy was much
higher, at 921 MPa. When this value was substituted
into the above equation, the expected and real values
varied very significantly (Table 3).

The experimental data found here fitted the follo-
wing regression equation:

log(N) = 2.06 (i) [6]
O

max

which yielded a R?0f 0.9294.

Table 3. Test of the Vazquez et al. (1998) model

Strain analysis and typologies

The tests showed that when the samples were tensile
stressed under dynamic loads, they were progressively
deformed until they failed. Strain, ¢, depended on the
maximum stress, On.x, applied in the fatigue test. The
stress-strain diagram, defined as € versus N,, is shown
in Figure 4a. The curve comprises four points and three
regions: P, represents the start conditions; P; is the first
steady state point; P¢ is the critical point; and P the
rupture or failure point.

The strain at the beginning of the test was undefined
because steady state conditions cannot be attained in
the wholly hydraulic testing frame until after a certain
amount of time lapses. The 0,,,, and o, values esta-
blished during this initial delay were used to determine
¢; and N;. These coordinates in turn defined the initial

N tested?

N expected?

1 H 3
Onmax (MPa) (cycles) (cycles) Difference CV
A 235.2 52,940 534,302 481,362 909
B 156.8 2,310,560 17,874,616 15,564,056 674
C 117.6 11,446,200 375,021,353 363,575,153 3,176
! Maximum stress applied. > Number of cycles to failure. 3 Coefficient of variation.
A c)
88 --_------------_--_------------:ﬂP
al ' Fua
EC """""""""""""" TP i Fo1 slope=
[ P : Fe [ro-=-memmmrmoes 2 Po (6o Fo)
Py H H i : :“
i i i ; N 1 i ; i “\P »
N, Ne N7 N Ne N° G Gg=1 Gy

Figure 4. a) Strain (¢) vs. number of cycles (N,): general pattern. b) Strain (¢) vs. number of cycles for type I strain. c¢) Fy vs. life
factor, Gy for type I strain diagram. Py, start point on the strain diagram; P;, strain test start point; P, critical point (initial degra-
dation of the elastic modulus); P, failure point; ep, strain at failure: ec, critical strain (at N¢); €;, initial strain (at N;); Fi=¢/e;=1,
strain factor at the initial point; F=€;/¢c, strain factor at the critical point; Gc =N¢/N, life factor at the critical point; Gg=N/N=1,

life factor at failure; o, slope of the straight line P; Pc.



54 A. Silvera et al. / Span J Agric Res (2011) 9(1), 49-58

steady state conditions (P;). Strain analysis was con-
ducted between P; and failure (Fig. 4b).

The findings revealed four strain and failure patterns.
The general behaviour described in Figure 4b, obser-
ved in 72% of the samples, was defined as type I and
characterized as follows:

g;<tc,Fe<1,Ne<N, Ge<1

Type II behaviour, observed in 12% of the cases,
was defined as:

£i<EC’FC<1 ,NC:N, GC:1

Type IIT behaviour was observed in 13.3% of the
cases, and expressed as:

g=¢c,Fc=1,Nc<N, Ge<1

Lastly, 2.7% of the cases exhibited type IV beha-

viour, namely:
g=¢c,Fc=1,Nc=N,Gc=1

The most frequent behaviour encountered was type I.
Abrupt and consequently hazardous failure of the
critical region of a machine part can be prevented on
the grounds of this behaviour if it is subjected to conti-
nuous monitoring and replaced when g;approaches €.
But this is not possible in 28% of the cases. The use of
type I failure criteria, then, ensures safe design, par-
ticularly if useful life is defined to be N.. Moreover,
dynamic testing in which € is not measured is an un-
suitable basis for accurate and safe machine part

Table 4. Representative points on the strain diagram

Factor P! PC? pP3
FV4:8;/8 Fi:1 FC:«(I;/SC FB:O
GV5=N\//N Gl=0 Gcch/N GB =1

! Initial point. 2 Critical point. * Failure point. * Generic strain
factor at Ny cycles. * Generic life factor at Ny cycles.

Strain modelling as F, versus G,

The present study assumes type I behaviour. The
stress-strain diagram in Figure 4c shows the variation
in F, with G,. The points that define this diagram are:
initial point P, critical point P, and rupture or failure
point P (Table 4).

Fc and G¢ are the limit values for these factors, while
the straight line in the P;-P¢ region of the diagram re-
presents the behaviour of the material. When specifi-
cally developed for F and G it adopts the following form:

Fy=aG,+1 [7]
where o is the slope of the straight line (Fig. 4c) and
G, is the life factor (for N, number of cycles).This mo-
del can be used to study the effect of load state on
fatigue-induced deformation.

Table 5 gives the F¢, G¢ and a values for the three
series of samples. The following regression equations
were obtained for F,vs G, (Fig. 5):

design. ' Series A:
Wher.e the only available test data exclude measure- F,=-4.01 102G, +1 8]
ments, life expectancy (N) must be lowered by multi- )
plying N by the respective value of G to determine the Series B:
«real» life expectancy. F,=-1.07 10! G, +1 [9]
Table 5. Statistical analysis for series A, B and C
Series Variable CDF* Characteristic K-S3
value
A Fc! Lognorm. 0.9665 0.9471
R=0.25 G¢? Weibull 0.9426 0.5034
o’ Weibull —0.0401 0.8852
B Fc! Weibull 0.9249 0.9365
R=0.38 G¢? Weibull 0.9665 0.8378
o’ Lognorm. -0.10695 0.9989
C F¢! Lognorm. 0.8143 0.9950
R=0.50 G? Webull 0.9773 0.7932
o’ Normal -0.1919 0.9915

! Strain factor at the critical point. 2 Life factor at the critical point. * Slope of the straight line bet-
ween points P; and Pc on the stress-strain diagram. * Cumulative distribution function. 3 Kolmo-

gorov-Smirnov statistic
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1- A Series,R=0.25
2 - B Series, R=0.38
3 - C Series, R=0.50

~~

GCA GCB GCC

Figure 5. Regression models for strain factor, Fv vs. life fac-
tor, G, for series A (stress ratio R=0.25), B (stress ratio
R=0.38) and C (stress ratio R=0.50). Gc,, life factor; N¢/N, for
series A; Ggg, life factor; N¢/N, for series B; G, life factor,
N¢/N, for series C.

Series C:
F,=-1.9110"G,+1 [10]

Influence of the stress ratio R in the strain process

The data in Table 5 show that the F, G- and o values
varied with the stress ratio. Analysis of variance, ANOVA,
findings for the mean F¢ Gcand a values for the three
series revealed significant differences (p <0.001), con-
firming that R clearly impacted the values of these
variables.

Modelling N, versus O,,,,

If N is to be taken as the «useful life», a mathema-
tical model must be developed to calculate N¢ from
Omax- The relationship between G¢ and o,,,, was defined
by conducting a regression analysis on the data in
Tables 2 and 5.

Gc=1.012-2.964 10 Opay [11]

where 0, is the maximum stress applied (MPa). The
coefficient of correlation was R*=0.997.

Knowing that Gc=N¢/N and substituting accor-
dingly yields:

49.91

(101222964107 o, ) 10 [12]

471.74 =0 )

NC

Modelling expected life for a maximum value
of strain

Some machine parts, subjected to dynamic loads,
cannot work properly and safely if deformed beyond a
certain threshold. In such cases, the «real» useful life is
neither N¢nor N, but the value of N, corresponding to the
maximum design strain, F,,. The life expectancy corres-
ponding to F,,, which is found from factor F,, would be N.

The regression equation that relates o to op,,,, found
from the data in Tables 2 and 5, is as follows:

0 =0.032+1.228 107 Opay [13]

The correlation coefficient was R>=0.966.
Inlight of Eq. [13], Eq. [7] can be rewritten as follows:

F,=(0.032+1.22810° ) G+1  [14]

For the maximum admissible deformation, F, beco-
mes F,, and substituting G, for N/N Eq. [14] becomes:

F,=(0.032+1.228 107 0p0) (N/N)+1  [15]
Finally, solving for N, yields:
471.74 —omax)

( 4991
(£, -1)10 [16]

© o 0.032+1.2281070,

When F,,=F. (see Table 5), the characteristics va-
lues of N (Tables 2 and 6) for series A, B, C, 2H and
3H were very highly correla ted (R*=0.99) to the data
obtained with Eq. [16].

Moisture effect

The study included one set of control samples not
exposed to ageing, one set exposed to two wet/dry cy-
cles (2H) and one to three such cycles (3H). As the
mechanical findings given in Table 6 show, no signi-
ficant differences were observed in any of the proper-
ties compared. In other words, moisture had no effect
on fatigue strength, for the mean life of samples sub-
jected to accelerated ageing was no lower than mean
life of the control samples.

Discussion
Static tests

While the composite material studied exhibited
essentially brittle behaviour, two linear regions were
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Table 6. Typical values for series B (without ageing), 2H and 3H

Variable Series B Series 2H Series 3H
Opmax| 156.8 156.8 156.8
Load state 12% UTS, R=0.38 12% UTS, R=0.38 12% UTS, R=0.38
Number of tests 12 12 11
e 1.661A-03 1.760E-03 1.630E-03
Nc (cycles)? 1,715,210 1,705,830 1,618,140
N (cycles)* 1,806,040 1,747,200 1,688,230
F’ 0.9249 0.9086 0.8948
G¢° 0.9663 0.9794 0.9743
o’ —1.070E-01 —1.223E-01 —1.538E-01

! Maximum stress applied. ? Initial strain. 3 Number of cycles at the critical point. * Number of
cycles at failure. ° Strain factor at the critical point. ¢ Life factor at the critical point. 7 Slope of
the straight line between points P; and P¢ on the stress-strain diagram.

observed on the tensile stress-strain diagram. The ulti-
mate tensile strength, yield stress and elastic modulus
of all the samples tested followed Weibull normal and
lognormal CDFs. No correlation was found between
volume percentage of fibre and material UTS.

Dynamic tests (life)

Cyclical loads ranging from 10 to 16% of the UTS
gave life expectancy values of ten thousand to ten million
cycles.

The results for the new GFRP tested did not fit the
multiplicative model obtained previously for a similar
GFRP. Consequently, the model must be re-established
for every GFRP.

The present findings indicate that the multiplicative
model is suitable to predict GFRP useful life under
sinusoidal loads. Since the model coefficients vary
with the type of GFRP, however, each material must
be tested separately. Nonetheless, since exponent va-
lues were very similar in the two models, similar GFRPs
may be expected to have essentially the same exponent,
although more experiments would obviously be requi-
red to confirm this hypothesis.

Dynamic test (strain)

The proposed deformation diagram, whose general
pattern is depicted in Figure 4a, represents the variation
in linear deformation, €, over the life of the specimen
subjected to fatigue.

In 72% of all the tests conducted, which covered a
majority of the samples assessed (other authors, such

as Bach (1994), have reported similar findings), the
stress-strain diagram showed that critical strain, &,
was higher than the initial strain, ¢;. At the same time,
the number of fatigue cycles prior to reaching the
critical point, N¢, was consistently lower than the num-
ber of cycles required for specimen failure, N. The
maximum strain value and number of fatigue cycles at
the critical point constitute very useful information for
structural part design.

The life factors (G = N¢/N) in Table 5 show that the
useful life of samples, N¢, came to 94, 96 and 97% of
the failure life for 104, 10°, and 107 fatigue cycles,
respectively.

The characteristic values obtained for strain factor
F. showed that initial strain, €;, was 96, 92 and 81% of
the critical strain, €, for 10%, 10°, and 107 fatigue cycles,
respectively. «In situ» measuring of strain factor Fc is
useful for deciding when structural elements should
be replaced.

Influence of stress ratio R

The data in Table 5 show that F declines with rising
R and that. Similarly, the growth in the rate of strain,
a, and the life factor, Ge, with rising R entails a shorte-
ning of the time lapsing between the critical and failure
points.

Nonetheless, a special program of tests would have
to be run to obtain more values of R and confirm its
effect on factors Fc and G¢. If R is found to have no
effect on GFRP life expectancy (Vazquez et al., 1998)
and the effect of R on strain is confirmed, the conclu-
sion would be that the failure point for a given O,
would be the same for different strain processes,



Strain analysis of a GFRP

Point of failure

€

R, >R,
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Figure 6. Strain, €, vs. number of cycles, N. Theoretical curve,
showing the effect of R on strain and fatigue failure. €;, initial
strain (at N;); N¢;, number of cycles at the critical point for stress
ratio R; N¢,, number of cycles at the critical point for stress ra-
tio R,; N, number of cycles at failure.

depending on R. Confirmation of this hypothesis
(shown in Fig. 6) is of utmost importance, for a subs-
tantial number of machine parts (including wind turbi-
ne blades), are designed to work at a pre-set € value.

Influence of the cycle of ageing
(moistening/drying at room temperature)

Under humid conditions, the resin in the GFRP ab-
sorbs water, which spreads across the fabric to the ma-
trix-fibre interface (Gerharz and Schiitz, 1980). This
first de-stabilises the material and subsequently exposes
the fibres to possible oxidation-induced deterioration.
Water fills and widens cracks, accelerating the propa-
gation of water molecules throughout the material and
the concomitant degradation. According to Wang and
Wang (1980), a glass and polyester material’s fatigue
resistance depends on the water diffusion rate in the

01-10-09 01-12-09 02-02-21
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matrix and the direction of the fibres. Similarly, Hull
(1987) reported that the resin in composite materials
acts like a semi-permeable membrane. Consequently,
when they are subjected to fatigue, the osmotic pressure
exerted by water can lead to crack propagation.

Other authors (Gitschner and Menges, 1979) con-
ducted accelerated hot water immersion tests.

Moisture-induced degradation is seldom totally re-
versible because the material fails to recover its initial
mechanical properties (Scola, 1975).

In this study, ageing (see Fig. 7) was found to have
no significant effect on material fatigue strength or
strain. Other authors, however, such as Watanabe (1979),
reported a sizeable decline in fatigue strength in a test
sample immersed in water. In samples wetted and
dried, he found no reduction in fatigue strength prior
to 107 cycles, although at higher numbers he observed
declines of 7%. Working with polyester glass, Boller
(1969) observed an abrupt slide in fatigue strength in
moist air for small numbers of cycles. He also found
a 10% reduction in expected life in large numbers of
cycles (< 107), but no reduction in this variable for very
large numbers of cycles (> 107).

Bach (1993, 1996) immersed a GFRP material in
water at 50°C for 14 days and subsequently tested it at
100% relative humidity. The water content reached
0.13% by weight during this process. The moisture
absorbed reduced ultimate tensile strength by 15% and
fatigue strength by 35% (through 1,000 cycles) and
10% (through 107 cycles). Vazquez et al. (1998) sub-
merged samples in water at ambient temperature (24°C)
for 45 days. The tests were conducted at laboratory
temperature, i.e., 25°C. The samples, with a mean water
content of 0.15 to 0.20%, were tested under a load of
30% of UTS and R=0.4. Their findings showed that
moisture had no clear effect on tensile strength prior
to 10° cycles.

02-08-24

w i D i w

70 days 63 days

71 days

02-05-03 02-06-20

D w i D

48 days 66 days > 40 days
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»

Figure 7. Ageing treatment timetable for samples subjected to two (2H) or three (3H) wet-dry
cycles. W: inmersion in water 20°C. D: drying in environmental conditions.
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